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ABSTRACT

The flux of momentum between the atmosphere and ocean, described in terms of an

aerodynamic drag coefficient (CD), is required to accurately forecast hurricane track and

intensity; to predict hurricane storm surge, ocean waves, and currents; to define wind load

standards; and to generate hurricane risk models. Recently,a significant effort has been

made to advance our understanding of air-sea momentum exchange in hurricane winds via

the development, refinement, and implementation of novel instrumentation such as the

Global Positioning System (GPS) dropwindsonde and the ‘Best’ Aircraft Turbulence

(BAT) probe. However, these platforms are best suited for measurements in an open ocean

(deep water) environment. As deep water datasets continue to grow, it is apparent that data

collected near the coast remain inadequate. Ironically, the coastal region is where the

accuracy of hurricane models and building code provisions are most severely tested. This

vacuity is exacerbated by the continued increase in wealth,infrastructure, and population

along the hurricane-prone coast. Whether the nearshore dragcoefficient differs from deep

water observations or from historic linear formulations with wind speed has yet to be

determined and is the focus of this dissertation.

To help fulfill the need for a better understanding of nearshore air-sea momentum flux,

a combination of laboratory and full scale studies are presented. Since it is exceptionally

difficult to conduct in-situ measurements over shoaling waves (waves that are in

shallow-enough water to interact with the sea floor and undergo transformation

processes), an innovative wind tunnel study was designed. The atmospheric boundary

layer wind tunnel facility at Texas Tech University (TTU) was used to characterize the

wind flow and determine the drag coefficient over a statistically valid train of fixed

shoaling wave models. Methodologies employed in this analysis were tested in a pilot

experiment utilizing a train of fixed sinusoid waves (this work also provided general limits

for CD). It was determined that fixed wind tunnel waves can be compared to propagating

ocean waves, provided that the latter are in strong winds andlimited by fetch (e.g.,

hurricane waves). Results indicated that the drag coefficient over shoaling waves is
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approximately 50% higher than those observed in deep water hurricane conditions. Wind

tunnel values are in relative agreement with preliminary estimates ofCD over shoaling

waves in hurricane conditions. This study also found that the air flow does not separate

over shoaling waves (the flow remains attached) and that a pronounced speed-up region is

present over the wave crest. Once validated by shoaling wavedatasets, this methodology

can be effectively used to estimate the drag coefficient and examine the flow over other

critical wave shapes.

To complement the laboratory results, a joint field campaignduring the 2008 Atlantic

Hurricane Season collected valuable nearshore wind and wave data as Hurricane Ike made

landfall near Galveston, TX. Coastal drag coefficient behavior was similar to that found in

deep water, whereCD increased with wind speed, reached a limiting value, and decreased

thereafter. Crucially, at wind speeds below the limiting value, drag coefficients were

significantly higher than those previously measured in deepwater, in lakes, or in

wind/wave laboratory studies. Based on this analysis, stormsurge models using a deep

water wind speed dependent drag coefficient are likely to underestimate hurricane storm

surge, and additional parameterizations are needed. Coastal roughness lengths computed

from these data provide evidence that the American Society of Civil Engineers (ASCE)

wind load code should prescribe Exposure D (smoother) rather than Exposure C (rougher)

along hurricane prone coastlines.
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3 around 26 m. From (Sjöblom and Smedman 2003). . . . . . . . . . . . . 15

2.4 Example application of the profile method to a set of wind data to obtain a

linear least squares regression equation fit to the data. . . .. . . . . . . . . 21

2.5 Schematic of the energy spectrum in the atmospheric boundary layer show-

ing the regions of energy production (A), inertial subrange(B), and dissi-

pation (C).Λ is the integral scale of turbulence andηk is the Kolmogorov

length scale. From Kaimal and Finnigan (1994). . . . . . . . . . . .. . . . 24

2.6 Schematic log-log representation of idealized wind velocity spectra for

each component showing the -5/3 slope in the inertial subrange and 4/3

ratio between the longitudinalu and lateralv components. Adapted from

Kaimal and Finnigan (1994). . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.7 Mean wind profiles by MBL group: (a) 30–39 m s−1 (72 profiles); 50–59

m s−1 (55 profiles); 70–85 m s−1 (38 profiles); and (b) 40–49 m s−1 (105

profiles); 60–69 m s−1 (61 profiles). Symbols and horizontal bars repre-

sent the mean and± 1 standard deviation for each vertical bin. Numbers

adjacent to each level represent the number of samples within each of the

lowest five height bins. From Powell et al. (2003). . . . . . . . . .. . . . . 33

xv



Texas Tech University,Brian Charles Zachry, August 2009

2.8 Momentum exchange quantities as a function ofU10. Vertical bars repre-

sent the range of estimates based on 95% confidence limits andthe symbols

represent the different layer depths used in the profile method: ◦ 10–100,

� 10–150,△ 20–100,⋄ 20–150 m. (a)zo from GPS sonde profiles (sym-

bols) and Large and Pond (1981) relationship (solid line) and Charnock

(1955) relationships for comparison (dotted line,α = 0.035; dashed-dot

line, α = 0.018) and (b)CD with relationships and values from tropical

cyclone budget studies. Adapted from Powell et al. (2003). .. . . . . . . . 34

2.9 Schematic outline of the control volume for the momentumbudget method.

From Donelan et al. (2004). . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.10 Laboratory measurements of the neutral stability dragcoefficient using the

profile, Reynolds Stress, and momentum budget methods. The drag coeffi-

cient refers to the wind speed measured at the standard anemometer height

of 10 m. The frequently cited drag coefficient formula derived from field

measurements of Large and Pond (1981) is also shown. From Donelan

et al. (2004). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.11 (a) Streamline map over the crest of the eighth wave (x/L = 0) to the crest

of the ninth wave (x/L = 1) in the wave train (above the zero streamline

increments are 5 and below 0.2) and (b) shear-layer map indicative of flow

at the crest of the eighth wave (x/L = 1). Adapted from Buckles et al.

(1984). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.12 Drag coefficient formulations defined by Garratt (1977)and Amorocho and

DeVries (1980). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.13 Maximum storm surges generated by the ADCIRC model for various drag

coefficient formulations during a hindcast of Hurricane Georges (1998).

Adapted from Weaver (2004). . . . . . . . . . . . . . . . . . . . . . . . . 45

2.14 Hurricane Katrina (2005) difference in peak surge (in ft) between: (a) the

base simulation (Garratt 1977) with and without theCD = 0.0025 cutoff

and (b) the drag law of Amorocho and DeVries (1980) and the base simu-

lation (no cutoff). From IPET (2006a). . . . . . . . . . . . . . . . . . .. . 47

xvi



Texas Tech University,Brian Charles Zachry, August 2009

2.15 ASCE 7-05 basic wind speed map. Areas with wind speeds> 40 ms−1 (90

mph) are regarded as hurricane prone regions. From ASCE (2005) . . . . . 49

2.16 Schematic representation of logarithmic wind speed profiles after a change

in surface roughness. The variablesu1 andu2 are the along-wind wind

speed components for the upstream equilibrium profile (dashed line) and

the profile after the change of terrain (solid line). Recreated from Kaimal

and Finnigan (1994). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.17 Schematic diagram of boundary layer transition from a smooth to rough

surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.18 The three flow regimes over urban canyons: (a) isolated roughness flow,

(b) wake interference flow, and (c) skimming flow. From Oke (1988). . . . 53

2.19 Schematic diagram of the flow regimes over a train of waves (or hills): (a)

isolated roughness flow, (b) wake interference flow, and (c) skimming flow. 54

3.1 Definition of wave parameters for a simple, sinusoid, progressive wave.

From Demirbilek and Vincent (2002). . . . . . . . . . . . . . . . . . . . .56

3.2 Water particle trajectories for progressive water waves of different rela-

tive depths within the fluid column: (a) deep water waves, (b)intermedi-

ate/transitional water, and (c) shallow water. Adapted from Krogstad and

Arntsen (2000). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.3 (a) Schematic representation of wave refraction (from Vincent et al. (2002)

and (b) aerial photo of wave refraction into a small bay (image credit: ge-

ographyfieldwork.com). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.4 Wave breaker types: (a) spilling, (b) plunging, (c) surging, and (d) collaps-

ing. Photos from Wikipedia.com, Tim McKenna, Jeff Munro, and Johntex

at Wikipedia.com, respectively. . . . . . . . . . . . . . . . . . . . . . .. . 69

3.5 Example application of the zero-downcrossing method. .. . . . . . . . . . 76

3.6 Wave spectra: (a) fully developed sea for various wind speeds according to

Moskowitz (1964) and (b) developing sea for different fetches after Has-

selmann and Coauthors (1973). From Stewart (2007). . . . . . . . .. . . . 83

xvii



Texas Tech University,Brian Charles Zachry, August 2009

3.7 Storm-relative representation of Hurricane Bonnie’s (1998) primary wave

field: (a) in the open ocean and (b) at landfall (red radials from open ocean).

Circles indicate data points with radials extending in the wave direction,

and radial width is proportional toHS and length toL. The relatively

short and abundant radials indicate the average of the Hurricane Research

Division (HRD) surface wind analyses. The large arrow in (a) and (b)

indicate the approximate mean storm motion. From Wright et al. (2001)

and Walsh et al. (2002), respectively. . . . . . . . . . . . . . . . . . .. . . 85

4.1 Texas Tech University’s Atmospheric Boundary Layer WindTunnel: (a)

photo and (b) schematic diagram. Diagram adapted from Chen (2007). . . . 87

4.2 (a) Spire and b) grid fence configurations in the TTU wind tunnel. . . . . . 88

4.3 Components of the Turbulent Flow Instrumentation (TFI) Series 100 Cobra

Probe. Adapted from TFI (cited 2008). . . . . . . . . . . . . . . . . . . .. 89

4.4 Turbulent Flow Instrumentation Series 100 Cobra Probe: (a) flow axis and

(b) pitch and yaw angles. From TFI (2007). . . . . . . . . . . . . . . . .. 90

4.5 Flow field and static pressure acceptance cone of± 45°. From TFI (cited

2008). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.6 (a) Scanivalve ZOC33/64Px electronic pressure scanningmodule and (b)

Scanivalve Digital Service Module (DSM) model 3000 controller. . . . . . 92

4.7 TTU StickNet platform equipped with an R. M. Young Wind Monitor. . . . 93

4.8 Components of the UF/UND wave and surge gauge. . . . . . . . . . .. . . 94

4.9 PVC instrument housing with pressure transducer, data logger, and battery

case removed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.10 Pressure sensor calibration setup. Diagram courtesy of Uriah Gravois. . . . 96

4.11 Example calibration and linear fit to the data. . . . . . . . .. . . . . . . . 97

4.12 Practice deployment at Ocean Helicopters in West Palm Beach, FL (Brian

C. Zachry and Pilot Dave Harmon). . . . . . . . . . . . . . . . . . . . . . 99

xviii



Texas Tech University,Brian Charles Zachry, August 2009

5.1 Model scale wave profiles: (a) full sinusoid ‘ideal’ wave(type one), (b)

half sinusoid breaking wave in an onshore wind regime (type two), and (c)

half sinusoid breaking wave in an offshore wind regime (typethree). . . . . 102

5.2 Photos taken during profile measurements: (a) wave type one, (b) wave

type two, and (c) wave type three. Measurements were taken along the

centerline of the plastic waves (placed along the centerline of the wind

tunnel) which were generated by a 3-D printer. Dummy waves were placed

on either side to facilitate 2-D flow. Wind flow is from left to right in all

photos. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.3 Maximum value of energy based significant wave heightHm0 in a hurri-

cane as a function of the maximum wind speed and forward velocity of the

storm. From Resio et al. (2002), as adapted from Young (1987).. . . . . . 106

5.4 Pressure tap configuration for: (a) full sinusoid wave, (b) half sinusoid

wave, and (c) bluff face of the half sinusoid wave. . . . . . . . . .. . . . . 109

5.5 Vertical profiles of normalized shear stress
√

−u′w′/u∗ for the smooth

boundary layer flow simulation for the various length scalesof simula-

tion: (a) Lr = 1/50, zr = 200 mm, (b)Lr = 1/100, zr = 100 mm,

(c) Lr = 1/150, zr = 66.67 mm, (d)Lr = 1/200, zr = 50 mm, and (e)

Lr = 1/250, zr = 40 mm. Theu∗ values used to normalize the data are

from the reference heights. . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.6 As in Fig. 5.5, but for rough boundary layer flow simulation. . . . . . . . . 115

5.7 Normalized power spectral densitynSU(n)/σ2
U for the smooth boundary

layer flow simulation for the various length scales of simulation: (a)Lr =

1/50, zr = 200 mm, (b)Lr = 1/100, zr = 100 mm, (c)Lr = 1/150,

zr = 66.67 mm, (d)Lr = 1/200, zr = 50 mm, and (e)Lr = 1/250,

zr = 40 mm. The plotted spectra are an ensemble average of window

lengths containing 9000 data points. Simulated data are compared with the

Kaimal spectrum(dots). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.8 As in Fig. 5.7, but for rough boundary layer flow simulation. . . . . . . . . 118

xix



Texas Tech University,Brian Charles Zachry, August 2009

5.9 Smooth floor simulation: (a) complete wind speed, (b) inner boundary

wind speed, (c) complete turbulence intensity, and (d) inner boundary tur-

bulence intensity profiles plotted as (dot–∗) for scaleLr = 1/50 andVr =

1/1. Appropriate ASCE 7-05 Exposure profiles are plotted for reference:

Exposure C (dot–dash) and Exposure D (solid). The subscriptr refers to

the approximate 10 m full scale reference height. . . . . . . . . .. . . . . 120

5.10 As in 5.9, but for rough boundary layer flow simulation. .. . . . . . . . . . 121

5.11 Vertical profiles of normalized shear stress
√

−u′w′/u∗ for the three wave

types for the smooth(dot–∗) and rough(dot–x)boundary layer flow simu-

lations: wave type one (a) crest and (b) trough, wave type two(c) crest and

(d) trough, and wave type three (e) crest and (f) trough. Theu∗ values used

to normalize the data are a spatial (wavelength) average at the reference

heightzr = 200 mm (Lr = 1/50). . . . . . . . . . . . . . . . . . . . . . . 125

5.12 Normalized power spectral densitynSU(n)/u2
∗

for the three wave types for

the smooth boundary layer flow simulation: wave type one (a) crest and (b)

trough, wave type two (c) crest and (d) trough, and wave type three (e) crest

and (f) trough. The plotted spectrum are an ensemble averageof window

lengths containing 9000 data points for scale identifier B (Lr = 1/100) at

the reference heightzr = 100 mm. Simulated data are compared with the

Kareem spectrum(dots). . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.13 As in Fig. 5.12, but for the rough boundary layer flow simulation. . . . . . 128

5.14 Wave type one crest profiles (dot–∗) compared to smooth floor profiles

(dot–x) with scalesLr = 1/50 andVr = 1/1 for: (a) complete wind speed, (b)

inner boundary wind speed, (c) complete turbulence intensity, and (d) inner

boundary turbulence intensity profiles. Appropriate ASCE 7-05 Exposure

profiles are plotted for reference: Exposure B (dash), Exposure C (dot–

dash), and Exposure D (solid). The subscriptr refers to the approximate

10 m full scale reference height. . . . . . . . . . . . . . . . . . . . . . . .130

5.15 As in Fig. 5.14, but for trough. . . . . . . . . . . . . . . . . . . . . .. . . 131

5.16 As in Fig. 5.14, but for wave type two. . . . . . . . . . . . . . . . .. . . . 133

xx



Texas Tech University,Brian Charles Zachry, August 2009

5.17 As in Fig. 5.15, but for wave type two. . . . . . . . . . . . . . . . .. . . . 134

5.18 As in Fig. 5.14, but for wave type three. . . . . . . . . . . . . . .. . . . . 136

5.19 As in Fig. 5.15, but for wave type three. . . . . . . . . . . . . . .. . . . . 137

5.20 Full scale dependence of the surface drag coefficientCD on wind speed

U10 for wave type one smooth and rough boundary layer flow simulations. . 143

5.21 As in Fig. 5.20, but for wave type two. . . . . . . . . . . . . . . . .. . . . 144

5.22 As in Fig. 5.20, but for wave type three. . . . . . . . . . . . . . .. . . . . 145

5.23 Wave type one mean pressure coefficient distribution (solid–∗ line) and

± 1 standard deviation error bars (solid bars) for (a) smooth and (b) rough

boundary layer flow simulations. The form drag study region is located

between the solid vertical lines, and the wave train is plotted on the bottom

of the figure for reference. . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.24 As in Fig. 5.23, but for wave type two. The vertical bluffis located between

the twodashedvertical lines plotted on the wave profile for each wavelength.150

5.25 As in Fig. 5.24, but for wave type three. . . . . . . . . . . . . . .. . . . . 152

5.26 Comparison of the form drag coefficients determined in this study (wave

type one) and other laboratory studies utilizing sinusoid waves based on

maximum wave slope, and normalized by the freestream wind speedUo:

(�) present study (full sinusoid wave, WT1);(▽) Gong et al. (1999);(�)

Beebe (1972);(△) Zilker et al. (1977) and Zilker and Hanratty (1979);(♦)

Kendall (1970);(x) Hsu and Kennedy (1971). Figure adapted from Gong

et al. (1999). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.27 Diagram of the rough belt with square cleats. Recreated from Chen (2007). 156

6.1 Photos of the experiment configuration: (a) upstream and(b) downstream

views in the TTU wind tunnel. . . . . . . . . . . . . . . . . . . . . . . . . 162

6.2 Computed and measured: (a) wave asymmetry and (b) wave skewness. The

verticaldashedline denotes the approximate start of the surf zone (h ≈ 0.1

m). The shoaling region is located to the right of this line. Adapted from

Kennedy et al. (2000). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

xxi



Texas Tech University,Brian Charles Zachry, August 2009

6.3 Model scale dimensions of the shoaling hurricane wave shape utilized in

this study. Note that the wave shape is distorted in a visual sense – wave

height is small relative to wavelength. . . . . . . . . . . . . . . . . .. . . 165

6.4 Photos of the shoaling wave model: (a) top, (b) bottom, and (c) side views.

The labels1, 2, and3 in (a) denote the three pieces of the model (connection

locations accented by thedashedlines). . . . . . . . . . . . . . . . . . . . 166

6.5 Schematic diagram of the dummy shoaling wave model (units are in mm)

– models are 571.5 mm wide. . . . . . . . . . . . . . . . . . . . . . . . . . 167

6.6 Photos of the dummy and precise shoaling wave models installed in the

wind tunnel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.7 Close-up of the dummy and precise shoaling wave models, highlighting the

close resemblance and flush fit. . . . . . . . . . . . . . . . . . . . . . . . . 169

6.8 Model scale dimensions of the offshore triangle waves: (a) L = 1000 mm,

(b) L = 850 mm, and (c) L = 650 mm . . . . . . . . . . . . . . . . . . . . . 171

6.9 Photos of the offshore wave models: (a) prior to installation of the carpet

(looking downstream) and (b) after (looking upstream) in the wind tunnel. . 172

6.10 Schematic diagram of the experimental plan/setup for the Cobra probe pro-

files. The ‘X’ marks denote locations where the profiles were sampled (de-

noted A–E) andzr is the reference height (50 mm model scale, 10 m full

scale). The numbers with an ‘*’ centered over the top indicate the first

measurement height for that profile location; referenced asabove (positive

values) and below (negative values) the displacement planed = 12.5 mm.

Note that only measurements aboved were used in the analysis. . . . . . . 175

6.11 Photos of the pressure tapped model (taps labeled 1–32): (a) top view and

(b) side/bottom view. Vinyl tubing is approximately 90 mm long. . . . . . . 178

6.12 Schematic diagram of the variables used to compute the form drag coef-

ficient. In this example,Cpi
is negative (suction pressure) on the leeward

portion of the wave, which results in positive form drag. . . .. . . . . . . . 179

xxii



Texas Tech University,Brian Charles Zachry, August 2009

6.13 Photos of square bass wood turbulence trips with dimensions 1.5875 mm

× 1.5875 mm× 254 mm (HWL, 1/16 inch× 1/16 inch× 10 inch). Trips

were installed on three waves upstream of the sixth (tested)wave model. . . 183

6.14 Photos of the fiberglass insect screen installed on the sixth (tested) wave

model (grids were spaced in 1.5875 mm (1/16 inch) increments. . . . . . . 184

6.15 Vertical profiles of normalized shear stress (
√

−u′w′/u∗) taken at five lo-

cations upstreamx = 0, 2.5, 5, 7.5, 10 m from the turntable (atx = 0) in

the wind tunnel at Colorado State University. From Cermak et al. (1995). . 186

6.16 Vertical profiles of normalized shear stress
√

−u′w′/u∗ for the five profile

locations A–E (a–e) along the sixth shoaling wave model for the smooth

(dot–∗) and rough surface(dot–x)simulations. Theu∗ values used to nor-

malize the data are a spatial (wavelength) average of the reference height

zr = 50 mm values at each profile location. . . . . . . . . . . . . . . . . . 188

6.17 Normalized power spectral densitynSU(n)/u2
∗

for the five profile locations

A–E (a–e) along the sixth shoaling wave at a model scale height of 50 mm

(10 m FS) for the smooth surface simulation. The plotted spectra are an

ensemble average of 10 min full scale data segments (3000 data points).

Simulated data are compared with the Kareem spectrum(dots). . . . . . . . 190

6.18 As in Fig. 6.17, but for the rough surface simulation. . .. . . . . . . . . . 191

6.19 Vertical profiles of longitudinal (U -component) wind speed at full scale for

all profile locations (A–E): (a) smooth and (b) rough surfacesimulations. . 193

6.20 As in Fig. 6.19, but for longitudinal turbulence intensity Iu. . . . . . . . . . 194

6.21 As in Fig. 6.19, but for normalized shear stress
√

−u′w′/u∗ (whereu∗ is a

spatial (wavelength) average of the reference heightz = 10 m values). . . . 195

xxiii



Texas Tech University,Brian Charles Zachry, August 2009

6.22 Vertical profiles sampled at location A (beginning of sixth wave) for the

smooth(dot–∗) and rough(dot–x)surface simulations: (a,c,e) complete and

(b,d,f) inner boundary longitudinal wind speedU , longitudinal turbulence

intensityIu, and normalized shear stress profiles
√

−u′w′/u∗ (whereu∗ is a

spatial (wavelength) average at the reference height). Appropriate ASCE 7-

05 Exposure profiles are plotted for reference (where available): Exposure

C (dot–dash)and Exposure D(solid). The subscriptr refers to the full scale

10 m reference height (50 mm model scale). . . . . . . . . . . . . . . . .. 197

6.23 As in Fig. 6.22, but for location B at the upstream half wave height (zs =

0.5H = 12.5 mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

6.24 As in Fig. 6.22, but for location C at the wave crest (zs = H = 25 mm). . . 205

6.25 As in Fig. 6.22, but for location D at the downstream halfwave height

(zs = 0.5H = 12.5 mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

6.26 As in Fig. 6.22, but for location E at the downstream end of the sixth wave

(zs = 0 mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

6.27 Smooth (a–c) and rough (d–f) surface simulation vertical profile compari-

son of locations A(dot–∗) and E(dot–x): (a,d) longitudinal wind speedU ,

(b,e) longitudinal turbulence intensityIu (%), and (c,f) normalized shear

stress
√
u′w′/u∗ (whereu∗ is a spatial (wavelength) average at the refer-

ence height of 50 mm model scale). . . . . . . . . . . . . . . . . . . . . . 216

6.28 Smooth surface simulation mean pressure coefficientCp distributions for:

(a) the five independent runs and (b) an average of the five runsplotted with

mean± 1 standard deviation error bars. . . . . . . . . . . . . . . . . . . . 225

6.29 As in Fig. 6.28, but for rough surface simulation. . . . . .. . . . . . . . . 226

6.30 Comparison of mean pressure coefficient distributions (and mean± 1 stan-

dard deviation error bars) for the smooth(–∗) and rough(–o) surface sim-

ulations. Plots are an averageCp of the five independent runs. . . . . . . . . 227

xxiv



Texas Tech University,Brian Charles Zachry, August 2009

6.31 Comparison of form drag coefficients for this study (shoaling wave) and

other laboratory studies (sinusoid waves) based on maximumwave slope

(upwind wave slope for this study), and normalized by the freestream (or

maximum) wind speedUo: (⋆) present study;(▽) Gong et al. (1999);(�)

Beebe (1972);(△) Zilker et al. (1977) and Zilker and Hanratty (1979);(♦)

Kendall (1970);(x) Hsu and Kennedy (1971);(�) pilot study (full sinusoid

wave). Figure adapted from Gong et al. (1999). . . . . . . . . . . . .. . . 229

7.1 The National Hurricane Center best track for Hurricane Ike (2008). . . . . . 236

7.2 GoogleTM Earth image of StickNet probes 110A and 215A deployed for

Hurricane Ike. The NHC best track for Hurricane Ike is denoted by the

solid line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

7.3 GoogleTM Earth images showing (a) the relative location of StickNet 110A

(pin symbol) to the coastline and (b) surrounding features. . . . . . . . . . 239

7.4 (a) Aerial photo of StickNet 110A following Hurricane Ike, courtesy of

ABS consulting and (b) photo taken by the Galveston County Office of

Emergency Management during retrieval. Photo (b) was takenlooking

southwest toward the ship channel and shows the close proximity of 110A

to the water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

7.5 Landsat satellite image of Galveston, TX, captured on 28September 2008

(15 days after Ike made landfall). White regions indicate devegetated areas

that have succumbed to salt water intrusion associated withstorm surge

inundation. Image credit: NASA/Landsat/USGS/Mike Taylor. . . . . . . . 241

7.6 GoogleTM Earth images of: (a) wave/surge gauge locations (and StickNet

platforms) during Hurricane Ike and (b) a close-up of the gauges nearest to

landfall. The NHC best track for Hurricane Ike is denoted by thesolid line.

Wave/surge gauge T was not recovered. . . . . . . . . . . . . . . . . . . .242

7.7 Wave/surge gauges (W–Y) and StickNet platform (110A) located adjacent

to landfall using Hurricane Ike’s re-analysis track data. .. . . . . . . . . . 244

xxv



Texas Tech University,Brian Charles Zachry, August 2009

7.8 Example of raw data and conversion to wave pressures as collected from

gauge X located off Galveston, TX during Hurricane Ike: (a) raw time se-

ries (volts), (b) voltages converted to absolute pressure (Pa), and (c) pres-

sures (Pa) associated with waves (after air pressure readings and data points

sampled during stabilization of the gauge at the sea floor were truncated). . 246

7.9 (a) Significant wave height and (b) peak period for wave/surge gauges W

(solid line), X (short-dashed line), and Y (long-dashed line) during the pas-

sage of Hurricane Ike. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

7.10 As in Fig. 7.9, but for (a) mean water level and (b) surge.. . . . . . . . . . 251

7.11 Wave power spectral density normalized to a variance ofunity for wave

gauges W (solid line), X (short-dashed line), and Y (long-dashed line) dur-

ing the passage of Hurricane Ike: (a) 1 day before landfall (b) 1/2 day

before landfall, (c) 1/4 day before landfall, (d) at landfall, (e) 1/4 day after

landfall, and (f) 1/2 day after landfall. . . . . . . . . . . . . . . . .. . . . 253

7.12 Schematic of the wind-driven (fetch limited) and hurricane swell wave

characteristics and interaction in the Houston Ship Channel. . . . . . . . . 257

7.13 Barometric pressure trace obtained from StickNet 110A during Hurricane

Ike. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258

7.14 Raw time histories of: (a) wind speed and (b) wind direction obtained from

StickNet 110A during the passage of Hurricane Ike. . . . . . . . .. . . . . 259

7.15 (a)–(b) The wind speed segment collected during Hurricane Ike used in

the data analysis, and a close-up of (c) the left and (d) rightbounds. The

vertical dashed lines represent the limits of the data record. Labels ‘1’ and

‘2’ near the top of each line denotes the left and right bounds, respectively. . 261

7.16 As in Fig. 7.15, but for the wind direction record. . . . . .. . . . . . . . . 262

7.17 (a) Spike regions observed in the wind direction recordcollected during the

passage of Hurricane Ike, and ‘zoomed’ images of (b)spike region 1and

(c) spike region 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264

xxvi



Texas Tech University,Brian Charles Zachry, August 2009

7.18 Normalized longitudinal power spectral densitynSU(n)/σ2
U for the six

individual 10-min segments within the first 1-hour data segment during

landfall of Hurricane Ike’s southern eyewall. The PSD is compared to the

following models:* Kaimal neutral stability (Kaimal et al. 1972);△ the

modified Kaimal model (Dyrbye and Hansen 1997);+ the flat, smooth, and

uniform (Tieleman 1995); and◦ the perturbed terrain (Tieleman 1995) . . . 266

7.19 As in Fig. 7.18, but for the second 1-hour data segment during landfall of

Hurricane Ike’s southern eyewall. . . . . . . . . . . . . . . . . . . . . .. . 268

7.20 (a) A 30-min data segment within the 2-hour segment analyzed in Fig. 7.18

and (b) normalized longitudinal power spectral densitynSU(n)/σ2
U esti-

mate of the data segment. This segment shows the low frequency periodic-

ity in the longitudinal wind speed record. . . . . . . . . . . . . . . .. . . 269

7.21 As in Fig. 7.20, but for the 30-min barometric pressure time segment. . . . 270

7.22 Dependency of the total turbulence intensity on averaging time. A 2-min

averaging time is denoted by the vertical dashed line. The◦ symbol denotes

mean values and the+ symbols denote maximum and minimum values for

each averaging time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

7.23 Example of a nonstationary wind speed record removed from the analyzed

time series. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

7.24 Wind speed (solid line) and direction (◦ symbols) from 2-min mean seg-

ment lengths obtained during Hurricane Ike. . . . . . . . . . . . . .. . . . 274

7.25 Stationary 2-min mean data segments for: (a) turbulence intensity and (b)

roughness length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

7.26 Drag coefficient measurements obtained during the passage of Hurricane

Ike at 2.25 m, extrapolated to 10 m using the neutral stability log-law and

assuming constant shear stress. Values are 2-min mean data segments and

the horizontalsolid line at CD = 0.0025 refers to the approximate deep

water limiting value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277

7.27 The 10 m drag coefficientCD versus: (a) wind speedU10 and (b) wind

direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

xxvii



Texas Tech University,Brian Charles Zachry, August 2009

7.28 Mean drag coefficient values for six 5 ms−1 wind speed bins (5–10,. . .,30–

35) obtained during Hurricane Ike (2008). The numbers adjacent to the

data points indicate the number of 2-min segments in that bin. The error

bars in (a) are± 1 standard deviation. . . . . . . . . . . . . . . . . . . . . 282

7.29 As in Fig. 7.28, but for roughness length. . . . . . . . . . . . .. . . . . . 283

7.30 Comparison of mean 10 m drag coefficients in hurricane conditions for this

study (coastal) and open ocean measurements from Powell et al. (2003).

The four sets ofCD estimates were determined by fitting the logarithmic

law to four different vertical depths: 10–100, 20–100, 10–150, and 20–150

m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

7.31 Comparison of mean 10 m drag coefficient in hurricane conditions for this

study (coastal), shallow water Powell (2008), open ocean measurements

from Powell et al. (2003) (mean of the four layers), open ocean measure-

ments from Black et al. (2007), and in simulated extreme windsin the

laboratory from Donelan et al. (2004) (using the momentum budget method).286

7.32 As in Fig. 7.31, but with the short record length of 12 hours added to the plot.288

xxviii



Texas Tech University,Brian Charles Zachry, August 2009

CHAPTER 1

INTRODUCTION AND MOTIVATION

Over 35 million people currently live in hurricane prone coastal regions stretching

from Texas to North Carolina. With an increase in population inevitable, it is necessary to

formulate rigorous mitigation procedures against potential hurricane damage. Improving

our disaster resilience requires, in part, more accurate ocean wave models, hurricane storm

surge-, track-, and intensity forecasts, as well as wind loading provisions in the American

Society of Civil Engineers (ASCE) standard for new structuresbeing built along the coast.

Pielke et al. (2008) found that economic damage from hurricanes has increased due to

coastal population growth, wealth, and infrastructure; not from an increase in the number

or intensity of tropical cyclones. Indeed, the hurricane prone coastal population is

increasing at an alarming rate, with the threatened population between North Carolina and

Texas increasing by 251% from 1950 to 2008 (USCB cited 2009). With roughly 2,150 km

of coastline and no point farther than 130 km from the Gulf of Mexico or the Atlantic

Ocean, Florida accounted for half of the affected population and about 27% of all

hurricane exposed property in 2007 (Brown cited 2006). This statistic is problematic

considering that residents along the east coast of Florida can expect to be impacted by

more than 60 hurricanes in a 100-year period (USGS cited 2005). Since it is almost

inevitable that the hurricane prone coastal population will continue to increase, improving

hurricane disaster mitigation is essential.

Of the major hazards associated with landfalling tropical cyclones, storm surge

arguably has the greatest potential to cause catastrophic social and economic impacts.

Hurricane storm surge is the rise in water level associated with a tropical cyclone, plus

tide, wave run-up, and freshwater flooding (Harris 1963). Historically, the majority

(approximately 90%) of all hurricane-related fatalities in the U.S. are due to storm surge

(AMS 1973). It is the rapid increase in water level at the shoreline from both large

breaking waves and strong wind forcing that produces deadlystorm surge flooding. In

addition, waves riding on storm surges are a direct cause of beach erosion and structural

damage to buildings along the coastline. Storm surge and wave forecasts are an important

component of disaster mitigation strategies since local, state, and national agencies

depend on accurate forecasts to prevent loss of life by evacuating vulnerable areas prior to

landfall. A well-known example of a tropical cyclone with deadly storm surge was

Hurricane Katrina (2005). With an observed high water mark of 8.5 m in Pass Christian,
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Mississippi (up to∼ 6 m in Louisiana), Katrina was estimated to be directly responsible

for 1500 deaths throughout four states (AL, FL, GA, and LA), with roughly 1300

deceased in Louisiana (Knabb et al. 2005). In addition, Hurricane Katrina was responsible

for a total estimated property damage of$89.6 billion (2008 USD, Pielke et al. 2008),

making it the costliest hurricane to affect the United States. It is presumed that most of the

deaths in Louisiana were caused by widespread storm surge flooding and its impact on

New Orleans (Knabb et al. 2005). A more recent, but somewhat less catastrophic storm

surge event, occurred as Hurricane Ike (2008) made landfallnear Galveston, TX. The

Federal Emergency Management Agency (FEMA) collected a maximum high water mark

of 5.3 m northeast of landfall in Chambers county (Berg 2009). Ike’s surge devastated

structures on Galveston Island and the Bolivar Peninsula – Berg (2009) estimated the total

property damage at$19.3 billion (2008 USD, fourth costliest hurricane). Ike was

responsible for 103 deaths across Hispaniola, Cuba, and the United States (Berg 2009). At

least 12 fatalities were directly caused by intense storm surge flooding on Galveston

Island and the Bolivar Peninsula. Storm surge events associated with tropical disturbances

are fairly common around certain parts of the world, but the nearshore wind forcing

mechanisms that, in part, drive the rise in mean water level are not yet well understood.

Field measurements of wind and waves in the nearshore environment (defined below)

are a vital asset in the prediction and mitigation of hurricane landfall impacts, but there

exist few dense nearshore time series of these important properties (e.g., wind speed and

direction, wave height, storm surge, etc). This void is primarily due to the episodic and

uncertain nature of hurricanes (e.g., Wright et al. 2001) andthe profound difficultly in

conducting in situ measurements (Csanady 2001). Hence, the majority of previous

research studies have been conducted in weak to moderate wind regimes5 < U10 < 25

m s−1 (whereU10 is the standard 10 m reference height mean wind speed set by the World

Meteorological Organization, WMO) and are limited to: (1) field measurements made in

deep water in the open ocean (e.g., Smith 1980; Large and Pond1981; Yelland and Taylor

1996), (2) field measurements in lakes (e.g., Donelan 1982; Ataktürk and Katsaros 1999),

(3) laboratory measurements (e.g., Banner 1990; Gong et al. 1999), and (4) theoretical

studies valid over deep water (e.g., Bye and Jenkins 2006). The nearshore region is herein

defined as the zone extending from the shoreline outward to where the waves begin to feel

the effects of the sea floor.

The first measurements of air-sea momentum flux in deep water and in hurricane

conditions were obtained shortly after the turn of the 21st century. Our understanding of

this exchange has been limited in some regards by the requirement of technologically

advanced and rugged instruments needed to make these measurements. Recently, Powell
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et al. (2003), Black et al. (2007), and Jarosz et al. (2007) made deep water, open ocean

measurements of air-sea momentum flux in strong winds associated with hurricanes. Wind

stress, or momentum exchange, at the air-sea interface is described in terms of a surface

drag coefficientCD. Donelan et al. (2004) performed laboratory measurements of CD in

simulated hurricane force winds. Results indicate that the 10 m surface drag coefficient

increases with wind speed for weak to moderate winds, but reaches a limiting value in

strong winds:CD ≈ 0.0025 at a wind speed of 33 m s−1 (Powell et al. 2003; Donelan

et al. 2004) andCD ≈ 0.0018 at wind speeds of 22–23 m s−1 (Black et al. 2007). These

studies have changed our understanding of drag coefficient behavior in hurricane force

winds (in deep water). However, a lack of extreme data in shallow water still remains.

It is well known that wave interaction with the bottom topography (i.e., bathymetry)

causes wave conditions in shallow water to be markedly different than those in deep water.

The shallow water region is characterized by a rapidly changing water surface profile due

to wave shoaling and breaking transformation processes (Thornton and Guza 1982;

Holman and Sallenger 1985; Dean and Dalrymple 1991; Hollandet al. 1995). Wave

shoaling is the process whereby waves entering shallow water slow down, become steeper,

and increase in height due to interaction with the sea floor. Depth-induced wave breaking

occurs when the wave amplitude reaches a critical point and the crest of the wave

overturns. Although yet to be determined, the surface drag coefficient in this region is

hypothesized to be significantly larger than in deep water due to: (1) decreases in wave

phase speedcp, defined as the speed at which an individual wave propagates,(2) increases

in wave height and steepness in the shoaling region and at theonset of wave breaking, (3)

rapidly varying surface wave fields, (4) misaligned waves relative to the mean wind near

the shore, and (5) broken waves causing an increase in the local sea surface roughness

(step change) past the initial breaking region. Waves that propagate into a region of

variable depth undergo refraction. Changes in wave direction leads to irregularities in the

surface wave field (increased roughness) along the coast (Munk and Traylor 1947). In a

laboratory study, Banner (1990) found that there was up to a 100% increase in wind stress

over actively breaking waves compared to waves of similar steepness just prior to

breaking (‘incipient’ breaking waves). Other laboratory experiments have also suggested

increased surface stress above breaking waves (e.g., Bannerand Melville 1976;

Kawamura and Toba 1988; Reul et al. 1999). Based on the wave transformation processes

listed above, the deep water surface drag coefficient is likely to underestimate nearshore

wind stress and thus hurricane storm surge at the coast (particularly over wide shallow

shelves such as those in the Gulf of Mexico).

Anctil and Donelan (1996) made some of the first measurementsof CD for waves
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progressing from deep water to the shoreline. Specifically,they determined drag

coefficients over offshore, shoaling, and breaking waves inLake Ontario, Canada, and

found that deep water waves exhibit less aerodynamic drag than both shoaling and

breaking waves. For wind speeds of around 14 m s−1, Anctil and Donelan (1996)

estimated shoaling wave drag coefficients to be on the order of CD ≈ 0.0028, which is

roughly 38% higher than offshore (deep water) values. Theirresult supports the statement

above that the nearshore region is rougher than offshore. Powell (2008) is currently

working to compile nearshore (defined by Powell as water depth less than 50 m)

dropsonde data to evaluate drag coefficient behavior. Even so, his work requires more

observations before definitive conclusions can be made. Preliminary findings suggest that

CD does not reach a limiting value for wind speeds up to 33 m s−1. A limited number of

dropsondes (nine) released in winds speeds above hurricaneforce (mean wind speed of

U10 = 39.6 m s−1) indicate that this region is much rougher withCD ≈ 0.0032.

Additional work is greatly needed to supplement previous and ongoing research efforts.

Nearshore wind stresses cause wind setup, which is a rise in the still water level (the

level that the sea surface would assume with high frequency motions such as wind waves

averaged out, SWL) at the downwind shore (Harris 1963). In a strong onshore wind

regime, it is obvious that wind setup is a significant contributor to the total storm surge. At

present, nearshore wind stress in strong winds is not known –the common practice is to

adopt deep water estimates ofCD for storm surge modeling and analysis (e.g., Westerink

and Coauthors 2004). In addition to the large differences in maximum surface elevation

that arise due to the many deep water parameterizations (e.g., Weaver 2004), nearshore

drag is currently not taken into account. Most likely this does not allow for reliable

estimation of the shoreline setup (IPET 2006b). Due to the aforementioned differences,

the wind driven component of storm surge will likely be underestimated using this

technique, particularly in strong onshore winds. This underestimation ultimately results in

inaccurate forecasts and thus the lack of or inaccurate warnings being issued to

communities. Using model hindcasts for Hurricane Katrina,the advanced circulation

hurricane storm surge model (ADCIRC) still had an average absolute error of 0.4 m (IPET

2006b), which is likely much lower than the average predication error.

There is also a need for measurements of nearshore surface layer quantities to clarify

the debate on the ASCE wind load standard. Prior to the work of Vickery and Skerlj

(2000), the roughness length in hurricane prone regions wasspecified to bezo = 0.003 m

(Exposure D). Using limited data Vickery and Skerlj (2000) argued that nearshore drag is

greater than previously believed, and their work resulted in the standard being changed to

zo = 0.03 m (Exposure C). It is anticipated that the upcoming version ASCE 7-10 will
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most likely defer back to Exposure D in the hurricane prone region (D. A. Smith personal

communication). A comprehensive dataset in the nearshore region during hurricane

conditions is needed to resolve this debate. The ultimate purpose is to keep coastal

structures safe from wind failure, while providing the mosteconomical solution (i.e., do

not want to design for a higher wind speed than necessary).

This dissertation is devoted to the goal of improving our understanding of the

nearshore surface aerodynamic drag coefficient. To date, there is very little laboratory

work devoted to nearshore wind stress, and full scale coupled wind and wave datasets near

the coast in hurricane conditions are extremely rare. Portions of this work will have an

immediate impact on the wind and coastal engineering communities. Outcomes are

expected to affect building codes in hurricane prone regions and improve hurricane storm

surge forecasting. This goal is attained through a unique combination of wind tunnel and

field studies.

1.1. Research objectives

The overall goal of the research documented in this dissertation is to develop a better

understanding of nearshore wind stress. The inter-relatedobjectives within this broader

goal are as follow:

I. Using the wind tunnel facility at Texas Tech University (TTU), investigate wind

stress over fixed, steep sinusoid and half sinusoid wave trains to provide general

limits for the drag coefficient.

II. In a laboratory setting, characterize the wind flow and determine the drag coefficient

over a statistically valid train of shoaling waves.

III. Obtain field observations of nearshore wave characteristics and coastal wind

measurements during the passage of hurricanes to determinethe full scale drag

coefficient (and roughness length) at the coast.

IV. Using results from this research, discuss the implications for storm surge forecasting.

V. Investigate the potential impact on the ASCE standard for structures located in

hurricane prone regions.

A pilot wind tunnel study was designed to determine the approximate bounds of the

surface drag coefficient using solid, stationary waves placed in the atmospheric boundary

layer wind tunnel at TTU. With an ideal (i.e., sinusoid) waveshape acting as the control,
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this study examined the influence of half sinusoid wave shapes on wind flow, surface

pressure distributions, and wind stress. Half sinusoid waves were oriented with the

sinusoid portion facing both upwind and downwind to simulate onshore/offshore wind

flow regimes. Detailed mean wind speed profile and pressure measurements were

obtained and ultimately used to estimate the drag coefficient (referenced to 10 m) and

form drag coefficient (drag resulting from the interaction of air flow with objects

immersed in a flow field), respectively. This study also investigated the feasibility of

applying results from stationary waves to propagating waves. An ancillary purpose was to

provide increasing familiarity with wind tunnel experiment design and measurement

techniques, as this type of work is partly considered an ‘art’.

It is obvious to any frequent beach visitor that ideal sinusoid waves do not exist in

shallow water. Therefore, a novel laboratory experiment was designed utilizing a shoaling

hurricane wave shape. This asymmetric wave is representative of the shoaling region

based on statistical wave characteristics being within thedocumented range. The

boundary layer upwind of the studied wave train was developed over a series of deep

water wave shapes to simulate the natural progression of waves to shallow water. From

this unique laboratory simulation, the drag coefficient is estimated and the wind flow over

this shoaling wave shape is characterized.

In addition to the laboratory measurements, full scale datawere collected in extreme

conditions. The 2008 Atlantic Hurricane Season was fairly active, allowing for coupled

wind and wave measurements at the coast. Using these datasets, the coastal drag

coefficient is estimated in hurricane conditions with knowledge of the local wave

characteristics. TTU StickNet probes and University of Florida (UF)/University of Notre

Dame (UND) wave and surge gauges were deployed for: Hurricane Gustav (25 August–4

September 2008, landfall near Cocodrie, Louisiana) and Hurricane Ike (1–14 September

2008, landfall near Galveston Island, Texas). Due to a complex coastline structure and the

fact that much of the elevation near the coast of LA is around sea level, wind

measurements were not obtained where desired. However, Hurricane Ike made landfall in

a region more conducive for wind measurements near the coast. Data presented herein are

from Hurricane Ike.

1.2. Outline of the presented work

The following chapters of this document describe the wind-wave research conducted

at TTU and with collaborating universities (UF and UND). Thefollowing chapter

discusses relevant literature, background material, and important concepts on the air side
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of the air-sea boundary needed to complete this research. Italso discusses the current

methods used to determine the drag coefficient from wind measurements. Ocean surface

waves are discussed in detail in Chapter 3. Description of thelaboratory and field

instrumentation used to complete this work is covered in Chapter 4. Chapter 5 presents

results from the pilot experiment. Analysis of boundary layer wind tunnel flow over a

fixed shoaling wave train is provided in Chapter 6. Chapter 7 discusses and analyzes the

full scale data collected during Hurricane Ike (2008), withemphasis on the variation in

surface layer quantities with wind speed. Finally, Chapter 8summarizes conclusions about

the laboratory and field measurements, and discusses the impact on wind engineering and

storm surge modeling. Suggestions for future research are also presented in Chapter 8.
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CHAPTER 2

BACKGROUND AND HISTORICAL RESEARCH

This chapter provides the necessary background material and literature on the wind

side of the air-sea interface used to complete this research. Chapter 3 gives a detailed

description of ocean waves. A basic review of the atmospheric boundary layer, flow over

changes in terrain roughness (internal boundary layer growth), and flow regime

classification are provided. Since relatively recent and important research exists regarding

momentum transfer in hurricanes, these findings are discussed in much detail. Previous

laboratory and modeling studies of flow over waves are also provided. The present work

has implications for coastal design standards and storm surge modeling – these areas are

also explored herein.

2.1. Introduction

This research focuses on the interaction between wind and waves, formally and

generally termed air-sea interaction. The study of air-seainteraction is essential for

understanding the myriad of atmospheric and oceanic processes, of which the basis is the

transfer of heat, moisture, momentum, and gases at the air-sea interface. Numerous books,

encompassing the work of many peer-reviewed journal articles, have been written on this

broad topic (e.g., Kitaigorodskii 1973; Gill 1982; Csanady 2001). The transfer of

momentum between the air and sea is the emphasis of this study. The most obvious

example of momentum exchange is the generation of ocean waves and currents due to the

strong coupling of the wind and water at the air-sea interface. Although momentum

exchange between the atmosphere and ocean has been studied extensively, a lack of

understanding of this interaction still remains. This limited understanding is primarily due

to data sparsity, which is only now being addressed. The momentum flux at the air-sea

interface in extreme winds, described by a drag coefficientCD (Section 2.3), has received

increased attention in the last five years, predominantly indeep water. The goal of this

research is to extend this work to the nearshore region wherecurrent theory is likely

inadequate, the data are almost nonexistent, and the impacton the built environment the

greatest (due to an increase in wealth, infrastructure, andpopulation along the coast).
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2.2. The atmospheric boundary layer

Although the earth’s atmosphere reaches to about 150 km, theeffects of the earth’s

surface are typically felt within the lowest 2 km (or less) ofthe troposphere (surface to

roughly 11 km). This region is often referred to as the atmospheric or planetary boundary

layer (ABL or PBL, Stull 1988). According to Stull (1988), the ABL “...is directly

influenced by the presence of the earth’s surface, and responds to surface forcings with a

timescale of about an hour or less.” Examples of surface forcings include heat, air flow

modification by underlying terrain, evaporation, pollutant emission, and frictional drag.

The layer above the ABL is termed the free atmosphere (not affected by earth’s surface).

The ABL is usually characterized by turbulence, defined as random or irregular

fluctuations (gustiness) superimposed on the mean wind (characterized visually by

atmospheric swirls called eddies). The instantaneous windspeedU is comprised of mean

U and fluctuatingu′ components of velocity (e.g.,U = U + u′). There are two primary

sources of turbulence in the ABL: mechanical (shear) and thermal (buoyant).

Mechanical turbulence is produced by air movement over the earth’s surface, and can

be broken into two components. Over a flat homogeneous surface, turbulence is caused by

friction between the air and the surface over which it is flowing (frictional drag).

Mechanical turbulence is generated via interaction of air flow with objects (e.g., trees,

structures) and/or the underlying topography (characterized by elevation, slope, and

orientation of terrain features) on the earth’s surface. Turbulence generated in this manner

is referred to as form (pressure) drag. In other words, form drag is produced by the

eddying motions that are set up by air flow passed a body immersed in this flow. Thermal

turbulence is caused by differential solar heating of the earth’s surface, which results in

buoyant convective processes. Convective sources include heat transfer from the ground to

the air (producing thermals of warm rising air), and radiative cooling from the top of the

cloud layer to the ground (generating thermals of cold sinking air, Stull 1988). The largest

energy-carrying eddies are on the order of the boundary layer depth, or roughly 0.1–3 km

in diameter (Stull 1988). The smallest eddies feed off the larger ones and are a few

millimeters in size. They contain very little energy and aredissipated into heat by

viscosity. In general, turbulent eddies are what allow the boundary layer to respond to

changes in surface forcings.

It has been documented in the literature that flow characteristics within the

atmospheric boundary layer are influenced by thermal stratification and horizontal density

gradients (e.g., Deardorff 1968; Stull 1988), termed atmospheric stability. Atmospheric

stability is generally defined as the atmosphere’s resistance to vertical motion. The
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stability of the atmosphere can be classified as: stable, neutral, unstable, or conditionally

unstable. Stability of an atmospheric layer is determined by comparing its change in

temperature with height (environmental lapse rate) with either the saturated or dry

(9.8°C/1 km) adiabatic lapse rates. The saturated lapse rate depends on moisture content,

but is typically around 5°C/1 km. The present work is concerned with neutral stability.

The boundary layer is considered neutral in absence of buoyancy and significant variations

in density. This condition typically occurs in strong winds, overcast skies, or when there is

negligible temperature advection. More precisely, in a neutral atmospheric boundary layer

(NABL), shear production of turbulent kinetic energy is muchlarger than buoyant

production (Stull 1988). In absence of convective processes, a NABL is observed when 10

m wind speeds are> 8 m s−1 (e.g., Vega 2008). A visual representation of the change in

wind speed with height in stable, neutral, and unstable air is shown in Fig. 2.1.
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FIG. 2.1. Wind profile appearance (on semi-log scale) in stable,neutral, and unstable conditions. Recreated
from (Kaimal and Finnigan 1994).

For aerodynamically rough flow (discussed below), the NABL can be divided into two

principal regions (Fig. 2.2): surface (inner) and Ekman (outer) layers. The Ekman layer is

a hypothetical layer where surface friction and small eddies (local turbulence) cause

cross-isobaric winds on a rotating planet (Stull 1988). Lengths in this region are typically

characterized by the gradient heightzg or the boundary layer thicknessδ. The bottom 10%
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(tens of meters thick) of a the NABL is termed the inner layer (e.g., Simiu and Scanlan

1986; Stull 1988; Holmes 2001). In contrast with the Ekman layer, the surface layer is

primarily dependent on surface roughness characteristicsand the effect of earth’s rotation

is negligible. This region is also termed the constant shearstress layer, as there is

fundamentally a constant momentum flux through this layer. Lengths in this layer are

characterized by the roughness lengthzo, which describes the size and shape of the

roughness elements. In other words,zo provides a measure of the upwind terrain

roughness as experienced by the surface wind. Physically,zo represents the near-surface

eddy size and mixing length, and thus is a measure of the effective roughness of the

underlying surface (Ataktürk and Katsaros 1999; Dyrbye and Hansen 1999).
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Inner (Surface) 
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FIG. 2.2. Schematic structure of the neutral atmospheric boundary layer in aerodynamic rough flow (Garratt
1992), wherez is the vertical height,δ is the boundary layer thickness, andzo is the roughness length.

The surface layer can be further broken into the interfacial(roughness) and inertial

sublayers (Fig. 2.2). The inertial sublayer is the overlap region between the outer and

inner layers, and is where the universal surface layer profile is valid (discussed below).

Adjacent to (and within) the surface roughness elements is aregion known as the

roughness sublayer. This region is where universal surfacelayer profile forms (Garratt

1992). Here, turbulence and wind speed profiles are directlyaffected by the surface. For

aerodynamically smooth flow, this region is termed the viscous sublayer, as molecular

transfer is important.

The roughness Reynolds numberRer, first introduced in the classic pipe flow study by
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Nikuradse (1933), can be used to characterize the roughnessof the surface elements (e.g.,

Sutton 1953; Garratt 1992; Kraus and Businger 1994). The roughness Reynolds number is

defined as:

Rer =
zo u∗
νa

. (2.1)

whereνa is the air kinematic viscosity andu∗ is the friction (shear) velocity. The latter is a

measure of surface shear stress and has units of velocity.Rer has similar meaning to the

classic Reynolds number – it provides a measure of the ratio ofinertial to viscous forces,

and ultimately characterizes the flow as either smooth, transitional, or rough. For

aerodynamically smooth flow, surface shear stressτo is supported by viscous shear and the

flow is not affected by the roughness elements on the surface.However, if the flow regime

is considered aerodynamically rough, inertial forces dominate and viscous effects are

insignificant (i.e., the flow is independent of Reynolds number). Nikuradse (1933) found

air flow to be smooth forRer < 0.13 and rough forRer > 2.5. These limits were adopted

by other classical studies (e.g., Sutton 1953), and more recently by Kraus and Businger

(1994) and ASCE (1999). Wu (1980) suggested slightly different transitional flow limits

0.17 < Rer < 2.33. Over the sea surface the flow is considered aerodynamicallyrough if

Rer > 2.0 (e.g., Fairall et al. 1996; Zilitinkevich et al. 2001).

It has been observed for some time now that wind speed is typically slowest near the

earth’s surface and increases with height (e.g., Blackadar and Tennekes 1968; Tennekes

and Lumley 1972; Tennekes 1973). This height dependence is because air movements

located within the ABL are complicated through the existenceof temperature gradients

caused by differential heating of air in contact with the surface, the influence of friction

drag, and the topography of the earth’s surface. These factors cause an increase in the

magnitude and changes in direction of the mean wind velocitywith height. The reduction

in wind speed near the surface is primarily a function of surface roughness. At the surface,

frictional drag causes the wind speed to be zero due to the ‘no-slip’ boundary condition,

and pressure gradient forces cause the wind speed to increase with height. The no-slip

boundary condition states that the tangential component ofthe wind velocity as the surface

must be zero (since the earth’s surface is not moving) and that the normal component must

also be zero since the surface does not deform. This boundarycondition is not valid over

water where the water surface deforms due to wind forcing (and other forcings).

The mean velocity profile (change in wind speed with height) is approximately

logarithmic in nature, especially in extreme winds (e.g., Powell et al. 2003) associated

with tropical cyclones (ignoring any microscale or mesoscale aspects of weather, i.e.,

NABL). The most accurate mathematical representation of thevertical distribution of

12
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wind speed within the surface layer in neutral conditions isthe logarithmic law (log-law,

Holmes 2001). The log-law is based on the flat plate boundary layer theory of Prandtl

(Schlichting and Gersten 2000):

U(z) =
u∗
k

ln

(

z − d

zo

)

, (2.2)

wherek is the von Ḱarmán constant (determined experimentally to bek ∼= 0.40 ± 0.01)

andd is the displacement height (plane). This work adoptsk = 0.4. The misconception

thatzo is the height of zero wind, is only valid in an algebraic sense(see Eq. 2.2).

Wieringa (1993) found that this relationship is valid within a few meters of the earth’s

surface to 50–100 m in homogeneous terrain, but is dependenton surface roughness and

wind speed.

Due to air flow modification by the ground surface, the near-surface lower boundary

condition requires an additional parameter to consider,d. The displacement height is a

vertical offset of the logarithmic law wind profile due to theboundary condition on wind

speed (Jackson 1981). By definition, this height sets up wherethe wind velocity

extrapolates to zero. This height needs to be considered over terrain such as tall crops,

forests, and ocean waves, since wind flow is displaced upward, producing an ‘effective

ground level’. The displacement height is typically determined by the generic formula:

d = Ahr , (2.3)

wherehr is the roughness height of the object andA is a coefficient determined by the

wind profile. Jackson (1981) provided sufficient results from prior studies using bluff

body shapes (which had fixed dimensions) thatd = 0.7hr is a good approximation for a

wide range of roughnesses. Wieringa (1993) provides a summary of zo andd values for

various surfaces. Bourassa (2006) determined a displacement height that corresponds to

80% of the significant wave height (d = 0.8Hs). However, this height is dependent on

wave characteristics, and studies over waves typically place the displacement plane at the

still water level.

For completeness, if the boundary layer is not considered neutral, Monin-Obukhov

(MO) similarity theory predicts that mean gradients in the surface layer are universal

functions of the MO lengthL, defined as:

L =
−u3

∗
Tv

gk〈T ′

vw
′〉o

, (2.4)

which is used to describe the classic log-law wind profile as (Stull 1988):
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U(z) =
u∗
k

[

ln

(

z − d

zo

)

+ ψ

(

z − d− zo

L

)]

. (2.5)

In Eq. 2.5,ψ() is the stability parameter. It can be seen that in a NABL the stability

parameter drops out and classical theory describes the meanvelocity distribution (Eq. 2.2).

a. Marine wind velocity profiles

The marine atmospheric boundary layer (MABL) is at the heart of understanding

momentum exchange at the air-sea interface. In the marine environment, reduction in

wind speed near the surface is primarily a function of the wave characteristics. Surface

shear stress is controlled by surface roughness, which is influenced by wave steepness,

surface current velocity, wave characteristics, the wind profile, and surface current speed

and direction (Powell et al. 2003). Under neutral stabilityand growing seas (the wind has

just begun to act on the ocean surface to develop waves), the MABL is similar to that over

land (i.e., consisting of surface (inner) and Ekman (outer)layers). Along with atmospheric

stability, the MABL is also dependent on parameters of, or related to, sea state. (e.g.,

Kitaigorodskii and Volkov 1965; Hsu 1974; Donelan 1982; Taylor and Yelland 2001). Sea

state is the condition of the ocean surface relative to the wave characteristics at a given

time and place, such as wave period and wave height. Generally speaking, the mean wind

velocity profile in the MABL has a logarithmic shape, but the height at which the log-law

becomes valid depends on the wave characteristics.

Sjöblom and Smedman (2003) determined that MO theory (e.g., the log-law) is not

applicable in regions of the marine surface layer where air flow is influenced by ocean

waves, generation of wave-induced circulations, or other wave-induced forcing (e.g.,

Edson and Coauthors 1999; Ataktürk and Katsaros 1999; Sjöblom and Smedman 2002).

Wave influence on the turbulent structure of the MABL was first identified by Volkov

(1970). The atmospheric layer where surface waves have a direct influence on the

structure of the boundary layer is typically referred to as the wave boundary layer (WBL).

The WBL is dependent upon the degree of wave field development. Sjöblom and

Smedman (2003) divided the wind profile over the sea into three layers (under

near-neutral conditions) that are dependent on wave state (Fig. 2.3): (1) wave influenced

layer, (2) transition layer, and (3) undisturbed layer. In Fig. 2.3 the different levels

correspond to measurements heights: level 1∼ 10 m, level 2∼ 18 m, and level 3∼ 26 m.

MO theory is not valid in the wave influenced or transition layers but is assumed valid

above these regions where a normal MABL structure exists. Forgrowing seas a

logarithmic wind profile exists (similar to that over land),as the profile is essentially
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undisturbed by the waves (i.e., no WBL). However, during strong swell (long-wavelength

surface waves outside the generating area) the wave influenced layer can extend to

considerable heights, thereby affecting wind measurements. Between growing seas and

swell (i.e., mature seas) a transition layer separates the wave influenced layer (shallower

than during swell) from the ordinary surface layer.
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FIG. 2.3. Wind profile appearance in near-neutral stability over the sea for conditions of: (a) growing seas,
(b) strong swell, and (c) transitions between growing sea and swell. Level 1 is on the order of 10 m, level 2
about 18 m, and level 3 around 26 m. From (Sjöblom and Smedman 2003).

b. Derivations of the logarithmic law

The law of the wall (logarithmic law) was first derived by von Kármán (1930) and

verified by Nikuradse (1933) utilizing rough flow in pipes. Since its initial conception, the

log-law has been derived using various techniques, but is insensitive to the manner in

which it is derived (e.g., Lumley and Panofsky 1964; Holmes 2001). Below are three

popular derivation techniques: (1) using dimensional arguments following Holmes (2001);

(2) from similarity considerations between the outer and inner layers after Simiu and

Scanlan (1986); and (3) assuming K-theory following Kaimaland Finnigan (1994).

Oberlack (2001) recently derived the logarithmic law directly from the Reynolds-averaged

Navier–Stokes equations. This method is not presented here, but is mentioned for

completeness.

i. Dimensional analysisHolmes (2001) derived the log-law using simple dimensional

arguments. For turbulent flow within the inertial sublayer,where earth’s rotation and

molecular viscosity can be neglected, the variation in windspeed with heightdU/dz is a

function of only three variables. They are heightz, surface shear stressτo, and air density

ρa. By nondimensionally combining these variables, a dimensionless wind shear is
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formed:
dU

dz
z

√

ρa

τo
= const, (2.6)

and the friction velocity is defined as:

u∗ =

(

τo
ρa

)1/2

. (2.7)

Substituting inu∗ and assuming that the constant has the form of1/k:

dU

dz

z

u∗
=

1

k
. (2.8)

Then, by integrating Eq. 2.8 with respect toz:

∫ z

zo

dU

dz
dz =

∫ z

zo

u∗
zk
dz , (2.9)

and expanding, noting thatU(zo) = 0 (boundary condition), yields the log-law:

U(z) =
u∗
k

[ln(z) − ln(zo)] =
u∗
k

ln

(

z

zo

)

, (2.10)

ii. Similarity considerations According to Simiu and Scanlan (1986), surface shear

stress is dependent on the velocity of the flow at a small distance above the ground, air

density, and the roughness length:

τo = F (~U, z, zo, ρa) . (2.11)

In Eq. 2.11~U is the wind vector, made up of componentsUî andV ĵ, wherêi andĵ are

unit vectors in thex andy directions, respectively. Equation 2.11 can be expressed in

nondimensional form:
Uî+ V î

u∗
= f1

(

z

zo

)

, (2.12)

wheref1 is a function of the ratioz/zo. Equation 2.12 is valid within the inner (surface)

layer and is a form of the law of the wall. In the outer layer thereduction in velocity with

height depends onτo, the boundary layer thicknessδ, andρa:

Uî+ V î

u∗
=
Ug î+ Vg î

u∗
+ f2

(z

δ

)

, (2.13)
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where the subscriptg denotes the geostrophic wind (theoretical wind that results from a

balance between the Coriolis and the pressure gradient forces).

If it is assumed that conditions gradually change in the surface layer to that of the

outer layer, then an overlap region exists where both the inner and outer laws are valid.

Therefore, the right hand sides of Eq. 2.12 and Eq. 2.13 must be equal in the overlap

region. In order to fulfill this requirement, the surface layer functionf1 must be defined as:

f1

(

z

zo

)

= ln

(

z

zo

)1/k

î . (2.14)

Then, Eq. 2.14 can be substituted into Eq. 2.12 (rearranged), resulting in:

Uî+ V ĵ

u∗
=

1

k

(

ln
z

δ
+ ln

δ

zo

)

î . (2.15)

Equation 2.15 is a form of the logarithmic law, and the classical definition is provided in

Eq. 2.2.

iii. K-theory Kaimal and Finnigan (1994) derived the logarithmic law by employing

K-theory. This theory assumes that the flux of a given variable (e.g., momentum, heat,

moisture) is dependent on vertical gradients and the eddy diffusivity Km (mixing that is

caused by eddies). It follows that the flux of momentumτo can be expressed as:

τo = ρaKm
∂U

∂z
, (2.16)

whereKm has dimensions of length times velocity. Furthermore, using dimensional

arguments,Km can be described as the product of two surface layer scaling parameters,

u∗ and heightz:

Km = k u∗ z , (2.17)

wherek is the constant of proportionality (von Kármán constant). Now,τo andKm can be

substituted into Eq. 2.16:
∂U

∂z
=
u∗
kz

. (2.18)

The form of Eq. 2.18 is the same as Eq. 2.8, which can be integrated with respect to height

(Eq. 2.9), yielding the classical logarithmic wind profile (Eq. 2.10).
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2.3. Aerodynamic drag coefficient

The horizontal component of the wind acting on the sea surface is called wind stress

or, in other words, the vertical transfer of horizontal momentum. The surface momentum

flux (wind stress) at the air-sea interface is critical for modeling oceanic and atmospheric

circulation. Wind stress over the oceanτw is formally defined as the retarding force per

unit area exerted by the sea surface on the flow, and is typically described in terms of a 10

m surface drag coefficient (Simiu and Scanlan 1986):

τw = ρaCD U
2

10 = ρau
2
∗
. (2.19)

Rearranging Eq. 2.19, the 10 m surface drag coefficient can be defined in terms ofu∗:

CD =

(

u∗

U10

)2

, (2.20)

or the aerodynamic roughness length via the log-law:

CD =





k

ln
(

10
zo

)





2

, (2.21)

The drag coefficient can be thought of as a measure of sea surface roughness in the

marine environment (Bye and Jenkins 2006) and is a function ofsea state, atmospheric

stability, and wind speed (Donelan et al. 2004). Onshore andoffshore wind directions

have also been shown to affectCD (e.g., Geernaert and Smith 1997; Vickers and Mahrt

1997; Feddersen and Veron 2005). Deardorff (1967) derived an equation for the total drag

coefficient acting on a wave field:

CD ≈ 1

ρaU2
z

(

pη
∂η

∂x

)

+
µa

ρaU2
z

(

dU

dz

)

η

= CDF
+ CDS

=

(

u∗z

Uz

)2

, (2.22)

whereη is the sea surface displacement from the SWL,pη is atmospheric pressure at the

air-sea surface,µa is the dynamic viscosity of air, and the overbar represents horizontally

averaged quantities over many wavelengths. Deardorff (1967) states that the lowest height

z at whichu∗z
(and Eq. 2.22) can be evaluated is at the highest wave crest. According to

Eq. 2.22, the total drag coefficient is mathematically described as the sum of form

CDF
and skin friction dragCDS

. The latter is related to the vertical wind shear andCDF
is

dependent on resolving the pressure field relative to the wave slope. For convenience, the

total drag coefficient will hereafter be referred to withoutthe word ‘total’ (andCDF
and
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CDS
will continue to be referred to using their full names). Kudryavtsev and Makin

(2007) separated form drag into two componentsτf = τw + τs. The first termτw describes

the transfer of momentum from wind to waves on the upwind portion of the wave. Form

(wake) drag produced by air flow separation is described by the second termτs
(Kudryavtsev and Makin 2001). It has been suggested that in hurricane conditions (U10 >

33 m s−1, whereU10 is a one minute average), wind stress is primarily supportedby form

drag, thereby affecting the momentum transfer (e.g., Donelan et al. 2004; Kudryavtsev and

Makin 2007). In these conditions, waves travel at significantly different velocities than the

wind, as the wave field rarely has sufficient time to adjust to the strong wind forcing.

a. Estimating the drag coefficient

This section outlines the most common techniques availableto estimate surface layer

quantities and ultimately the drag coefficient (and wind stress). They are the profile,

eddy-correlation, inertial dissipation, bulk aerodynamic, turbulence intensity, and gust

factor methods. It should be mentioned here that laboratorywork presented in this

dissertation employs the wind profile, eddy-correlation, and turbulence intensity methods

and full scale work employs the turbulence intensity method.

i. Profile method The earliest estimates of momentum flux over the sea came from

applying the profile method to a set of wind data (Csanady 2001). This method utilizes the

logarithmic law, which is based on the flat-plate boundary layer theory of Prandtl and von

Kármán (Schlichting and Gersten 2000). This method is based on the assumption that a

nearly logarithmic mean wind velocity profile exists in the constant flux layer (u∗ is

approximately constant with height throughout the surfacelayer) under neutral stability,

horizontal homogeneity, and stationarity.

The profile method can only be employed if the mean wind speed at two or more

levels is known. Jones and Toba (2001) suggested using five toseven levels to reduce

random variance and permit detection of systematic error orinstrument failure. Wieringa

(1993) suggested that the number of profile levels necessaryto calculatezo within a factor

of two is dependent on surface roughness. According to Wieringa (1993), the number of

profiles necessary is:≥ 3 over rough terrain (zo ≈ 1 m),≥ 4 over moderately rough

terrain (zo ≈ 0.1 m), and≥ 5 over smooth terrain (zo ≈ 0.001 m). In order to obtain

reliable wind profile measurements, Wieringa (1993) suggests that the following criteria

must be met: (1) anemometers must be spaced a sufficient vertical distance apart to avoid

interference and far enough away from the mast or boom outside the range of flow
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distortion of the structure; (2) anemometers must be precisely calibrated and wind speed

data should be averaged over at least 10 minutes; (3) observations should be restricted to

near neutral conditions or temperature data should be collected for diabatic profile

correction; (4) nonstationary situations should be avoided; and (5) several independent

runs of the experiment must be conducted. Wieringa (1993) stated that an experiment’s

observation reliability can be considered ‘good’ if all theabove criteria are considered and

‘acceptable’ if conditions two and three are assured and there is little doubt that the first

condition was neglected.

By plotting the measured mean wind speed profile asln(z) vs.U(z), a least squares

linear regression equation can be fitted to the data:

ln(z) = (k/u∗)U(z) + ln(zo) , (2.23)

and used to estimatezo (equal to the exponential of they-intercept) andu∗ from the slope

of the fitted line (the ratio of von Ḱarmán’s constant to the friction velocityk/u∗). Then,

the drag coefficient can be calculated using eitheru∗ or zo (Eq. 2.20 and Eq. 2.21,

respectively). A least squares best fit line was calculated in MATLAB using the built-in

‘polyfit’ command. This function computes least squares polynomial fits by setting up the

design matrix to solve linear systems of equations and find the coefficients. An example of

a least squares regression model fit to a wind profile is shown in Fig. 2.4. The method of

least squares is outlined in Appendix A.

There are distinct disadvantages to using the profile method. First, when the surface

conditions are not considered to be neutrally stable, a windspeed profile stability

correction functionψ must be computed (Eq. 2.5). This function is associated withthe

departure of the mean wind profile from a neutral stability shape. Thus, the profile method

is most accurate under neutral conditions and degrades as the stability deviates from

neutral. Also, deviations from the logarithmic profile exist when the wind speed is

sampled close to a water surface in the presence of surface waves (e.g., Sj̈oblom and

Smedman 2003). To be conservative and avoid such deviations, Sjöblom and Smedman

(2003) suggest that the lowest usable wind speed measurement must be approximately

two or three wave heights above the mean water level (if only single point measurements

was obtained) – the exact height is still unknown (e.g., Sjöblom and Smedman 2003).

However, under growing seas this height is likely lower thantwo wave heights, and

ultimately depends on the shape of the wind speed profile. Thetechnique utilized by the

profile method of fitting a linear line to a potentially limited number of data points may

not be a very accurate process in itself. However, application of this method is extremely
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simple and provides reasonable estimates ofzo andu∗ under certain conditions. Despite

these apparent disadvantages, the profile method is still being employed (e.g., Powell et al.

2003) in some of the most recent literature and is very commonin wind tunnel studies

(e.g., Gong et al. 1999), where stability is assured.
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FIG. 2.4. Example application of the profile method to a set of wind data to obtain a linear least squares
regression equation fit to the data.

ii. Eddy-correlation method The eddy-correlation technique calculatesu∗ using direct

measurements of eddy fluxes in atmospheric surface layer. For this method to be valid,

momentum flux must be essentially constant with height from near the surface to the

measurement height. In addition, the flow conditions must bestatistically stationary and

homogeneous. Over the sea surface, these conditions are usually met for a fetch length>

1 km at an observation height≤ 10 m (Kraus and Businger 1994). This method requires

that the covariance be performed between the verticalw′ and horizontalu′ andv′

fluctuating components of velocity. As mentioned above, wind speed is commonly

decomposed into mean and fluctuating components – the difference between the

instantaneous wind speedU and the mean wind speedU is the fluctuating componentu′

(u′ = U − U ). An advantage of using this method is that only high-frequency wind data at
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a single level are needed – sonic, propeller-vane, and UVW anemometers are able to

perform these measurements. Several definitions to computeu∗ exist in the literature.

Using the horizontal Reynolds stress vector to represent surface stress,u∗ is defined as

(Weber 1999):

τhor = ρa[(u′w′)2 + (v′w′)2]1/2 , (2.24)

u∗ = (τhor/ρa)
1/2 = [(u′w′)2 + (v′w′)2]1/4 , (2.25)

whereu′w′ andv′w′ are the surface kinematic momentum fluxes in the along-wind and

cross-wind directions, respectively and the overbar denotes a temporal average over a time

interval that is stationary. When the Reynolds stress vector is parallel to the mean wind

direction, as in wind tunnel simulations,u∗ can be defined in terms of the absolute value of

the Reynolds stress vector in the direction of the mean wind (in this case theu-direction):

u∗ = (|τ |/ρa)
1/2 = (|u′w′|)1/2 . (2.26)

Since this definition only uses the longitudinal component,it will always be less than or

equal to the former definition (Eq. 2.25). The angle between the stress vector and the

longitudinal wind componentθ is calculated as:

θ = arctan

(

v

u

)

− arctan

(−vw
−uw

)

. (2.27)

In wind tunnel simulations of steady, 2-D flow, this angle is very small. This results in

values for the two definitions shown above being nearly identical. Weber (1999)

performed least square fits of the logarithmic profile to windspeed data collected on a 70

m instrumented tower and compared the results. According toWeber (1999), this method

provides the lowest root mean square (rms) error compared tothe other methods available.

The neutral stability log-law can be rearranged to solve forzo as follows:

zo = za exp

[−kU(za)

u∗

]

, (2.28)

wereza is the anemometer measurement height.

Although the choice of averaging time can pose a problem (i.e., averaging period

defines what changes are deemed fluctuations and is affected by stationarity), additional

weaknesses of the method exist. Fluxes determined by the eddy-correlation method
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require a stable platform (ships and buoys are examples of platforms that are unstable) to

ensure that the measured wind components are not contaminated by the motion of the

sensor and that thew-component sensor is aligned with true vertical (in order toensure

that the vertical velocity fluctuations are not contaminated by the horizontal wind). In

regard to unstable platforms, the complete motion of the platform must be recorded at

each observation interval to allow for correction of the measured velocities during data

analysis. On board the Research VesselCharles Darwin, Yelland et al. (1998) found that

the eddy-correlation method overestimated the drag coefficient by up to 60% (without

corrections for platform motion). Lastly, as mentioned in the previous section, the wind

flow can also be distorted around fixed tower or mast structures due to interference.

Regardless, this technique has been successfully applied totower data (e.g., Donelan

1990; Smith 1992). If proper care is taken to provide wind speed measurements that are

free from contamination, this technique is relatively simple and provides estimates of

u∗ from a single level of wind speed data even for measurements taken on ships and buoys

(Anctil et al. 1996).

iii. Inertial dissipation method The inertial dissipation technique is an alternative

approach of measuring the friction velocity from high-frequency wind velocity data. This

method was first suggested as a means to measure wind stress inthe open ocean by Hicks

and Dryer (1972), later applied by Pond et al. (1979), and hasmost recently been reviewed

and evaluated by Edson et al. (1991). The inertial dissipation technique is most commonly

formulated in terms of the spectral density of turbulence inwhich it is assumed that a

balance between turbulence production and dissipation exists (discussed below). In short,

high-frequency wind measurements are used to determine theenergy dissipation rate in

the inertial subrange and thus estimate the turbulent flux ofmomentum. Fairall and Larsen

(1986) suggested a different formulation of this method based on the turbulence structure

functions (Jones and Toba 2001). The former method (most common) is discussed in the

synthesis below, following the work of Yelland and Taylor (1996).

Fig. 2.5 shows a schematic of the energy spectrum in the ABL, which includes the

energy production, inertial subrange, and dissipation regions. In the diagram,Λ is the

integral scale of turbulence (average gust length) andηk is the Kolmogorov length scale

(characterizes the smallest dissipation-scale eddies). The production region, where energy

is produced by buoyancy and shear, is referred to as the energy-containing range. The

inertial subrange is where turbulent energy is neither produced nor dissipated, and is

handed down from the larger eddies to smaller and smaller eddies (scales). In the

dissipation range turbulent kinetic energy is converted toheat by viscous dissipation.
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FIG. 2.5. Schematic of the energy spectrum in the atmospheric boundary layer showing the regions of
energy production (A), inertial subrange (B), and dissipation (C).Λ is the integral scale of turbulence andηk

is the Kolmogorov length scale. From Kaimal and Finnigan (1994).

Kolmogorov hypothesized that the power spectral densitySUU(κ) of the along-wind

componentU beyond the peak of the spectrum in the inertial subrange, depends only on

the dissipation rate of turbulent kinetic energy (TKE)ǫ and on the wave numberκ. The

inertial subrange (Fig. 2.5) is an intermediate range of turbulent scales that separates the

energy-containing eddies from the viscous eddies in the dissipating range (Kaimal and

Finnigan 1994). Using dimensional arguments, Kolmogorov’s hypothesis implies that:

SUU(κ) = Kκ−5/3ǫ2/3 , (2.29)

whereK is the Kolmogorov constant. Lumley and Panofsky (1964) suggested that this

constant has a value between 0.5 and 0.6 (Kaimal and Finnigan1994). Using Taylor’s

hypothesis of ‘frozen’ turbulence (defined below) and that wave numberκ = 2πf/U :

SUU(f) = Kκ−5/3ǫ2/3 U

2π

2/3

, (2.30)

wheref is the measurement sampling frequency andU is the along-wind component

mean wind speed. According to the AMS (cited 2009), Taylor’shypothesis is an

assumption that advection contributed by turbulent circulations (eddies) is small, and

therefore advection of a turbulence field past a fixed point can be taken to be entirely due
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to the mean flow. Fig. 2.6 shows a schematic of idealized wind velocity spectra for each

wind component. The rate of energy dissipation can then be determined by calculating a

mean value off−5/3SUU(f) over an appropriate frequency range. It follows that the wind

stress can be found by using the TKE budget. For steady state and horizontally

homogeneous turbulence, the TKE budget is given as (Yellandand Taylor 1996):

u2
∗

d〈U〉
dz

+ g
〈w′T ′

v〉
Tv

− d

dz
〈w′e′〉 +

1

ρ

d

dz
〈w′p′a〉 = ǫ , (2.31)

P +B −Dt +Dp = ǫ , (2.32)

whereTv is the virtual temperature,pa is the atmospheric pressure, ande is the vapor

pressure of air. The primed quantities indicate fluctuations and the angled brackets

indicate mean quantities. The four terms in Eq. 2.31 (from left to right) are simplified toP

mechanical production,B buoyant production, andDt andDp are the vertical divergence

of the turbulent transport and pressure transport, respectively (Eq. 2.32). The

Monin-Obukhov surface layer scaling parameterkza/u
3
∗

can be used to make Eq. 2.31

dimensionless and estimateu∗:

u∗ =

[

ǫkz

φm(z/L) − z/L − φt(z/L) + φp(z/L)

]1/3

. (2.33)

In Eq. 2.33φm, φt, andφp are the dimensionless profiles (expected to be functions ofz/L)

for mechanical production and the vertical divergence terms, respectively. The difficulty

lies in the fact that the form of these functions are not well known (Fairall and Larsen

1986). Edson et al. (1991) has reviewed formulations ofφm(z/L), which is dependent on

the value ofk. Iteration of Eq. 2.33 is often required asL andu∗ are not independent of

each other.

This methodology for estimatingu∗ has a distinct advantage over the other methods

but also has its flaws. The benefit of using this technique is that it is relatively insensitive

to platform motion, such as the low frequency oscillations on board a ship. Thus, the

majority of the major open ocean flux datasets were measured in this way (e.g., Large and

Pond 1981; Yelland and Taylor 1996). The weakness of the method is that it is an indirect

measure of the momentum flux and that it relies on a number of assumptions and

empirical constants. Specifically, this technique requires assumptions with regard to the

value of the von Ḱarmán and Kolmogorov constants and the form of the dimensionless

profile functions. It also assumes a balance between TKE production and dissipation,

which has been shown to be approximately true (Fredericksonet al. 1997). To get around
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an imbalance between TKE production and dissipation, an ‘effective’ Kolmogorov

constant can be used when employing this method; however, this assumption is also

problematic (Frederickson et al. 1997). Drennan et al. (1999) found that this method is not

valid in the presence of fast moving swells. Nonetheless, Yelland and Taylor (1996) found

that this method yielded estimates of the Reynolds flux that were in good agreement with

direct measurements.

U

V

W

κ−5/3

4/3

Wave Number , κ

S
p
e
c
tr

u
m

, 
F

(κ
)

Inertial 

Subrange

FIG. 2.6. Schematic log-log representation of idealized wind velocity spectra for each component showing
the -5/3 slope in the inertial subrange and 4/3 ratio betweenthe longitudinalu and lateralv components.
Adapted from Kaimal and Finnigan (1994).

iv. Turbulence intensity and gust factor methodsAn alternative way to calculate the

drag coefficient is from the gusts in wind observations usingeither the turbulence intensity

(TI) or gust factor (GF) methods. These methods are advantageous to use when only

single level anemometer data are available without knowledge of vertical wind component

(e.g., wind measurements from a single propeller-vane anemometer at a height of 10 m).

The TI method requires the use of anemometers that are capable of sampling at a

frequency of about 1 Hz or faster. However, the GF method can be applied from

maximum gust data collected at typical weather observing stations. The TI method is

generally preferred over the GF method, due to the latter method having numerous
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parameters based on anemometer and equipment specifications/characteristics that are

needed to computezo. However, Barthelmie et al. (1993) found that the GF and TI

methods provide similar results. Both methods have gained popularity over the inertial

dissipation method, which suffers from much error.

Turbulence intensity is a measure of the fluctuating component of the wind. Generally

speaking, TI characterizes the intensity of gusts in the flow. It is defined as the ratio of the

standard deviationσU of a given wind speed record to the mean wind speedU . Neglecting

rotational and convective effects, an overall or total TI (consisting ofu andv components,

i.e., using measurements of the horizontal wind) is calculated from the mean wind using:

TI =
σU

U
. (2.34)

or for each wind component:

TIu =
σu

U
(longitudinal), T Iv =

σv

U
(lateral), T Iw =

σw

U
(vertical), (2.35)

Application of the TI method is based on two assumptions: (1)that a logarithmic wind

profile exists and (2) that the ratio of the standard deviation of the wind record to the

friction velocity isσ/u∗ = 2.5 (e.g., Beljaars 1987; Barthelmie et al. 1993). Counihan

(1975) found this method is valid in smooth terrain forzo < 0.1 m. Under these

assumptions, the roughness length can be estimated from thetotal turbulence intensity as

follows (rearranging Eq. 2.28):

zo = za exp

[

− 1

TI

]

, (2.36)

The GF method can also be used to estimatezo (Wieringa 1993, 1996). A gust factor

is defined as the ratio between the peak and mean wind speeds. Using this method,zo is

calculated as:

zo = za exp

[

−fTA[1.42 + 0.3 ln(−4 + 10−3/Ut)

〈GF 〉 − 1 + A− fTA

]

, (2.37)

where〈GF〉 is the median gust factor (for≥ 15 gust observations),Ut is the mean gust

wavelength,fT is a factor dependent on the averaging time (fT = 1.0 for 10 min segment

lengths), andA is an attenuation factor. The attenuation of the gust amplitude by the

anemometry/data acquisition system is given as (Wieringa 1996):
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A =

[(

1 +

[

2πλa

Ut

]2
)(

1 +

[

2πtr
t

]2
)]

−1/2

. (2.38)

In Eq. 2.37λa is the anemometer distance constant,t is the gust period, andtr is the

response time of the data acquisition system (logger). Consult Gill (1967) and Wieringa

(1973, 1976) for derivations of the instrument constants and typical values.

v. Bulk aerodynamic method The bulk aerodynamic method for estimating

atmospheric parameters only requires that the mean wind speed be measured to estimate

wind stress. Wind speed is typically measured at or translated to 10 m. This trivial

requirement makes this technique very attractive in that there is no need for expensive

instrumentation to measure atmospheric turbulence. This method parameterizes wind

stress in terms of the mean wind speed (bulk gradient) and a bulk transfer coefficient for

momentum (CD). Over the ocean the parameterization ofτw usually takes the form:

τw = ρaCD(z)[U(z) − Uo]
2 , (2.39)

whereUo is the mean ocean surface current. Using this method, the bulk drag coefficient

is estimated from linear relationships. Some of the most commonly used linear

relationships are shown in Table 2.1. Based on these relationships,CD can be estimated

from mean wind speed measurements. However, they are not valid in extreme conditions

(e.g., Powell et al. 2003), asCD no longer behaves linearly at wind speeds near hurricane

force (tends to plateau or level off and decrease thereafter).

During field experiments it is most often the case that directmeasurements of turbulent

fluxes are made using sonic anemometers, and the bulk method is not needed to determine

wind stress. However, for modeling and dataset generation purposes it is desirable to use

the bulk method. Unfortunately, this technique is not free from sources of error. Errors in

the measurements used to determine the drag coefficients caninherently cause errors in

bulk wind stress estimates. Another possible error can result if the atmospheric and

oceanic conditions differ from those when the bulk relationship was established. This

particular source of error is difficult to avoid. For example, Frederickson et al. (1997)

noted that the sea breeze circulation, frontal passages, differences in the wave field, and

wave field characteristics can result in errors in the bulk wind stress determination.
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TABLE 2.1. Examples of commonly used drag coefficient relationships.

Source CD Wind Speed Range Sea Type
(× 103) (m s−1)

Smith and Banke (1975) 0.63 + 0.066U10 2.5–21 Open ocean, shoaling
Garratt (1977) 0.75 + 0.067U10 10–52 Various
Smith (1980) 0.61 + 0.063U10 6–22 Open ocean
Wu (1980) 0.80 + 0.065U10 2–22 Various
Large and Pond (1981) 0.49 + 0.065U10 11–25 Open ocean
Geernaert (1987) 0.58 + 0.085U10 5–25 Various
Yelland and Taylor (1996) 0.60 + 0.070U10 6–26 Open ocean
Vickers and Mahrt (1997) 0.75 + 0.067U10 4–16 Shoaling
Drennan et al. (1999) 0.60 + 0.070U10 6–14 Open sea

2.4. Parameterizing sea surface roughness

One of the earliest theories of wind stress over water originated from the work of

Charnock (1955). Using a limited dataset collected over a relatively small body of water

and dimensional arguments, Charnock suggested that the roughness length that can be

used to determine the mean wind profile over the ocean is defined as:

zo =
zChu

2
∗

g
=
zChCDU

2

10

g
. (2.40)

In Eq. 2.40,g is the gravitational constant andzCh is an empirical constant known as the

Charnock parameter. This equation is assumed to be valid for awide range of wind

speeds, excluding very low speeds< 3 m s−1 where the sea surface is considered

aerodynamically smooth (e.g., Yelland and Taylor 1996) or in winds above hurricane

force, where the sea surface experiences wave breaking, seaspray, sea foam, etc. The

value of Charnock’s constant has been highly debated in the literature and can vary from

0.01 to 0.02. The most commonly used value of 0.0144 was suggested by Garratt (1977).

This empirical constant has been observed to increase with increasing wind speed and

tends to be site dependent (Yelland and Taylor 1996). The literature has recognized that a

constantzCh should not be assumed as it rarely adequately describes a dataset (Drennan

et al. 2005).

Numerous experiments have been conducted since Charnock’s initial attempt to

investigate the dependence of dimensionless sea surface roughness (or drag) on parameters
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related to sea state. However, no single parameterization has been successfully developed

to determine surface roughness for all possible circumstances. Kitaigorodskii and Volkov

(1965) provided the first attempt to relatezCh to sea state, and suggested Charnock’s

constant is dependent on wave age. Wave age is a measure of thelength of time that the

wind has been acting on a wave group (ratio of wave phase speedto wind speed). Larger

values of wave age correspond to older, more developed seas,whereas smaller values

denote younger, less developed seas (Chapter 3). Other attempts have also been made to

relatezCh to wave age, but with no definitive conclusions (e.g., Geernaert et al. 1986;

Toba et al. 1990; Smith 1992; Donelan et al. 1993; Johnson et al. 1998; Oost et al. 2002;

Drennan et al. 2003). In a similar fashion, Hsu (1974) and Taylor and Yelland (2001)

attempted to parameterize dimensionless sea surface roughness based on the steepness of

the dominant waves in the ocean. This dimensionless parameter is often given asHs/Lp

(orH/L in general terms), whereHs is the significant wave height andLp represents the

wavelength at the peak of the wave spectrum. Drennan et al. (2005) assessed the most

recent parameterizations provided by Taylor and Yelland (2001) and Drennan et al.

(2003), and found that the models yielded different estimates of roughness depending on

the sea state. Neither the wave steepness nor the wave age scalings have the ability to

predict all datasets or to describe surface roughness in swell dominated conditions.

2.5. Drag coefficient in extreme winds

Donelan et al. (2004) stated that, “the mechanical couplingof the two fluids (air-sea)

is at the heart of modeling the flow of either fluid.” Although wind stress over the ocean

has been a subject of study (and arguably debate) for over 50 years, present

parameterizations still have significant limitations, especially in high wind regimes. Over

the last six years air-sea interaction research has focusedprimarily on measurements of

CD rather than parameterizations.

Conducting in situ measurements of mean wind velocity profiles in extreme conditions

is exceptionally difficult in the open ocean, but poses an even greater challenge in the

nearshore region. Due to this vicissitude, past research efforts have estimated wind stress

in only weak to moderate winds (3< U10 < 25 m s−1). Data from these measurements

have been extrapolated to strong wind speeds, where it has been generally accepted that

CD increases linearly with increasing wind speed (e.g. Garratt 1977; Amorocho and

DeVries 1980; Smith 1980; Large and Pond 1981; Yelland and Taylor 1996; Drennan

et al. 1999). Extrapolations of this wind tendency are currently being employed in

applications such as forecasting the intensity and track oftropical cyclones, determining
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the wind forcing for storm surge and wave forecasts, input for numerical weather

prediction models, and determining extreme wind loads (Powell et al. 2003). Prior to 1997

and the development of the Global Positioning System (GPS) dropwindsonde (Hock and

Franklin 1999), which measures kinematic and thermodynamic properties during its

descent, and the novel airborne instruments developed during the Coupled Boundary

Layer Air-Sea Transfer Experiment (CBLAST) beginning at the turn of the century (Black

et al. 2007), estimates ofCD in extreme wind regimes (for research purposes) were simply

not possible.

Recent field and laboratory studies have disproved the general prediction of a

monotonic increase inCD with wind speed, and have, in part, offered a paradigm shift in

the way we believeCD to behave in extreme winds in the open ocean. High-resolution

GPS sonde wind profile measurements by Powell et al. (2003) and laboratory wave tank

measurements by Donelan et al. (2004) have found that the linear extrapolation method is

not valid and thatCD plateaus at wind speeds near 33 m s−1 (decreasing thereafter), which

corresponds to a limiting drag value range of 0.0022–0.0025. A later study by Jarosz et al.

(2007), based on current observations recorded during major Hurricane Ivan (2004),

offered supporting evidence. They found that the drag coefficient increases initially and

reaches a maximum value at a wind speed of about 32 m s−1 before decreasing (for wind

speeds up to 48 m s−1). Preliminary results from an extension of the Powell et al.(2003)

study suggests an azimuthal dependence onCD relative to the direction of storm motion.

Slightly different results were obtained by the CBLAST group (Black et al. 2007) in

slightly weaker maximum wind speeds< 30 m s−1, where it was found thatCD plateaus

at a wind speed close to 22–23 m s−1 (CD < 0.002). Although all these are studies have

merit, their results are not consistent. Additional research is required to test and confirm

these results.

Since the findings described above (Powell et al. 2003; Donelan et al. 2004; Black

et al. 2007; Jarosz et al. 2007) are significantly different from those previously accepted,

explanations of this phenomenon are critical. Donelan et al. (2004), using a study by Reul

(1998), who observed vorticity contours for gentle and steep-sloped waves, suggested that

this qualitative change in the surface drag coefficient is a consequence of air flow

separation from breaking waves which acts to decouple the MABL from the chaotic

(rough) sea surface. Air flow experiences separation from the surface and reattachment

near the crest of the following wave, indicative of skimmingflow, where the flow

ultimately bypasses the troughs (Section 2.10). Powell et al. (2003) offered an explanation

via the role of sea foam and spray that has been observed on thesea surface in wind

speeds above hurricane force. He suggested that the thick layer of foam that typically
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develops in winds in excess of approximately 40 m s−1 forms a ‘slip’ surface which

impedes the transfer of momentum from the wind to the sea. These explanations were

supported by the findings of Kudryavtsev and Makin (2007). Using modeling techniques,

Kudryavtsev (2006) investigated the role of sea spray on seadrag at high wind conditions.

They showed that the production of spray results in the acceleration of airflow, and the

suppression of turbulence and surface drag. At wind speeds of 50–80 m s−1, the model

predicted the effects of a ‘slip’ surface, withCD on the order of 0.0001 (Kudryavtsev

2006). Although both studies offer valuable insight, it is still to be determined if these

explanations hold in the nearshore region, where conditions are markedly different.

a. Summary of important papers

i. Observational measurements in hurricanesArguably the most important study of

the drag coefficient in extreme winds to date is that of Powellet al. (2003), hereafter

PVR03. PVR03 used high resolution wind profile measurements from GPS sondes

dropped in the vicinity of hurricane eyewalls to observe thebehavior ofCD in hurricane

winds in deep water. A summary of the important work of PVR03 ishighlighted in the

following.

PVR03’s study utilized detailed wind profile measurements acquired by GPS sondes

from 1997–1999. During this time span, 331 eyewall (or near-eyewall) wind profiles were

sampled in hurricanes located in the Atlantic and Eastern/Central Pacific basins. The GPS

sonde samples pressure, temperature, humidity, and position at a frequency of 2 Hz.

Sondes are generally dropped at a height of 1.5–3 km above thesea surface and fall at a

rate of 10–15 m s−1. Failure of these instruments is possible in regions of highturbulence

or heavy rainfall. Derived wind speed and height measurements have an accuracy of

0.5–2.0 m s−1 and 2 m, respectively (Powell et al. 2003).

PVR03 estimated surface layer quantities using composite wind profiles (individual

0.5-s samples from 331 sonde profiles) based on the mean boundary layer (MBL) wind

speed. MBL wind speed was arbitrarily defined as the mean wind speed below 500 m.

The maximum wind speed for each profile was usually containedwithin this layer. The

331 wind profiles were averaged for all measurements in the lowest 3 km as a function of

the MBL wind speed and each profile was organized into one of fiveMBL groups (in

m s−1): 30–39 (72 profiles), 40–49 (105 profiles), 50–59 (55 profiles), 60–69 (61 profiles),

and 70–79 (38 profiles). A relatively wide range of wind speeds (21–67 m s−1) were

measured near the surface (8–14 m). PVR03 found a logarithmicincrease in wind speed

with height in the lower 200 m (Fig. 2.7). Above 200 m, the meanprofile continued to

32



Texas Tech University,Brian Charles Zachry, August 2009

increase, reached a peak near 500 m, and decreased thereafter. The decrease was due to a

weakening of the horizontal pressure associated with the warm core of a tropical cyclone.

PVR03 attributed the apparent increased variability above 600 m to convective-scale

features in the eyewall, identified by Jorgensen (1984). Theaforementioned logarithmic

profile below 200 m and maximum wind speed at 500 m is consistent with a neutrally

stable surface layer. PVR03 used the profile method in the lowest 100–150 m of each

MBL group to estimatezo andu∗. Then,CD was estimated using Eq. 2.20.

(a) (b)

FIG. 2.7. Mean wind profiles by MBL group: (a) 30–39 m s−1 (72 profiles); 50–59 m s−1 (55 profiles);
70–85 m s−1 (38 profiles); and (b) 40–49 m s−1 (105 profiles); 60–69 m s−1 (61 profiles). Symbols and
horizontal bars represent the mean and± 1 standard deviation for each vertical bin. Numbers adjacentto
each level represent the number of samples within each of thelowest five height bins. From Powell et al.
(2003).

Results indicated that surface layer parameter dependence on wind speed is vastly

different than previously believed in high wind speeds, as shown in Fig. 2.8. For weak to

moderate wind speeds, observations ofCD are consistent with other investigations.

However, above 40 m s−1 CD behaved markedly different than what was anticipated.

PVR03 observed a leveling off at 40 m s−1 and a large decrease whenU10 increased to 51

m s−1. Similarly, zo andu∗ increased up to 40 m s−1 (this behavior was roughly predicted

by previous studies), leveled off around 40 m s−1, and decreased asU10 increased to 51

m s−1 (Fig. 2.8a,u∗ not shown). In summary,CD plateaued near wind speeds of 33 m s−1,

corresponding to a saturation value near 0.0025 (Powell et al. 2003).
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(a) (b)

Charnock 1955

(0.035)

Charnock 1955

(0.018)

Shay 1999

Large & Pond 1981

Amorocho & DeVries 1980

Hawking et al. 1964

Large & Pond 1981

FIG. 2.8. Momentum exchange quantities as a function ofU10. Vertical bars represent the range of
estimates based on 95% confidence limits and the symbols represent the different layer depths used in the
profile method:◦ 10–100,� 10–150,△ 20–100,⋄ 20–150 m. (a)zo from GPS sonde profiles (symbols)
and Large and Pond (1981) relationship (solid line) and Charnock (1955) relationships for comparison
(dotted line,α = 0.035; dashed-dot line,α = 0.018) and (b)CD with relationships and values from tropical
cyclone budget studies. Adapted from Powell et al. (2003).

ii. Laboratory measurements in wind speeds near hurricane force Shortly after the

work of PVR03, Donelan et al. (2004) examined the affect of high wind speeds onCD in a

laboratory setting. Donelan et al. (2004), hereafter DHR04,utilized the Air-Sea

Interaction Facility at the University of Miami. They offered supporting evidence to the

full scale results of Powell et al. (2003).

The wave tank is 15 m long, 1 m wide, and 1 m high, and was equallydivided between

air and water. Wind speed in the tank was set by a programmablefan. Vertical profiles of

wind speed and turbulence were not provided. Reynolds stresses were measured directly

using x-film anemometry. Direct measurements of Reynolds stress were corrected to

surface values using the measured horizontal pressure gradient in the tank. For high wind

speeds, DHR04 computed surface stress from a momentum budgetusing sections of the

tank as a control volume (Fig. 2.9).
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FIG. 2.9. Schematic outline of the control volume for the momentum budget method. From Donelan et al.
(2004).

The momentum budget method was accomplished assuming steady state conditions.

The control volume, defined by the shaded areaA1B1B2A2 in Fig. 2.9, extended a unit

width into the paper. Under this assumption, wind stressτa produced a downwind current

near the surface which resulted in an increase in mean surface elevation downwindh2. A

return flow in the bottom of the water column in the upwind direction and stressτb applied

to the bottom of the tank was caused by an induced pressure gradient due to the elevation

difference. Momentum fluxes through the tank are respectively denoted asI1 andI2 for

sectionsA1B1 andA2B2. They verified the momentum budget method by comparing

results for this method to the other methods utilized (at slower wind speeds), which show

good agreement. Verification of this method was important since it allows for an estimate

of surface stress in high winds in a way that was insensitive to airborne water droplets

(problematic for x-film measurements). Using this method, DHR04 showed that wind

stress,τw is given by:

τw = h

(

ρwgs+
∆P

L

)

+
∆Sxx

L
− τb . (2.41)

In Eq. 2.41h is the average water depth,∆P is the air pressure difference,∆Sxx is the

radiation stress for deep water, ands is the slope of the water surface. Sidewall stresses

were neglected since they tend to cancel out assuming steadystate conditions (Donelan

et al. 2004).

DHR04 conducted several experiments using the programmablefan in the wave tank.

The fan was set to fixed speeds for 300 second runs to obtain a stable estimate of wind

stress. DHR04 noted a loss of water droplet spray to the returnduct which contributes to

wind stress on the surface. They accounted for water loss dueto spray by calculating an
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upper limit of 1.5% lost momentum due to spray, which they noted as “generous”.

Results from DHR04 compared to those of Large and Pond (1981) and

Ocampo-Torres et al. (1994) are shown in Fig. 2.10. To bring the results to scale, the

height of the wind speed measured in the tank (10 cm) was extrapolated to the standard

meteorological height of 10 m using a logarithmic dependence on height. Again, it was

not mentioned what the actual wind profile was like above the wave/water surface. The

initial decrease inCD to a minimum at a wind speed of 3 m s−1 was a result of an

aerodynamically smooth surface (Fig. 2.10). As the waves became greater in size and the

surface became aerodynamically rough,CD increased with increasing wind speed

between 3–33 m s−1. At 33 m s−1, CD leveled off, corresponding to a limiting value of

0.0025. Results were only slightly lower than the open ocean measurements of Large and

Pond (1981) for weak to moderate wind speeds.

Wind speed extrapolated to height of 10 m, U
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Squares     = profile method (Ocampo-Torres et al., 1994)

Asterisks    = profile method (This paper)

Circles       = momentum budget (This paper)

Diamonds  = Reynolds stress (This paper)

Dots           = dissipation (Large and Pond, 1981)

FIG. 2.10. Laboratory measurements of the neutral stability drag coefficient using the profile, Reynolds
Stress, and momentum budget methods. The drag coefficient refers to the wind speed measured at the
standard anemometer height of 10 m. The frequently cited drag coefficient formula derived from field
measurements of Large and Pond (1981) is also shown. From Donelan et al. (2004).

2.6. Simulation of air flow over wavy surfaces

There is currently a research gap regarding flow over waves inshallow water (h < 50

m). To the author’s knowledge there have been no wind tunnel studies or theoretical work

that have attempted to model and study the flow over waves nearthe coast. This void may
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be because wave generation is relatively unimportant due tochanges in wave shape caused

by the various wave transformation processes (Chapter 3). However, understanding flow

behavior over nearshore waves is valuable for storm surge forecasts and coastal building

design standards. Therefore, part of this research is aimedto extend our understanding of

wind tunnel flow over solid waves, by examining flow over solidshallow water wave

shapes. The following sections describe relevant wind tunnel and theoretical work on air

flow over wavy (typically sinusoid) surfaces.

a. Laboratory measurements

Owing to the profound difficulty in conducting field measurements of nearshore wind

and waves, laboratory wind tunnel measurements offer valuable insight. There have been

numerous laboratory experiments that have studied flow oversinusoid wave trains (e.g.,

Zilker and Hanratty 1979; Buckles et al. 1984; Kuzan et al. 1989; Belcher and Hunt 1998;

Gong et al. 1999). Most authors were interested in studying the spatial variation of the

flow field, shear stress, and pressure along the wave surface to develop a better

understanding of wind wave generation. A wide variety of wave steepnesses have been

studied, ranging from very steepH/L = 0.4 (e.g., Beebe 1972), to steepH/L = 0.2 (e.g.,

Buckles et al. 1984; Gong et al. 1999), to gentle-slopedH/L = 0.05 (e.g., Zilker and

Hanratty 1979). The steepest laboratory waves are important for wind-wave generation

(by examining pressure distributions along wave), but mature ocean surface waves tend to

exhibit a very gentle slope in the deep oceanH/L ≈ 0.02–0.05.

Buckles et al. (1984) used laser-Doppler velocimetry to measure the mean and

fluctuating velocity for turbulent flow over a solid sinusoidwave train to identify the

separated flow region. The wave surface had a wavelength of 50.8 mm and height of 10.16

mm for a wave height to wavelength aspect ratio of 0.2. They measured mean pressure

and rms pressure fluctuations at 33 locations using surface taps spaced in 1.59 mm

intervals over the eighth wave in the wave train at Reynold numberRe = 1.2 × 104. They

found that the air flow separated betweenx/L = 0.1 andx/L = 0.2, wherex is the

distance along the wave andL is the wavelength. Reattachment occurred between

0.6 ≤ x/L ≤ 0.7, marked by a positive near-wall velocity. They calculated the stream

function for the mean flow and the resulting streamlines. They found that separation

occurred atx/L = 0.14 and reattachment atx/L = 0.69, as shown in Fig. 2.11a. At the

separation point the mean direction of flow reversed from a positive to slightly negative

value at the nearest wall measurement and the flow is deflectedslightly upward then

downward. Streamlines were compressed upwards in responseto lifting of the wave
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surface downstream of the reattachment point, indicating accelerated flow. Mean velocity

profiles (not presented) indicated that accelerated flow wasexhibited above the eighth

wave crest. The recirculation zone lies between the aforementioned separation and

reattachment points. A maximum thickness is reached atx/L = 0.4, approximately 60%

of the wave height. Velocity profiles indicated a thin boundary layer (< 0.15 mm) at the

point of reattachment, it grows to 0.6 mm by the upstream wavecrest, and approximately

triples in thickness to the separation point. Roughly past the separation point

(x/L = 0.15), the region of maximum turbulence intensity is associatedwith the free

shear layer. They note that this maximum provided a more sensitive means for locating

the free shear layer (compared to mean velocity profiles). Directly over the trough

(x/L = 0.5), the turbulence intensity maximum was observed at approximately the wave

height. A layering of the flow observed by Buckles et al. (1984)is shown in Fig. 2.11b.

Free shear layers are formed by the separation of a boundary layer atx/L = 0.14 and

x/L = 1.14. In general, this study provides a good description of air flow over a train of

steep sinusoid waves.
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FIG. 2.11. (a) Streamline map over the crest of the eighth wave (x/L = 0) to the crest of the ninth wave
(x/L = 1) in the wave train (above the zero streamline increments are5 and below 0.2) and (b) shear-layer
map indicative of flow at the crest of the eighth wave (x/L = 1). Adapted from Buckles et al. (1984).
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Many wind tunnel studies of flow over wave surfaces have been conducted for

aerodynamically smooth flow, with which there is some Reynolds number dependence

(e.g., Buckles et al. 1984; Kuzan et al. 1989). Gong et al. (1999) conducted a wind tunnel

experiment using aerodynamically rough surfaces. More specifically, they measured

turbulent boundary layer flow over rough (and smooth) sinusoid wave surfaces in an

attempt to characterize the flow, determine the form drag, and the total horizontal force on

the waves. Gong et al. (1999) used a large wave train consisting of sixteen sinusoid waves

placed along the centerline of a large atmospheric boundarylayer wind tunnel. Waves

heights were 96.5 mm with a wavelength ofλ = 609.6 mm, corresponding to a maximum

surface slope ofak = 0.5 and aspect ratio ofH/λ = 0.158. Roughness lengths over flat

pieces of the smooth (foam) and rough (Masonite) surfaces were zo = 0.03 mm and

zo = 0.4 mm, respectively. They noted that the flow reached a periodic, near-equilibrium

state after the third or fourth waves. With a maximum surfaceslope ofak = 0.5, it was

expected that the flow would separate based on a critical slope for separation ofak ≈ 0.3,

determined by Kuzan et al. (1989). Intermittent flow separation was observed in the

smooth case but the mean flow remained approximately attached. The flow separated in

the wave troughs for the aerodynamically rough simulation.Constant pressure regions,

indicative of flow separation, extended fromx/L = 0.15 to 0.5. Without the capability to

measure reverse flow, Gong et al. (1999) inferred that littleor no reverse flow existed in the

smooth case. However, the rough simulation may of had a separated region with relatively

stagnant flow in the wake extending to heights of order (0.4a) on the lee slope and in the

trough. The flow was sensitive to surface roughness. The greatest speed-up was observed

just above the wave crest in the smooth case (still existent but weaker for the rough case)

and the order of magnitude larger surface roughness increased the velocity reduction in

the outer part of the boundary layer. For the rough case (and the strongly separated flow

observed by Buckles et al. (1984) a very strong shear layer wasobserved close to the wave

surface above the crest (followed by a region of constant wind velocity above that and a

gradual increase to the free stream wind speed). Measurements of theu-component

turbulence fluctuationsσu showed an increase just above the crest and a significant

increase at about the wave height above the trough of the twelfth wave. Using surface

pressure measurements, they computed the form drag per unitarea on the waves using:

τF = ρCDF
U2

o =

∫

p∗s(dzs/dx)dx/λ . (2.42)

In Eq. 2.42τF is the stress due to form drag,Uo is the free stream velocity atUL = 600

mm,p∗s is the surface normal stress, and the integral is over one wavelength. Results
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indicate that form drag is nearly three times the wavelength-averaged surface shear stress.

The form drag for the rough case was less than that found over the smooth case. Results of

Gong et al. (1999), presented in Table 2.2, indicate uncertainties in the data, as there was a

50% difference in the total wind stress using two independent methods (from velocity

profiles and pressure measurements and from a momentum budget) for the rough

simulation. They concluded that accurate prediction of thedrag over topography may be a

rather difficult goal to achieve.

TABLE 2.2. Drag values from Gong et al. (1999). Values are normalized byρU2
o , whereUo is the free

stream velocity determined at heightz = 600 mm. (u2
∗
)o is the upstream stress from the velocity profile,

wavelength-averaged values< u2
∗

>, CDF
is the normalized form drag calculated from Eq. 2.42, MTB is

the total drag computed from a momentum budget over ten wavesand%CDF
is the contribution (%) of

form drag to the total drag.

Surface Type (u2
∗
)o < u2

∗
> CDF

< u2
∗
> + CDF

MTB %CDF

Relatively Smooth 0.0017 0.0025 0.0085 0.011 0.0092 77
Relatively Rough 0.0038 0.0014 0.0065 0.0079 0.013 82

b. Theoretical models

There have been numerous theoretical studies conducted to model air flow over a train

of wave surfaces. Initial work in this area was concerned with wave generation by the

wind. Since the classic study by Miles (1957), many other studies have examined wind

wave generation (e.g., Townsend 1972; Caponi et al. 1982; Nikolayeva and Tsimring

1986; Belcher and Hunt 1993; Belcher 1999). Miles (1957) theory is a linear inviscid

theory of surface wave generation, and thus has limitations. Several modifications of

Miles theory exist in the literature (e.g., Riley et al. 1981). Caponi et al. (1982) considered

laminar viscous flow over a periodic wavy surface using the two-dimensional

Navier-Stokes equations. Most theoretical models tend to utilize the ensemble- or

Reynolds-averaged equations for turbulent flow and apply some type of closure

assumptions (e.g., Townsend 1972; Beljaars et al. 1987; Maatand Makin 1992; Xu and

Taylor 1992; Miles 1996). Closure assumptions, or approximations, made to the

Reynolds-averaged equations of turbulence are critical to predicting the overall flow

behavior. Ayotte et al. (1994) examined the impacts of six different closure schemes for

neutrally stratified atmospheric surface-layer flow over complex terrain. They found that

mean flow predictions (for waves of low slope) are insensitive to the closure scheme

employed, while turbulence in the outer layer and form drag can be strongly dependent on
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the closure assumptions. Since wave slope, in part, governswhen air flow separates from a

wavy surface, several studies have linearized models according to wave slope (e.g.,

Jackson and Hunt 1975; Beljaars et al. 1987). Formally, thesemodels are valid for cases

where flow separation does not occur. Flow separation is important for the wave

generation process, and has formed the basis for the theory of Jeffreys (1924, 1925). Gent

and Taylor (1977) examined the effects of increasing wave steepness, and hence flow

separation with a numerical model of air flow over water waves. However, Gong et al.

(1999) stated that when flow separation occurs, closure assumptions lose validity due to

the intermittency of the flow separation and the time-dependent variations in the size of

the separated region.

Gong et al. (1999) performed a large-eddy simulation (LES) in addition to the wind

tunnel measurements described above. The model domain covered two wavelengths (i.e.,

two wave models) in the along-wind and cross-wind directions and extended to the top of

the boundary layer (on the order ofλ). They used a uniform and isotropic finite difference

grid with 128×128×64 nodes. Momentum flux near the surface was computed from the

horizontal velocity at the lowest grid cell by assuming thata logarithmic wind profile

exists in this region (with roughness lengthzo). The top boundary was rigid and

impermeable. Air flow was forced by a mean horizontal pressure gradient, so as to keep

the mass flux through the domain constant. Lastly, Gong et al.(1999) chose initial

conditions to match the upstream flow in the wind tunnel. Thisallowed for direct

comparison of the theoretical and wind tunnel results. Their results indicated that the LES

model captured the general flow features observed in the windtunnel data. Comparison of

the results for the smooth surface case (see their Fig. 9a) showed that profiles at the trough

and halfway-down the slope matched well, and that mean velocities were slower near the

surface for the crest and halfway-up profiles. Lack of agreement in the latter profiles with

the wind tunnel data was attributed to poor resolution near the surface and the possibility

of 3-D flow structures. On the other hand, LES crest profiles for the rough surface case

(see their Fig. 9b) were in better agreement with the wind tunnel data. Results from the

LES surface pressure distributions agreed fairly well withthe wind tunnel data. For the

smooth case, the LES pressures were higher than the wind tunnel values downstream of

the crest. The higher pressures resulted in a smaller pressure difference across the crest

region and ultimately significantly lower form drag estimates (Table 2.3). For the rough

surface case, a slightly smaller minimum pressure was observed over the crest (along with

other minor differences), which lead to a marginally smaller LES form drag. There was a

striking difference between the LES and wind tunnel form drag results. The latter results

indicated higher form drag on the attached flow over the smooth surface wave than for the
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separated flow over the rough surface wave, while the LES results were opposite. Gong

et al. (1999) mentioned that LES prediction of form drag is strongly dependent on the

closure schemes utilized, which could explain the difference. In general, results from the

LES atmospheric boundary layer model compared well with thewind tunnel data, but

there were significant variations in some of the more sensitive model output parameters

(e.g., form drag, resolution).

TABLE 2.3. Large-eddy simulation drag values from Gong et al. (1999). Results are based on values at time
t = 16Tref and are normalized byρU2

o (whereUo is the free stream velocity):< τfric > is the horizontal
force on the surface due to friction andCDF

is the normalized form drag.

Surface Type < τfric > CDF
< τfric > + CDF

Relatively Smooth 0.0020 0.0027 0.0047
Relatively Rough 0.0016 0.0054 0.0070

2.7. Application of wind stress in storm surge modeling

A minimum of five processes are responsible for hurricane storm surge. They are due

to the effects of direct wind forcing, earth’s rotation, tide, bathymetry, and waves (Harris

1963). The wind-driven component of hurricane storm surge,wind stress, is exerted when

wind blows over water bodies. “Although the wind shear stress is usually very small, its

effect, when integrated over a large body of water, can be catastrophic (Dean and

Dalrymple 1991, p. 157).” Wind stresses cause wind setup, which is a rise in the still water

level at the downwind shore. In a strong onshore wind regime,it is obvious that wind

setup is a significant contributor to the total storm surge.

Storm surge models use the long wave equations to describe the change in water level

due to wind forces acting on the water surface (Dean and Dalrymple 1991). Dean and

Dalrymple (1991) provide a linearized equation to compute storm surge for onshore flow

with a parallel coastline and neglecting lateral shear stresses:

∂η

∂x
=

ητzx(η)

ρwg(h+ η)
. (2.43)

In Eq. 2.43ρw is the density of water. More complicated nonlinear equations are typically

utilized. Consult Reeve et al. (2004) for storm surge prediction using the nonlinear

hydrostatic equations.

The most recent and technologically advanced model of coastal ocean hydrodynamics

43



Texas Tech University,Brian Charles Zachry, August 2009

is the advanced circulation hurricane storm surge model. Itwas developed by researchers

from several universities. ADCIRC is a multi-dimensional, depth-integrated, barotropic

time-dependent long wave, hydrodynamic circulation modelthat simulates water level and

ocean currents over an unstructured gridded domain. The model uses a finite-element grid,

the Boussinesq approximation, quadratic bottom friction, and vertically integrated

continuity and momentum equations for flow on a rotating earth (Luettich et al. 1992).

ADCIRC uses the standard quadratic drag law to compute wind stress (Eq. 2.19), with a

surface drag coefficient defined by Garratt (1977) as a linearfunction of wind speed. This

formulation, valid for the wind speed range of10 < U10 < 21 m s−1, is based on

regression fits to field measurements primarily in deep waterand open ocean conditions

(Fig. 2.12), but is generally applied to wind speeds above 21m s−1. Other modeling

studies have also adopted deep water drag models (e.g., Tanget al. 1997; Lentz et al.

1999; Reniers et al. 2004).
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FIG. 2.12. Drag coefficient formulations defined by Garratt (1977) and Amorocho and DeVries (1980).

Weaver (2004) performed an ADCIRC sensitivity simulation of the five storm surge

forcings (defined by Weaver (2004) as wind surface stress, inverted barometer effects,

wave forcing, tidal stage, and bathymetry) for Hurricane Georges (1998). Of particular

interest is the sensitivity of ADCIRC to the various drag coefficient formulations. Weaver

(2004) tested the model using the drag laws shown in Table 2.4. Their results (Fig. 2.13)

indicated that the model is quite sensitive to the drag coefficient formulation used as input.
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It is shown that peak storm surge estimates can vary by as muchas± 1.75 m. Thus, it is

critical that ‘correct’ drag laws are applied.

TABLE 2.4. The various drag coefficient formulations used in an ADCIRC sensitivity test performed by
Weaver (2004).

Source CD× 103

Miller (1964) 1–4.0
Garratt (1977) 0.75 + 0.067U10

Smith (1980) 0.61 + 0.063U10

Large and Pond (1981) 0.49 + 0.065U10

Klapstov (1983) 0.49 + 0.07U10+2.58
U10

-1.06Tair−Tsfc

U2

10

Geernaert (1987) 0.58 + 0.085U10

Miller 1964 (max)

0.003 cutoff (max)

Geernaert 1987 (max)

Garratt 1977 (max)

Klapstov 1983 (max)

Large & Pond 1981 (max)

Smith 1980 (max)
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FIG. 2.13. Maximum storm surges generated by the ADCIRC model for various drag coefficient
formulations during a hindcast of Hurricane Georges (1998). Adapted from Weaver (2004).
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ADCIRC was recently applied to hindcast storm surges for Hurricane Katrina (2005).

The base ADCIRC simulation uses the drag law defined by Garratt (1977). Sensitivity

simulations revealed that application of a drag cutoff ofCD = 0.0025 in the base run

decreases maximum surge heights by up to 1.2 m (4 ft) comparedto the case with no limit

(Fig. 2.14a). They conducted another sensitivity test comparing the base simulation

without the cutoff applied to the drag law defined by Amorochoand DeVries (1980):

CD = 0.0015

[

1 + exp

(

−U10 − 12.5

1.56

)]

−1

+ 0.00104 . (2.44)

This formulation has a built-in cutoff ofCD = 0.00254 (Fig. 2.12). Results indicated that

application of Amorocho and DeVries (1980) wind stress formulation slightly reduced the

peak surge in water level compared to the base drag law without the cutoff, as shown in

Fig. 2.14b.

The official model run was ingested with the base formulationwithout the cutoff

applied. They compared this hindcast to the acquired peak water levels, and found an

average error of -0.18 m (-0.6 ft), indicating that ADCIRC slightly underpredicted the

storm water level using this drag law. If a drag cutoff were applied, underestimates in peak

surges would be even greater.
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(a)

(b)

FIG. 2.14. Hurricane Katrina (2005) difference in peak surge (in ft) between: (a) the base simulation
(Garratt 1977) with and without theCD = 0.0025 cutoff and (b) the drag law of Amorocho and DeVries
(1980) and the base simulation (no cutoff). From IPET (2006a).
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2.8. Hurricane exposure category in ASCE 7-05

The present study has the potential to influence the wind loadportion of the ASCE

code for structures located on the coast in regions susceptible to hurricane landfalls. The

ASCE Standard is essentially a set of guidelines which specify requirements for general

structural design. There are specific requirements for structures located in hurricane prone

regions. For the U.S., this region is defined as areas vulnerable to hurricanes along the

Atlantic Ocean and the Gulf of Mexico coasts where the basic wind speeds are> 40

m s−1 (90 mph), as shown in Fig. 2.15. Of particular importance is the roughness length

(used in determining the logarithmic mean wind profile, Eq. 2.2), which is prescribed at

zo = 0.03 m (Exposure C, see below) for all hurricane prone regions in the current version

(ASCE 7-05). This value was changed fromzo = 0.003 m (Exposure D) in the previous

version (ASCE 1998) based on the work of Vickery and Skerlj (2000). They provided

qualitative and quantitative evidence to recommend that Exposure C generates a more

appropriate profile along the hurricane coastline. Quantitatively, this recommendation was

made without providing a comprehensive set of wind and wave data obtained in the

nearshore region in extreme conditions. The method used to computeCD was also curious

(not a direct method). Neglecting the effects of wave age, Vickery and Skerlj (2000)

suggested thatzo ranges from 0.01 m to 0.025 m for wind speeds of 41–55 m s−1.

Qualitatively, they argued that hurricane-generated waves act as young waves – a result of

fetch-limited conditions. Due to wave interaction with thesea bed causing a reduction in

wave celerity, hurricane waves act even younger as they approach the coastline. The sea

bed also causes the waves to become steeper and change direction due to wave shoaling

and refraction (Chaper 3). All of the above processes (younger and steeper waves that

may become increasingly misaligned with the wind) essentially act to increase the

aerodynamic roughness of the sea surface. Contrary to this argument and the overall

findings of Vickery and Skerlj (2000), the upcoming version ASCE 7-10 will defer back to

Exposure D in the hurricane prone region (Douglas A. Smith personal communication).

This change is due, in part, to a lack of extreme data in the nearshore region. Nevertheless,

a comprehensive dataset in the nearshore region during hurricane conditions is needed to

verify this standard.
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FIG. 2.15. ASCE 7-05 basic wind speed map. Areas with wind speeds> 40 m s−1 (90 mph) are regarded
as hurricane prone regions. From ASCE (2005)
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a. Definition of Surface Roughness and Exposure categories in ASCE 7-05

ASCE 7-05 defines the Surface Roughness / Exposure categories as follows (see

Table 2.5 for typical values):

• Surface Roughness / Exposure B: Urban and suburban areas, wooded areas, or other

terrain with numerous closely spaced obstructions having the size of single-family

dwellings or larger. This exposure prevails in the upwind direction for a distance of

at least 2,600 ft (792 m) or 20 times the height of the building, whichever is greater.

• Surface Roughness / Exposure C: Open terrain with scattered obstructions having

heights generally less than 30 ft (9.1 m). This category includes flat open country,

grasslands, and all water surfaces in hurricane prone regions.

• Surface Roughness / Exposure D: Flat, unobstructed areas and water surfaces

outside hurricane prone regions. This category includes smooth mud flats, salt flats,

and unbroken ice. This exposure prevails in the upwind direction for a distance

greater than 5,000 ft (1,524 m) or 20 times the building height, whichever is greater.

TABLE 2.5. Typical roughness lengthszo and surface drag coefficientsCD for various terrain types. From
Holmes (2001).

Terrain Type ASCE 7-05 Category zo (m) CD

Very flat terrain D 0.001–0.005 0.002–0.003
Open terrain C 0.01–0.05 0.003–0.006
Suburban terrain B 0.1–0.5 0.0075–0.02

2.9. Air flow over a change in surface roughness

Since it is hypothesized that wave conditions in shallow water cause this region to be

rougher than deep water (Chapter 1), a discussion of this effect on the boundary layer is

warranted. Many books have addressed flow over a change in terrain (e.g., Simiu and

Scanlan 1986; Kaimal and Finnigan 1994; Holmes 2001) – thesereferences were used to

write the following synthesis.

This discussion considers an abrupt change (discontinuity) in surface roughness along

a line perpendicular to the mean wind direction (taken to be thex-direction). When

fully-developed boundary layer flow over a horizontally homogeneous surface encounters
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a discontinuity, the flow is disturbed and must adjust to the new underlying surface.

Depending on the transition, the flow either slows down because of increased surface

friction (smooth to rough) or speeds up due to a decrease in frictional drag (rough to

smooth). Fig. 2.16 depicts how changes in surface roughnessalter the mean wind profiles.

Initially, the adjustment is confined to the air layers in contact with the new surface, and is

gradually diffused vertically by turbulence. The effect ofthis change in terrain is a

steadily growing internal boundary layer (IBL). It should benoted that pressure gradient

forces are also an effect of a transition (they can act outside of the IBL), but are negligible

unless there is a significant change in displacement height (e.g., flow from flat open

country to tall crop field). Flow within the IBL is characteristic of the new surface, and its

depth is denoted byδi. At some distance downstream of the transition, the entire boundary

layer adjusts to the new roughness.
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FIG. 2.16. Schematic representation of logarithmic wind speedprofiles after a change in surface roughness.
The variablesu1 andu2 are the along-wind wind speed components for the upstream equilibrium profile
(dashed line) and the profile after the change of terrain (solid line). Recreated from Kaimal and Finnigan
(1994).

The case of air flow over a smooth surface encountering a discontinuity to a rougher

surface is shown in Fig. 2.17. As the flow reaches the change interrain, it begins to adjust

to the new surface. At the discontinuity an outer IBL forms andseparates (in theory) the

upstream flow conditions from the new surface. Flow in the upper region is essentially

unaffected by the change (still characterized byzo1 andu∗1) and the velocity is equal to

the velocity upstream of the discontinuity. At some distance downstream of the transition,

an inner IBL forms. Below this level, it is very crudely assumedthat the flow is in

equilibrium with the new surface (determined byzo2 andu∗2). Between the inner and

outer limits of the IBL is an intermediate (transitional) regime, where the turbulence
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generated from the new surface is gradually distributed vertically. It is assumed that the

flow in this region has characteristics of both the smooth andrough surfaces.
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FIG. 2.17. Schematic diagram of boundary layer transition froma smooth to rough surface.

A formula to model IBL growth is as follows (Simiu and Scanlan 1986):

δi(x) = 0.28zor

(

x

zor

)0.8

, (2.45)

wherezor
is the roughness length of the rougher terrain (e.g.,zo2

in Fig. 2.17). This model

was formulated using data acquired in both smooth to rough and rough to smooth

transitions, and is approximately valid forδi(x) < 0.2.

Holmes (2001) provides a model for identifying the horizontal position of the IBL as a

function of its heightz. For flow from smoothzo1
to roughzo2

terrain, only the latter value

has bearing:

xi(z) = zo2

(

z

0.36zo2

)4/3

. (2.46)

For rough to smooth transitions bothzo values are used and the height of the IBL is

determined as follows:

xi(z) = 14z

(

zo1

zo2

)0.5

. (2.47)

2.10. Classification of air flow regimes

Regardless of the underlying surface (e.g., waves, buildings, hills) aerodynamic rough

flow over an array of such objects can be classified into three categories: isolated

roughness flow, wake interference flow, and skimming flow (Fig. 2.18). Morris (1955) was

arguably the first person to classify flow types (by studying flow in rough conduits). More
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recently, Oke (1988) examined the various flow types in urbanstreet canyons. Over a

single building immersed in boundary layer flow there are three disturbed regions (mean

wind direction is normal to the long axis of the building). Upstream of the building, a

vortex forms in front of the windward face. This vortex is dueto downwash and is

dependent on building height. Behind the building a vortex iscaused by air flow

separation from the sharp bluff edges of the roof and sides. Further downstream is its

wake, characterized by increased turbulence and slower horizontal wind speeds than the

undisturbed flow (flow prior to interacting with the building).

(a)

(b)

(c)

FIG. 2.18. The three flow regimes over urban canyons: (a) isolated roughness flow, (b) wake interference
flow, and (c) skimming flow. From Oke (1988).

For an array of buildings (or other objects), flow types are dependent on spacing and

height. If the buildings are sufficiently far apart that the wake and vortex at each building

are completely developed and dissipated before the following building is reached, the flow

is classified as isolated. Isolated roughness flow is shown inFig. 2.18a. Essentially the

flow acts as if there was only a single object immersed in the flow. As the buildings get

closer together, the leading and trailing vortices at each element are disrupted, resulting in

complex vortex interaction and turbulent mixing. This typeof flow is denoted wake

interference flow (Fig. 2.18b). Wake interference flow is characterized by secondary flow

in the canyon space, where the downward flow of the eddy in lee of the building is

reinforced by the eddy associated with downwash on the windward face of the following

building. Only a single vortex exists in the cavities when the canyon gets very narrow,
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resulting in skimming flow (Fig. 2.18c). The bulk of the flow does not enter the canyon

and basically moves from rooftop to rooftop, generating quasi-smooth flow.

Flow classification over a train of waves (and hills) is somewhat different (Fig. 2.19).

This is because waves are continuous, in that there is no ‘flat’ space between them.

Isolated roughness only occurs for very shallow waves. For this case, the flow remains

attached along the wave profile. As wave steepness increases(H/L), the flow separates at

some location downwind of the wave crest (wake interferenceflow). As shown in

Fig. 2.19b, a vortex is generated within the separation flow region. The flow reattaches at

some point on the following wave. For skimming flow the waves are very close together

(i.e., steep waves), and the flow basically skips from crest to crest, bypassing the troughs.

In general, the skimming flow regime is relatively smooth compared to other flow

regimes, as the wave surface is sheltered.

(a)

(b)

(c)

H

L

FIG. 2.19. Schematic diagram of the flow regimes over a train of waves (or hills): (a) isolated roughness
flow, (b) wake interference flow, and (c) skimming flow.
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CHAPTER 3

OCEAN SURFACE WAVES

This chapter provides an introductory description of oceansurface waves. Topics

covered include: basic wave motion; wind waves; types of ocean waves; linear and

nonlinear wave theories; techniques for analyzing wave data; and the associated equations

used to describe and characterize ocean waves. With only limited coursework in this area,

it is essential that an understanding of ocean waves has beenachieved. The work of Dean

and Dalrymple (1991), Knauss (1996), Krogstad and Arntsen (2000), and Csanady (2001)

provided most of the material for the following synthesis.

3.1. Introduction

Waves can be observed on the surface of nearly all bodies of water in contact with the

earth’s atmosphere. Our current knowledge of ocean waves was initiated, in part, by the

need to predict wave heights and periods for naval operations during World War II. Ocean

wind waves are formed by wind forcing, which results in deformation of the sea surface.

Once formed, waves propagate and disperse into groups (i.e., separate according to

wavelength). These groups typically travel until reachinga shoreline where their energy is

dissipated in the form of wave breaking. Waves are extremelyimportant for understanding

such things as coastal processes, loads on offshore and onshore structures, oceanic vessel

design, air-sea interaction, and recreational purposes (among many others).

3.2. Small-amplitude water wave theory

Small-amplitude (linear) water wave theory, developed by Airy in 1845, gives a

linearized description of propagating ocean waves. Lineartheory provides a reasonable

approximation of wave kinematics and dynamics for a wide range of wave parameters.

Waves are characterized by their periodT , wavelengthL (or λ), phase speedcp, and

amplitudeA. Wave period is defined as the time interval (s) between arrival of consecutive

wave crests or troughs at a stationary point,L is the distance (m) between repeating units

of a propagating wave (typically referred to as the horizontal distance between two

consecutive wave crests or troughs), andcp is the speed (m s−1) at which the phase of the

wave propagates in space (also known as wave celerity). Waveamplitude is a measure of
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the oscillation (m) of a wave or the vertical distance of the crest above the SWL. Wave

height is defined as twice the wave amplitudeH = 2A or the trough to crest wave height.

Wavelength and wave period are often referred to in terms of awavenumberk and angular

frequencyσ:

k =
2π

L
; σ =

2π

T
. (3.1)

Wave phase speed is the ratio of wavenumber to angular frequency:

cp =
σ

k
=
L

T
, (3.2)

or wavelength to wave period. A general progressive (a wave that moves relative to a fixed

coordinate system) 2-D surface wave can be described using the above relations fork, σ,

spatialx, and temporalt variables by the phase termφ = kx− σt. The general equation

to define a simple, sinusoidal, periodic, progressive wave propagating over a horizontal

bed traveling with phaseφ in thex-direction is given as:

F (x, t) = a(x, t) sin(kx− σt) , (3.3)

and is depicted in Fig 3.1.

Trough

Crest

C

L

Bottom, z = -d

d

s

x

SWL

z=0

SWL
θ = kx

x

A

A

π

2π3π/20
H

η(θ)

z

π/2

FIG. 3.1. Definition of wave parameters for a simple, sinusoid, progressive wave. From Demirbilek and
Vincent (2002).
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Surface water wave motion is governed by the laws of fluid mechanics (or

conservation laws). Fluid velocities for waves traveling in a channel with horizontal walls

and bottom are defined as:

v(x, y, z, t) = u(x, y, z, t)̂ı+ v(x, y, z, t)̂+ w(x, y, z, t)k̂ . (3.4)

In Eq. 3.4, thex- (u), y- (v), andz-component (w) velocity vectors are written in

bold-face text. The vertical coordinatez is positive above and measured upwards from the

mean water level (MWL or SWL). Evolution of the sea surface height in time and space is

referred to as the sea (free) surface elevationη. For linear wave theory, the fluid is

assumed incompressible and irrotational. Assuming that the fluid is incompressible, the

velocity at each point must satisfy the continuity equation:

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= ∇·u = 0 . (3.5)

This equation states that the divergence of velocity must bezero for the fluid to be

incompressible. Assuming 2-D flow with no variation in they-direction,v disappears

from the former equations. A fluid is irrotational if the curlof the velocity vector is zero

(∇× u = 0). In this case, a velocity potentialΦ over a closed loop can be defined as:

−Φ =

∮

(udx+ wdz) =

∮

u·dl . (3.6)

If Φ is independent of path, then∇× u = 0 occurs everywhere in the fluid. This condition

allowsu to be expressed in terms of velocity potential:

u = −
(

∂Φ

∂x
+
∂Φ

∂z

)

= −∇Φ . (3.7)

Substituting Eq. 3.7 into the continuity equation (Eq. 3.5)yields the Laplace Equation

(Laplace 1779):

∇2Φ =
∂2Φ

∂x2
+
∂2Φ

∂z2
= 0 , (3.8)

which must hold true throughout the fluid. Laplace’s Equation is linear, allowing solutions

to be added or subtracted, an important property known as superposition. The Laplace

Equation occurs frequently in such disciplines as engineering, meteorology, and physics

and hence has numerous well-known solutions. This is the governing differential equation

away from the influence of boundaries and the surface.

The development of linear wave theory requires specification of the boundary
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conditions. These conditions form a boundary value problemwhich sets up or provides a

unique solution. Boundary conditions for this theory are as follows: (1) bottom boundary

condition (BBC); (2) kinematic free surface boundary condition (KFSBC); (3) dynamic

free surface boundary condition (DFSBC); and (4) lateral boundary conditions (LBC).

The free surface is defined as the boundary between two different fluids. The BBC,

located at depthz = −h for a flat bed (h ≈ const over one wavelength) is:

u
∂h

∂x
+ v

∂h

∂y
+ w = 0 . (3.9)

Eq. 3.9 is valid for an impermeable bed and hence zero vertical velocity (fluid flow may

only be parallel to the boundary).

The free surface wave can be described asF (x, y, z, t) = z − η(x, y, t) = 0, where

η(x, y, t) is the displacement of the free surface. The KFSBC treats the sea surface as a

rigid plate, which requires the physical condition that fluid particles on the free surface

remain on the free surface (impermeable boundary):

∂η

∂t
+ u

∂η

∂x
+ v

∂η

∂y
− w = 0 . (3.10)

The DFSBC, which is required on any free surface, prescribes the pressurepη at the free

surface to be constant atmospheric pressure. This condition can be derived from the

unsteady Bernoulli Equation (not shown) applied at the free surface:

−∂Φ

∂t
+

1

2

[

(

∂Φ

∂x

)2

+

(

∂Φ

∂y

)2
]

+
pη

ρ
+ gη = C(t) , (3.11)

whereC(t) is an unknown constant. Conditions must also be specified for the lateral

boundaries. For waves that are periodic in time and space, the LBCs are expressed as:

Φ(x, t) = Φ(x+ L, t) , (3.12)

and

Φ(x, t) = Φ(x, t+ T ) . (3.13)

The LBC equations imply periodicity. The aforementioned boundary conditions set up the

2-D periodic water wave boundary value problem.

Waves are inherently nonlinear and the equations above are far too complex to be

solved in general terms. However, application of the small-amplitude approximation
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allows for generality. This theory assumes that the amplitude of the waves on the water

surface are infinitely small so the surface is approximatelya plane (waves amplitudes are

small compared to the depth). Viscosity and the Coriolis force are neglected. Linear

theory assumes that the base state of the flow is stationary, meaning that the mean flow is

zero. Boundary conditions are linearized by taking the Taylor Series aboutz = 0, and the

most important terms are retained using dimensional arguments. The linearized

continuity, BBC, KFSBC, and DFSBC are as follows:

∇2Φ =
∂2Φ

∂x2
+
∂2Φ

∂z2
= 0 for z < 0 , (3.14)

∂Φ

∂z
= 0 on z = −h , (3.15)

∂η

∂t
=
∂Φ

∂z
on z = 0 , (3.16)

∂Φ

∂t
= gη on z = 0 . (3.17)

Linear partial differential equations are often solved using a method known as

separation of variables. The solution for this case can be expressed as a product of terms

which are a function of only one of the independent variables:

Φ(x, z, t) = X(x)Z(z)T (t) , (3.18)

whereX(x) is a function dependent only onx, Z(z) only onz, andT (t) varies only with

time. Using this method, and applying the aforementioned boundary conditions for

progressive waves, gives the solution in the form of a velocity potential:

Φ(x, z, t) = −H
2

g

σ

cosh k(h+ z)

cosh kh
sinh(kx− σt) . (3.19)

This result requiresη to be in the form:

η(x, t) =
H

2
cos(kx− σt) . (3.20)

Using the linear KFSBC, and substituting in the above solutions forΦ andη, yields the

well-known wave dispersion relation:

σ2 = gk tanh(kh) . (3.21)
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Algebraic manipulations of the dispersion relation provide relationships for wave celerity:

cp =

√

g

k
tanh kh , (3.22)

and wavelength:

L =
g

2π
T 2 tanh

2πh

L
. (3.23)

The dispersion relation uniquely relates the wave frequency σ and wavenumberk for a

given depth of waterh. Free surface elevation is related to wave height and phase.The

velocity potential is a solution to the boundary value problem and satisfies all BCs.

Eqs. 3.19–3.21 are critical to linear wave theory.

Dispersion of water waves generally refers to frequency dispersion or the sorting of

waves of different wavelengths with time. Deep (shallow) water waves are dependent

(independent) on wavenumber, and hence the associated wavefield is said to be dispersive

(non-dispersive). Deep and shallow water waves are discussed below. Wave celerity is a

function of frequency in a dispersive medium. This implies that spatial and temporal

phase properties of wave propagation vary. Waves that have alonger wavelength, and thus

period, travel faster than those with a shorter wavelength and period. Waves generated

from a point source in deep water with short wavelengths are dissipated and longer

wavelengths remain. They disperse with distance from the source. For example, from a

hurricane located offshore, long, fast-moving waves wouldarrive at the shore first,

medium size waves next, and finally small, slow-moving waves(if not dissipated

previously).

a. Simplifications for deep and shallow water

The dispersion relation requires that waves with a given frequency have a specific

wavelength. For the wave specified in Eq. 3.20, two solutions(± roots) ofσ exist for a

given wavenumber, corresponding to motion to the right (+ root) and to the left (− root).

The behavior of hyperbolic functions in Eqs. 3.19–3.21 can be used to obtain simplified

forms of the equations describing wave motion in the limit ofcertain water depths.

Asymptotic limits of the hyperbolic functions are shown in Table 3.1.

The deep water approximation is valid when the water depth ismuch greater than the

wavelength (h≫ L). Recalling thath is water depth andk = 2π/L, implies that

kh = 2πh/L. Deep water is specified bykh > π orL/h < 2. This approximation is valid

in the limit kh→ ∞, wherekh≫ 1 andtanh kh→ 1. Using this approximation (for

largekh), deep water wave characteristics can be solved explicitly. The deep water
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wavelengthLo, wave celeritycpo
, and dispersion relation simplify to:

Lo =
gT 2

2π
, cpo

=
gT

2π
, and σo =

√

gk , (3.24)

where the subscripto denotes deep water values. The wavelength and wave speed in deep

water are dependent on wave period. In this case, the wave celerity increases with

increasing wave period and wavelength.

TABLE 3.1. Asymptotic forms of the hyperbolic functions.

Function Large kh Small kh

cosh kh ekh/2 1
sinh kh ekh/2 kh
tanh kh 1 kh

If kh is small, thenh≪ L andtanh kh→ kh, that is, water depth is much smaller

than the wavelength. This case corresponds to the shallow water approximation, and is

valid for kh < π/10 orL/h > 20. Wave characteristics for shallow water (denoted by the

subscripts) are:

Ls = T
√

gh , cps
=
√

gh , and σs =
√

gk2h . (3.25)

A unique result of the shallow water approximation is that wave speed is determined

solely by water depth. Thus, only mean water depth is needed to calculate wave phase

speed using the shallow water approximation because it is independent ofσ andk (no

wave data are required). Intermediate depths do not simplify as nicely.

Intermediate depths fall between deep and shallow water, and in the range

π/10 < kh < π (2 < L/h < 20). The dispersion relation (Eq. 3.21), used to find the

wavenumberk corresponding to a certainσ, is a transcendental equation, making it

extremely difficult to expressk as a functionσ. For this case, the dispersion relation is

typically solved numerically via iteration or approximation (e.g., Hunt 1979), but can be

solved directly (e.g., Camfield 1985). In general, wave celerity and wavelength are

dependent on wave period (or frequency) in deep water, depthand period in transitional

water, and only water depth in shallow water. Classificationsfor deep, transitional, and

shallow water based on the relative depth criterion are provided in Table 3.2.
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TABLE 3.2. Classification of ocean surface gravity waves according to the relative depth criterion (h/L).

Classification h/L kh tanh (kh)

Deep Water 1/2 to ∞ π to ∞ ≈ 1
Transitional 1/20 to 1/2 π/10 to π tanh(kh)

Shallow Water 0 to 1/20 0 to π/10 ≈ kh

b. Further properties of ocean waves

Casual observations of waves in the deep ocean reveal that identifying individual

waves can be difficult as they seem to disappear. Typically, one is observing an envelope

(or packet) of waves traveling with a group velocitycg, which is made up of a series of

wave trains added together. Since the energy of the wave propagates slower than the

individual waves in deep water, waves continuously seem to disappear and form.

Discussion of the energy associated with a gravity wave mustprecede the flux of energy.

The total average wave energy E (J m−2) per unit surface area, termed energy density, can

be expressed using linear wave theory as the sum of potential(PE) and kinetic energy

(KE). Potential energy results from variations inη and KE from fluid particle motion

throughout the fluid. The two contributors to total energy can be integrated over a single

wavelength to yield energy per unit length:

E = PE +KE =
1

16
ρgH2 +

1

16
ρgH2 =

1

8
ρagH

2 . (3.26)

Uniquely, energy density is primarily dependent on wave height. For linear wave theory,

the total amount of energy in a wave is equally partitioned between kinetic and potential

energy in deep water. In addition, E is proportional toH2, meaning that a doubling in

wave height is associated with quadrupled energy density. Furthermore, the rate at which

energy is transferred is known as the energy flux F (work done by the waves). The

equation for time-averaged energy flux over a single wave period is as follows:

F =
1

2
Ec

(

1 +
2kh

sinh 2kh

)

= Ecn = Ecg . (3.27)

wheren is the term in parentheses. This equation states that the rate at which energy is

transferred by a train of propagating waves is at the group velocity. In other words,cg is

the velocity with which the wave envelope propagates, or thevelocity at which the wave

energy propagates. This is an important concept, especially when determining how long it
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takes waves to reach a location – wave energy travels atcg not the individual wave

celerity. The group velocity is defined as:

cg =
∂σ

∂k
, (3.28)

and substituting in the velocity potential from Eq. 3.19 gives:

cg =
σ

k

(

1 +
2kh

sinh2(kh)

)

= ncp . (3.29)

For deep and shallow water approximationsn is 0.5 and 1, respectively. Therefore, gravity

wave energy propagates at half the wave phase speed in deep water and at the same speed

in shallow water (between 0.5 and 1 for transitional water).This concept is verified by

surfers who ride shallow water waves knowing they will not ‘disappear’ as they ride them.

Velocity potential (Eq. 3.19) defines the path of all fluid parcels. It can be used to

derive an expression for particle velocity components, andhence particle displacements

(and trajectories). Particle velocity components are as follows:

u = −∂Φ

∂x
=
H

2
σ

cosh k(h+ z)

sinh kh
cos(kx− σt) , (3.30)

w = −∂Φ

∂z
=
H

2
σ

sinh k(h+ z)

sinh kh
cos(kx− σt) . (3.31)

From the above equations it is evident that the horizontal and vertical velocity components

are 90° out of phase. These equations express the local fluid velocity components at any

distance (z + h) above the bed. Velocity components decay approximately exponentially

with distance belowη. Maximum values of the horizontal velocity occur under the crest

and trough positions, while maximum vertical velocities appear at locations where the

water surface displacements are zero (π/2, 3π/2, . . . ). The vertical velocity component at

the bed (z = −h) is zero, assinh k(0) = 0, which is consistent with the BBC. Local fluid

particle accelerations are determined by differentiatingthe velocity components with

respect to time (not shown). Conversely, horizontalζ and vertical displacementsξ are

found by integrating the velocity components with respect to time, and are defined as:

ζ(x1, z1, t) = −H
2

cosh k(h+ z1)

sinh kh
cos(kx1 − σt) = −a sin(kx1 − σt) , (3.32)

ξ(x1, z1, t) =
H

2

sinh k(h+ z1)

sinh kh
cos(kx1 − σt) = b cos(kx1 − σt) . (3.33)
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Particle trajectories are found by:

(

ζ

a

)2

+

(

ξ

b

)2

= 1 , (3.34)

which is an equation of an ellipse with a major-(horizontal)semi-axisa and a

minor-(vertical) semi-axisb in thex-z direction (typicallya ≥ b), respectively. This

equation predicts that water particles move in closed orbits. Using the shallow water

approximation, the major and minor semi-axes reduce to:

a =
H

2

cosh k(h+ z1)

sinh kh
=
HT

4π

√

g

h
, (3.35)

b =
H

2

sinh k(h+ z1)

sinh kh
=
H

2

(

1 +
z1

h

)

. (3.36)

Note thata is not a function ofη. In this case, orbital motions are linear as the velocity

only has a horizontal component (Fig. 3.2a). In deep water the semi-axes simplify to:

a =
H

2

ekhekz1

ekh
=
H

2
ekz1 , (3.37)

b =
H

2
ekz1 = A . (3.38)

In this case, the trajectories, or orbital motions, are circular and decay exponentially with

depth (no motion at the bed, Fig. 3.2b). At intermediate depths, the hyperbolic function

remains. In this case, orbital motions are ellipses that extend to the bed (Fig. 3.2c).

circular

orbits

elliptical

orbits

constant

linear

orbits

no motion at bed

u

u
u

(a) (b) (c)

FIG. 3.2. Water particle trajectories for progressive water waves of different relative depths within the fluid
column: (a) deep water waves, (b) intermediate/transitional water, and (c) shallow water. Adapted from
Krogstad and Arntsen (2000).
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The pressure field associated with a progressive wave is determined from the DFSBC

(Eq. 3.11) and described by:

p = −ρgz + ρg
H

2

cosh k(h+ z)

cosh kh
cos(kx− σt) = −ρgz + ρgKp(z) , (3.39)

whereKp(z) is the pressure response factor (< 1 below the SWL) andz is the depth

below the SWL. The hydrostatic (static pressure) termρgz is due to the weight of the fluid

above, and would not exist without the presence of waves. Thesecond term is called the

dynamic pressure and is a results of two contributions: (1) excess pressure due to the

presence ofη and (2) vertical accelerations associated with wave motionbeing 180° out of

phase withη. Surface wave height can be determined based on pressure measurements

below the surface using a convenient form of Eq. 3.39, re-written as:

η =
p+ ρgz

ρgKp(z)
. (3.40)

c. Wave transformation and wave breaking

Wave trains change appreciably as they propagate from deep to shallow water.

Processes that affect a wave during this transition include: (1) propagation effects of

shoaling, refraction, and diffraction; (2) sink mechanisms of wave breaking and

dissipation due to friction and percolation; and (3) sourcemechanisms due to growth by

the wind, wave-wave, and wave-current interactions (Vincent et al. 2002). The most

important processes for sea surface roughness are the propagation effects of wave shoaling

and refraction. Wave shoaling is defined as the process whereby waves entering shallow

water slow down, become steeper, and increase in height. Refraction is where waves

change direction as they approach the shore. In general, as awave approaches a beach,

water depth decreases and waves speeds are slowed due to interaction with the sea bed

(and other processes). As a result, there is an observable increase in wave height and

change in wave shape – the wave crest portion becomes shorter, while the trough

lengthens and flattens out. The slowing down of different portions of the same wave cause

it to change direction due to refraction (Fig. 3.3). Shoaling and refraction are best

understood in the case of a monochromatic (constant wave height, period, and direction),

long-crested wave propagating across straight and parallel contours (no alongshore

variation in depth). If the wave approaches the shore at someangle (not perpendicular to

the shore), water depth varies beneath different locationsof the same wave crest. The

portion of the wave crest that reaches shallower water first has a slower wave celerity than

the other parts of the wave (Eq. 3.22). The difference in wavespeed along the wave crest
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results in the crest turning more parallel to the shore. It should be noted that wave period

(frequency) are conserved, assuming linear theory, as waves propagate from deep to

shallow water. These processes are discussed in more detailin the following paragraphs

using wave rays, which map the path of travel of the wave crest.

(a) (b)

Headland

Bay
Bay

Contours
(Wave Crests)

Orthogonals
(Wave Rays)

FIG. 3.3. (a) Schematic representation of wave refraction (from Vincent et al. (2002) and (b) aerial photo of
wave refraction into a small bay (image credit: geographyfieldwork.com).

Waves approaching the surf zone are rarely perpendicular tothe coastline. The surf

zone is defined as the region where wave breaking occurs (measured as the distance from

the farthest out breaker to the shoreline). The free surfaceelevation is now dependent on

the wave orientation to the coastline (usually assumedx is the onshore direction andy

alongshore) utilizing a phase functionΩ:

η =
H(x)

2
cos(Ω(x, t)) . (3.41)

In Eq. 3.41,Ω = (kx− σt) corresponds to the scalar phase function for waves

propagating in thex-direction. Assuming that waves approaching the shorelinehave an

angle of incidenceθ, a short derivation yields the conservation of waves equation:

∂k
∂t

+ ∇σ = 0 , (3.42)

where the wavenumberk = k cos θı̂+ k sin θ̂. This equation states that if the wave

number is steady in time, then the frequency is constant in space. In other words, temporal

variation ink is balanced by spatial variation inσ. If the wave field is constant in time,

then the wave period does not change in space, and remains constant with changing depth.

Assumingk is irrotational, and that the bathymetry has straight and parallel contours,
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Snell’s law is obtained:
sin θ

cp
=

sin θo

cpo

. (3.43)

As shown, Eq. 3.43 relates changes in wave ray direction to wave celerity. Snell’s law

indicates that waves tend to approach the shore normally, a consequence of waves slowing

down in shallow water. Assuming ideal contours (straight and parallel), wave ray heights

at two closely-spaced locations can be determined from the conservation of energy:

H2 = Ho

(

cpo

2cg2

)
1

2

(

bo
b2

)
1

2

= HoKsKr . (3.44)

where the subscript2 denotes a short distance along the wave ray. In Eq. 3.44,Ks andKr

are the shoaling and reflection coefficients, respectively.This equation is valid between

deep and intermediate and for shallow water depths. Equations have also been developed

for more realistic bathymetry (e.g., Dean and Dalrymple 1991; Vincent et al. 2002).

As wave steepness increases, waves break at some limiting value, and are a function of

relative depth and beach slopem = tanβ (whereβ is the angle made between the sea bed

and the horizontal plane). Waves break when the fluid particles at the crest travel faster

than those beneath. In other words, waves break when fluid velocities on the wave surface

travel faster than the wave celerityu > cp. Wave breaking is inherently a nonlinear

phenomenon and is not described well by linear wave theory. Linear theory incorrectly

assumes that each part of the wave has the same wave celerity and therefore the shape of

the solution does not change.

Physically, wave breaking is the overturning motion of the wave crest after its

amplitude has reached a critical level. As stated by Csanady (2001), the most important

dissipative process is wave breaking, during which wave momentum is continually lost

and transferred to the water side of the air-sea interface. Large amounts of wave energy

are dissipated during wave breaking, resulting in smaller wave heights if the waves were

to reform. Slope of the sea bed and the wave characteristics determine the type of

breaking that occurs.

Galvin (1968) classified wave breaking (breaker type) basedon appearance, as

spilling, surging, plunging, or collapsing. Using the deepwater condition (subscripto),

Galvin (1968) correlated breaker type to the surf similarity parameterξo, defined as

ξo = m

(

Ho

Lo

)

−1/2

. (3.45)
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The value ofξo can be used to determine breaker type on a uniformly sloping beach:

0.5 <

ξo > 3.3 surging/collapsing

ξo < 3.3 plunging

ξo < 0.5 spilling .

A second method has been adapted to determine the type of breaking, which relates beach

slope to wavelength and breaking wave heightHb:

m
√

Hb

Lo

, (3.46)

where the subscriptb denotes breaking. Spilling, plunging, and surging/collapsing waves

correspond to Eq. 3.46 being< 0.4,< 2, and> 2, respectively. Photos of the different

wave breaker types are shown in Fig 3.4. Spilling breakers are the most common type of

wave breaking. They have low wave steepness (e.g., long period swell) and occur on

mildly sloping or flat beaches. As this wave type approaches the shoreline, wave energy is

gradually released over time as the crest spills slowly overthe front of the wave. Plunging

breakers are the most dramatic form of breaking, and are often the best for surfing. They

occur on beaches with medium slope and are characterized by the crest of the wave curling

over and descending violently onto the wave trough, creating a tube and large amounts of

white-water. For surging breakers, the surf zone is relatively nonexistent or very narrow.

They occur on coasts where the beach slope exceeds the wave steepness (steep to near

vertical beaches). Waves of this type do not really break in the traditional sense, rather

they deform and flatten from the bottom and surge up the shore with the wave crest and

base traveling at the same speed. Collapsing waves are a combination of plunging and

surging wave breaker types. Similar to a surging breaker, this type never fully breaks in

the traditional sense, but the bottom face of the wave gets steeper and collapses.
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(a) (b)

(c) (d)

FIG. 3.4. Wave breaker types: (a) spilling, (b) plunging, (c) surging, and (d) collapsing. Photos from
Wikipedia.com, Tim McKenna, Jeff Munro, and Johntex at Wikipedia.com, respectively.

Currently, there is a lack of good analytical theory for wave breaking. McCowan

(1894) developed the first breaking criterion, and suggested that incipient waves break

when the wave height is some unknown fractionγ of the (breaking) water depthhb, given

asHb = γhb, and termed the breaking depth index. McCowan (1894) found that

γb = 0.78. Munk (1949), using the breaking height index (Γb = Hb/Ho), found that

Γb = 0.3(Hb/Ho)
−1/3. Weggel (1972) derived an expression for the breaker depth index,

and showed that incipient breaking values are dependent on beach slope:

γb = b(m) − a(m)
Hb

gT 2
, (3.47)

wherea(m) = 43.8(1.0 − e−19m) andb(m) = 1.56(1.0 + e−19.5m)−1. Eq. 3.47 reduces to

0.78 as the beach slopem→ 0. Using the shoaling and refraction equations for ideal

bathymetry, incipient breaking wave height can be determined from deep water wave

characteristics:

Hb =

(

γ

g

)1/5(
H2

o cpo
cos θo

2

)2/5

, (3.48)
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with a breaking water depth:

hb =
1

g1/5γ4/5

(

H2
o cpo

cos θo

2

)2/5

, (3.49)

and the distance to the breaker line from the shore is:

xb =
1

mg1/5γ4/5

(

H2
o cpo

cos θo

2

)2/5

. (3.50)

Laboratory tests have found that Eq. 3.48 underpredictsHb by approximately 12% (with

γ = 0.8). Komar and Gaughan (1972) derived a semi-empirical relationship for the

breaker height index:

Γb = 0.56

(

Ho

Lo

)

−1/5

, (3.51)

where the coefficient of0.56 was determined from laboratory and field data. Similar

breaking wave height equations have been developed by the work of Weggel (1972) and

Dalrymple et al. (1977). It should be noted that the depth at which waves break varies

significantly in hurricane conditions and in onshore and offshore wind flow regimes

(Feddersen and Veron 2005).

3.3. Introduction to nonlinear wave theory

Since linear wave theory provides only a first approximation, other wave theories are

needed. Higher-order, or extended solutions, for gravity waves are called nonlinear wave

theories. Nonlinear wave theory provides a better description of wind waves, especially in

the nearshore region where linear wave theory breaks down. Nonlinear wave theory best

satisfies the mathematical formulation of the water wave theory (Dean and Dalrymple

1991). The most commonly used nonlinear wave theories include cnoidal, stream

function, solitary, Stokes, and Fenton’s. Of the availablenonlinear wave theories, stream

function and Fenton’s provide the most accurate representation of a wave profile for all

depths (e.g., Dean 1970; Dean and Dalrymple 1991; Demirbilek and Vincent 2002).

Demirbilek and Vincent (2002) recommend using Fenton’s wave theory for all coastal

applications. However, high-order stream function wave theory provides nearly identical

numerical solutions to Fenton’s Fourier approximation theory (e.g., Dean and Dalrymple

1991; Peeringa 2005).

In cnoidal wave theory, developed by Korteweg and de Vries (1895), the wave profile

is defined by the Jacobian elliptical function. Dean (1970) found that this theory can be
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used to describe a periodic, shallow water wave. The water surface elevation used to

determine the wave shapeys, measured above the sea floor, is given by:

ys = yt +Hcn2

[

2K(κ)

(

x

L
− t

T

)

, κ

]

, (3.52)

wherecn is the elliptical cosine function,K(κ) is the complete elliptical integral of the

first kind, andκ is the modulus of the elliptic integrals which varies from 0 to 1

(Demirbilek and Vincent 2002). The vertical distance from the sea floor to the wave

troughyt is defined as:

yt

h
=
yc

h
− H

h
=

16h2

3L2
K(κ)[K(κ) − E(κ)] + 1 − H

h
, (3.53)

whereyc is the distance from the sea floor to the crest andE(κ) is the complete elliptic

integral of the second kind. The wavelength is given as:

L =

√

16h3

3H
κK(κ) , (3.54)

and the wave period by:

T

√

g

h
=

√

16yt

3H

h

yt





κK(κ)

1 + H
ytκ2

(

1
2
− E(κ)

K(κ)

)



 . (3.55)

The most recently developed nonlinear wave theory of Fenton(1988) appears to

provide the best description of waves for a wide range of waveheights, wave periods, and

water depths (e.g., Fenton and McKee 1990; Sobey 1990). Thistheory uses Fourier

analysis to numerically solve the fully nonlinear wave equations. Fourier coefficients can

be obtained from the knowledge of wave height, wave period, water depth, and either the

Eulerian current or the depth-averaged mass transport velocity. Fenton’s method uses the

Fourier cosine series inkx applied to the governing equations. This series can be

expressed up to theN th order as:

Ψ(x, z) = −ū(z + d) +
( g

k3

)
1

2

n
∑

j=1

Bj
sinh jk(z + d)

cosh jkd
cos jkx , (3.56)

where the 2-D stream functionΨ(x, z) is the dependent variable,Bj are the dimensionless

Fourier coefficients, and̄u is the mean water flow velocity. A solution is obtained by

computing theN Fourier coefficients that satisfy a system of simultaneous equations. The
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instantaneous water surface elevation can be calculated by:

η(x) =
1

2
aN cosNkx+

N−1
∑

j=1

aj cos jkx . (3.57)

Based on a comparison of nonlinear wave theories, Sobey et al.(1987) found that accurate

results may be obtained with 10 to 20 terms in the Fourier series, and that Fenton’s theory

can even be applied for waves close to breaking.

Stream function nonlinear, steady (i.e., waves do not change in time) wave theory

developed by Dean (1965) provides nearly identical solutions to Fenton’s wave theory

(e.g., Peeringa 2005). Stream function theory uses the summation of sine or cosine

functions to numerically solve the fully nonlinear wave equations. TheN th order stream

functionΨ(x, z) is given as:

Ψ(x, z) = cpz +
N
∑

n=1

X(n) sinh[nk(h+ z)] cosnkx , (3.58)

where the leading term (cpz) renders the problem ‘steady’ by moving the coordinate

system with the wave celerity, and theX(n) coefficients are chosen to satisfy the

boundary conditions. The predicted water surface elevation is obtained implicitly by

settingz = ηp in Eq. 3.58. A complete description of this theory is given byDean (1965).

3.4. Types of wind waves and sea state

A sea surface similar to a sheet of glass, or mirror-like appearance, is a relatively rare

sight. Capillary waves, commonly referred to as ripples, form within a few seconds after

the wind starts blowing and dissipate when the wind stops. These waves are nearly always

present and are a result of wind-driven surface shear stressand hydrodynamic instability.

In short, when the wind blows, small atmospheric eddies verynear air-sea interface

generate local pressure fluctuations that perturb the watersurface, generating ripples.

Capillary waves are defined by their wavelength (less than 1.7mm):

λ = 2π

√

γ

ρwg
, (3.59)

whereγ is now surface tension andρw is the water density (Knauss 1996). The apparent

roughness of the sea surface can be attributed, in part, to these very small waves often

superimposed on wind-driven gravity waves. Ripples continue to grow by direct wind
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forcing. A shear stress is exerted on the windward side and air flow over the wave induces

a pressure differential. Nonlinear growth can occur from small waves forming on larger

waves. Increasing momentum or energy transfer from the windto the water surface

expands the circular orbits of the water particles in the direction of the wind, which results

in growth of the wave. Wind (gravity) waves are formally generated once the wavelength

exceeds 1.7 mm. Wind waves are typically classified by their period. They have periods

ranging from approximately 3 to 25 s (Resio et al. 2002). In general, the sea grows from

short, high-frequency waves toward longer, low-frequencywaves.

The wind and waves are strongly coupled. In moderate to strong winds, waves are

irregular (waves of many different wavelengths and periodstraveling in various

directions) and rapidly evolving (i.e., chaotic sea), in part, due to interference with other

wind-generated waves. Since waves in these conditions are still growing or being

sustained by the wind, a descriptive term was coined for thisphenomenon, ‘windsea’.

Waves in the windsea show no consistent wavelength or period. On the contrary,

‘dominant’ waves can be observed with an mean wavelength andcelerity given by

Eq. 3.22. In contrast to swell (described below), windsea and dominant waves often

propagate downwind (Csanady 2001).

Swell generated non-locally are more or less regular waves free of wind forcing. Swell

forms as waves in the windsea propagate away from their area of origin and disperse

(organize) according to their direction, wavelength, and by nonlinear interaction. In other

words, swell is the term for waves that are not growing or being sustained by the wind, but

have been generated by the wind some distance away and now propagate freely. Swell is

characterized by similar wave heights that move in a uniformdirections (which may not

align with the wind) and decay much slower than waves in the windsea. As expected,

windsea and swell more often occur together rather than separately (Csanady 2001;

Garrison 2007).

Wind wave development is governed by water depth, wind speed, fetch, and duration.

Wind fetch and duration are defined as the distance over whichthe wind blows without a

significant change in direction and how long the wind blows, respectively. With an

unlimited fetch and duration, wind speed determines an upper limit for wave height (and

wavelength). Water depth is omitted from the discussion as waves usually form in deep

water where there are no restrictions on growth based on depth. The term sea state is a

description of the properties of ocean surface waves at a given time and place (e.g., wave

height and period). Development of a wave field is classified as fully developed, fetch

limited, and duration limited. If the wind blows from a more or less constant direction

over a large enough distance and length of time (independentof fetch and duration),
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waves are able to develop fully. Waves in the fully-developed sea cannot grow any larger

even when the fetch or duration are more than the minimum required for full development,

and the wave height is at a theoretical maximum. More specifically, the input of energy to

the waves from the local wind is in balance with the transfer of energy, and with the

dissipation of energy by wave breaking (i.e., steady state). Partially developed seas occur

when the fetch or duration (or both) are limited, and hence the amount of energy imparted

to the waves needed to attain fully-developed does not occur. This results in a limited

range of wavelengths and wave periods. The sea remains partially developed (limited

range of wavelengths and wave periods) in hurricane conditions, as the wind speed and

direction are highly variable and the fetch is limited (Mitsuyasu and Rikiishi 1978;

Csanady 2001; Garrison 2007).

The degree of wave field development is often described by theso-called ‘wave age’

parameter, which is expressed as eithercp/U10 or cp/u∗. Wave age is defined as the

developmental stage of the sea relative to the current stateof wind forcing (Edson and

Coauthors 1999). Wind-generated waves stop growing (Wgrow) when they reach a wave

age of 0.5–0.9 (Dobson 1994; Drennan et al. 1999; Sjöblom and Smedman 2002). Based

on the wave age criterion, waves can be classified into three categories (Sj̈oblom and

Smedman 2002):

• Growing seas:cp/U10 < Wgrow

• Mature or saturated waves:Wgrow < cp/U10 < 1.2

• Swell: cp/U10 > 1.2 .

Growing seas are typically observed in hurricane conditions sinceU10 ≫ cp. Numerous

investigations have documented enhanced wind stress over developing wave fields

compared to seas that are in equilibrium with the wind (e.g.,Geernaert et al. 1987; Smith

1992; Donelan et al. 1993). The dependence of wind stress on the wave field can be

attributed to the facts that younger waves travel with a slower speed relative to the wind

and that younger waves are steeper.

3.5. Wave statistics

Visual observation and measurements of the sea surface indicate that sea is composed

of waves propagating from different directions with varying frequencies, phases, and

amplitudes (termed irregular waves). Irregular waves represent a very chaotic sea state

with highly varying wave characteristics. As opposed to monochromatic (regular) waves,
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irregular wave characteristics cannot be treated as deterministic quantities, and hence must

be analyzed statistically. Deep water swell waves are the closest representation, in nature,

to regular waves. Waves generated by a nearby storm are always short-crested and

irregular. Therefore, the sea surface can then only be adequately described by a large

number of superimposed waves to be realistic (Dalrymple et al. 1977). This section

introduces the two approaches that exist for analyzing irregular wave data, denoted wave

train (wave-by-wave) and spectral analysis. Unless otherwise noted, the work of

Dalrymple et al. (1977) and Demirbilek and Vincent (2002) was used to write this

summary.

a. Wave train analysis

Wave train analysis is a manual method for identifying wave heights and periods. This

method requires a time history of only a single Eulerian point measurement of sea surface

elevation. Within the time series, waves are identified as variations in sea surface

elevation. Statistical records are formed by dividing the time history into segments

consisting of individual waves. Wave crests (troughs) are defined as any maximum

(minimum) in the wave record. Wave period is most commonly defined as the time

interval between successive crossings of the MWL byη, termed the zero-crossing method.

The zero-downcrossing method defines a wave as successive crossing ofη across the

MWL (zero-line) in the downward direction. The vertical distance between the highest

and lowest points between the two crossings is the wave height (Fig. 3.5). This method is

typically preferred over the zero-upcrossing method to determine wave height. This

preference is simply to stay consistent with visual estimates, which are usually made from

the wave crest to the proceeding trough. Wave train analysisis limited in that wave

directions cannot be determined.
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FIG. 3.5. Example application of the zero-downcrossing method.

Characteristic wave height and period are the two most important parameters

necessary for quantifying sea state. Historically, characteristic wave height has been

identified by the significant wave heightHS, orH1/3, and the root-mean-square (rms)

wave heightHrms. Other measures of wave height include the mean wave heightH and

the maximum wave heightHmax. Significant wave height, given by Eq. 3.60, and

developed by Sverdrup and Munk in 1947, is the most common measurement of wave

height. This is because visual estimates compare most closely with wave heights defined

in this way. Observers do not notice all of the small waves that pass by, and instead, notice

the larger peaks. The average height of the highest1/n waves is denoted asH1/n (typical

values ofn range from 10 to 100). These specific wave heights are usuallyobtained by

ordering the wave heights from highest to lowest, and assigning them a number from 1 to

N . H1/3 is defined as the average of the first (highest)N/3 waves by:

HS =
1
N
3

N/3
∑

i=1

Hi , (3.60)
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in whichHi are the individual ranked wave heights.HS can also be computed from the

rms of the sea surface elevation,HS = 3.8 ηrms. The probability that a wave height is

greater than a specified, arbitrary wave heightĤ is:

P (H > Ĥ) =
n

N
, (3.61)

In Eq. 3.61,n is the number of waves larger than̂H, and similarly,P (H ≤ Ĥ) = 1−n/N

is the number of waves smaller than̂H. The rms wave height is defined as:

Hrms =

√

√

√

√

1

N

n
∑

i=1

H2
i . (3.62)

It follows that the maximum wave height can be computed fromHrms as:

Hmax =
√

2Hrms . (3.63)

Characteristic wave period is obtained using the zero-crossing periodTz, which is

computed by dividing the record length by the number of zero-crossings.

In order to determine wave properties from a single time history of η(t), certain

assumptions must be made. It is first required thatη(t) is stationary. Stationarity requires

that statistical properties of the record are independent of time. Wind waves may be

assumed stationary for a duration of 30 minutes or less (Holthuijsen 2007). Stationarity

must hold to obtain a wave probability distribution. The process may also be assumed

homogeneous ifη(t) can be measured at different locations and that the properties ofη(t)

are invariant. Secondly, the processη(t) must be ergodic. This condition means that any

measured record of the process is typical of all other possibilities. Therefore, the mean of

a single record of an ensemble is the same as the mean of all theother ensembles

(Demirbilek and Vincent 2002). This assumption allows statistical properties to be

calculated from a single record. Stationarity and ergodicity are critical for developing

wave statistics from wave measurements.

Individual wave heights are a stochastic variable that can be represented by a

probability distribution. Gaussian and Rayleigh distributions are the most common

probability distributions used in wave analysis. The probability distributionP (x) is the

probability (or fraction of events) that a particular eventis not exceeded. A narrow-banded

sea (or condition) exists when the wave energy is concentrated in a very narrow range of

frequencies (all wave frequencies observed are in a narrow frequency band). In this

assumption, maxima (minima) in the wave profile coincide with crests (troughs).
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Thompson (1977) showed that coastal wave records closely follow the Rayleigh

distribution. Under the narrow-banded assumption, the probability of the wave height

being greater than or equal tôH is given by:

P (H ≥ Ĥ) = e−(Ĥ/Hrms)2 , (3.64)

which is known as the Rayleigh distribution.

The Rayleigh distribution does not predict very large waves.However, the greater the

number of waves in the record, the higher the maximum wave heights will be. This

outcome is a consequence of the Rayleigh distribution decaying asymptotically to zero,

which, by nature, can produce physically impossible wave heights. The most probable

maximum wave height predicted by the Rayleigh distribution is dependent on the number

of measured wavesN by:

Hmax =
√

lnNHrms +O(lnN)−3/2 , (3.65)

whereO indicates ‘order of’. Probability densityfH is obtained by differentiation

P (H < Ĥ) with respect toH, and is the fraction of events that a particular event is

expected to occur. It follows from the Rayleigh probability distribution:

fH =
d

dH
(P (H < Ĥ)) =

2He−(Ĥ/Hrms)2

H2
rms

. (3.66)

The probability density gives the average height of the largest1/n waves. The most

frequent wave is given byH = 0.707Hrms. From statistical theory, mean wave height is

defined as:

H =

∫

∞

0

HfH(H)dH
∫

∞

0

fh(H)dH

=
2

H−1
rms

∫

∞

0

H2e−(Ĥ/Hrms)2

H2
rms

d

(

H

Hrms

)

, (3.67)

=

√
π

2
Hrms = 0.866Hrms .

The average height of the highestpN (p ≤ 1) waves is:

Hp =

∫

∞

Ĥp

HfH(H)dH

∫

∞

Ĥp

fh(H)dH

=

∫

∞

Ĥp/Hrms

x2e−x2

dx

∫

∞

Ĥp/Hrms

xe−x2

dx

, (3.68)
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=

√

ln
1

p
+

√
π

2p
erfc

(
√

ln
1

p

)

,

wherex is a dummy variable and erfc(x) is the complementary error function

(Abramowitz and Stegun 1965) defined as:

erfc(x) = 1 − erf(x) =
2√
π

∫

∞

x

e−t2dt , (3.69)

Various relationships ofH1/n toHrms using the Rayleigh distribution are shown in

Table 3.3.

TABLE 3.3. Relationship ofH1/n to Hrms andH̄ based on the Rayleigh Distribution.

N H1/n/Hrms H1/n/H̄ Comments

500 2.680 3.023
200 2.503 2.823
100 2.359 2.662 Highest1/100th wave
50 2.206 2.488
25 2.042 2.303
10 1.800 2.030
5 1.591 1.795
3 1.416 1.597 Significant wave
1 0.886 1.000 Mean wave

Lonquet-Higgins (1952) found the most probableHmax in a record ofN waves is

related toHrms by:

Hmax =

[

√

logN +
0.2886

logN
− 0.247

(logN)3/2

]

. (3.70)

In summary, the Rayleigh distribution tends to over predict the larger wave heights

(Dalrymple et al. 1977). Unlike deep water waves, shallow water waves tend to deviate

from the Rayleigh distribution due to a combination of nonlinearities and bathymetric

effects (energy spectrum is not narrow-banded). The numberof large waves is often

overestimated in this region due to the breaking phenomenon. The fact that wave height

statistics closely follow a Rayleigh distribution is extremely important in coastal

engineering and other disciplines.
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b. Spectral analysis

Spectral analysis determines the distribution of wave energy and the average statistics

for each wave frequency by converting the time series of the wave record into a wave

spectrum (Demirbilek and Vincent 2002). This method, by useof the Finite Fast Fourier

Transform (FFT) mathematical technique developed by Cooleyand Tukey (1965),

transforms the signal from the time domain to the frequency domain. This technique

requires stationarity of the analyzed record. Fourier Series can be imagined as expanding

a given vector in terms of a set of orthogonal basis vectors(x, y, z). The Fourier

Transform of a functionf(x) is defined as:

F (σ) =

∫

∞

∞

f(x)e−iσxdx . (3.71)

The FFT is a faster version of the Discrete Fourier Transform(DFT) in that it utilizes

clever algorithms to do the same thing as the DFT, but in much less time. This approach

describes the distribution of variance with respect to the frequency of the signal, denoted

S(f) orE(f), often called the wave energy spectral density, or wave spectrum for short.

Using linear wave theory,E(f) can be multiplied byρg to estimate the energy of the wave

field. More realistic is the directional energy spectrumE(f, θ), which tells the direction

that the wave energy is moving. It represents how the variance is distributed in frequency

f and directionθ. A detailed discussion of the DFT and FFT can be found in Cooleyand

Tukey (1965), but is omitted from this section.

It has long been recognized that a time history of sea surfaceelevation (and wind

speed), in part, resembles random noise or a complex waveform. Such a signal can be

separated into a number of sine and cosine functions. In other words, the signal is

composed of sines and cosines of different periods and amplitudes, which are added

together in an infinite trigonometric series. A Fourier series represents a signal as a series

of sines and cosines. The principle of Fourier analysis can be applied to a signal if it is

assumed that discrete measurements are taken from a continuous process. Fourier analysis

allows for a mathematical representation of the surface andits history from a given time

series, and is the basis for spectral analysis.

Computer programming languages such as MATLAB are equipped with an FFT

algorithm for computing the discrete Fourier transform very easily with improved

computational performance. MATLAB computes the FFT ofx by the command

y = fft(x) and outputs the complex FFT vector sequence. There are many complexities

in the application of the FFT, including the digitizing frequency and length of time

necessary (Demirbilek and Vincent 2002). The data length isdivided intoM segments
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with the number of data pointsN . To improve computational efficiency,N is chosen to be

a power of 2, and the results are averaged overM sections (usually 8 or greater). Common

values ofN range from 256 to 2,048. In general, higher values ofM andN yield better

resolution. Smaller values ofN tend to smooth the spectrum. There are many windowing

algorithms that allow the user to accurately isolate certain measurements. However, no

window satisfies all applications. Choosing the correct window requires knowledge of the

time domain signal being analyzed. The Hanning (or Hann) window is the most common

window used, and has the best all around performance. This algorithm eliminates

boundary discontinuities, as the start and end of the segment are multiplied by zero.

In random linear wave theory one thus says that the phase is arbitrary, or random.

Without going into more detail, one assumes that the phases are independent stochastic

variables and that are uniformly distributed on [0,2π]. This assumption means that there is

no relation whatsoever between the phase angles of the different waves, and that the phase

angle can take any value between 0 and2π with equal probability. For a given surface

wave profileη(t) = A sin σt the varianceσ2 over the wave period2π is:

σ2 = [η(t)]2 =
1

2π

∫ 2π

0

a2 sin2 2πft d(2πft) (3.72)

=
a2

2
= 2

∫

∞

0

E1(f) df =

∫

∞

−∞

E2(f) df ,

whereE1 is the customary one-sided spectrum used in ocean and coastal engineering. In

this case, only positive frequencies are considered, a result of the factor of 2 introduced in

the above equation. The variance, wave energy, and wave energy spectrum are

proportional to the square of the wave height.

For Rayleigh distributed waves, a third definition of the significant wave height is

derived from the variance of the wave spectrum:

σ2
η =

1

2

∞
∑

n=1

a2
n + b2n =

∫

∞

0

E(f) df = m0 , (3.73)

wherem0 is the zeroth moment of the spectrum. The area under the spectral density curve

represents the variance and hencem0 represents the area underE(f). Spectral moments

can be obtained by:

mk =

∫

∞

0

fkE(f) df for i = 1, 2, . . . . (3.74)
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The spectral momentm0 is simply the variance of the sea surface:

Hm0 = 3.8
√
m0 ≈ 4

√
m0 , (3.75)

whereHm0 is typically taken as4
√
m0. Thus, significant wave height can be defined as

the area under the wave energy density spectrum for a givenE(f). The peak wave

frequencyfp is the frequency for whichE(f) is maximum. The peak periodTp is the

inverse of the peak wave frequency. The mean wave periodTz (or Tm02) is defined as:

Tm02 =

√

√

√

√

√

√

√

∫

∞

0

E(f) df
∫

∞

0

f 2E(f) df

. (3.76)

The zero-crossing wave period can be approximated from wavespectrum statistics, and is

defined as:

Tz =

√

m0

m2

. (3.77)

The standard deviation of the sea surface elevation is defined as the square root of the

variance inη. It is a measure of the spread or the variations about a mean value. The rms

and significant wave height can be computed from the standarddeviation as follows:

Hrms =
√

8ση ; HS = 4.004ση ≈ 4ση . (3.78)

Parametric expressions have been developed to describe thecomplex sea surface, as

there is no mathematical solution. It has been found that measured wave spectra at one

location show considerable similarity to wave spectra at other locations under certain wind

conditions. Many attempts have been made to formulate parametric expressions for wave

spectra based on wind speed, wave height, wave period, etc. These expressions are used in

wave forecasting and hindcasting. Probably the most well known spectrum is that

proposed by Pierson and Moskowitz (1964). Pierson and Moskowitz (PM) developed a

single-parameter (wind speed) spectrum that is valid for fully developed sea conditions,

shown in Fig. 3.6a. An extension of the PM spectrum was developed by Hasselmann and

Coauthors (1973) for developing or fetch-limited seas (Fig.3.6b), denoted the JONSWAP

spectrum after the data collected during the Joint North SeaWave Observation Project

(JONSWAP) in 1968 and 1969. They found that the spectrum never reaches fully

developed and continues to develop through nonlinear and wave-wave interactions even

for very long durations and fetch lengths (Stewart 2007). The JONSWAP spectrum is
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essentially a PM spectrum multiplied by an extra peak enhancement factor in order better

to fit the measurements. There are numerous other parametricspectrum models which are

essentially derivatives of the PM and JONSWAP spectra, which are referenced in Massel

(1996) and Demirbilek and Vincent (2002).

(a) (b)

FIG. 3.6. Wave spectra: (a) fully developed sea for various windspeeds according to Moskowitz (1964) and
(b) developing sea for different fetches after Hasselmann and Coauthors (1973). From Stewart (2007).

3.6. Observations of waves in hurricanes

Some of the first measurements of hurricane directional wavespectra were obtained

during Hurricane Bonnie (1998) in both the open ocean (Wright et al. 2001) and at

landfall (Walsh et al. 2002) using the National Aeronauticsand Space Administration

(NASA) scanning radar altimeter (SRA) on board a NOAA WP-3D. Open ocean

measurements were collected when Bonnie was about 400 km eastof Abaco Island,

Bahamas with maximum 1-min sustained winds of 46 m s−1 (storm moving at 5 m s−1).

SRA data were also obtained as Bonnie made landfall near Wilmington, North Carolina.

At landfall, Bonnie was moving faster (9.5 m s−1) and the winds had weakened to 39

m s−1. However, Bonnie was roughly the same size during both flights.

The primary wave field on the right side of Bonnie consisted of 10 m high swell

(L = 300 m) propagating in roughly the same direction as the mean wind, as shown in

Fig. 3.7a. The large northwest propagating swell on the right side is a consequence of

higher wind speeds (due to the addition of storm motion) and resonance effects acting to

increase the effective fetch and duration, respectively (Wright et al. 2001). Waves in this

region are also quite steep (radials have wide aspect ratios). On the front left side of the
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storm, swell waves are markedly smaller, less steep, and tend to propagate at crosswind

angles. The smallest and shortest waves are located in the left rear of the storm. Here, the

sea state is chaotic with some of the waves propagating against the wind. In general,

observations indicate that alignment of the primary wave field and mean wind direction is

dependent on storm azimuth, and swell waves often propagatewith significant angles to

the mean wind.

Walsh et al. (2002) compared wind/wave alignment and wave characteristics at

landfall with deep water measurements in Fig. 3.7b. It is apparent that significant

dissipation of wave energy occurred due to shoaling via interaction with the shallow

continental shelf – wavelength and wave height were gradually reduced as the waves

approached the shore (indicated by thinner/shorter blue radials from east to west). Walsh

et al. (2002) reported that wave heights were about 4 m high 5 km offshore, whereas they

were 10 m high in deep water. Despite differences in both waveand storm characteristics,

wave propagation directions are fairly consistent on the northeast or strongest side of the

storm. The fact that the primary wave field aligns with the mean wind at landfall is an

important result; validating laboratory measurements where the wind and waves are

inherently aligned.
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FIG. 3.7. Storm-relative representation of Hurricane Bonnie’s (1998) primary wave field: (a) in the open
ocean and (b) at landfall (red radials from open ocean). Circles indicate data points with radials extending in
the wave direction, and radial width is proportional toHS and length toL. The relatively short and abundant
radials indicate the average of the Hurricane Research Division (HRD) surface wind analyses. The large
arrow in (a) and (b) indicate the approximate mean storm motion. From Wright et al. (2001) and Walsh et al.
(2002), respectively.
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CHAPTER 4

LABORATORY AND FIELD INSTRUMENTATION

This chapter provides detailed descriptions of the instrumentation used to complete

this research. The first section discusses the instruments used to perform the laboratory

work. Instruments include the Turbulent Flow Instrumentation (TFI) Cobra Probe, the

Scanivalve pressure measurement system, and the 2-axis traverse/Velmex controller. The

next sections describe the instruments employed in the fieldresearch. The TTU StickNet

platform is discussed first, and followed by the UF/UND wave and surge gauge.

4.1. TTU Atmospheric Boundary Layer Wind Tunnel

Laboratory experiments (Chapters 5 and 6) were conducted in Texas Tech University’s

Atmospheric Boundary Layer Wind Tunnel (Fig. 4.1). The TTU wind tunnel is of the

closed-circuit type and is equipped with boundary layer andaerodynamic test sections.

The wind tunnel is powered by a single 250 hp axial flow fan, which is capable of

generating empty tunnel wind speeds of 0–45 m s−1 (0–100 mph). It has a fetch length of

15.2 m spanning from the contraction outlet to the boundary layer test section. Over this

length the boundary layer can be grown naturally to a nominalthickness of 0.3–0.5 m at

an empty tunnel wind speed of around 10 m s−1. The working section of the wind tunnel

is 1.83 m wide by 1.25 m high, and is equipped with an adjustable ceiling height

downstream of the aerodynamic test section to maintain a constant pressure gradient in the

alongwind direction. Ceiling height was not adjusted for either experiment. Holmes

(2001) stated that the errors associated with a constant ceiling height are usually quite

small. If desired, air vents located on the sides of both testsections allow the static

pressure in the test sections to be equal to the ambient pressure.
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(a)

(b)

Aero BL Test

250 hp

Fan

15.2 m

Air

Flow

FIG. 4.1. Texas Tech University’s Atmospheric Boundary Layer Wind Tunnel: (a) photo and (b) schematic
diagram. Diagram adapted from Chen (2007).

To provide proper flow for the aerodynamic test section, air flow passes through an 8:1

contraction equipped with honeycomb material and two fine mesh screens. The

honeycomb reduces the lateral components of the mean velocity (i.e., acts to straighten the

flow) and the larger turbulent eddies. Turbulence intensityis further reduced by the mesh

screens. At the contraction outlet the flow has a near-uniform velocity distribution and

minimal turbulence. To simulate the atmospheric boundary layer, the TTU wind tunnel is

equipped with various flow augmentation devices. A boundarylayer is developed over a

grid fence (or spires), fence barrier, and roughness elements installed along the wind

tunnel fetch. At the contraction outlet a grid fence or four equally spaced spires (1140 mm

high), oriented normal to the flow (Fig. 4.2), can be installed to disrupt the uniform flow

and generate significant turbulence. Laboratory experiments in this study utilized a grid

fence. To enhance turbulence and generate non-uniform flow,a 235 mm high fence barrier

was placed 2.54 m downstream of the grid fence. The barrier provides an initial
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momentum deficit and depth to the boundary layer, which is mixed into the developing

flow by the grid-generated turbulence. The fence barrier helps simulate natural growth of

the boundary layer by essentially simulating a longer fetchthan the wind tunnel possesses.

(a)

(b)

FIG. 4.2. (a) Spire and b) grid fence configurations in the TTU wind tunnel.
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a. TFI Cobra Probe

The Cobra Probe was first proposed by Shepherd (1980) to measure mean flow

quantities in three dimensions and local static pressure. The Cobra Pressure Probe was

later refined and developed by Hooper and Musgrove (1991). Inthis research, the TFI

Series 100 Cobra Probe was used to measure flow properties in the wind tunnel. A photo

of the Cobra Probe is shown in Fig. 4.3 (TFI cited 2008). Information provided on the TFI

website was used to write the following description.

Reference

Pressure Port

Head

Stem

Body

Connector

Device

ID Number

FIG. 4.3. Components of the Turbulent Flow Instrumentation (TFI) Series 100 Cobra Probe. Adapted from
TFI (cited 2008).

The Cobra Probe, equipped with four 0.5 mm pressure taps on thehead, is capable of

measuring both mean and turbulent flow fields with a linear frequency response from 0 Hz

to more than 2000 Hz. The Series 100 Cobra Probe has a head size of 2.6 mm, measures

155 mm in length, and has a maximum diameter of 14 mm. The Cobra Probe is able to

measure and compute: the three components of velocity (Fig.4.4a); static pressure; pitch

and yaw angles (Fig. 4.4b); turbulence intensity; the six components of Reynolds stresses;

and any higher order terms (from time-varying data). Unfortunately, the probe is not

capable of measuring reverse flow. The pressure transducer range is from 1 to 7 kPa –

providing flow velocities from 2 to 100 m s−1 within a cone of± 45° (Fig. 4.5). Mallipudi

et al. (2004) found that the exact velocity range is dependent on the pressure transducer

range, density of the fluid, pressure at the probe’s reference pressure port, and electrical

noise. Turbulence levels in the flow, in part, determine the accuracy of the measurements.

Up to a turbulence intensity of approximately 30%, wind speed and direction

measurements are accurate to within± 0.5 m s−1 and± 1°, respectively (TFI cited 2008).
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(a) (b)

FIG. 4.4. Turbulent Flow Instrumentation Series 100 Cobra Probe: (a) flow axis and (b) pitch and yaw
angles. From TFI (2007).

FIG. 4.5. Flow field and static pressure acceptance cone of± 45°. From TFI (cited 2008).

The software used to control the probe also performs the dataprocessing. In short, the

probe relates the four tap pressures to the magnitude of the instantaneous wind velocity

vector, the flow angles, and the instantaneous static pressure via calibration tables. The

pressure taps on the head are connected to pressure transducers located inside the body of

the probe via tubing. Due to amplitude and phase distortionscaused by the tubing, the

measured pressure signals are linearized. Then, ratios of the four measured pressure

values are computed. These non-dimensional ratios are related to the total pressure, the

dynamic pressure, and the yaw and pitch angles via factory-determined calibrations.

Calibrations are performed for all samples at a typical rate of 5000 samples per second.

The time-averaged and turbulent data are saved to disc and displayed real time. The Cobra

Probe is factory calibrated and requires only a zeroing process in stagnant air before the
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probe is operational. Mallipudi et al. (2004) performed an in-house calibration and results

agreed well with the calibration determined by the factory.

b. Velmex VP9000 controller and two-axis traverse

The TFI Cobra Probe boundary layer profiles were taken using a two-axis

computer-controlled traverse mechanism. This system is powered by two stepping motors

(horizontal and vertical axes) and controlled by a Velmex VP9000 stepping motor

controller/driver. The traverse is fixed in a recess to the wind tunnel floor (to limit

blockage) and the controller is mounted outside the tunnel.The traverse is also secured

above the wind tunnel ceiling to limit vibration of the system (and the attached probe). A

0.9 m cantilever arm is used to place the Cobra Probe ahead of the traverse mechanisms to

avoid any air flow interference affects. The arm is easily adjusted to make measurements

along objects installed in the boundary layer test section.Movement of the probe is

controlled by a VP9000 motor that drives the guiding screws of the traverse. A user

defined, in-house National Instruments LabVIEW program controls the motor and the

entire profile process. In order to sample a boundary layer profile over a specific height

range, a step increment and step size must be input into the program. This declaration

ensures that each increment in the profile is measured at the precise height in the boundary

layer for the specified time duration.

c. Scanivalve pressure measurement system

The pressure measurement system consisted of a Scanivalve ZOC33/64Px electronic

pressure scanning module interfaced with a Scanivalve Digital Service Module (DSM)

model 3000 controller connected to a data acquisition computer. Photos of the module and

controller are shown in Fig. 4.6. The small size of the Scanivalve ZOC33/64Px makes it

ideal for use in the wind tunnel. The DSM 3000 microprocessorcontrols and interfaces

the ZOC pressure scanner to an Ethernet network (Scanivalvecited 2008b). The ZOC

module consists of 64 individual silicon micro piezoresistive pressure sensors. The

pressure sensors are strategically arranged into groups ofeight. Each group is equipped

with calibration valving, amplifier, and multiplexer (50 kHz), allowing for measurement

of pressures with different ranges (Scanivalve cited 2008a). The calibration valve has four

operation modes: operate, calibrate, purge, and leak test.The sensors are automatically

calibrated on-line using the calibration valve associatedwith each group of sensors. The

microprocessor corrects for inherent zero drift by performing zero calibrations using a

remote solenoid valve (Scanivalve cited 2008b). Calibrations were completed before each

91



Texas Tech University,Brian Charles Zachry, August 2009

scan. The ZOC sensor has a full scale range of 50 psi difference (psid) with an accuracy of

±0.10% and±0.08% full scale for 1 to 2.5 psid and 5 to 50 psid, respectively

(Scanivalve cited 2008a). The DSM 3000 module reduces errorfrom the ZOC sensors

associated with temperature fluctuations by compensating for these changes. A factory

installed resistance temperature detector in the ZOC module provides temperature data for

the microprocessor, which in turn is used to correct the pressure measurements. The

microprocessor automatically converts the data to engineering units (mm H2O). The ZOC

module is triggered by a pneumatic switch between the DSM 3000 and DSM CPM. A

data acquisition computer receives the scan data via Ethernet. Commands were sent

directly to the DSM 3000 using WindowsTM Telnet software. During a data scan, a

program named cbinrcv.exe running on the acquisition computer receives, writes, and

formats the scan data.

(a)

(b)

FIG. 4.6. (a) Scanivalve ZOC33/64Px electronic pressure scanning module and (b) Scanivalve Digital
Service Module (DSM) model 3000 controller.
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4.2. TTU StickNet platform

High frequency in situ wind measurements (and other meteorological parameters)

were provided by TTU’s StickNet platforms (Fig. 4.7). Two StickNet designs were

developed based on the type of wind instrument employed: (1)R. M. Young Wind

Monitor 05103V and (2) Vaisala ‘all-in-one’ WXT510 instrument. Both platforms are

capable of measuring kinematic and thermodynamic variables – the Vaisala instrument

also measures cumulative rainfall. Wind speed and direction are measured at a height of

2.25 m. Measurements can be taken up to seven days owing to an external LGM battery

attached to the platform. The R. M. Young prototype can sampleat a frequency of either 1,

5, or 10 Hz and the Vaisala is limited to a frequency of 1 Hz. During a typical deployment,

StickNet platforms, housed in trailers equipped to download data and recharge the systems

during transit, are driven to the targeted region. Platforms are deployed in approximately 2

minutes and have been designed to withstand peak 3-second wind gusts of 63 m s−1 (not

including the external battery dead weight or bottom (center) anchor). Currently, a full

deployment consists of 24 platforms. Prior to the hurricanedeployments in 2008, StickNet

probes were successfully deployed for dryline passages, mesoscale convective systems,

and supercell thunderstorms (Weiss and Schroeder 2008). They were recently used in

VORTEX2 (2009), a field research campaign to better understand tornadic supercell

thunderstorms. For additional information regarding SitckNet consult Skinner (2009).

FIG. 4.7. TTU StickNet platform equipped with an R. M. Young WindMonitor.
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4.3. UF/UND wave and surge gauge

Rapid response in situ observations of hurricane waves and surge in the nearshore

environment along more than 100 km of coastline were possible using the UF/UND wave

and surge pressure gauge. A photo of the gauge is shown in Fig.4.8. Similar bottom

mounted pressure transducers have been effectively used asfield wave gauges since 1947

(Massel 1996). Wave heights are determined from time seriesof absolute pressure using

spectral analysis (e.g., Dean and Dalrymple 1991), and storm surges are computed by

applying a low-pass filter to the sea surface elevation time record. Pressure gauges are

limited to shallow water as the pressures induced from surface waves decrease

exponentially with depth in deep water (Eq. 3.39 and 3.40). The bottom mounted pressure

gauges used in this research were deployed at depths of 9–16 m. They were designed by

Dr. Andrew B. Kennedy (while at UF, currently at UND) and UF graduate student Uriah

Gravois. They were primarily constructed by Uriah Gravois and Brian C. Zachry. There

are currently over 40 wave gauges ready for deployment.

Self-Recording 

Pressure Sensor

Acoustic 

Beacon

Floats

Deployment 

Ring

Steel 

Base

~25 kg

(D X L X W, mm)          

7.62 X 381 X 381

Lid

FIG. 4.8. Components of the UF/UND wave and surge gauge.

The wave and surge gauge has three primary components: silicon pressure transducer,

data logger, and custom-designed data logger interface board (Fig 4.9). They are housed

inside a water-tight 38.1 mm (1.5 inch) PVC pipe enclosure (less than 30 cm in length).

The pressure sensors conveniently came with machined 6.35 mm (1/4 inch) tread fittings,
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which were threaded through a machined PVC end cap seated with an o-ring. The other

end of the housing was sealed with a PVC end cap. A TattleTale TFX-11v2 data logger

(manufactured by Onset Computer Corporation) recorded time series of absolute pressure

measured using a Measurement Specialties Model 85 Ultrastable piezoelectric silicon

pressure sensor. The transducer interface to seawater is a stainless steel diaphragm that is

coupled to strain gauges through a thin silicon oil transfermedium. The output voltage

from the resistive strain gauges is linearly proportional to the pressure on the diaphragm

interface. It compensates for thermal changes and has a 689 kPa range. A custom interface

circuit board was designed to interface between the TFX-11v2, the pressure transducer,

and the CPU interface ports. The circuit board provides a supply current of less than 1 mA

to the transducer, which allows for minimum power consumption. The analog voltage

signal from the pressure sensor (below 100 mV) is fed througha series of amplifiers to

step up the full scale voltage to 5 volts. The ratio of the amplified signal to a regulated

5-volt reference is then digitized through a 12-bit conversion channel on the TFX11-v2.

(a) (b)

FIG. 4.9. PVC instrument housing with pressure transducer, data logger, and battery case removed.

Each instrument was calibrated in the laboratory against a Paroscientific quartz

oscillation transducer. The calibration setup (Fig. 4.10)places both transducers in a

common pressurized loop. Calibration curves were obtained via subjecting the sensors to

various pressures. Performing a least squares fit to the datapoints provides a linear

equation used to convert the voltages to pascals. An exampleof a linear fit to data

collected during a calibration is shown in Fig. 4.11. The gauge has a sensor resolution

equivalent to 1.72 cm of seawater, which is found by dividingthe 689 kPa (100 psi) range

of the transducer by the 12-bits A/D converter (4096). Measurement inaccuracies,

resulting from inherent noise in the circuitry, are equivalent to about 0.8 cm of seawater.

Therefore, gauge resolution is limited by the characteristics of the sensor. Instruments are
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sampled at 1 Hz, and are powered by three or four non-rechargeable 3.6 volt AA size

lithium batteries. At this sampling frequency, battery life is on the order of 11 days.

 

  

  
 

 

 

 

 

 

Bleed Valve 

 

 

 

Frequency Counter

(Pressure in Pascals)

Laboratory

Parosscientific

Pressure Transducer

Field Wave Gauge

Pressure Transducer
CPU Display of A/D

Voltage Converstion

Regulatory Valve

Pressurized

Air Tank

FIG. 4.10. Pressure sensor calibration setup. Diagram courtesy of Uriah Gravois.

The secondary components of the wave gauge include a steel base, acoustic beacon,

deployment ring, and marker floats. The PVC-housed pressure sensor, data logger, and

power supply are enclosed in a steel base along with an RJE International underwater

acoustic beacon. The square base was constructed by weldingfive 28.1 cm (15 inch)

pieces of 7.62 mm steel channel together (Fig 4.8). The PVC-housed instruments and

acoustic beacon are enclosed inside two pieces of steel channel for protection against

debris impact. The 25 kg base also serves as an anchoring mechanism. The acoustic

beacon and small styrofoam marker floats aid in diver recovery. The floats also keep the

gauge upright during its decent to the sea floor. They are attached to the base via a steel

ring. This ring is also used during the deployment (discussed below). A beacon receiver

tuned to the correct frequency is used to locate the wave gauges. The underwater beacon

transmits a signal at a rate of 1 Hz for up to 40 days.
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FIG. 4.11. Example calibration and linear fit to the data.

Prior to a deployment, GPS way points are strategically marked. The distances

between gauge locations are dependent on hurricane intensity, projected landfall area,

coastline shape, etc. Gauges can be deployed close togetherto make dense measurements

or far apart to cover a large area, ranging from approximately 5 to 100 km apart to an

array of stations, respectively. At each GPS point, probes are released at water depths of

approximately 10–15 m (for aforementioned reasons). Theoretically, this depth allows

wave heights up to about 12 m to be measured, as waves greater than this height

experience breaking (Dean and Dalrymple 1991).

The most feasible way to deploy a bottom mounted hurricane wave gauge is by

helicopter. Helicopters are useful in that they are not affected by large swells generated by

hurricanes (unlike boats) and can travel much faster and more efficiently than most other

modes of transportation. Therefore, they allow for rapid response deployments prior to

hurricane landfall even if the seas are too large for water travel. Due to the cost of flying

(typically in excess of $600 per hour) and time required for helicopters to travel long

distances (e.g., Florida to North Carolina is approximately7 hours) helicopter companies

participating in the project were strategically located around the Southeastern United
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States (Florida, North Carolina, and Texas). Although no formal training was required,

familiarity with the helicopter and deployment techniqueswas necessary. Several trips

were made to Ocean Helicopters in West Palm Beach, Florida anda single trip was made

to Durham, North Carolina to prepare for hurricane deployments.

To illustrate the deployment technique and functionality of the helicopter, a photo

taken during a practice deployment at Ocean Helicopters is provided in Fig 4.12. As

shown, a wooden sled is used to deploy the gauge to prevent damage to the aircraft. Use

of a sled requires that the door of the helicopter is removed.The sled is anchored to the

helicopter seat via steel clips (and a safety line) to allow the sled to be brought back inside

the aircraft for travel to and from deployment locations. Once on location and in a ‘hover’,

a 11 mm static climbing rope is attached to the sled and loopedthrough the o-ring located

on the base. Once hand-lowered to the sea surface, the loose end of the rope is released

and brought back into the helicopter (allowing the gauge to freely sink to the ocean floor).

Wooden racks located inside the helicopter can store up to ten instruments without landing

(limited by weight and space restrictions). The helicopterdeployment method is unique in

that it allows a large area to be covered by instrumentation in a relatively short amount of

time.

A major constraint to the helicopter deployment method is wind speed. Although

helicopters are able to fly in high wind speeds, pilots generally do not fly in wind speeds

greater than 13 m s−1 for our operations. This maximum wind speed is adhered to strictly

in our case, as a low hover over the ocean with the passenger door removed can potentially

be dangerous. Thus, the deployment must take place before any effects of the hurricane

winds are felt (typically 2 days prior to landfall). This often requires that the gauges be

spaced relatively far apart to ensure that the waves and surge near landfall are measured.

Practice deployments in non-hurricane conditions revealed that gauges could

potentially become overlain by sediment in extreme winds. During hurricane deployments

gauges were buried for two reasons: (1) scouring of the base into the sediment and

subsequent sediment transport on top and (2) changes in sandbar location. Typically, the

former mechanism resulted in a thin layer of sediment, oftenless than 10 cm deep, on top

of the gauges. Time records of mean water level before and after the storm showed that

this type of burial had a negligible effect on the measurements. In some instances, likely

due to sand bar movement, bases were overlain by 0.6 m of sediment and records showed

changes in mean water level before and after the storm. This burial directly affected storm

surge measurements, but has a negligible effect on computedwave heights. Storm surge

estimates can be crudely corrected for by computing the difference in mean water level

before and after the storm.
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FIG. 4.12. Practice deployment at Ocean Helicopters in West Palm Beach, FL (Brian C. Zachry and Pilot
Dave Harmon).
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CHAPTER 5

BOUNDARY LAYER WIND TUNNEL PILOT WAVE

EXPERIMENT: THE DRAG COEFFICIENT OVER STEEP

SINUSOID WAVE SHAPES

5.1. Introduction

A novel pilot laboratory experiment was designed to gather preliminary data to aid in

determining wind stress over steep sinusoid wave profiles insimulated moderate (5<

U10 < 25 m s−1) to strong wind speeds greater than 33 m s−1 utilizing stationary waves

placed in the boundary layer wind tunnel at TTU. The work presented herein provides

knowledge of the wind flow pattern and drag over a steep half sinusoid wave shape

oriented for an offshore and onshore wind flow regime, and a steep full sinusoid wave

train. Detailed wind profiles were taken over the crest and trough, and surface pressure

measurements were sampled along the arc of the waves. Wind profiles were ultimately

used to estimate the surface drag coefficient. Wave shapes were carefully selected in

attempt to identify upper and lower limits forCD. Surface pressure measurements were

used to estimate the form drag coefficientCDF
, which is important for wave generation

and surface currents (e.g., Stanton et al. 1932).

It is believed that the major component of form drag arises due to flow separation and

reattachment. The onset of separation depends on the interplay between the adverse

pressure gradient (downwind of the wave crest) and turbulence in the air flow (Csanady

1985). Csanady (1985) also suggested that air flow over water waves should be slightly

more prone to separation than over a solid wave surface of thesame geometry, but should

not otherwise behave differently for young waves under strong wind forcing. In this case

the air flow tends to follow the wave surface closely. Here, wind tunnel measurements

over stationary waves inherently produce ‘young waves’ andhence the air flow should not

behave much differently than that observed over propagating water waves. The present

study also examines the feasibility of stationary waves using a similar experiment

conducted in the TTU wind tunnel by Chen (2007). It should be noted that the wave

shapes under study are referred to as ocean waves in this work. However, caution should

be taken as the half sinusoid waves are not statistically valid breaking wave shapes and the

sinusoid wave profile is steeper than typical ‘ideal’ ocean waves.
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5.2. Experiment design and procedure

Two model wave shapes were precisely constructed using a 3-Dplastic printer. The

equation used to describe the wave surface elevationzs is given by:

zs = A cos(kx) , (5.1)

whereA is the wave amplitude,λ (orL) is the wavelength,k = 2π/λ is the wavenumber,

andx is the horizontal coordinate. The maximum surface wave slope isAk. Wave profiles

were carefully chosen to identify approximate upper and lower bounds for drag. A lower

bound was provided by a sinusoid wave (hereafter, wave type one), as shown in Fig. 5.1a.

A sinusoid wave profile represents an ‘ideal’ ocean surface wave with minimum drag. A

half sinusoid or breaking wave, shown in Fig. 5.1b–c, offersa relative upper bound for

drag. In this experiment, wave breaking is characterized bya half sinusoid profile. This

wave type served a dual purpose in that it provided results for both onshore and offshore

wind flow regimes, as determined by the orientation of the wave relative to wind direction.

The onshore wind flow regime resulted when the vertical face (hereafter bluff) was

oriented leeward and the offshore condition when the bluff faced windward. These

orientations are referred to as wave types two and three, respectively.

Four acrylonitrile butadiene styrene (ABS) plastic models of each wave type were

printed with wavelengthλ = 200 mm, trough to crest wave heightH = 2A = 40 mm,

widthW = 250 mm, and thicknessδ = 3 mm (Fig. 5.1). These values give a maximum

surface wave slope ofAk = 0.628. Length and velocity scales (discussed below) were

chosen to simulate wave heights generated in wind speeds ranging from moderate to

hurricane force (determined by the Saffir-Simpson Hurricane Scale). A common measure

of a wave profile is the wave height to wavelength aspect ratioH/λ. Typical values for

steep laboratory waves are on the order of 0.2 (e.g. Kawamuraand Toba 1988; Csanady

2001), here 40/200 = 0.2. It should be noted that ocean waves of this steepness will

experience breaking. Donelan et al. (2004) stated that waves with a ratio much greater

than∼ 0.1 experience flow separation from the wave surface and possibly wave breaking.

Kuzan et al. (1989) found that the critical surface slope forseparation isAk ≈ 0.3.

The four replicas of each wave model were placed along the centerline of the wind

tunnel, oriented perpendicular to the flow, in order to form awave train with each

successive wave behind the other. Dummy wave models were placed on either side of the

precise models in order to facilitate 2-D, periodic flow. They adhered to the dimensions

stated above (although solid and made of wood). These dummy waves were created by

placing two right triangles together (with the two flat edgesor backs of the waves secured
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together) to create a full, triangle-shaped wave. Half waves were easily morphed from the

full waves by removing one triangle from each of the dummy models (oriented for

onshore or offshore flow). Air flow over triangular wave models is expected to be very

similar to that over the precise models. Photos of the wind tunnel setup for each wave type

is shown in Fig. 5.2. They demonstrate the close resemblanceand precise, flush fit

between the dummy and printed wave models. As shown, profile measurements were

taken over the centerline of the precise models.
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FIG. 5.1. Model scale wave profiles: (a) full sinusoid ‘ideal’ wave (type one), (b) half sinusoid breaking
wave in an onshore wind regime (type two), and (c) half sinusoid breaking wave in an offshore wind regime
(type three).
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(a)

(b)

(c)

FIG. 5.2. Photos taken during profile measurements: (a) wave type one, (b) wave type two, and (c) wave
type three. Measurements were taken along the centerline ofthe plastic waves (placed along the centerline
of the wind tunnel) which were generated by a 3-D printer. Dummy waves were placed on either side to
facilitate 2-D flow. Wind flow is from left to right in all photos.
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In a study of shelter effects on housing in the TTU wind tunnel, Stuckley (2003) found

that surface pressure did not change provided there were twoupwind rows and one

downwind row of the instrumented house. Using steep sinusoid waves, Gong et al. (1999)

found that the air flow becomes essentially periodic by the third or fourth waves. Results

from this experiment were analyzed with two waves in front and one behind, allowing the

third wave to offer generalized results. Smooth and rough boundary layer flow simulations

were performed using carpet and wood blocks placed along thewind tunnel fetch length

to generate logarithmic wind speed profiles. This neutrallystratified flow has a mean

logarithmic velocity profile (presented in Chapter 2), reproduced below:

U(z) =
u∗

k
ln

(

z

zo

)

. (5.2)

Model scale heights were translated to the standard meteorological reference heightzr =

10 m above the displacement plane (see Section i for details). Velocity scales were chosen

based on the wind speeds needed to produce the full scale waveheights observed in each

length scale of simulation (Table 5.1). The reference wind speedsU10 in Table 5.1 are the

range of full scale wind speeds (including all wave types) after the appropriate velocity

scale (determined below) has been applied.

TABLE 5.1. The range of length and velocity scales of simulation, corresponding full scale wave heights
(m), and range of 10 m reference height wind speeds (m s−1) chosen for this experiment.

Full Scale

Scale Identifier Length Scale Velocity Scale Wave Height (m)U10 (m s−1)

A 1:50 1:1 2 12 - 13
B 1:100 1:1.5 4 16 - 19
C 1:150 1:2 6 18 - 23
D 1:200 1:3 8 24 - 33
E 1:250 1:4 10 31 - 44
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To determine the velocity scales, an average of the reference height mean wind speeds

were computed for each wave shape. These values represent the wind speed that needs to

be scaled to produce the scaled wave heights. Two methods were employed to determine

the appropriate velocity scale. Fig. 5.3 from the U.S. Army Corps of Engineers Coastal

Engineering Manual (Resio et al. 2002), adapted from Young (1987), was used to estimate

the approximate minimum wind velocityVmax (maximum hurricane wind speed)

necessary to produce the maximum value of energy based significant wave heightHm0 in

the open ocean during a hurricane. Here,Hm0 corresponds to the full scale wave height

H. Assuming hurricane forward velocities of 2–8 m s−1, a ‘critical’ Vmax was estimated.

For example, scale identifier E requires 10 m full scale wave heights. Using Fig. 5.3, the

abscissa made betweenHm0 = 10 m and forward velocities of 2–8 m s−1 corresponds to

wind speeds of approximately 32–42 m s−1. Thus, the mean wind speed for scale

identifier E was approximately scaled to lie within the estimated range of wind speed

values. A second ‘critical’ range of wind speed estimates were obtained utilizing the

Beaufort Wind Force Scale devised by British Rear-Admiral Sir Francis Beaufort in 1805

(Huler 2004). Ultimately, a scaling factor was applied to the model scale reference wind

speeds for each scale of simulation based on a combination ofthese two methods. This

method resulted in the range of full scale velocities shown in columnU10 in Table 5.1.

Full scale wave heights were produced by wind speeds rangingfrom moderate to strong.
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FIG. 5.3. Maximum value of energy based significant wave heightHm0 in a hurricane as a function of the
maximum wind speed and forward velocity of the storm. From Resio et al. (2002), as adapted from Young
(1987).

Due to the various length scales of simulation, exact 10 m full scale wind speed

measurements were not always obtained (due to the selected profile height increments).

Reference wind speeds can be determined: (1) by estimating the full scale reference

height of 10 m by application of the log-law or (2) simply use the measurement height

nearest tozr obtained from the wind tunnel measurements. The latter method is preferred

because it preserves estimates ofCD determined using the profile-derived estimates of

roughness lengthzo and friction velocityu∗. The former method ultimately provides the

same value ofCD using either parameter. This is becausezo andu∗ are estimated from a

linear best fit ofLn(z) toU(z), and these values are subsequently used in the log-law to

determineU10. Mean departures fromzr were less than 0.5 m (full scale) for the

wind-wave profiles and 0.1 m (full scale) for the smooth and rough floor simulations (the
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experiment detail is discussed below). The difference between these values are explained

by the application of the displacement height discussed in Section i. The 10 m reference

height is hereafter the approximate reference height nearest tozr.

It is required that the behavior of the natural wind be satisfactorily modeled in the

wind tunnel for the results to have validity. Successfully modeling the natural wind

ensures dynamic similitude. The aforementioned velocity profileU(z)/Ur of the approach

flow remained constant for the experiment (i.e., a fan speed was selected and remained

unchanged for the duration of the experiment). Smooth (carpet) and rough (block)

boundary layer flow simulations were also unchanged for the experiment. Thus, measures

of turbulence in the approach flow, given by the turbulence intensityIu = σu/Ū and the

normalized power spectral densitynSu(n)/σ2
u, remained constant as well for each

simulation. Another important nondimensional parameter in wind tunnel modeling is the

roughness Reynolds number (Rer = zou∗/νa). If the flow regime is considered

aerodynamically roughRer > 2.5 (e.g., Kraus and Businger 1994; ASCE 1999), the

simulation is essentially independent of Reynolds number. Based on these limits,

aerodynamically rough flow was observed for all simulationsexcept for the smooth wall

wave type one case. Here, the flow regime was transitional (Rer = 0.57) and some

Reynolds number dependence is likely. A discussion of the roughness Reynolds number is

given in Chapter 2.

5.3. Method

The experiment consisted of two parts to investigate wind stress over sinusoid wave

trains. Pressure measurements were taken along the centerline of each of the three wave

types. Mean wind speed profiles were sampled above the crest and trough, and over the

floor of the wind tunnel with the wave models removed. Smooth (carpet) and rough

(blocks) boundary layer flow simulations were conducted.

Vertical profiles were used to obtain three estimates ofCD. These values represent the

drag exerted on the wave surfaces by the air flow. Roughness length and friction velocity

were estimated using the mean wind speed profiles via the profile (least squares) method.

Drag coefficients estimated using these parameters are denotedCD(zo) andCD(u∗). A

second, independent estimate ofCD was obtained using the eddy-correlation (EC)u′w′

technique (denotedCD(EC)). Pressure measurements were used to estimate form drag. In

addition, these measurements inherently provide insight into flow behavior over the wave

shapes. Experiment setup and methods employed are discussed in the following sections.
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a. Velocity measurements

A TFI Cobra Probe measured vertical profiles of theu-, v-, andw-components of

velocity (photos shown in Fig. 5.2 above). Profiles were sampled at the center of the third

wave in line (for aforementioned reasons), and directly above the crest and the following

trough. Profiles were separated into inner and outer boundary layers based on profile step

size. An inner boundary was defined as the portion of the wind profile below 100 mm

(prior to data analysis). In this region, profiles were sampled from 45 mm (5 mm above

wave height) to 100 mm in 5 mm increments. Erroneous measurements were obtained in

the wave trough below 45 mm, as these measurements were clearly located in the wake of

the preceding wave. Outer boundary layer step size was increased to 25 mm up to a

maximum measurement height of 475 mm. A smaller step size wasused in the inner layer

to provide a more detailed representation of flow at criticalheights just above the wave

surface. Profile increments and sampling times were constant regardless of wave shape

and location (trough or crest). Similarly, smooth and roughfloor wind profiles (with the

wave models removed) were sampled as stated, but with a innerboundary layer starting

height of 5 mm. The sampling period at each step was 47.104 s ata frequency of 1000 Hz.

For the range of length and velocity scales utilized, this sampling period and frequency

corresponds to approximately 40–60 min of prototype data being sampled at a rate of

13–20 Hz. Chen (2007) showed that TTU wind tunnel data stabilize after about 40 s.

b. Pressure measurements

Pressure measurements were performed using a ScanivalveTM system connected to a

data acquisition computer scanning at 300 Hz. Pressure datawere recorded for 90 s

(27,043 scans), providing approximately 75–115 min of fullscale data at a sampling rate

of 4–6 Hz. Half of the wave models were pressure tapped along the centerline for each

wave type (Fig. 5.4). For the full sinusoid wave, a pressure tap was first placed at the crest.

Then, the remainder of the taps were spaced in 12.7 mm (0.5 inch) increments along the

arc of the wave, for a total of 17 taps. This methodology resulted in the first and last taps

being located approximately 5 mm from the edge (beginning orend) of the wave.

Similarly, for the sinusoid portion of the half waves, a tap was placed 6 mm from the crest

(it was not possible to place a tap directly on the crest) and the remainder in 12.7 mm

increments. Tappings were placed 5 mm from the top and bottomof the bluff and the two

other tappings were spaced 10 mm apart. The nominal spacing of 12.7 mm was used for

the flat portion of the wave, but with an 8 mm distance from the bluff to the first tap on the

flat portion. The end taps were located approximately 14 mm from the edge of the wave.
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(a)

(b)

(c)

FIG. 5.4. Pressure tap configuration for: (a) full sinusoid wave, (b) half sinusoid wave, and (c) bluff face of
the half sinusoid wave.
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Careful attention was given to the pressure tapping process to ensure that reliable data

were obtained. Tap holes were drilled at the precise location of each increment mark using

a drill bit smaller in diameter than the tubing to ensure a tight fit. Vinyl tubing 100 mm in

length (1/16 inch I.D.× 1/8 inch O.D.) was inserted and glued into each of the drilled

holes. A reducer was used to connect the tubing coming from the models to the 3/32 inch

I.D. × 5/32 inch O.D. tubing entering the pressure module. The total length of the tubing

for each tap was∼ 300 mm. Holmes (2001) suggested that this length provides good

amplitude and phase characteristics. As referenced by Holmes (2001), restricted tube

systems are very effective in removing resonant peaks and giving linear phase response

characteristics. The two pressure tapped models were rotated in line with the untapped

models in order to obtain pressure measurements at each of the four wave locations in the

wave train.

An in-house post processing program was used to nondimensionalize the pressure

data. Mean pressure coefficients were computed as follows:

Cpi
=

(

∆pi − psi

pdyn − psi

)

· RHR , (5.3)

where∆pi is the mean pressure difference at tapi (difference between the local surface

pressure and the static reference pressure measured at the pitot tube),pdyn is the mean

dynamic pressure at the pitot tube, andpsi
is the mean static calibration pressure of the

Scanivalve module. RHR is the reference height ratio correction determined by dividing

the mean longitudinal velocity at the pitot tube by the mean longitudinal reference wind

speed (10 m full scale) and squaring this value. The pitot-static tube was located 0.95 m

above the wind tunnel floor and 230 mm from the wall, located well outside the local

influence of the wave models. Time histories ofCp were visually examined for trends in

the first moment and tested for weak stationarity using the reverse arrangement test.

Form drag is a primary function of the size and shape, hence ‘form’ of the object.

Objects with larger cross-sectional areas have higher dragthan those that are thinner.

Form drag is due to a combination of positive pressure on the upwind face and negative on

the leeward. The majority of (or at minimum increased) form drag results from flow

separation, where the fluid flow becomes detached from the surface of the object,

transformed into eddies and vortices. This phenomenon occurs when the boundary layer

encounters a sufficiently large adverse pressure gradient.A form drag coefficientCDF
was

calculated by integrating the horizontal component of the mean surface pressure
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coefficients along the path lengthS:

CDF
=

n
∑

i=1

δSi Cpi
cos(αi)

λ
. (5.4)

In Eq. 5.4,λ is the wavelength,δSi is the distance (spacing) between pressure taps,Cpi
is

the mean pressure coefficient at tapi, αi is angle made betweenCpi
(normal to the wave

surface) and the horizontal axis, andcos(αi) gives the horizontal component or form drag.

The arc length formula, given by:

S =

∫ b

a

√

1 + [f ′(a cos kx)]dx , (5.5)

was used to determine linearx-distances between the pressure taps (since the taps were

incremented along the arc of the wave). With these distances, slopesαi were computed

mathematically by taking the derivative of the wave equation.

5.4. Results and discussion

Results obtained from the mean wind speed profiles and pressure measurements are

discussed in Sections a and b, respectively. Profiles taken above the crest and trough of the

third wave in line were used to estimate the drag coefficient from zo andu∗ using the

profile method. Independent estimates ofCD were obtained usingu′w′ values. Pressure

measurements were used to generate plots ofCp to provide knowledge of the wind flow

pattern over the waves, and estimate form drag (Section ii).Unless otherwise stated, all

drag coefficients discussed hereafter are scaled asCD × 1000.

a. Vertical profile and drag coefficient analysis

Mean wind speed and turbulence intensity profile plots were generated for each wave

type (crest and trough) for the smooth exposure scale identifier A simulation with length

Lr = 1/50 and velocityVr = 1/1 scales. Rough exposure wind-wave profile plots are not

shown as they are similar to the smooth simulation. Plots were also generated for the

smooth and rough floor simulations with the waves removed. Appropriate ASCE

Exposure profiles were plotted on the figures to help characterize the results. All

nondimensional parameters were normalized against their approximate 10 m reference

value. For the smooth and rough floor profiles, the floor of the wind tunnel was considered

ground levelz = 0 (application of a non-zero displacement plane did not improve the least
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squares fit). When the model waves were placed in the wind tunnel, reference heights

were scaled by the zero-plane displacement height (discussed below), which results in

new 10 m reference values. To ensure characteristiczo andu∗ estimates over the waves

using the profile method, log-law fits were modified by removing data points with large

departures (beginning at the lowest levels and removing alldata points up to where the

large departures no longer exist) from the log-law (e.g., a region of separated flow does not

follow the log-law). Estimates ofCD were obtained after all scalings were implemented.

i. Zero-plane displacement heightAs mentioned in Chapter 2, the mean water level is

usually taken as the displacement height (d = 0.5H) for studies over the ocean. Since the

waves studied here are much steeper than typical ocean gravity waves (and more like flow

over topography), a different displacement height was employed. Using the method

demonstrated by Cook (1977), the optimal displacement height was determined by

modifying the log-law wind profile with various displacement heights to maximize the

coefficient of determinationR2. Due to various complications in the wind profile due to

flow over the crests of the half sinusoid shapes,d was determined using wave type one.

The coefficient of determination was maximized whenα = 0.76. A roughness height

(wave height) ofhr = 40 mm results in a displacement height ofd = 30.4 mm. Sinced is

mostly dependent on the height of the roughness elements, this α can be applied to the

other wave shapes with little error. Jackson (1981) provided sufficient results from prior

studies using bluff body shapes which had fixed dimensions thatd = 0.7hr is a good

approximation for a large range of roughness. Displacementheight was used to determine

ground level for each wave profile. By definition, this height sets up where the wind

velocity goes to zero, and hencez = 0. This modification to the vertical coordinate was

applied to all wave-wind profiles prior to the determinationof CD. Smooth and rough

exposure floor profiles were assumed to haved = 0, requiring no adjustment in the

vertical.

ii. Wind tunnel profiles with the wave models removedThe profile and

eddy-correlation methods are valid in the surface layer where shear stress is nearly

constant with height. Normalized shear stress profiles for the smooth and rough boundary

layer flow simulations are shown in Fig. 5.5 and Fig. 5.6, respectively. For the smooth

exposure simulation, stress profiles were relatively constant by the reference height for

scales A and B. As length scales increase, the reference height gets closer to the wind

tunnel floor where shear stress is variable. This introduceserror into the EC method

estimates for these scales of simulation (C–E). The profile method is least affected since
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the log-law is fit to data points in both the variable stress and constant shear stress regions.

Hence, less confidence is placed in the EC method for scales C–E. Results are similar for

the rough floor exposure (Fig. 5.6). However, normalized shear stress profiles exhibit

more variation with height than the smooth exposure simulation.
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FIG. 5.5. Vertical profiles of normalized shear stress
√

−u′w′/u∗ for the smooth boundary layer flow
simulation for the various length scales of simulation: (a)Lr = 1/50, zr = 200 mm, (b)Lr = 1/100,
zr = 100 mm, (c)Lr = 1/150, zr = 66.67 mm, (d)Lr = 1/200, zr = 50 mm, and (e)Lr = 1/250,
zr = 40 mm. Theu∗ values used to normalize the data are from the reference heights.
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FIG. 5.6. As in Fig. 5.5, but for rough boundary layer flow simulation.
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Power spectral density functions for the smooth and rough boundary layer flow

simulations are shown in Fig. 5.7 and Fig. 5.8, respectively. Longitudinal (U -component)

wind speed time series collected at the reference height foreach length scale were broken

into windows containing 9000 data points (9 s of wind tunnel data). For each data

window, power spectrum were computed in MATLAB using Welch’s averaged, modified

periodogram method with 50% overlap of the neighboring datablocks. A Hann window,

which has the shape raised cosine function, was employed to suppress spectral leakage

(i.e., the ends of the segment are forced to zero regardless of signal behavior). The

presented PSDs are ensemble averages of the individual PSDsfor each profile location. To

follow wind engineering convention, reduced frequencyfz = nz/U (wheren is the

sampling frequency) and the normalized spectrumnSU(n)/σ2
U are plotted on thex- and

y-axes, respectively. Model scale simulated wind spectra atzr were compared to the

Kaimal spectrum (Dyrbye and Hansen 1997):

nSU

σ2
U

=
100fz

3(1 + 50fz)5/3
. (5.6)

Over the range of length scales utilized, Fig. 5.7 and 5.8 show good agreement with the

Kaimal spectrum. In general, the simulated spectrum contains less low frequency energy

than predicted by the empirical relation for the largest scales of simulation (A–B), and

tend to match the model better for the smallest length scales.
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FIG. 5.7. Normalized power spectral densitynSU (n)/σ2
U for the smooth boundary layer flow simulation

for the various length scales of simulation: (a)Lr = 1/50, zr = 200 mm, (b)Lr = 1/100, zr = 100 mm,
(c) Lr = 1/150, zr = 66.67 mm, (d)Lr = 1/200, zr = 50 mm, and (e)Lr = 1/250, zr = 40 mm. The
plotted spectra are an ensemble average of window lengths containing 9000 data points. Simulated data are
compared with the Kaimal spectrum(dots).
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FIG. 5.8. As in Fig. 5.7, but for rough boundary layer flow simulation.
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Mean wind speed profiles were performed with the wave models removed to

characterize the smooth and rough floor simulations. Although velocity and turbulence

intensity profiles in Figs. 5.9 and 5.10 do not agree well withASCE Exposure categories

(differences can be attributed to poor simulation), the relative change in a profile (when

the waves are placed in the wind tunnel) is of primary concernfor this experiment. The

smooth exposure velocity profile closely resembles Exposure C with exception to the

lowest and highest few data points. Similarly, the rough simulation corresponds to

Exposure C in approximately the lower 2/3 of the inner boundary and Exposure B aloft.

Smooth and rough turbulence intensity profiles are markedlydifferent in the inner

boundary than ASCE Exposures due to a non-uniform simulationupstream. There is a

change in terrain from carpet/blocks to the wood floor of the tunnel where the profiles

were sampled – the short length of exposed wind tunnel floor upwind of the turntable

(without carpet or wood blocks) can be seen in Fig. 5.2. Smooth simulation turbulence

intensities were higher in the lower levels and less turbulent aloft than Exposure D. The

rough simulation was not matched well by a specific Exposure category: turbulence

intensities were similar to Exposure D near the floor of the wind tunnel, Exposure C in the

upper portion of the inner boundary, and Exposure D above thereference height.
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FIG. 5.9. Smooth floor simulation: (a) complete wind speed, (b) inner boundary wind speed, (c) complete
turbulence intensity, and (d) inner boundary turbulence intensity profiles plotted as (dot–∗) for scaleLr =
1/50 andVr = 1/1. Appropriate ASCE 7-05 Exposure profiles are plotted for reference: Exposure C
(dot–dash) and Exposure D (solid). The subscriptr refers to the approximate 10 m full scale reference
height.
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FIG. 5.10. As in 5.9, but for rough boundary layer flow simulation.
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Drag coefficients were computed for the two exposures to helpcharacterize the

simulated boundary layers.CD (and other parameters) for the smooth and rough floor

simulations are shown in Table 5.2. Wind profiles for both simulations exhibited strong

linear relationships to the log-law with coefficients of determinationR2 = 0.997 and

0.990, respectively (after deviations in the wind profile from the log-law in the lowest

levels were removed). Results forCD(zo) andCD(u∗) agree well, but they are not

independent estimates.CD obtained fromu′w′ measurements are in relative agreement

with the profile method. Smooth exposureCD(EC) estimates were higher than the

profile-derived estimates for all scales. Rough simulationCD(EC) estimates were higher

than profile estimates for scales A–C and smaller for D–E. Thegeneral lack of agreement

for scales C–E can be attributed to non-constant shear stressat zr. For scale A, where

shear stress is about constant by the reference height, EC- and profile-derived drag

coefficients match reasonably well. The rough simulation yielded a higher drag than the

smooth due to increased turbulence in the boundary layer.
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TABLE 5.2. Full scale smooth and rough floor (wave models removed from the wind tunnel) wind profile parameters for chosen scalesof simulation.CD was
determined from profile estimates ofzo andu∗ (R2 is the correlation coefficient for the log-law velocity profile fit) and from the eddy-correlation method to obtain
an independent estimate of the friction velocityu∗(EC) usingu′w′ measurements. These are denoted asCD(zo), CD(u∗) , andCD(EC), respectively.

Parameter

Scale Simulation Floor R2 Ur zo u∗ u∗(EC) CD (zo) CD (u∗) CD (EC)
Identifier Scales Type (%) (m s−1) (m) (m s−1) (m s−1) (×1000) (×1000) (×1000)

A
Lr = 1/50 Smooth 0.997 12.7 1.10E-02 0.736 0.784 3.44 3.38 3.83
Vr = 1/1 Rough 0.990 11.6 7.94E-02 0.974 1.00 6.84 7.00 7.38

B
Lr = 1/100 Smooth 0.997 16.9 2.19E-02 1.10 1.31 4.27 4.26 5.99
Vr = 1/1.5 Rough 0.990 15.1 1.59E-01 1.46 1.61 9.32 9.39 11.47

C
Lr = 1/150 Smooth 0.997 20.9 3.29E-02 1.47 1.78 4.90 4.94 7.21
Vr = 1/2 Rough 0.990 18.3 2.38E-01 1.95 2.02 11.5 11.4 12.2

D
Lr = 1/200 Smooth 0.997 30.3 4.39E-02 2.21 2.53 5.43 5.32 6.97
Vr = 1/3 Rough 0.990 26.4 3.18E-01 2.92 2.84 13.5 12.2 11.5

E
Lr = 1/250 Smooth 0.997 38.9 5.48E-02 2.94 3.34 5.90 5.73 7.39
Vr = 1/4 Rough 0.990 34.0 3.97E-01 3.90 3.55 15.4 13.1 10.91
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iii. Wave-wind profiles Normalized shear stress profiles for the smooth and rough

boundary layer flow simulations over the waves are shown in Fig. 5.11 for scale identifier

A (Lr = 1/50). For this scale shear stress profiles were relatively constant by the

reference height. This result was not the case for scales D and E (not shown). Since

reference heights for these scales are close to the wave height, shear stress profiles were

not constant. This variation introduces error into the EC method estimates for these scales

of simulation. Errors associated with non-constant shear stress are difficult to quantify, but

should be noted that errors are greatest for wave type three and smallest for wave type

one. Regardless, the most confidence is placed in profile-derivedCD values.
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FIG. 5.11. Vertical profiles of normalized shear stress
√

−u′w′/u∗ for the three wave types for the smooth
(dot–∗) and rough(dot–x)boundary layer flow simulations: wave type one (a) crest and (b) trough, wave
type two (c) crest and (d) trough, and wave type three (e) crest and (f) trough. Theu∗ values used to
normalize the data are a spatial (wavelength) average at thereference heightzr = 200 mm (Lr = 1/50).
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Power spectral density functions for the smooth and rough boundary layer flow

simulations over the crest and trough of each wave type are shown in Figs. 5.12 and 5.13,

respectively. The method used to compute the PSDs is the sameas that described above

(i.e., with the waves removed from the wind tunnel). Plots presented below are of the

longitudinal wind speed time series collected at the reference height (100 mm) for scale

identifier A (Lr = 1/50). Here, model scale simulated wind spectra were compared tothe

Kareem spectrum, which has been shown to adequately describe ocean wind data obtained

in the Gulf of Mexico, North Sea, and the Pacific and Atlantic oceans (e.g., Kareem 1985;

Gurley and Kareem 1993):
nSU

u2
∗

=
335fz

(1 + 71fz)5/3
. (5.7)

Figs. 5.12 and 5.13 show good agreement with the Kareem spectrum. The simulated

spectrum contain less low frequency energy than predicted by the empirical relation, while

the simulated high-frequency energy matches the Kareem model well. The spectral peaks

are relatively aligned. Although the spectra vary based on the length scale of simulation,

they generally fit the Kareem model well for all simulation scales (not shown).
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FIG. 5.12. Normalized power spectral densitynSU (n)/u2
∗

for the three wave types for the smooth boundary
layer flow simulation: wave type one (a) crest and (b) trough,wave type two (c) crest and (d) trough, and
wave type three (e) crest and (f) trough. The plotted spectrum are an ensemble average of window lengths
containing 9000 data points for scale identifier B (Lr = 1/100) at the reference heightzr = 100 mm.
Simulated data are compared with the Kareem spectrum(dots).
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FIG. 5.13. As in Fig. 5.12, but for the rough boundary layer flow simulation.
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Mean wind speed profiles were sampled over the crest and trough (starting at 45 mm

model scale) of the waves (H = 40 mm) with the aforementioned displacement height used

as the vertical coordinate offset. This offset allows for direct comparison of the wind-wave

profiles to those with the waves removed. Profiles with the waves removed are plotted in

all figures below to show the immediate effects of the waves onthe wind profile. The

figures presented are for scale identifier A (Lr = 1/50 andVr = 1/1), as the plots for the

remaining scales of simulation inherently have the same shape. Rough simulation plots

(not presented) have shapes similar to the smooth simulation, but exhibit the effects of

increased turbulence in the boundary layer (e.g., reduced wind speeds and increased

turbulence intensities).

Smooth exposure complete and inner boundary wind speed and turbulence intensity

profiles for wave type one at the crest are shown in Fig. 5.14. The noticeable gap in data

points in the upper portion of the inner boundary figures is a result of the profile sampling

strategy employed (profile increments switched from 5 to 25 mm). The wind speed profile

obtained over the waves is in better agreement with ExposureD than with the wave

models removed. There is an indication of accelerated flow closest to the wave crest. This

result is consistent with surface pressure measurements (see Fig. 5.23a below), which

shows a strong negative pressure gradient prior to crest. Turbulence intensities are lower

near the wave crest than they are just aloft due to the shallowdepth of accelerated flow.

Trough wind profiles are markedly different (Fig. 5.15). As anticipated, there was no

indication of speedup (the increased momentum was dissipated before reaching the

trough), and the mean wind speeds have decreased to those of the no wave profile. Inner

boundary turbulence intensities were much greater than those observed in the no wave

case. For the steep waves used in this experiment, the generation of unfavorable (adverse)

pressure gradients are sufficient to cause flow separation. With flow separation in lee of

the wave crest, it is likely that the dividing streamline forthe separated flow region is

below the first measurement height of 45 mm at the crest. Based on this information, the

turbulent flow observed in the lower levels of the trough profile is probably due to an

enhanced shear layer from an upwind separation point. Also,wind flow decelerates in lee

of the crest, which leads to higherIu relative to the crest.
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FIG. 5.14. Wave type one crest profiles (dot–∗) compared to smooth floor profiles (dot–x) with scalesLr =
1/50 andVr = 1/1 for: (a) complete wind speed, (b) inner boundary wind speed, (c) complete turbulence
intensity, and (d) inner boundary turbulence intensity profiles. Appropriate ASCE 7-05 Exposure profiles
are plotted for reference: Exposure B (dash), Exposure C (dot–dash), and Exposure D (solid). The subscript
r refers to the approximate 10 m full scale reference height.
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FIG. 5.15. As in Fig. 5.14, but for trough.
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Profiles sampled over wave type two were much different than type one. Mean wind

speed and turbulence intensity profiles over the crest are shown in Fig. 5.16. The inner

boundary wind velocities were noticeably lower than the no wave profile forz/zr < 0.25,

and turbulence intensities were much greater and through a deeper layer than those

observed over the crest of wave type one. Due to the vertical bluff face on the leeward half

of the wave, the flow is forced to separate. The point of reattachment cannot be

determined by the data obtained in this experiment (although the best indication is from

pressure measurements). If it is assumed that the flow reattaches on the upper portion of

the following wave prior to the crest (similar to flow over a full sinusoid wave of similar

steepness), the attached boundary layer would likely be quite thin and highly turbulent.

This is evidenced by increased turbulence intensities nearthe wave surface. However,

with no indication of speedup over the crest, it is also possible that skimming flow exists

in the flow outside the separation bubble (where the flow ultimately bypasses the troughs

and skips from crest to crest). Trough profiles (Fig. 5.17) are similar to those of wave type

one, but exhibit the effects of a more enhanced shear layer, as detected in the turbulence

intensities. Compared to wave type one, wind speeds are lowerup to approximately

z/zr = 0.35 and inner boundary turbulence intensities are higher. Profiles are in

agreement with the no wave profiles above the reference height and above0.5 zr for the

mean wind speed and turbulence intensity profiles, respectively.
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FIG. 5.16. As in Fig. 5.14, but for wave type two.
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FIG. 5.17. As in Fig. 5.15, but for wave type two.
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Profile plots generated for wave type three are shown in Figs.5.18 and 5.19. The

vertical bluff undoubtedly causes the flow to separate with an unknown point of

reattachment. Again, the increased turbulence intensities at the crest can be a

manifestation of a shear layer that formed at the upwind bluff. At the crest, wind speeds

were much lower than the comparison profile up to0.5 zr (since this is very rough flow)

and are in good agreement above this height. There was no indication of accelerated flow

over the bluff. This result is a consequence of skimming flow due to the large wake region

generated by the windward-facing bluff. Turbulence intensities are much higher than the

smooth floor profile to approximately0.6 zr. Compared to wave type two, wind speeds are

lower and turbulence intensities are higher for type three.The trough profile is very

similar to wave types two, but with slightly larger turbulence intensities in the lowest few

data points. This result is due to wave type three having a ‘rougher’ shape.
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FIG. 5.18. As in Fig. 5.14, but for wave type three.

136



Texas Tech University,Brian Charles Zachry, August 2009

10 20 30 40
0

0.5

1

1.5

2

2.5

Turbulence Intensity, I
u
 (%)

z
 /
 z

r

15 20 25 30 35 40
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Turbulence Intensity, I
u
 (%)

0.4 0.6 0.8 1 1.2 1.4
0

0.5

1

1.5

2

2.5

U / U
r
 

z
 /
 z

r 

0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

U / U
r
 

(a) (b)

(c) (d)

FIG. 5.19. As in Fig. 5.15, but for wave type three.
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The drag coefficient was computed for the smooth and rough boundary layer flow

simulations over the crest and trough of the three wave types. Log-law wind profiles show

a strong linear relationship withR2 > 0.97 (after deviations in the wind profile from the

log-law in the lowest levels were removed).CD (and other parameters) for the smooth

simulation are shown in Table 5.3. A characteristic drag coefficient was computed by

taking a spatial average of the trough and crest drag values (Table 5.4). Estimates of

CD(zo) andCD(u∗) were similar as these parameters are not independent of eachother

using the profile method. Eddy-correlation method estimates of the drag coefficient are

approximately 1–3 times the profile estimates. This result can be attributed to the

application of the EC method in a region of variable shear stress. However, even for scales

whereu′w′ was constant atzr, values still differed. This result shows a lack of agreement

between the two methods. It is interesting that profile method estimates for wave type

three (scales A and B) are greater than EC estimates. Agreement between these two

methods needs further investigation. Profile method troughand crest drag coefficient

values are similar for wave types one and three, but trough values are approximately twice

those over the crest for type two. There was an observed increase inCD with wind speed

(moderate to strong) and wave height (scale A to E) using the profile method for all wave

shapes. Based on the characteristicCD, the full sinusoid wave produced the least drag

while the half sinusoid, offshore wind regime wave type (three) observed the largest drags

(wave type two in the middle). This result was anticipated simply by experiment design.

Results indicate thatCD over simulated breaking wave profiles are higher than those

observed over ‘ideal’ sinusoid waves.
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TABLE 5.3. As in Table 5.2, but for wind profile parameters over the crest and trough of each wave type.

Profile Wave R2 Ur zo u∗ u∗(EC) CD (zo) CD (u∗) CD (EC)

Type (%) (m s−1) (m) (m s−1) (m s−1) (×1000) (×1000) (×1000)

Scale of Simulation A:Lr = 1/50,Vr = 1/1

Crest
1 0.978 12.8 7.33E-04 0.548 0.822 1.76 1.82 4.10
2 0.994 12.8 4.33E-03 0.659 0.842 2.67 2.66 4.35
3 0.982 12.9 8.58E-02 1.05 0.885 7.07 6.72 4.73

Trough
1 0.994 12.9 1.06E-03 0.567 0.815 1.91 1.93 3.98
2 0.990 12.8 2.43E-02 0.841 0.859 4.42 4.29 4.49
3 0.978 12.8 8.59E-02 1.05 0.850 7.07 6.81 4.44

Scale of Simulation B:Lr = 1/100,Vr = 1/1.5

Crest
1 0.978 17.6 1.47E-03 0.821 1.40 2.05 2.19 6.34
2 0.994 17.2 8.66E-03 0.998 1.33 3.22 3.30 6.00
3 0.982 16.7 1.72E-01 1.58 1.59 9.68 8.97 9.01

Trough
1 0.994 17.9 2.11E-03 0.851 1.26 2.23 2.26 5.00
2 0.990 17.3 4.86E-02 1.26 1.26 5.64 5.30 5.33
3 0.978 16.5 1.72E-01 1.58 1.64 9.69 9.20 9.90

Scale of Simulation C:Lr = 1/150,Vr = 1/2

Crest
1 0.978 22.7 2.20E-03 1.10 1.98 2.26 2.33 7.57
2 0.994 21.9 1.30E-02 1.32 1.82 3.62 3.63 6.94
3 0.982 20.0 2.57E-01 2.11 2.68 12.0 11.1 17.8

Trough
1 0.994 22.2 3.17E-03 1.13 1.97 2.46 2.62 7.89
2 0.990 20.9 7.29E-02 1.68 2.00 6.61 6.45 9.08
3 0.978 19.8 2.58E-01 2.10 2.66 12.0 11.3 18.1

Scale of Simulation D:Lr = 1/200,Vr = 1/3

Crest
1 0.978 33.2 2.93E-03 1.64 3.12 2.42 2.45 8.80
2 0.994 30.2 1.73E-02 1.98 2.86 3.96 4.28 8.97
3 0.982 25.6 3.43E-01 3.16 4.32 14.1 15.3 28.6

Trough
1 0.994 31.4 4.22E-03 1.70 3.01 2.65 2.93 9.18
2 0.990 29.2 9.72E-02 2.52 3.25 7.45 7.45 12.4
3 0.978 25.5 3.44E-01 3.16 4.15 14.1 15.3 26.4

Scale of Simulation E:Lr = 1/250,Vr = 1/4

Crest
1 0.978 43.8 3.66E-03 2.19 4.28 2.56 2.50 9.54
2 0.994 37.6 2.16E-02 2.63 4.11 4.25 4.92 12.0
3 0.982 31.9 4.29E-01 4.22 5.89 16.1 17.5 34.2

Trough
1 0.994 41.0 5.28E-03 2.27 4.30 2.81 3.07 11.0
2 0.990 35.8 1.22E-01 3.36 4.59 8.23 8.80 16.4
3 0.978 31.8 4.30E-01 4.21 5.77 16.2 17.5 32.8
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TABLE 5.4. Characteristic drag coefficient estimates (spatial average of the crest and trough values) over the
wave surfaces for the smooth boundary layer flow simulation.

Scale Identifier Wave TypeCD (zo) CD (u∗) CD (EC)

(×1000) (×1000) (×1000)

A
1 1.84 1.87 4.04
2 3.54 3.48 4.42
3 7.07 6.76 4.58

B
1 2.14 2.22 5.67
2 4.43 4.30 5.67
3 9.69 9.08 9.46

C
1 2.36 2.47 7.73
2 5.11 5.04 8.01
3 12.0 11.2 18.0

D
1 2.53 2.69 8.99
2 5.71 5.86 10.7
3 14.1 15.3 27.5

E
1 2.68 2.78 10.3
2 6.24 6.86 14.2
3 16.1 17.5 33.5

Drag coefficients over the crest and trough of the waves for the rough simulation are

shown in Table 5.5, and characteristic meanCD values in Table 5.6. The drag coefficient

is plotted as a function of wind speed in Figs. 5.20–5.22 for both the smooth and rough

simulations. Observations discussed above for the smooth simulation also apply here with

a few notable differences. First, profile method estimates of CD are higher for the rough

simulation due to increased turbulence in the boundary layer. Again,CD obtained from

u′w′ measurements are generally higher than profile method estimates.CD differed over

the crest and trough for wave types one and two, but were similar for wave type three. This

result indicates that the wind profiles are relatively independent of location for wave type

three, which is likely due to skimming flow. Similar to the smooth simulation results, the

drag coefficient over the half sinusoid waves were higher than over the full sinusoid wave.
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TABLE 5.5. As in Table 5.3, but for rough boundary layer flow simulation.

Profile Wave R2 Uref zo u∗ u∗(EC) CD (zo) CD (u∗) CD (EC)

Type (%) (m s−1) (m) (m s−1) (m s−1) (×1000) (×1000) (×1000)

Scale of Simulation A:Lr = 1/50,Vr = 1/1

Crest
1 0.995 12.7 1.02E-02 0.738 0.87 3.37 3.39 4.73
2 0.995 12.0 5.53E-02 0.935 0.97 5.92 6.06 6.56
3 0.998 12.2 1.08E-01 1.08 0.99 7.79 7.76 6.60

Trough
1 0.997 12.6 3.21E-02 0.879 0.86 4.85 4.86 4.71
2 0.995 12.1 3.59E-02 0.873 1.01 5.05 5.24 6.98
3 0.996 12.2 1.12E-01 1.09 1.01 7.94 7.97 6.85

Scale of Simulation B:Lr = 1/100,Vr = 1/1.5

Crest
1 0.995 16.4 2.03E-02 1.11 1.59 4.16 4.58 9.51
2 0.995 15.2 1.11E-01 1.40 1.61 7.89 8.53 11.2
3 0.998 15.3 2.15E-01 1.62 1.83 10.8 11.2 14.3

Trough
1 0.997 16.7 6.42E-02 1.32 1.46 6.28 6.24 7.68
2 0.995 15.7 7.18E-02 1.31 1.59 6.56 6.97 10.3
3 0.996 15.3 2.24E-01 1.63 1.84 11.1 11.5 14.6

Scale of Simulation C:Lr = 1/150,Vr = 1/2

Crest
1 0.995 20.8 3.05E-02 1.48 2.21 4.77 5.01 11.3
2 0.995 19.0 1.66E-01 1.87 2.08 9.52 9.71 12.0
3 0.998 18.5 3.23E-01 2.15 2.71 13.6 13.6 21.5

Trough
1 0.997 20.4 9.63E-02 1.76 2.18 7.42 7.40 11.4
2 0.995 19.2 1.08E-01 1.75 2.21 7.79 8.28 13.3
3 0.996 18.2 3.37E-01 2.18 2.73 13.9 14.4 22.5

Scale of Simulation D:Lr = 1/200,Vr = 1/3

Crest
1 0.995 29.3 4.06E-02 2.21 3.23 5.28 5.69 12.1
2 0.995 26.8 2.21E-01 2.81 3.09 11.0 11.0 13.3
3 0.998 24.6 4.31E-01 3.23 4.22 16.2 17.2 29.2

Trough
1 0.997 28.3 1.28E-01 2.64 3.28 8.43 8.66 13.4
2 0.995 27.2 1.44E-01 2.62 3.12 8.88 9.25 13.1
3 0.996 24.2 4.49E-01 3.27 4.24 16.6 18.2 30.7

Scale of Simulation E:Lr = 1/250,Vr = 1/4

Crest
1 0.995 38.2 5.08E-02 2.95 4.36 5.73 5.95 13.0
2 0.995 33.3 2.77E-01 3.74 4.06 12.4 12.6 14.9
3 0.998 31.0 5.39E-01 4.31 5.65 18.8 19.2 33.2

Trough
1 0.997 36.0 1.60E-01 3.51 4.47 9.37 9.51 15.4
2 0.995 35.2 1.79E-01 3.49 4.35 9.90 9.85 15.3
3 0.996 31.1 5.61E-01 4.36 5.68 19.3 19.6 33.4
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TABLE 5.6. As in Table 5.4, but for the rough boundary layer flow simulation.

Scale Identifier Wave TypeCD (zo) CD (u∗) CD (EC)

(×1000) (×1000) (×1000)

A
1 4.11 4.13 4.72
2 5.49 5.65 6.77
3 7.86 7.86 6.72

B
1 5.22 5.41 8.59
2 7.23 7.75 10.8
3 11.0 11.3 14.4

C
1 6.09 6.21 11.3
2 8.66 9.00 12.6
3 13.8 14.0 22.0

D
1 6.86 7.18 12.8
2 9.95 10.1 13.2
3 16.4 17.7 30.0

E
1 7.55 7.73 14.2
2 11.2 11.2 15.1
3 19.0 19.5 33.3
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FIG. 5.20. Full scale dependence of the surface drag coefficientCD on wind speedU10 for wave type one
smooth and rough boundary layer flow simulations.
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FIG. 5.21. As in Fig. 5.20, but for wave type two.
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FIG. 5.22. As in Fig. 5.20, but for wave type three.
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b. Form drag and surface pressure coefficient distributions

Pressure measurements were taken at each location in the wave train, and distributions

were concatenated for each wave type to showCp for each wavelength simultaneously to

provide a better representation of flow behavior. Form drag was estimated by integrating

the surface pressure coefficients over the third wave in the wave train. As stated in

Section 5.2, the third wave in line offers a generalized windflow pattern. Discussions in

the following sections appertain to the third wave in the wave train (unless otherwise

stated).

i. Wave surface pressure distributionsDetailed surface pressure measurements were

taken at each location in the wave train. Pressure coefficient distributions for wave type

one, plotted against normalized arc distancex/L (x is now the total distance along the

four arcs of each wave type andL is now the arc wavelength distance for one wave: 218.5

mm for wave type one and 249.3 mm for types two and three) for the smooth and rough

simulations, are shown in Fig. 5.23. A photo showing the location of the 17 pressure taps

associated with this wave type is shown above in Fig. 5.4a. For the form drag study region

2 ≤ x/L ≤ 3, the crest of the wave is located atx/L = 2.5.

Fig. 5.23a shows the smooth exposure surface pressure distribution for wave type one.

A moderate positive pressure gradient exists to a distancex/L = 2.21 (x = 45.75 mm)

short of the midway point (54.6 mm) up the windward face of thewave. In this region the

flow decelerates and reaches its minimum surface velocity, which corresponds to the

maximumCp = 0.212 atx/L = 2.21. This deceleration is presumably forced by the fluid

particles passing the trough of the upwind wave and encountering the windward sinusoid

portion of the third wave. Passing through the maximum pressure, the fluid particles

encounter a strong negative pressure gradient that causes asharp acceleration in the flow

until reaching the minimum pressureCp = −0.782 at the crest. Downstream of the crest,

the flow experiences a strong positive pressure gradient anddecelerates rapidly on the

upper half of the leeward portion of the wave. This is followed by a more gentle gradient

and deceleration for the remainder of the wave. At some location past the wave crest, the

flow is likely to separate due to wave steepness. Fromx/L ∼ 2.7 to x/L ∼ 3.0 a weak

positive gradient is observed, indicative of separated flow. Despite positive pressures on

the lower half of the windward face of the wave, the majority of the wave model is located

in suction pressures. Rough simulation results are similar (Fig. 5.23b), albeit with reduced

pressure coefficients. A maximum pressureCp = 0.146 was observed atx/L = 2.21 and

a minimumCp = −0.634 at the crest. Hence, pressure gradients were weaker than those
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observed in the smooth simulation, yielding slower surfaceflow accelerations and

decelerations. This ‘damping’ is a consequence of greater turbulence promoting the flow

to remain attached longer, with the point of separation occurring farther downstream, and

smaller separation bubbles.
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FIG. 5.23. Wave type one mean pressure coefficient distribution(solid–∗ line) and± 1 standard deviation
error bars (solid bars) for (a) smooth and (b) rough boundary layer flow simulations. The form drag study
region is located between the solid vertical lines, and the wave train is plotted on the bottom of the figure for
reference.
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Pressure taps for the half sinusoid wave are shown in Fig. 5.4b–c. The near-crest tap

x/L = 2.41 is located 6 mm from the crest (on the sinusoid portion of the wave),< 2.45

on the windward (sinusoid) face,2.45 < x/L < 2.6 on the bluff, and> 2.6 on the leeward

(flat) portion. The smooth exposure pressure distribution in Fig. 5.24a exhibits three

distinctive characteristics compared to wave type one: (1)there is a noticeable difference

in the maximum and minimum surface pressures; (2) the location of the maximum surface

pressure has moved farther upstream; and (3) a vastly different pressure gradient exists

leeward of the wave crest. Similar to the rough simulation distribution for the ‘ideal’

wave, surface pressures for wave type two were reduced from the smooth simulation, as

shown in Fig. 5.24b. Fluid particles in the smooth simulation decelerated and reached a

minimum surface velocity that corresponds to the maximumCp = 0.076 atx/L = 2.26

(x = 65.2 mm). This distance is slightly greater than the midway point (54.6 mm) up the

windward face of the wave. Passing the peak pressure, the flowexperiences a moderate

negative pressure gradient and accelerates to a local maximum velocity (corresponding

pressureCp = −0.177) at the near-crest tap. A greater negative local minimum pressure

would potentially be observed if the tap was located directly on the crest, and not 6 mm

from it. The next four data points on the leeward facing bluffwere obviously located in

separated flow, and thus near-constant surface pressures. Passing the bluff, the flow likely

remains separated with a weak negative pressure gradient over the remaining flat portion

to a minimum pressureCp = −0.189 atx/L = 2.87, just shy of the full wavelength.

There is only a slight acceleration of surface flow in this region. By the last measurement

point, the flow experiences an increasing positive pressuregradient associated with the

final wave in the train.
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FIG. 5.24. As in Fig. 5.23, but for wave type two. The vertical bluff is located between the twodashed
vertical lines plotted on the wave profile for each wavelength.
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The pressure tap configuration for wave type three is the reverse of type two with

x/L < 2.45 on the windward side, the next four measurement points on thebluff

(2.45 < x/L < 2.6), and> 2.6 on the leeward face. Surface pressure distributions are

markedly different than those observed for wave types one and two (Fig. 5.25). This result

is due to the offshore flow orientation of the wave (with the bluff facing windward).

Although not in equilibrium over the first two wavelengths due to the sharp edge (bluff),

the surface pressure distributions became approximately stabilized by the third

wavelength. However, it is possible that equilibrium has not been reached. The addition of

waves in the wave train (for all wave types) may be necessary.The smooth simulation

surface pressure distribution exhibits a weak positive pressure gradient over the flat

portion (where the flow is likely separated) to a sudden increase at the tap located closest

to the bluffx/L = 2.37. This location marks the only positive coefficientCp = 0.012

observed in the distribution. This positiveCp value could be a consequence of flow

interaction with the bluff (stagnation in front of the vertical portion), creating downwash,

and hence positive pressure on the flat portion where the downwash encountered the wave.

The flow accelerated slightly passing through the bluff and then more dramatically as the

fluid particles encountered a strong negative pressure gradient associated with a minimum

pressureCp = −0.401 at the near-crest tap. The minimum surface pressure that occurred

at the near-crest tap on the leeward side is due to flow separation caused by the vertical

portion of the wave. This phenomenon is commonly observed inbluff body aerodynamics

(e.g., flow over a roof or around the sides of a building). Passing the minimum pressure

the flow decelerates moderately over the first few taps. Then,a steady decrease in speed is

observed as the flow recovers from the strong suctions at the bluff/crest. Besides the

maximum surface pressure, this wave type was located entirely in suction pressures,

demonstrating the effect of an offshore wind flow regime interacting with a breaking wave

profile. The rough simulation distribution behaves similarto the smooth case. Unlike the

other wave type distributions, the maximum and minimum surface pressuresCp = 0.049

andCp = −0.411, respectively were slightly higher than those observed in the smooth

simulation. The slight instability in the surface pressuredistribution over the first two

wavelengths could account for this difference (i.e., the rough simulation surface pressures

not being smaller than the smooth).
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FIG. 5.25. As in Fig. 5.24, but for wave type three.
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ii. Form drag analysis Form drag coefficients were determined for the third wave in the

wave train using Eq. 5.4. Results indicate that form drag is sensitive to wave shape.

Again, values presented are normalized byU10. It is no surprise that the largest values of

form drag for each simulation were obtained for wave type three, as this wave clearly has

the roughest wave profile with the vertical bluff facing the wind. It was anticipated that

wave types one and two would have comparableCDF
values. However, it was found that

wave types one and three had comparable drags, andCDF
values for wave type two were

smaller. Explanations for this result are discussed below.Form drag was larger for the

smooth simulation compared to the rough case for all wave types, in accord with Gong

et al. (1999). This result was attributed to less turbulent flow generating larger maximum

(positive) and minimum pressures (negative) on the windward and leeward sides of the

wave, respectively.

TABLE 5.7. Form drag coefficientCDF
estimates for the smooth and rough boundary layer flow simulations

for each wave type. Values were determined from integratingthe horizontal component of the surface
pressure coefficients, and are normalized byU10.

Simulation Wave Type CDF
× 1000

Smooth
1 29.9
2 18.9
3 33.5

Rough
1 23.5
2 15.7
3 28.9

Wave shape clearly plays an integral role in determining form drag. Two outcomes are

of interest: (1) relatively similarCDF
values were observed for wave types one and three

and (2)CDF
values for wave type two were much lower than the other wave types. It was

anticipated that wave type three would have higher values ofform drag than the full

sinusoid wave profile, where the upwind bluff produces largepositive pressure

coefficients, causes the flow to separate, and produces largesuction pressures on the

leeward side. However, results indicate that the estimatedform drag for type three was

almost entirely due to large suction pressures on the leeward facing side and not from large

positive pressures on the vertical portion. A most curious result was that obtained for wave

type two. It was anticipated that this wave should have dragssimilar to wave type one.

Another examination of the surface pressure distributionshelps illuminate the issue.

Comparing the smooth simulations for wave type one (Fig. 5.23a) and type two
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(Fig. 5.24a), reveals that wave type one experienced higherand a greater number of

positive pressures on the windward side. However, wave typetwo experienced lower and

fewer positive pressures. This result is due to the difference in flow regimes created by the

bluff for wave type two. Wave type one is likely in a wake-interference flow regime and

the data indicate the type two is more consistent with skimming flow. The large positive

pressures on the windward side of type one contributes positively to form drag and the few

suction pressures negatively. For the onshore wave, less positive form drag is generated on

the windward face due to the relatively small and few positive pressures, while the larger

(and more common) suction pressures (than the ideal wave) contribute negatively. Both

wave profiles experienced suction pressures on the leeward portion. The majority of the

leeward portion of wave type one contributed positively to drag (with exception of the last

Cp value), and only the vertical bluff for type two, as the remaining taps have no slope (no

contribution to form drag). Wave type one experienced much larger suction pressures

contributing positively toCDF
, with a minimumCp = −0.594 (the nearest crest

measurement since the crest has no slope) than type twoCp = −0.177 (on the bluff).

Hence, the difference in surface pressure distributions and wave profile design accounts

for the large differences in form drag estimates. Considering wave type three with the

vertical bluff facing the wind,CDF
was larger than wave types one and two. This result is

clearly a manifestation of the high suction pressures on theleeward portion of the wave

(considering near zero drag on the bluff).

The discussion above utilizes the pressure measurements tohelp determine the

noticeably smaller form drag estimates for wave type two, and the similar values for wave

types one and three. Wave profile design offers a possible explanation for the results

obtained for wave type two. Wave types two and three are characterized by a flat portion,

where type one had a sinusoid shape. As alluded to above, the flat portion of the wave has

no slope and hence does not contribute to form drag – it was located leeward for wave

type two in a region dominated by suction pressures. Since the flat portion is not observed

in reality, refinement of the wave shape might help the interpretation the results. The large

estimates of form drag for wave type one are a manifestation of an asymmetric surface

pressure distribution likely caused by separation in lee ofthe crest and reattachment on the

following wave.

Form drag values for wave type one are compared to other sinusoid wave studies in

Fig. 5.26. In general, form drag increases with increasing wave slope and tends to reach

an asymptotic limit. This limit is attributed to a skimming flow regime which exists as the

waves become very steep. Here, estimates ofCDF
are normalized by the freestream wind

speedUo and are plotted against maximum wave slope. Based on the work of Gong et al.
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(1999), it can be seen thatCDF
values for their smooth surface case (transitional flow) are

on the order of waves with markedly greater slopes, and values for the aerodynamically

rough case are in better agreement with other studies. Compared to waves of similar slope

found by Zilker et al. (1977); Zilker and Hanratty (1979), smooth and rough exposure

CDF
values for the present study are 90% and 20% higher, respectively. However, one

would not expect identical results due to differences in local roughness of the wave

surface (i.e., material used to create the model waves). Some of this difference can also be

attributed to a lack of equilibrium in the surface pressure distributions. Increasing the

number of pressure taps would improve the accuracy of the form drag estimates.

Regardless of differences, this result shows that the methodology utilized to determine

CDF
is consistent with other studies.
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FIG. 5.26. Comparison of the form drag coefficients determined in this study (wave type one) and other
laboratory studies utilizing sinusoid waves based on maximum wave slope, and normalized by the
freestream wind speedUo: (�) present study (full sinusoid wave, WT1);(▽) Gong et al. (1999);(�) Beebe
(1972);(△) Zilker et al. (1977) and Zilker and Hanratty (1979);(♦) Kendall (1970);(x) Hsu and Kennedy
(1971). Figure adapted from Gong et al. (1999).
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c. Feasibility of stationary waves

A recent dissertation thesis by Chen (2007) was used to evaluate the feasibility of the

work presented herein. Specifically, it must be determined if stationary waves can be

compared to propagating waves. Chen (2007) made measurements over generic smooth

and rough moving surfaces to determine the relative upper and lower bounds of the

surface drag coefficient using the wind tunnel facility at TTU. The smooth belt was used

to simulate waves in weak winds and provide a lower bound for drag. Strong wind

conditions were simulated by a rough belt made up of square cleats (Fig. 5.27). Chen

(2007) concluded that laboratory measurement of moving belts can successfully simulate

ocean surface wind waves based on a comparison to previous datasets collected during

various field campaigns.

W=25 mm

H=25 mm

L=200 mm

FIG. 5.27. Diagram of the rough belt with square cleats. Recreated from Chen (2007).

Results from this experiment can be compared to Chen’s rough belt experiment under

certain assumptions. First, it is well known that waves travel slower as they approach the

shoreline and feel the effects of the ocean floor. In hurricane conditions, such as those

scaled for this experiment, wave celerity (phase speed) is much less thanU10. Shallow

water wave phase speed is given by Eq. 3.25, wherecp is only dependent on depthh. For

hurricane-generated waves that are close to breaking, shallow water wave celerity is on the

order of 10 m s−1. Assuming a hurricane wave celerity of 10 m s−1 and winds ofU10 ∼ 40

m s−1, wave age is 0.25. This assumption suggests that stationarywaves can be compared

to a stationary (cp = 0) or nearly ‘stationary’ moving belt forcp/U10 < 0.25. A second

requirement is that wave forms must be similar. Wave height to wavelength aspect ratios

(H/λ) for this experiment and Chen (2007) are 0.2 and 0.125, respectively. Both are

typical values of steeper-sloped laboratory waves (Csanady2001). Square cleats on the

rough belt were assumed to be 5 m high in full scale (length scale of 1:200). Length scales

1:100 and 1:150 produced full scale wave heights of 4 and 6 m for this experiment.

Square cleats most closely resemble wave type three, where the vertical face is located on

the upwind side. Results from the rough belt and stationary wave experiment are

comparable under these assumptions.
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The drag coefficient values obtained using the profile method(based onu∗) were

averaged over the crest and trough for length scales of simulation 1:100 and 1:150. Chen

(2007) determined drags using the profile method based onu∗ as well. Rough belt data

were filtered bycp/U10 < 0.25 and the remaining drag estimates were averaged. Results

are shown in Table 5.8. Smooth and rough exposure mean drag coefficients matched those

found by Chen (2007) with reasonably low standard deviations. CD computed for the

rough simulation 6 m wave heights in this experiment were significantly higher than

Chen’s. Drag values for the 4 m wave heights were slightly lower than the rough belt

experiment for the smooth simulation and higher for the rough simulation – both values

fall within the error of Chen’s. The best agreement occurs forthe smooth simulation 4 m

full scale wave heights with aspect ratioH/λ = 0.2 to Chen’s 5 m wave heights andH/λ

= 0.125. For this case, drag coefficients from Chen’s study andour experiment are within

the error. An important implication of this result is that aswind speed increases relative to

the wave celerity (cp/U10 ≪ 1), waves can be taken to be ‘stationary’.

TABLE 5.8. Mean drag coefficient and standard deviationσ of the values for this experiment (computed
from the crest and trough values) and Chen (2007). Column headings 1:100 and 1:150 refer to the length
scale of simulation (full scale wave heights of 4 and 6 m) to match the 5 m belt (‘wave’) heights used by
Chen (2007) forcp/U10 < 0.25.

Smooth Rough

Parameter Chen 20071:100 1:150 1:100 1:150

CD × 1000 9.83 9.08 11.2 11.3 14.0
σ × 1000 1.4 0.16 0.18 0.21 0.52

5.5. Summary

The influence of steep stationary wave profiles on wind stresshas been examined for

simulated moderate to strong wind speeds and correspondingwave heights. The drag

coefficient was obtained from wind profile measurements overthe wave crest and trough

using the profile and eddy-correlation methods. Measured surface pressure distributions

were used to compute form drag by integrating the horizontalcomponent of the surface

pressure coefficients over the wave surfaces. Wind speed profiles were obtained to observe

the relative change in a profile over the wave trains comparedto those with the waves

removed. Smooth and rough boundary layer flow simulations were performed using carpet

and wood blocks placed along the wind tunnel fetch. Three wave profiles were examined
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(Fig. 5.1): (1) an‘ideal’ sinusoid wave (type one) was used to provide a lower bound for

drag and a baseline to compare the other wave types; (2) half sinusoid breaking wave

profile in an onshore wind flow regime (type two, with the vertical bluff facing leeward);

and (3) half sinusoid breaking wave profile in an offshore wind regime (type three, with

the bluff windward). The results obtained in the study provide the following conclusions:

i. It was found that stationary waves are comparable to propagating waves provided that

the waves have young wave agescp/U10 ≪ 1. Drag estimates were in concert (under

certain assumptions) with Chen (2007), implying that waves can be regarded as

‘stationary’ in moderate to strong wind conditions. Young waves are observed in the

hurricane environment, where wind speeds are much greater than the wave phase

speed, resulting in seas that are limited either by fetch or duration (or both).

ii. Breaking wave profiles exhibit higher drag than the sinusoid wave. The highest

CD was measured over the offshore wind regime breaking wave profile. Drag over

the onshore breaking wave profile was lower than the offshore, but higher than the

deep water wave. This result provides evidence that breaking wave drag can be

considerably higher than that found in the open ocean. The onshore wind flow regime

breaking wave profile is of primary concern for storm surge for obvious reasons. This

study found that theCD over this wave type in hurricane conditions (U10 > 33 m s−1)

using the profile and EC method were approximatelyCD (× 1000) = 6.2–11.2 and

16.4–16.7, respectively. These values are higher than the drag for the ideal deep water

waveCD (× 1000) = 2.7–7.6 (profile) and 10.7–15.1 (EC). As anticipated,these

values are all> 0.0025, found by Powell et al. (2003) and Donelan et al. (2004).

iii. The drag coefficient is sensitive to the estimation method and needs further

investigation. Values calculated from a spatial average over the crest and trough using

the profile method (for both simulations) from estimates ofu∗ andzo were very

similar, as they are not independent of each other. AverageCD values computed using

the eddy-correlation (EC) method to estimateu∗ were approximately 1–3 and 1–2

times the profile estimates for the smooth and rough simulations, respectively. Some

of this difference could be a manifestation of the measurements being taken in a

region where shear stress is not constant. This error can potentially be reduced in the

future by increasing the number of waves and the number of velocity profiles between

the crest and trough of the waves.

iv. Form drag estimates for the full sinusoid wave in the rough exposure (aerodynamic

rough flow) are in relative agreement (20% higher) with wavesof similar slope
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(Zilker et al. 1977; Zilker and Hanratty 1979). Smooth exposureCDF
values were

90% higher, but this was to be expected with transitional flow(Gong et al. 1999).

This agreement proves that the method employed used to compute form drag is valid.

However, estimates of form drag determined from integratedsurface pressure

measurements need further study. As hypothesized, the largest values of form drag

were observed for the half sinusoid wave type in the offshorewind regime (Table 5.7).

It was not anticipated that: (1) the full sinusoid wave wouldexhibit form drags that

are only slightly lower than the offshore wave and (2) form drags for the onshore

wave profile would be much lower than the other wave types. Thecurious results for

wave types two and three might be due to the wave profile design, where there is a flat

portion that does not contribute toCDF
. Increasing the number of waves in the wave

train to ensure equilibrium conditions and extending the upwind roughness all the

way to the wave train may help resolve some of the aforementioned problems.

5.6. Recommendations for future work

Although this study has provided valuable data, future workshould implement the

following improvements to help resolve some of the uncertainties and issues:

• Proper ‘no wave’ baseline conditions must be measured withthe carpet and wood

blocks extending into the test region.

• In an equilibrium boundary layer, better agreement needs to be obtained between

the profile and eddy-correlation methods.

• The number of waves that make up the wave train should be increased to at least six

(with measurements being taken over the next to last wave in the train) to ensure

that the flow has approached a near-equilibrium and approximately spatially

periodic state.

• Additional wind profiles should be obtained along the wave,beginning at 3 mm

above the wave surface, to provide a better characterization of the flow.

• The differences associated with skimming and wake flow should be studied by

varying the spacing (the effective wavelength) of the waves.
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CHAPTER 6

LABORATORY MEASUREMENTS OF THE DRAG COEFFICIENT

OVER A FIXED SHOALING HURRICANE WAVE TRAIN

6.1. Introduction

Knowledge of wind stress in the shoaling region is critical for hurricane storm surge

modeling, particularly in coastal areas with shallow continental shelves. Here, waves

increase in height and steepness, and essentially become ‘rougher’ (from a shape

standpoint) than their deep water counterparts. Due to the extreme difficulty in observing

this phenomenon in hurricane conditions, laboratory simulation becomes vital. Apart from

differences in the surface boundary conditions, fixed wave studies can be indirectly

applied to flow over water waves (e.g., Belcher and Hunt 1998).This study examines

aerodynamic drag on a rigid model of a shoaling hurricane wave in simulated hurricane

force winds using the wind tunnel facility at TTU. The shoaling wave shape under study is

within a specified range of wave asymmetry and skewness values (wave shape

characteristics) for a shoaling wave (Kennedy et al. 2000).To simulate the natural

progression of waves to the shallow water, the boundary layer upwind of the studied wave

train was developed over a series of ‘offshore’ wave shapes.Aerodynamic smooth and

rough surface turbulent boundary layer flow simulations were conducted to show

differences in flow characteristics and behavior. The smooth wave surface serves as a

control for the aerodynamic rough simulation, where the flowis considered to be

independent of Reynolds number (negligible viscous stresses). To the author’s knowledge,

there are currently no laboratory experiments similar to this study, in which wind stress is

investigated utilizing a shoaling hurricane wave shape.

6.2. Experiment detail

The TTU atmospheric boundary layer wind tunnel is 1.83 m wideby 1.2 m high, and

the boundary layer is developed over a maximum fetch length of 15.2 m. For this study,

the boundary layer was developed over carpet (4 mm high shag), an offshore wave train,

and a shoaling wave train placed along the wind tunnel fetch (Fig. 6.1). To generate initial

turbulence and provide boundary layer depth upstream of thewind tunnel fetch, a grid

fence and fence barrier were installed. Description of the flow augmentation devices and
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characteristics of the TTU wind tunnel are provided in Section 4.1. A 3.2 m long by 1.8 m

wide strip of carpet placed along the fetch length served as an initial surface roughness to

generate turbulence and provide growth to the boundary layer. About 0.7 m of wind tunnel

floor was exposed between the fence barrier (235 mm tall) and carpet roughness.

Immediately following the carpet roughness was a series of six triangular-shaped offshore

wave models (total fetch length of 5 m). They simulated deep water hurricane waves and

provided a natural transition to the shoaling wave train. Offshore models were covered by

carpet to increase their roughness, and hence generate turbulence in the boundary layer.

The shoaling wave train, consisting of eight waves (fetch length of 4 m), followed the

offshore train. A length scale of 1:200 was chosen for this experiment (velocity scale 1:4)

– the TTU wind tunnel performs well for simulation scales of this length or smaller. An

in-depth description of the experiment setup follows.
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(a)

(b)

FIG. 6.1. Photos of the experiment configuration: (a) upstream and (b) downstream views in the TTU wind
tunnel.
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a. Shoaling wave model and experiment design

The wave shape under study is representative of a typical hurricane-generated wave

(based on wave height and period) located in the shoaling region. It was modeled after a

wave having the following characteristics: wave heightH = 5 m, periodT = 12 s, and

water depthh = 8 m. Based on linear wave theory, this wave has the following

characteristics: wavelengthL = 102.4 m, wave numberk = 0.0613 m−1, wave phase

speedcp = 8.47 m s−1, and group velocitycg = 7.75 m s−1 (Dean and Dalrymple 1991).

With a wave height of 5 m at a depth of 8 m, this wave is located inthe shoaling region

just outside the surf zone (see Chapter 3).

A shoaling hurricane wave was created numerically by summing four wave harmonics:

4
∑

i=1

Ai cos(ikx+ δi) , (6.1)

of differing amplitudesA, frequencieskx, and phasesδ. The modeled wave was

generated withL = 100 m and thusk = 0.0628 m−1, differing slightly from linear wave

theory. The technique described in Eq. 6.1 results in a wave with a sharper crest and flatter

trough, indicative of a shoaling wave. Shoaling wave shapes(or shallow water waves in

general) can be characterized by their asymmetryAs and skewnessSk. Wave skewness is

a measure of the relative difference in shape of the crest andtrough of a wave. A skewed

surface profile denotes a lack of symmetry with respect to thehorizontal axis. Skewness is

defined as:

Sk =
〈η3〉

〈η2〉3/2
, (6.2)

whereη is the sea surface elevation and〈 〉 is the mean operator. Wave asymmetry

measures the left-right difference in a wave. In other words, an asymmetric surface

elevation profile denotes a lack of symmetry with respect to the vertical axis. Wave

asymmetry is defined as:

As =
〈H(η)3〉
〈η2〉3/2

, (6.3)

whereH(η) is the Hilbert transform of sea surface elevation (computedin MATLAB using

the command ‘hilbert’).

In order to generate a wave profile representative of the shoaling region,Sk andAs

were matched to a numerical nonlinear wave study by Kennedy et al. (2000). Using

Boussinesq-type equations, they compared their numerical results to computed and

measured wave asymmetry and skewness values for experiments performed by Mase and

Kirby (1992) using irregular waves (Fig. 6.2). They found good agreement between both
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measures. As indicated in Fig. 6.2, the surf zone starts at a depth of around 0.1 m.

Therefore, data points between depths0.1 < h < 0.15 provide a range ofAs andSk

values to be matched by the wind tunnel model. After careful ‘tweaking’ of the

harmonics, a representative shoaling wave shape was generated with skewness and

asymmetry of 0.763 and 0.275, respectively. These values fall within the ranges specified

for a shoaling wave. A plot of the shoaling wave is shown in Fig. 6.3. It should be

emphasized that this wave is a statistically valid shoalingwave shape. The difference

between an ‘ideal’ deep water sinusoid wave and a shoaling wave is obvious.
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FIG. 6.2. Computed and measured: (a) wave asymmetry and (b) waveskewness. The verticaldashedline
denotes the approximate start of the surf zone (h ≈ 0.1 m). The shoaling region is located to the right of this
line. Adapted from Kennedy et al. (2000).

For this wave shape to be correctly utilized in the wind tunnel, proper orientation of

the wave (and thus wind direction) must be determined. When waves are located in

shallow water, the gentle-sloped side of the wave faces out to sea and the steeper-sloped

side towards the coast (Dean and Dalrymple 1991). This studyis concerned with drag

produced in an onshore wind flow regime, as this is the most critical flow direction for

storm surge. Orientation of the shoaling wave for onshore flow is shown in Fig. 6.3.
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FIG. 6.3. Model scale dimensions of the shoaling hurricane waveshape utilized in this study. Note that the
wave shape is distorted in a visual sense – wave height is small relative to wavelength.

Eight ABS plastic models of the shoaling wave were precisely constructed using a 3-D

printer. Printed models had the following characteristics: L = 500 mm, trough to crest

wave heightH = 25 mm, widthW = 253 mm, and thicknessD = 3.175 mm. Due to

their relatively long wavelength, each wave consisted of three pieces that were fitted flush

together and secured using glue. Pieces connected atL = 178 mm (x/L = 0.356) and

L = 338 mm (x/L = 0.676, Fig. 6.4). The models were oriented normal to the flow, and

along the centerline of the wind tunnel. Each model was counter-sunk on its four corners

and secured to the wind tunnel floor using screws. Masking tape was carefully placed at

the transitions between the wave models (e.g., between the second and third waves in the

wave train), and over the screws to reduce the generation of unwanted flow distortions at

these locations. The wave models occupied a total fetch length of 4 m. Since the models

were relatively narrow compared to wind tunnel width (W/Wwt = 0.14, a result of printer

limitations), dummy shoaling wave models were placed on either side of the precise

models to occupy the remainder of the wind tunnel width.
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(a)

(b)

(c)

1 2 3

FIG. 6.4. Photos of the shoaling wave model: (a) top, (b) bottom,and (c) side views. The labels1, 2, and3
in (a) denote the three pieces of the model (connection locations accented by thedashedlines).
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The dummy waves were constructed using 3.175 mm (1/8 inch) tempered hardwood

(eucaboard) and a block of medium-density fiberboard (MDF).Although their overall

shape differed from the precise models, the height and length dimensions were identical –

this consistency helped ensure 2-D flow (Fig. 6.5). The modelbases (571.5 mm wide by

500 mm long) were counter-sunk and secured to the wind tunnelfloor using wood screws.

The dummy models were pieced together and attached with woodglue. Photos of the

dummy wave models are provided in Figs. 6.6 and 6.7 – they demonstrate the close

resemblance and flush fit between the dummy and printed wave models. Masking tape

was placed on all exposed edges to simulate the ‘smooth’ profile of the shoaling wave by

eliminating abrupt changes in height and preventing spurious flow leakages.
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FIG. 6.5. Schematic diagram of the dummy shoaling wave model (units are in mm) – models are 571.5 mm
wide.
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(a)

(b)

FIG. 6.6. Photos of the dummy and precise shoaling wave models installed in the wind tunnel.
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(a)

(b)

FIG. 6.7. Close-up of the dummy and precise shoaling wave models, highlighting the close resemblance
and flush fit.
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As an ocean wave approaches the coast its wavelength decreases and its height

increases. Three variations of triangular wave shapes wereused to simulate air flow over

offshore waves and provide a somewhat natural transition tothe shoaling wave train under

study. Shallow water transition was simulated by increasing triangular wave steepness

H/L (with H remaining constant). The farthest upstream (i.e., offshore) wave was

modeled after a deep water wave having the following characteristics:H = 5 m,T = 12

s, andL = 200 m (H/L = 2.5). The next set of model waves had wavelengths reduced to

170 m (H/L = 3.0), followed by a decrease toL = 130 m (H/L = 3.9). Idealized

characteristics of the modeled offshore waves are providedin Table 6.1. Although

offshore (deep water) waves ideally exhibit a sinusoid shape, constructing large sinusoid

models is difficult. Therefore, triangular waves were used as the offshore shape. Turbulent

air flow over a triangle is very similar to the flow over a sinusoid. However, due to the

small length scale of simulation resulting in very small wave heights, the idealized

triangles could not be constructed and a modified triangularshape was utilized.

TABLE 6.1. Idealized characteristics of the triangular wave shapes used in this experiment to simulate
offshore sinusoid waves transitioning to shoaling waves (length scale 1:200).

Full Scale

Wave H (mm) L (mm) Steepness (%) H (m) L (m)

Triangular 1a 25 1000 2.5 5 200
Triangular 1b 25 1000 2.5 5 200
Triangular 2a 25 850 3.0 5 170
Triangular 2b 25 850 3.0 5 170
Triangular 3a 25 650 3.9 5 130
Triangular 3b 25 650 3.9 5 130

Similar to the dummy waves, offshore triangular wave modelswere constructed using

3.175 mm tempered hardwood. Triangular shapes were createdby incrementing the length

of hardwood pieces and stacking them. Dimensions of the layers are provided in Table 6.2

and shown in Fig. 6.8. Completed models were 1.7 m wide and the eight layers resulted in

wave heights of 25.4 mm (slightly lower than the shoaling models). When placed along

the centerline of the wind tunnel, there was approximately 50 mm of exposed wind tunnel

floor on either side of the models adjacent to the wind tunnel side walls. Upstream

roughness wave achieved by placing 4 mm high shag carpet overthe models – the carpet

was secured tightly to the models in order to maintain the triangular shape. Photos of the

offshore wave models before and after the carpet was installed are shown in Fig. 6.9.
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TABLE 6.2. Model scale dimensions of the triangular wave shapes used in this experiment. Each layer is a
3.175 mm (1/8 inch) piece of tempered hardwood cut to the specified length dimension and all pieces to a
width of 1.7 m (the TTU wind tunnel is 1.8 m wide).

Layers (mm)

Wave Model 1 2 3 4 5 6 7 8

Triangular 1 1000 876 752 625 502 378 251 127
Triangular 2 850 746 638 533 425 321 213 108
Triangular 3 650 572 489 406 327 244 165 83
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FIG. 6.8. Model scale dimensions of the offshore triangle waves: (a) L = 1000 mm, (b) L = 850 mm, and (c)
L = 650 mm .
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(a)

(b)

FIG. 6.9. Photos of the offshore wave models: (a) prior to installation of the carpet (looking downstream)
and (b) after (looking upstream) in the wind tunnel.
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When the developing boundary layer encounters the shoaling wave train, it adjusts to

this underlying surface. Flow periodicity can be achieved since the underlying topography

is periodic. Previous research has determined that if thereare a sufficient number of

waves, the flow is able to reach an equilibrium configuration (Beebe 1972). Counihan

(1974) found that the flow essentially becomes periodic downstream of the third wave

crest. Similarly, using a train of 16 steep laboratory waves, Gong et al. (1999) found that

the flow reached a near-equilibrium, periodic state by the third or fourth waves. Results

from the pilot experiment showed that the flow is in a near-equilibrium, approximately

spatially periodic state by the third wave (with one wave downstream). In the present

study, measurements were taken over the sixth wave model with two waves downstream –

ensuring that the flow has reached equilibrium.

To relate wind tunnel measurements to full scale (FS), length, velocity, and time scales

must be determined. As mentioned before, models waves were scaled as 1:200. This scale

reduction placed the standard 10 m meteorological reference heightzr at 50 mm model

scale (MS) above the displacement planed = 12.5 mm. For this experimentd was set at

the theoretical MWL of0.5h = 12.5 mm. This essentially setsz = 0 at 12.5 mm. A

velocity scale was chosen based on a spatial average of the five wind tunnel longitudinal

(streamwise orU -component) reference wind speeds obtained (oneU10 value for each

profile, see below). The average of these five values represents the wind speed that needs

to be scaled to, at minimum, a category one hurricane (U10 > 33 m s−1). Based on an

average reference wind speed of 10.6 m s−1 for the smooth surface simulation and 10.0

m s−1 for the rough surface, a velocity scale of 1:4 was selected. Full scale mean wind

speeds are 42.4 m s−1 and 40.0 m s−1 for the smooth and rough surface simulations,

respectively. Both speeds are on the upper end of a category one hurricane (upper limit

≤ 43.0 m s−1). Full scale wind speeds of this magnitude will generate waves similar in

height to the shoaling model utilized in this study (note that wave height is highly

dependent on local bathymetry).

b. Experiment method and analysis techniques

The experiment consisted of two parts to investigate the drag coefficient over a

shoaling wave train: (1) detailed wind profile and (2) surface pressure measurements were

taken along the centerline of the sixth shoaling wave model.Wind profiles were sampled

at five locations along the wave. They were used to determine wind profile parameters and

computeCD. A characteristicCD was determined by spatially averaging values obtained

at the five locations. Pressure measurements were used to characterize the air flow over
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the wave shape and estimate the form drag coefficient.

A Turbulent Flow Instrumentation Cobra Probe attached to an automated traverse

measured the boundary layer profiles at a sampling frequencyof 250 Hz (equivalent to 5

Hz at full scale). The computer program that controls the Cobra Probe computes mean

wind speed, turbulence intensity, and Reynolds stress profiles, and provides the raw time

series data for the three velocity components. Wind profiles, depicted in Fig. 6.10, were

sampled at: location A at the leading edge of the sixth wavezs = 0 mm (L = 0 mm,

wherezs is the height of the wave surface), location B on the upwind side of the wave at

zs = 12.5 mm (L = 241 mm), location C directly above the wave crestzs = 25 mm

(L = 318 mm), location D on the downwind side of the wave atzs = 12.5 mm (L = 390

mm), and location E at the end of the sixth wavezs = 0 mm (L = 500 mm).

Vertical profiles were divided into inner and outer boundarylayers (Fig. 6.10). The

inner boundary was defined as the portion of wind profile below100 mm above the

displacement plane (discussed below). Measurements within the inner boundary were

sampled in 5 mm vertical increments (1 m FS). Outer boundary layer step size was

increased to 25 mm (5 m FS), and reached a maximum height of 400mm (80 m FS). A

smaller step size was used in the inner layer to provide a detailed representation of the

flow in this critical region. Since a displacement plane was employed, wind profiles began

at different starting heights above the wave surface (2.5 or5 mm) to keep uniform wind

profile heights (relative tod) at each of the five locations. The profiles started at: 2.5 mm

abovezs (-10 mm belowd) at locations A and E; 5 mm abovezs (5 mm aboved) at

location B and D; and 2.5 mm abovezs (15 mm aboved) at location C. Measurements

were taken below the displacement plane at locations A and E to obtain a complete wind

profile. Data points belowd were not used in the analysis. The sampling period at each

step was 73.728 s at a frequency of 250 Hz (18,432 data points at each level). With a time

scale of 1:50, 73.728 s of model data represents just over an hour of prototype data.

Regardless, wind data collected in the TTU wind tunnel tend tostabilize after about 40 s.
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FIG. 6.10. Schematic diagram of the experimental plan/setup for the Cobra probe profiles. The ‘X’ marks
denote locations where the profiles were sampled (denoted A–E) andzr is the reference height (50 mm
model scale, 10 m full scale). The numbers with an ‘*’ centered over the top indicate the first measurement
height for that profile location; referenced as above (positive values) and below (negative values) the
displacement planed = 12.5 mm. Note that only measurements aboved were used in the analysis.
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The drag coefficient was estimated using the profile, eddy-correlation (EC), and

turbulence intensity (TI) methods. Since these methods areindependent of each other,

CD values can be compared. Drag coefficients were computed fromestimates ofu∗ and

the reference height mean wind speed, reproduced below:

CD =

(

u∗

U10

)2

. (6.4)

Drag coefficients determined using the profile, EC, and TI are hereafter denotedCD(P),

CD(EC), andCD(TI), respectively. Wind tunnel studies typically use the profile method to

compute wind profile parameters. AlthoughCD values are presented for all methods,

those determined using the profile method are consistent with the literature. Drag values

computed with the TI method are primarily used for consistency with full scale analyses

(Chapter 7). A short description of each method is provided below (complete description

of these methods is provided in Chapter 2).

The profile technique uses the method of least squares applied to the vertical mean

wind speed profile to estimateu∗ andzo. Use of Eq. 6.4 requires that the 10 m reference

height mean wind speed is known. Strategic planning of the wind profile height

increments allowed exactU10 measurements at each of the five profile locations to be

obtained. The EC method provided a second, independent estimate ofCD using the

fluctuating velocity componentsu′, v′, andw′ at the reference height. The angle between

the stress vector and the longitudinal wind component wasθ < 0.15° for both the smooth

and rough surface simulations. This small angle ensures that the kinematic flux ofv′w′

momentum can be ignored. However, because the underlying wave surface is

non-homogeneous, the mean correlation terms need to be taken into account for the true

momentum balance, asW may be non-zero. AssumingW 6= 0, the largest contribution

would come from theU W term. Due to instrument limitations and experiment sampling

procedures, this term could not be properly accounted for, and is ignored (assume that

W ≈ 0) in the computation ofu∗. Under these assumptions, the wind data obtained atzr

can be used to estimate the friction velocity, defined as:

u∗ = (u′w′)1/2 . (6.5)

A third independent estimate was determined using the longitudinal turbulence intensity

(TI method) computed from wind observations atzr:

u∗ =
kU

ln(zr/zo(Iu))
, (6.6)
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Pressure measurements were obtained using a Scanivalve system connected to a data

acquisition computer scanning at 248 Hz (equivalent to∼ 5 Hz at full scale). A sampling

rate of 250 Hz (to be consistent with wind data) was not possible due to limitations of the

Scanivalve system. Local pressure time histories were recorded for 72 s (17,857 scans),

which is equivalent to an hour of full scale data. The sixth wave model was pressure

tapped along its centerline – Fig. 6.11 shows the location ofthe 32 pressure taps. To tap

the wave, a pressure tap was first placed at the wave crest (L = 318 mm). Then, taps were

placed in 10 mm increments down both sides of the wave until reaching the half wave

height (or amplitudeA, zs = 12.5 mm). Past the midway point (L = 241 mm on upwind

portion andL = 390 mm downwind) pressure taps were placed in 20 mm increments. The

last upwind and downwind taps were located 14 mm and 7 mm from the end of the wave,

respectively. A closer tap spacing was necessary near the crest to provide an accurate

measure of form drag. For simplicity, taps were labeled from1–32, with one being the

farthest upstream tap.

Careful attention was given to the pressure tapping process to ensure that reliable data

were obtained. In order to ensure a tight fit, a drill bit slightly smaller than the tubing was

used to drill the tap holes. Then, a 90 mm length of vinyl tubing was glued into each of the

tap holes. This larger diameter tubing of 1/16 inch I.D.× 1/8 inch O.D. was then reduced

to 3/32 inch I.D.× 5/32 inch O.D. tubing which connected to the Scanivalve module. The

total length of tubing for each tap was 290 mm. Pressure corrections were not necessary

as this length provides good amplitude and phase characteristics (Holmes 2001).

Mean pressure coefficientsCp were computed using Eq. 5.3. Time histories of

Cp were visually examined and tested for stationary using the runs test and the reverse

arrangement test (Bendat and Piersol 1986). As anticipated,the time series were

stationary in both the first (mean) and second (variance) moments. Pressure coefficients

were used to compute the form drag coefficient using Eq. 5.4. Local surface wave slopeαi

was determined numerically from the values used to generatethe shoaling wave shape. A

schematic of the variables used to computeCDF
are shown in Fig. 6.12.
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(a)

(b)

FIG. 6.11. Photos of the pressure tapped model (taps labeled 1–32): (a) top view and (b) side/bottom view.
Vinyl tubing is approximately 90 mm long.
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FIG. 6.12. Schematic diagram of the variables used to compute the form drag coefficient. In this example,
Cpi

is negative (suction pressure) on the leeward portion of thewave, which results in positive form drag.

c. Smooth and rough model surfaces

As mentioned before, two simulations of differing roughness Reynolds numbers were

conducted. The relatively smooth surface was described above, where no additional

roughness elements were added to the model wave surfaces. However, the models have an

inherent roughness associated with the printing process. Waves are printed by layering

ABS plastic (in this case normal to the flow), as to create a slight ‘ribbed’ feel to the

waves. A spatial mean roughness Reynolds number was computedfor each stress method

by taking an average of theRer values obtained along the wave. The profile method could

not be applied at the wave crest due a pronounced speedup region resulting in poor

log-law fits. Table 6.3 shows the heights at which the log-lawwas first applied and the

associated correlation coefficientsR2. The profile method yieldsRer = 0.045 and an

average of the profile, EC, and TI methods isRer = 2.3 (Table 6.4). Based on the profile

method, the flow is aerodynamically smooth. The method-averagedRer value indicates a

transitional flow regime.
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TABLE 6.3. Smooth and rough wave surface simulation correlation coefficientsR2 and model scale (MS)
and full scale (FS) vertical heights where the log-law was first applied. Log-law fits were modified by
removing data points in the lower levels that significantly deviated from a linear fit. After deviations in the
lowest levels were removed, fits were applied to the remaining data points up to a maximum height of 100
mm MS (20 m FS). Log-law fits were poor at the crest due to a pronounced speedup region – these data
were omitted from the analysis.

Smooth Rough

Profile Location R2 MS (mm) FS (m) R2 MS (mm) FS (m)

A 0.964 25 5 0.998 10 2
B 0.992 10 2 0.993 20 4
C — — — — — —
D 0.953 25 5 0.978 20 4
E 0.985 25 5 0.987 30 6
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TABLE 6.4. Roughness Reynolds number (Rer = zou∗/νa) calculations via profile, turbulence intensity (TI), and eddy-correlation (EC) methods for the smooth
surface simulation. Profiles were taken at five locations along the wave: (A) beginning of sixth wave, (B) upstream half wave height, (C) wave crest, (D)
downstream half wave height, and (E) end of the sixth wave. CharacteristicRer values were calculated by taking a wavelength average. EC and TI methods were
employed using wind data obtained at the reference heightzr = 50 mm (10 m full scale). Air kinematic viscosityνa was calculated based on the mean wind
tunnel temperature and pressure during each profile. Profilemethod regression fits were poor at the wave crest due to speedup and hence omitted from the analysis.

Profile Turbulence Intensity Eddy-Correlation

Profile Location zo (m) u∗ (m s−1) Rer zo (m) u∗ (m s−1) Rer zo (m) u∗ (m s−1) Rer

A 4.1E-06 0.42 0.10 1.0E-04 0.63 3.7 1.8E-04 0.69 6.9
B 1.5E-06 0.41 0.035 4.3E-05 0.61 1.5 2.1E-05 0.55 0.64
C — — — 4.5E-05 0.66 1.7 5.3E-05 0.68 2.0
D 8.1E-10 0.24 1.1E-05 4.8E-05 0.63 1.7 1.5E-04 0.76 6.4
E 2.0E-06 0.40 0.046 7.7E-05 0.62 2.7 1.7E-04 0.71 7.0

Mean 1.9E-06 0.37 0.045 6.3E-05 0.63 2.3 1.1E-04 0.68 4.6
St. Dev. 1.7E-06 0.083 0.041 2.6E-05 0.021 0.93 7.3E-05 0.078 3.0
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For the rough surface simulation, upstream turbulence was generated by placing

square bass wood trips on three waves upstream of the tested model (Fig. 6.13).

Dimensions of the trips were 1.5875 mm× 1.5875 mm× 254 mm (HWL, 1/16 inch×
1/16 inch× 10 inch). The trips were oriented normal to the flow and placedin

approximately 20 mm increments along the arc of the waves fora total of 25 trips on each

wave. It should be noted that the first pressure tap on the sixth (tested) wave model was

located 29.5 mm from the last trip on the upstream model. In addition to the trips

upstream, local roughness was enhanced by placing a griddedfiberglass insect screen over

the tested model (Fig. 6.14). The grid size was 1.5875 mm (1/16 inch). The screen was

secured to the model using double-sided tape, allowing for aflush fit (the screen had

minimal thickness). Pressure tests conducted prior to and after installation of the screen

confirmed that measurements were not affected by this addition. Generation of turbulence

upstream successfully increased the roughness Reynolds number for this simulation to an

overall mean value ofRer = 12.5, andRer = 3.1 obtained using the profile method

(Table 6.5). Regardless of the method employed, the flow was aerodynamically rough, and

thus this simulation has negligible dependence on Reynolds number.
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(a)

(b)

FIG. 6.13. Photos of square bass wood turbulence trips with dimensions 1.5875 mm× 1.5875 mm× 254
mm (HWL, 1/16 inch× 1/16 inch× 10 inch). Trips were installed on three waves upstream of thesixth
(tested) wave model.
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(a)

(b)

FIG. 6.14. Photos of the fiberglass insect screen installed on the sixth (tested) wave model (grids were
spaced in 1.5875 mm (1/16 inch) increments.
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TABLE 6.5. As in Table 6.4, but for the rough surface simulation.

Profile Turbulence Intensity Eddy-Correlation

Profile Location zo (m) u∗ (m s−1) Rer zo (m) u∗ (m s−1) Rer zo (m) u∗ (m s−1) Rer

A 1.8E-04 0.66 6.9 3.8E-04 0.76 17 6.6E-04 0.85 32
B 9.7E-05 0.63 3.5 3.0E-04 0.77 13 4.3E-04 0.83 20
C — — — 1.4E-04 0.75 6.1 2.7E-04 0.84 13
D 5.6E-06 0.46 0.15 1.7E-04 0.72 7.2 5.0E-04 0.89 25
E 5.2E-05 0.56 1.66 2.6E-04 0.72 11 5.6E-04 0.85 27

Mean 8.4E-05 0.58 3.1 2.5E-04 0.74 11 4.8E-04 0.85 24
St. Dev. 8.4E-05 0.073 1.5 6.5E-05 0.020 2.9 1.1E-04 0.022 5.4
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d. Flow characteristics

Application of the profile, TI, and EC methods requires a constant flux of momentum

with height to ensure validity of Monin-Obukhov similaritytheory, and more importantly

the validity of the flow simulation. MO theory is not valid below the surface layer, in a

region coined the interfacial sublayer (or viscous sublayer for aerodynamic smooth flow).

Within the interfacial sublayer momentum flux increases from zero at ground level and

reaches a maximum value at its upper boundary. Wind tunnel modeling of the constant

flux layer is challenging and is often overlooked for variousreasons. Using the long test

section wind tunnel (fetch length of 29.0 m) at Colorado StateUniversity, Cermak et al.

(1995) simulated a constant shear stress region. They developed a neutral boundary layer

using a set of flow-modification devices: spires, inclined horizontal vanes, 2-D trips, and

peg board or chain placed along the remaining fetch (21.9 m).Cermak et al. (1995)

measured profiles at various distances upstreamx = 0, 2.5, 5, 7.5, 10 m from the turntable

(atx = 0). They found that shear stress profiles reached equilibriumby the turntable

(Fig. 6.15). However, stress profiles are curious in that plots of wind speed (not presented

here) started at or very near the wind tunnel floor, while stress profiles are elevated to some

unknown height. The actual height where stress became constant was not presented in the

paper. The lowest data point at the turntable suggests that stress may continue to decrease

if the profile was taken closer to the wind tunnel floor. Therefore, close to the wind tunnel

floor shear stress increases with height and, at some critical heightzc, becomes constant

with increasingz. Therefore, developing a constant flux layer may be difficultto achieve.

x = 5 x = 7.5 x = 10

z = 500 mm

u
*
 = 0.579 m s-1 is the

shear velocity at x = 0 m.

2.01.0 1.01.0 1.0 2.02.02.0 3.0

(-u’w’)1/2/u
*
 

1.0 2.0

(-u’w’)1/2/u
*
 (-u’w’)1/2/u

*
 (-u’w’)1/2/u

*
 (-u’w’)1/2/u

*
 

x = 0 x = 2.5

FIG. 6.15. Vertical profiles of normalized shear stress (
√

−u′w′/u∗) taken at five locations upstream
x = 0, 2.5, 5, 7.5, 10 m from the turntable (atx = 0) in the wind tunnel at Colorado State University. From
Cermak et al. (1995).

The present study differs from the above work in that the boundary layer was not

developed over a flat, homogeneous wind tunnel surface. Waveheight varies in the

along-wind directionH = f(x). These roughness elements (waves) directly affect the

wind speed and the turbulence within the lower levels of the boundary layer. Normalized

shear stress profiles for the smooth and rough surface simulations are shown in Fig. 6.16.
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Smooth surface simulation profiles show that stress is increasing through the reference

height (z/zr = 1), up to aboutz/zr = 3.5. Stress is approximately constant by the

reference height at all locations in the aerodynamic rough simulation.

Varying stress is a complex issue for data collected both at full scale and in the

laboratory. To the author’s knowledge, a way around this issue has not yet been

determined. This work does not attempt to solve this problem. Therefore, only two

options exist for the smooth surface simulation: (1) employEC and TI methods using

reference height wind data even though stress is not constant or (2) use a level where

stress is constant (z/zr > 3.5). The second choice was not chosen because above

z/zr > 3.5 turbulence characteristics of the rough and smooth surfacesimulations are

similar, and thus not representative of local surface conditions. Therefore, EC and TI

methods are applied at the reference height in a region of increasing stress for the smooth

surface simulation. The profile method is least affected since the log-law is, on average, fit

to data points in both the varying and constant stress layer.As mentioned above, stress

profiles were relatively constant by the reference height inthe rough surface case.

Therefore, greater confidence is placed in employing the TI and EC methods (and profile)

for the rough surface simulation.
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FIG. 6.16. Vertical profiles of normalized shear stress
√

−u′w′/u∗ for the five profile locations A–E (a–e)
along the sixth shoaling wave model for the smooth(dot–∗) and rough surface(dot–x)simulations. Theu∗

values used to normalize the data are a spatial (wavelength)average of the reference heightzr = 50 mm
values at each profile location.
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A power spectral density function (PSD) represents the distribution of turbulent

energy contained in a signal with respect to frequency. Longitudinal (U -component) wind

speed time series collected at the reference height (50 mm) for each of the five profile

locations were broken into 10 min FS segments or windows (12 sMS or 3000 data

points). For each data window, power spectra were computed in MATLAB using Welch’s

averaged, modified periodogram method with 50% overlap of the neighboring data blocks.

A Hann window, which has the shape raised cosine function, was employed to suppress

spectral leakage (i.e., the ends of the segment are forced tozero regardless of signal

behavior). The presented PSDs are ensemble averages of the 11 individual PSDs for each

profile location. Reduced frequencyfz = nz/U (wheren is the sampling frequency) and

the normalized spectrumnSU(n)/u2
∗

are plotted on thex- andy-axes, respectively. Model

scale simulated wind spectra atzr were compared to offshore Kareem spectrum (e.g.,

Kareem 1985; Gurley and Kareem 1993):

nSU

u2
∗

=
335fz

(1 + 71fz)5/3
. (6.7)

Figs. 6.17 and 6.18 show good agreement with the Kareem spectrum. The simulated

spectra, especially for the smooth surface simulation, do an excellent job in the low

frequency range, but contain less high frequency energy than predicted by the empirical

relation. The simulated spectra contain slightly less low-frequency energy than Kareem

model, but this is to be expected in wind tunnel simulations (due to the difficultly in

reproducing low-frequency energy). Also the spectral peaks do not align, as peaks in the

simulated spectrum are generally shifted toward lower frequencies.
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FIG. 6.17. Normalized power spectral densitynSU (n)/u2
∗

for the five profile locations A–E (a–e) along the
sixth shoaling wave at a model scale height of 50 mm (10 m FS) for the smooth surface simulation. The
plotted spectra are an ensemble average of 10 min full scale data segments (3000 data points). Simulated
data are compared with the Kareem spectrum(dots).
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FIG. 6.18. As in Fig. 6.17, but for the rough surface simulation.
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6.3. Results and discussion

Results obtained from vertical profile and centerline local pressure time histories for

the smooth and rough surface simulations are presented below. Profiles were ultimately

used to compute the drag coefficient from estimates ofu∗ via the profile, turbulence

intensity, and eddy-correlation methods. In addition to providing pressure coefficient

distribution along the wave to infer flow behavior, pressuremeasurements were used to

estimate form dragCDF
. Unless otherwise stated, all drag coefficients discussed hereafter

are scaled as×1000.

a. Vertical profiles

In hurricane conditions the World Meteorological Organization (WMO) computes

10-min mean winds. A wind tunnel study modeling this scenario needs to calculate

10-min prototype means to have direct relation. However, wind tunnel studies only require

that the data are stationary. Previous wind tunnel experience indicates that parameters

stabilize after about 40 s. Data presented below are 73.728 averages, which represent

61.44 min of prototype data (time scale 1:50). It should be noted that 12.29 s (10-min FS)

segment means were computed, and it was found that the average of these segments yields

nearly identical values to the ones presented – indicating that stationarity has been

achieved.

Two styles of figures are presented below. The first set of figures show changes inU ,

Iu, and normalized shear stress profiles along the wave (Figs. 6.19–6.21) by plotting all

profile locations on a single figure. Each profile location is discussed separately below

(next set of figures). General observations that need mentioning here are: (1) vertical

profiles vary significantly along the wave; (2) the depth of the wave boundary layer

(WBL) is dependent on surface roughness; (3) the height of the WBLis relatively

independent of profile location along the wavelength; (4) pronounced speedup occurs over

the wave crest; (5) locations B and D exhibit the effects of accelerated flow (which is

maximum over the wave crest); and (6) the rough surface simulation location A profiles

are affected by the upstream turbulence trips in the lowest levels.
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FIG. 6.19. Vertical profiles of longitudinal (U -component) wind speed at full scale for all profile locations
(A–E): (a) smooth and (b) rough surface simulations.
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FIG. 6.20. As in Fig. 6.19, but for longitudinal turbulence intensity Iu.
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FIG. 6.21. As in Fig. 6.19, but for normalized shear stress
√

−u′w′/u∗ (whereu∗ is a spatial (wavelength)
average of the reference heightz = 10 m values).
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Plots of mean longitudinal wind speedU , shear stress−u′w′, and turbulence intensity

Iu at each profile location are shown in Figs. 6.22–6.26. Smoothand rough surface

simulations are plotted on the same figure for comparison, along with ASCE Exposures C

and D. Height and wind speed are normalized by reference values. Shear stress is

normalized by a spatial (wavelength) average ofu∗ at the reference height. All height

values were taken as above the displacement planed = 12.5 mm.

Complete (z/zr ≤ 8) and inner boundary (z/zr ≤ 2) wind speed, turbulence intensity,

and shear stress profiles at location A are shown in Fig. 6.22.Within the inner boundary,

wind profiles correspond closely with Exposures C and D for the rough and smooth

surface simulations, respectively. Wind speeds here are lower than they are over the

sloping portion (B, C, and D) of the wave. This result is due to the presence of a negative

velocity perturbation (driven by the positive pressure gradient) which extends well into the

outer layer (e.g., Jackson and Hunt 1975). Negative velocity perturbations, and hence

slower winds speeds result in higher turbulence intensities (sinceσ remains relatively

constant). For the aerodynamically rough flow, profile A is located 29.5 mm from the last

trip on the upstream model – indicated by a significant increases inIu relative to the

smooth case. Comparison betweenIu profiles at location A and E (Fig. 6.20) shows that

the upstream trips produce much higherIu in the inner boundary. This turbulence is no

longer detectable in the profile at aboutz/zr = 2.5. Above this heightIu profiles match

well and lie between Exposures C and D. Smooth surface shear stress profiles clearly

show that−u′w′ is not constant with height. On the other hand, shear stress profiles are

relatively constant byzr for the rough surface simulation. Departures in normalizedshear

stress profiles from 1.0 in the upper levels are likely due to variation in shear stress values

at the reference height, which are used in the normalization. All profiles are consistent

with the mean flow remaining attached (confirmed by flow visualization, not shown).
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FIG. 6.22. Vertical profiles sampled at location A (beginning ofsixth wave) for the smooth(dot–∗) and
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FIG. 6.22. Continued
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The second vertical profile (location B) was taken 241 mm downstream from A at the

upstream half wave heightzs = 12.5 mm. The first measurement was taken 5 mm above

the wave surface. Plots ofIu (Fig. 6.23c–d) show decreased values near the wave surface

in association with accelerated flow. This observation is consistent with surface pressure

measurements, which indicate a strong negative pressure gradient (discussed below).

Negative pressure perturbations drive positive velocity perturbations with height. Thus,

wind speeds here are faster than at location A for both the smooth and rough surface

simulations. Shear stress profiles show that stress is near-constant by the reference height

for the rough surface simulation.
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FIG. 6.23. As in Fig. 6.22, but for location B at the upstream halfwave height (zs = 0.5H = 12.5 mm).
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Mean wind speed profile plots at the crest (location C) indicate a pronounced region

(vertical extent) of accelerated flow (Fig. 6.24). The speedup region in the smooth surface

case is greater and deeper than the rough. This result is due to the difference in upstream

turbulence in the approach flow. Less turbulence leads to greater flow acceleration

compared to a more turbulent flow regime. Speedup regions extended to aboutz/zr < 1.2

andz/zr < 2.5 for the rough and smooth surface simulations, respectively. In the speedup

region there was a significant decrease inIu for the rough surface simulation (slight

decrease for the smooth), especially near the wave surface.A nose of increased wind

speeds exists just above the wave crest with velocities higher than atzr in the smooth

surface case. For aerodynamically rough flow, shear stress becomes near-constant by

z/zr = 1.
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FIG. 6.24. As in Fig. 6.22, but for location C at the wave crest (zs = H = 25 mm).
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Fig. 6.25 provides plots of vertical profiles taken at location D. The lowest three

measurement locations were taken near or below the wave height, and thus experience

some wake-effects. If the flow were to separate it would occurin lee of the crest. As

mentioned above, it is possible that intermittent flow separation existed in lee of the crest,

but the mean flow remained attached. This result is confirmed by mean pressure

coefficients, which show no indications of detached flow (Fig. 6.30). Since shear stress is

more variable at the reference height for location D than theother profile locations, some

error is introduced into the analysis here. Wind speeds are slowing down compared to the

wave crest. This result is indicated by an increase in near-surface turbulence intensities

and generally higher values throughout the lower boundary for both surface roughness

cases.Iu profiles are starting to take shape of those observed at location B (albeit lower

overall values). Velocity perturbations are positive in this region, and compared to

location B, mean winds are faster at D for both cases. Therefore, turbulence intensities are

higher at B.
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FIG. 6.25. As in Fig. 6.22, but for location D at the downstream half wave height (zs = 0.5H = 12.5 mm).
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Mean flow continues to slow down at location E (Fig. 6.26). As aresult,Iu continues

to increase near the wave surface and throughout the inner boundary for both surface

simulations. Rough surface simulation shear stress values become constant with height by

z/zr = 1. Profiles A and E were obtained in the same wave-relative location, which

allows for unique comparison of the boundary layer profiles.Measurements should, in

theory, be similar if the flow is indeed in a near-equilibrium, approximately spatially

periodic state (excluding boundary layer growth). For the smooth surface simulation all

upstream shoaling waves were periodic with ‘identical’ roughness (very slight differences

exist due to the printing process). Fig. 6.27a–c comparesU , Iu, and−u′w′ profiles for

locations A and E. Visual examination shows that TI profiles have the greatest difference,

while wind speed and shear stress profiles are in better agreement. MeanU profiles were

similar with mean percent differences of less than 1.0%.Iu and−u′w′ differences were

less than 3.75% and 2.75%, respectively. Vertical profile differences can, in part, be

attributed to systematic error in the Cobra probe. For TI< 30% the probe is accurate

within ± 0.5 m s−1 – values reported above are within this error.

Unfortunately, the rough surface simulation had non-uniform upstream conditions

since the turbuelnce trips were not placed on the tested model (direct comparison between

A and E is not possible). Fig. 6.27d–f shows the effect of the trips located just upstream of

A. Turbulence trips cause slower wind speeds and significantly higherIu (and−u′w′) in

the lower levels. Affects are observed throughout the profile, where location A wind

speeds are slower than location E, and shear stress and turbulence intensities are higher.

As noted, differences are greatest closest to the surface and decrease with increasing

height. Above the reference height the largest percent differences are 2.6%, 5.7%, and

1.3% (4.8%, 10.7%, and 6.6% belowzr), respectively forU , Iu, and−u′w′. Based on this

analysis, profiles were in equilibrium at the sixth wave for the smooth surface simulation,

but in near-equilibrium for the rough case due to the turbulence trips upstream.
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FIG. 6.26. As in Fig. 6.22, but for location E at the downstream end of the sixth wave (zs = 0 mm).
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FIG. 6.27. Smooth (a–c) and rough (d–f) surface simulation vertical profile comparison of locations A
(dot–∗) and E(dot–x): (a,d) longitudinal wind speedU , (b,e) longitudinal turbulence intensityIu (%), and
(c,f) normalized shear stress

√
u′w′/u∗ (whereu∗ is a spatial (wavelength) average at the reference height

of 50 mm model scale).
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b. Drag coefficient analysis

Drag coefficient estimates for the smooth surface simulation are provided in Table 6.6.

Results are presented for each method, but the most confidenceis placed in those

determined using the profile method. Results indicate that: (1)CD is dependent on the

method employed; (2) drag coefficients for each method are relatively consistent over the

wave (except for profile method at location D); (3)CD(P) estimates are lower than the

other methods; and (4) locations A and E have the highest drags (valid for all methods).

Simplet tests were conducted usingu∗ andCD arrays obtained for each method at

α = 0.05. Tests found that meanCD andu∗ values come from different populations for all

combinations, except TI and EC for both parameters. In otherwords, there is no difference

between the EC and TI method mean drag coefficient values (or friction velocities).

Therefore, EC and TI methods essentially provide a single value for comparison.

Since velocity data deviated from the log-law near the wave surface, profile method

least square fits were modified by removing these data points from the regression. Data

points were removed because including them would introduceerror into theu∗ and

zo estimates. For example, if the lowest few wind speed data points were faster than that

predicted by the log-law, inclusion of these points would result in smalleru∗ and

zo values. In general, the profile method should not be employedin regions that deviate

significantly from the log-law. Poor agreement with the log-law near the wave surface was

expected (e.g., Sjöblom and Smedman 2003). Starting heights for the fits are provided

above in Table 6.3. Some of the variability inu∗ estimates could arise from different

log-law starting heights. However, all fits had the same maximum height of 100 mm. This

height was chosen based on boundary layer growth over the shoaling waves – 100 mm

ensures that data employed in the fit are representative of the wave surface

(topographically induced) and not the outer layer. Strong linear relationships were

observed for both simulations:R2 > 0.95 (smooth) andR2 > 0.97 (rough). Due to a deep

region of accelerated flow over the crest producing poor log-law fits, results are not

presented for data obtained at the wave crest. Compared to theremaining profile locations,

location D had the lowestR2 value (discussed below).

It is not surprising thatCD values are dependent on method (e.g., Tseng et al. 1992;

Barthelmie et al. 1993; Weber 1999). As mentioned above, non-constant shear stress at

the reference height has a direct effect on EC estimates. In equilibrium conditions, it is

likely thatu∗ estimates would be lower than the values reported (based on Fig. 6.15).

Performance of the TI method is somewhat uncertain as it was not employed in the pilot

study. As indicated by thet test, TI values are not independent from the EC method.
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CD(P) values are approximately half of those obtained using the other methods.

CD andu∗ values were relatively consistent along the wave (exceptCD(P) at location

D). Location D was affected by accelerated flow over the wave crest and possibly

experiencing some wake-effects (a minimum correlation coefficient was observed here

R2 = 0.953). This resulted in a less sheared profile, and thus smallerzo andu∗ values

compared to the other wind profile locations. LocalCD maxima were observed at

locations A and E. This result is primarily due to slower reference wind speeds, and not

higheru∗. Other locations have higherU10 due to compressed streamlines over the wave

crest and positive velocity perturbations over the sloped portion of the wave. However,

locations A and E were located in a relatively flat portion of the wave, far enough away

from the accelerated flow, as to not be significantly affected. Therefore,U10 are slower

and drag coefficients are higher.

Characteristic drag coefficients were computed for each method by taking a

wavelength average.CD values are 1.34, 3.55 and 4.15 for the profile, TI, and EC

methods, respectively. It was noted above that parameters obtained at D might be suspect.

If location D is removed from the mean computationCD(P) = 1.62. In general, the

characteristic drag computed using the profile method is less than half the other methods.

It should not be forgotten that this simulation is Reynolds number dependent and the flow

is aerodynamically smooth. A lack of turbulence in the profiles puts less confidence in the

EC and TI methods, along with varying shear stress. The profile method seems to be more

consistent with anticipated values for aerodynamically smooth flow over a gentle-sloping

wave profile.
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TABLE 6.6. Model scale wind profile parameters and drag coefficientestimates for the smooth surface simulation for each of the five profile locations taken along
the sixth shoaling wave model (train of eight). Wavelength averages are also provided along with standard deviations. Values are based on lengthLr = 1/200 and
velocityVr = 1/4 scales of simulation. Parameters were computed using the ‘Profile’, ‘Turbulence Intensity’, and ‘Eddy-Correlation’ methods.Ur is the mean
longitudinal (streamwise) wind speed measured at 50 mm (10 mfull scale) above the displacement plane (12.5 mm). Eddy-correlation and turbulence intensity
method parameters were computed at the reference height. Profile method log-law fits were applied to velocity data below 100 mm (20 m full scale).

Profile Turbulence Intensity Eddy-Correlation

Profile Ur R2 zo u∗ CD(P) zo u∗ CD(TI) zo u∗ CD(EC)

Location (m s−1) (mm) (m s−1) (×1000) (mm) (m s−1) (×1000) (mm) (m s−1) (×1000)

A 9.77 0.964 0.00412 0.421 1.86 0.103 0.632 4.18 0.176 0.691 5.01
B 10.7 0.992 0.00152 0.406 1.44 0.0435 0.605 3.20 0.0207 0.548 2.62
C 11.6 — — — — 0.0452 0.662 3.26 0.0528 0.677 3.41
D 11.0 0.953 8.14E-07 0.244 0.491 0.0476 0.631 3.29 0.149 0.756 4.72
E 10.0 0.985 0.00203 0.396 1.57 0.0768 0.619 3.83 0.174 0.708 5.02

Mean 10.6 0.974 0.00192 0.367 1.34 0.0633 0.630 3.55 0.115 0.676 4.15
St. Dev. 0.74 0.018 0.0017 0.083 0.59 0.026 0.021 0.43 0.073 0.078 1.1
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Rough surface simulation profile parameters and wavelength averages are shown in

Table 6.7. Turbulence trips effectively generated an aerodynamically rough surface.

Similar to the smooth surface simulation, drags are method-dependent. Student’st tests

were conducted at the 5% significance level and indicated that meanCD andu∗ values for

all methods are in different populations (i.e., method-means are significantly different

from each other). Compared to the smooth surface simulation:(1) mean drags and

standard deviations are higher for all methods and (2) friction velocities are more

consistent for the EC and TI methods.

Table 6.7 indicates that the profile method was most affectedby the trips upstream.

CD varies markedly over the wave (2–5 × 10−3). Drag coefficients (andu∗) at locations A

and B are higher than those at C and D. Turbulence trips just upstream of A and B caused

higher standard deviations, lower wind speeds near the wavesurface, and ultimately

higheru∗. Similar to the smooth surface simulation, location D is affected by the speedup

over the crest. If location D is removed from the averageCD = 4.24. Friction velocities

suggest that EC and TI methods are not affected by the trips;u∗ estimates have a standard

deviation of≤ 0.1 for both methods. Also,u∗ values at locations A and E are similar. For

the EC method, this a result of near constant shear stress at the reference height for all

profile locations. A lack of turbulence in the lower levels for the smooth surface

simulation likely caused less variability in TI method estimates. Sinceu∗ values are

relatively consistent, variability inCD estimates for these methods are due to reference

wind speeds.
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TABLE 6.7. As in Table 6.6 but for the rough surface simulation.

Profile Turbulence Intensity Eddy-Correlation

Profile Ur R2 zo u∗ CD(P) zo u∗ CD(TI) zo u∗ CD(EC)

Location (m s−1) (mm) (m s−1) (×1000) (mm) (m s−1) (×1000) (mm) (m s−1) (×1000)

A 9.23 0.998 0.183 0.663 5.17 0.385 0.758 6.75 0.659 0.852 8.53
B 9.88 0.993 0.0971 0.632 4.09 0.297 0.771 6.09 0.430 0.831 7.08
C 11.0 — — — — 0.142 0.747 4.62 0.275 0.842 5.86
D 10.2 0.978 5.63E-03 0.456 2.00 0.173 0.723 5.03 0.495 0.888 7.58
E 9.50 0.987 0.0520 0.559 3.46 0.261 0.723 5.80 0.558 0.846 7.93

Mean 10.0 0.989 0.0843 0.577 3.68 0.251 0.745 5.66 0.483 0.852 7.40
St. Dev. 0.69 0.0084 0.075 0.092 1.3 0.098 0.021 0.85 0.144 0.022 1.0
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Drag coefficient values obtained herein and for the limited number of full scale

observations over shoaling waves are provided in Table 6.8.Since the ocean surface is

aerodynamically rough in winds greater than 8 m s−1, the rough surface simulationCD is

comparable to full scale measurements.CD values presented in Vickery and Skerlj (2000)

are about60% higher than the present study. Some of this difference can be attributed to

their method used to determine the drag coefficient (CD = [U2
10/gz][U10/cp]), which is not

a direct method. Waves heights are not available but are likely large as the measurements

are associated with hurricanes. Rough surface simulations values are 32% higher than an

average of the measurements obtained in Lake Ontario (Anctil and Donelan 1996). Wind

speeds for their work are in the moderate regime, and wave heights are lower than those

observed in hurricanes. Thus, it is anticipated that drag coefficients would be lower than

the present study, which is indeed the case. Recent measurements by Powell (2008) at

depths< 50 m in hurricanes show thatCD increases with wind speed over shoaling waves

and reaches a maximum of 3.22 for 39.6 m s−1 winds – laboratory estimates of shoaling

wave drag determined herein is 14% higher (based on wavelength average). Even though

Powell’s dataset is not complete and data collected at higher wind speeds are needed, wind

tunnel results compare relatively well.

TABLE 6.8. Surface (10 m) drag coefficientCD estimates over shoaling waves obtained for this study and
the limited number full scale observations. For the presentstudy, the values provided are the full scale
equivalent, which were determined using the profile method.

Source U10 h H H/h CD(P) Description
(m s−1) (m) (m) (×1000)

Present Study
42.4 8.00 5.00 0.625 1.34 Smooth Surface
40.0 8.00 5.00 0.625 3.68 Rough Surface

Anctil and Donelan (1996)
13.0 5.30 2.30 0.434 2.52 Lake Ontario
14.1 5.20 1.62 0.312 2.84 Lake Ontario
15.0 5.20 2.11 0.405 2.98 Lake Ontario

Vickery and Skerlj (2000)

24.0 47.5 Unknown N/A 4.48 Hurricane Emily
30.7 47.5 Unknown N/A 6.13 Hurricane Emily
20.1 13.0 Unknown N/A 4.52 Hurricane Elena
27.3 13.0 Unknown N/A 7.02 Hurricane Elena
29.9 13.0 Unknown N/A 7.47 Hurricane Elena

Powell (2008)

20.3 < 50 Unknown N/A 1.19 8 Hurricanes
26.6 < 50 Unknown N/A 1.85 9 Hurricanes
33.0 < 50 Unknown N/A 2.05 5 Hurricanes
39.6 < 50 Unknown N/A 3.22 5 Hurricanes
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c. Surface pressure coefficient distributions

Local pressure time histories were collected from 32 taps located along the centerline

of the sixth wave model. Mean pressure coefficients were computed from these records

using Eq. 5.3. Five independent scans were collected for each roughness simulation. They

indicate good experiment repeatability (Figs. 6.28 and 6.29), asCp values are consistent at

each tap for each run. Standard deviations are< 0.02 and< 0.008 for the smooth and

rough surface simulations, respectively. The shoaling wave shape is plotted on the bottom

of all figures for convenience.

Reference height ratios were computed for each simulation using the mean

longitudinal wind component. RHR essentially brings the dynamic reference measured at

the pitot tube to the reference height. Table 6.9 provides reference heightUr (zr = 50 mm

MS, 10 m FS) and pitot tubeUpitot velocities. The pitot tube was located 0.95 m above the

wind tunnel floor and 230 mm from the wall. RHR is greater for thesmooth simulation

due to a lack of turbulence generating a steeper wind profile.

TABLE 6.9. Reference height ratios (RHR) for the smooth and rough simulations (required to compute
pressure coefficients).Ur is the longitudinal wind speed measured at the reference heightzr = 50 mm
model scale (10 m full scale) andUpitot is the longitudinal freestream velocity measured at the pitot tube
height located 0.95 m above the wind tunnel floor and approximately 230 mm from the side wall.

Smooth Rough

Parameter Ur Upitot Ur Upitot

Mean 10.6 14.2 10.0 14.2
RHR 1.78 2.03

Pressure coefficient distributions for the smooth surface simulation are shown in

Fig. 6.28. The pattern is slightly asymmetric about the wavecrest (driven by the

asymmetric wave shape), indicating that a net form drag exists on the wave. There was no

constant pressure region in wake of the crest (i.e., separated flow), asCp increased

continuously in lee of the crest to the trough. Flow visualization and wind measurements

near the wave surface also confirmed that the mean flow remained attached. Pressure

coefficients obtained at higher wind speeds (U10 > 15 m s−1) were very similar to those

shown below (i.e., there was no significant change in flow behavior associated with

increase flow speed). Pressure coefficient plots for the five runs are shown in Fig. 6.28a.

Since each run was taken after a new instrument calibration,high confidence is placed in

these data. Plotted in Fig. 6.28b is an average of the fiveCp values obtained at each tap
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along with the average± 1 standard deviation error bars. The smooth surface simulation

distribution exhibits a weak negative pressure gradient over the first three taps, indicative

of slight acceleration in the flow. A near-constant surface velocity is observed over the

next eight taps, where the wave surface is relatively flat. AfterL = 208.5 mm (or tap #11),

the flow speeds up due to a strong negative pressure gradient,which is associated with the

increasing wave slope. This phenomena is similar to accelerated flow over a hill (e.g.,

Belcher and Hunt 1998). The flow accelerates rapidly until reaching a minimum pressure

Cp = −0.714 at the crest. Since the mean flow remains attached on the leeward portion, a

strong positive pressure gradient is observed, and the flow decelerates rapidly over the

majority of the leeward portion of the wave. By the last two taps the flow recovers to a

near-constant velocity. Since the first and last taps are notlocated at exactly the beginning

and end of the wave, respectively, they cannot be compared directly to determine if the

flow is in equilibrium. The mean pressure coefficient at the last tap isCp = 0.3164 and is

Cp = 0.2436 at the first. Although these values are not the same, the 13 mm spacing

between them should account for this difference. Visually,if a data point was located

between these taps, the trend matches well, confirming that the flow is in equilibrium. The

overall pattern of this distribution is predictable based on wave shape and no significant

flow separation.

Turbulence was added upstream for the rough surface simulation and on the tested

model to see if any significant changes in flow behavior could be caused (e.g., flow

separation) in a Reynolds number independent flow regime. Pressure distributions are

presented in Fig. 6.29. They indicate that aerodynamic rough flow had very little affect on

the overall pressure distribution. Therefore, the gentle-sloping shoaling wave profile does

not cause steepness-induced flow separation. Smooth and rough surface simulation mean

pressure coefficient plots (and mean± 1 standard deviation error bars) are plotted in

Fig. 6.30 against normalized wavelengthx/L. Only very slight differences are observed.

Flow at the beginning taps in the rough surface case experiences a slight deceleration as

opposed to acceleration in the smooth. This is likely a result of the close proximity of last

upstream turbulence trip to the first pressure tap. Marginally lower suction pressures were

observed in the negative pressure gradient region leading up to and at the crest. Maximum

suction pressures were located at the crest for both simulations. For the rough case

Cp = −0.672, reduced fromCp = −0.714 for the smooth. Lastly, positive pressures on

the second half of the downstream portion were slightly lower for the rough simulation. In

general, there were no major differences inCp distributions since there was no significant

change in flow behavior associated with aerodynamic rough flow.
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FIG. 6.28. Smooth surface simulation mean pressure coefficientCp distributions for: (a) the five
independent runs and (b) an average of the five runs plotted with mean± 1 standard deviation error bars.
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FIG. 6.29. As in Fig. 6.28, but for rough surface simulation.
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FIG. 6.30. Comparison of mean pressure coefficient distributions (and mean± 1 standard deviation error
bars) for the smooth(–∗) and rough(–o)surface simulations. Plots are an averageCp of the five
independent runs.

d. Estimates of form drag

Form drag coefficients were calculated via centerline pressure measurements obtained

on the sixth wave using Eq. 5.4. Estimates ofCDF
are provided in Table 6.10. Pressure

distributions presented above are relatively independentof flow characteristics, and

similarCDF
values were obtained for both the aerodynamic smooth and rough surface

simulations. However, a slightly higher form drag coefficient was observed for the rough

surfaceCDF
= 5.46 (CDF

= 5.00 for the smooth), about a 10% difference.

Only a limited number of laboratory studies have examined form drag on fixed wave

models via surface pressure measurements. The majority of these studies utilized sinusoid

wave shapes. The shoaling wave model investigated herein has an asymmetric sinusoid

shape. Maximum wave slope for a sinusoid is easily computed asAk, whereA is the

wave amplitude andk is the wave number. Here, slopes were computed numerically.
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Maximum wave slopes on the upstream and downstream portionsof the wave are 0.222

and 0.248, respectively. Since, to the author’s knowledge,there are no laboratory studies

that utilize asymmetric wave shapes, form drag values computed here were compared to

sinusoid waves in Fig. 6.31. Form drag for the shoaling wave (plotted with respect to its

maximum upwind slope) has comparableCDF
values to sinusoid waves with slightly

smaller maximum slopes. This result is in good agreement with Kuzan et al. (1989), who

determined that flow separation occurs for a slope≥ 0.3. Due to the flow remaining

attached, shoaling wave form drag is considerably less thansinusoid waves with slopes of

around 0.35–0.40 (above the critical slope). The noticeable leveling off of the form drag

coefficient for wave slopes exceeding> 0.8, based on theCDF
value obtained by Beebe

(1972) for a wave slope of 1.27, is due to skimming flow (where the vortex resides

between the wave crests and the flow above the wave does not penetrate into the troughs,

see Fig. 2.19).

TABLE 6.10. Form drag coefficientCDF
estimates for the smooth and rough surface simulations

determined from integrating the horizontal component of the surface pressure coefficients (referenced to 10
m). CDF

values were computed using the average of five independent pressure measurement runs for each
simulation.

Simulation CDF
× 1000

Smooth 5.00
Rough 5.46
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FIG. 6.31. Comparison of form drag coefficients for this study (shoaling wave) and other laboratory studies
(sinusoid waves) based on maximum wave slope (upwind wave slope for this study), and normalized by the
freestream (or maximum) wind speedUo: (⋆) present study;(▽) Gong et al. (1999);(�) Beebe (1972);(△)
Zilker et al. (1977) and Zilker and Hanratty (1979);(♦) Kendall (1970);(x) Hsu and Kennedy (1971);(�)
pilot study (full sinusoid wave). Figure adapted from Gong et al. (1999).
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6.4. Conclusions

Since it is extremely difficult to obtain wind measurements over shoaling waves in

large seas associated with hurricanes, laboratory measurements provide some necessary

insight. This study examined wind flow over a statically valid hurricane-generated

shoaling wave train in simulated hurricane force winds (scaled 1:4) utilizing the TTU

wind tunnel. A 1:200 scale representation of a shoaling hurricane wave (with

characteristics: depthh = 8 m, wave heightH = 5 m, and wave periodT = 12 s) was

generated by summing four wave harmonics, and matching waveasymmetry and

skewness values to those determined in Kennedy et al. (2000). Vertical profile

measurements were taken at five locations along the sixth wave in the train (with two

waves downwind of the tested model) at a sampling rate of 250 Hz. Boundary layer flow

is expected to be in equilibrium with the underlying topography by, at minimum, the

fourth wave (e.g., Gong et al. 1999). Wind profiles were ultimately obtained to estimate

the drag coefficient via the profile, eddy-correlation (EC), and turbulence intensity (TI)

methods. The most confidence is placed in values determined using the profile technique,

as this method is typically employed in the laboratory setting. Measured centerline surface

pressure coefficientsCp were obtained to deduce flow behavior and compute form drag by

integrating the horizontal component ofCp. Aerodynamic smooth and rough surface

simulations were performed based on the roughness Reynolds number (Rer = zou∗/νa)

using parameters determined via the profile method. The smooth surface simulation

served as a control. To generate aerodynamic rough surface flow, square turbulence trips

were secured on three waves upstream of the tested model. In addition, fly screen was

added on the sixth model wave surface to generate local turbulence. The rough surface

simulation is independent of Reynolds number based on the fact thatRer > 2.5, here

Rer = 3.1. Results obtained in this study provide the following conclusions:

i. Drag coefficients are dependent on the method used to estimate the friction velocity

u∗. Laboratory studies most often utilize the profile method (e.g., Gong et al. 1999),

as this method is less sensitive to vertical variations in shear stress. For the smooth

surface simulation, TI and EC method estimates ofu∗ were computed at the reference

heightzr = 50 mm (10 m full scale) in a region where shear stress was not constant

(i.e., increasing). Values were approximately constant byzr for the rough case.

Therefore, more confidence was placed in values computed viathe EC and TI

methods for the aerodynamic rough flow. In general, profile method drags were

significantly lower than TI and EC methods for both surface simulations. TI and EC

drags were 2.8–3.3 and 1.5–2.0 times the profile method for the smooth and rough
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surface simulations, respectively (standard deviations were higher for the rough).

This result suggests that methods agree better for rough flow, which is due to, in part,

the generation of a constant shear stress layer. Variation in shear stress with height

has implications for the different method used to determineu∗ and ultimatelyCD.

ii. Aerodynamically rough surfaced shoaling waves exhibitlarger drag than deep water

hurricane waves. Powell et al. (2003) observed maximum dragcoefficients on the

order of 0.0025. Shoaling wave drags are approximately 50% higher

CD = 3.68 × 10−3 (for the rough surface simulation). This result is somewhat

intuitive based on the fact that shoaling waves have steeperwave profiles. Therefore,

this work suggests that depth-dependent parameterizations in storm surge models are

needed (e.g., parameterizations for deep and shallow water). Hurricane storm surge

models using deep water parameterizations may be underestimating surge generated

by shoaling waves.

iii. Compared to shoaling wave drags obtained by Anctil and Donelan (1996) in Lake

Ontario for winds of 15 m s−1 (Hs = 0.5 m), the aerodynamically rough surfaced

shoaling waves have 23% higher drag. The laboratory estimate of shoaling wave drag

is 14% higher than recent measurements by Powell (2008) overshoaling waves in

hurricanes (using Powell’s bin which contained the highestCD value). This result is

in relatively good agreement and suggests that wind tunnel estimates of the drag

coefficient may offer an upper limit forCD values obtained at full scale. On the other

hand, as full scale datasets become available, it might be found that wind tunnel

modeling of waves only applies for wind speeds below hurricane force (or for a

certain wind speed range). This is because the effects of seaspray and foam cannot be

modeled in the wind tunnel (see limitations of this study below).

iv. ASCE 7-05 currently prescribes Exposure C as the roughness category for structures

located in hurricane prone regions. This work confirms that roughness lengths over

shoaling waves are consistent with Exposure C. However, the distance that the

shoaling region is located offshore is dependent on the local bathymetry. It is this

distance that determines if structures on the coast observethe increased roughness

(based on internal boundary layer growth). A wavelength averagedzo value of 17 mm

was obtained for the rough simulation (profile method) – thisvalue is within the

limits of open terrain (10 < zo < 50 mm). However, this work does not determine if

the ‘rougher’ boundary layer which develops over shoaling waves is observed at the

coast. This is dependent on many other factors, one of which is surf zone width.
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v. It was found that the air flow does not separate over a laboratory shoaling hurricane

wave. The flow remained attached and a pronounced speedup region was present over

the wave crest. If flow separation is observed in the field in strong winds, this study

suggests that it is due to other phenomena (e.g., high frequency waves superimposed

on low frequency waves, high winds shearing the crests of thewaves, wave-wave

interaction), and not steepness-induced separation (i.e., separation due to the

steepness of the shoaling hurricane wave). As a side note, turbulence trips were

placed along the wave crest to initiate separation – air flow separated over the trip and

reattached before reaching the next pressure tap (10 mm apart).

vi. Form drag is most important for wave generation and surface currents (e.g., Stanton

et al. 1932), as some percentage of momentum is transferred directly to waves (and

sea surface) via surface pressure variations. Its contribution to storm surge is still

unknown and needs further investigation. Form drag coefficients were very similar

for the smooth and rough surface simulations, as pressure distributions were nearly

identical. Distributions were asymmetrical about the asymmetric wave surface,

resulting in positive form drag. As mentioned above, flow separation was not the

cause of the drag. A slightly higher form drag coefficient wasobserved in the rough

caseCDF
= 5.46 × 10−3 (smoothCDF

= 5.00 × 10−3). Compared to other studies

that utilized sinusoid wave profiles, shoaling wave form drag is on the order of

sinusoid waves with similar maximum slopes.

6.5. Limitations of the study

There are two limitations that need to be acknowledged and addressed regarding the

present study. The first limitation concerns proof of concept. Observationally, there are

only limited data that exist for drag coefficients over shoaling waves. These data are

typically in weak to moderate winds, and not associated withhurricanes. Powell is

currently creating a database of hurricane dropsonde soundings in shallow water (e.g.,

Powell 2008). Soundings will ultimately be used to compute drag over shoaling waves in

hurricane conditions. TTU will soon have the capability to determine drag coefficients

throughout the shoaling and surf zone regions via two Ka-band mobile Doppler radars.

Unless other research not identified by the author exists, itwill not be until the

aforementioned studies are conducted that the present study can be validated.

The second limitation is that this study is only comparable to field data collected in the

right-side sector of a hurricane at landfall. In this sectorhurricane winds and swell are

typically aligned. This is the ‘simplest’ situation to model in the wind tunnel and the most
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important for storm surge modeling. A limitation in parallel with this is the generation of

local wind waves superimposed on the swell waves. This situation is far too complex to

model using rigid waves. However, it may prove that this workis only valid in light

onshore winds where these additional roughness elements are not present. This question

will likely be answered via the first limitation mentioned.

6.6. Recommendations for future work

The following recommendations are for future wind tunnel work utilizing fixed ocean

wave models:

• Since limited data exist for shoaling waves in hurricanes,it would be useful to

generate shoaling waves similar to those measured by Anctiland Donelan (1996) to

help study the feasibility of this approach.

• It would be interesting to examine the variation inCD based on wave orientation –

simulating offshore winds and conducting tests with varying angles made between

the wind and waves.

• Since ocean waves have very small wave height to wavelengthaspect ratios, a

longer test section wind tunnel would be useful. This would allow for larger models

and a generous number of upstream waves. Significantly larger model waves would

also remove some Reynolds number dependence.

• It would be ideal to have a consistent surface roughness on all wave models,

including the tested model, which generates aerodynamically rough flow. This is

important since aerodynamically rough flow is observed at full scale.

• Much benefit would be gained from taking vertical profiles atas many locations as

possible along the wavelength (especially for larger models). Particle image

velocimetry would be useful to obtain the 2-D flow field.
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CHAPTER 7

SURFACE DRAG COEFFICIENT BEHAVIOR DURING

HURRICANE IKE

As a result of increasing infrastructure and population along the hurricane prone coast,

there is a growing need for observations of surface layer quantities to improve hurricane

storm surge/wave forecasting and to define coastal wind loadstandards. A field campaign

to determine the surface drag coefficient (along with other surface layer quantities) and

local wave characteristics in hurricane conditions was coordinated among Texas Tech

University, the University of Florida, and the University of Notre Dame during the 2008

Atlantic Hurricane Season. This chapter provides a discussion and analysis of the data

collected in Galveston, TX during the passage of Hurricane Ike (2008). A rugged TTU

StickNet platform collected single-level (2.25 m) wind measurements from an

R. M. Young Wind Monitor sampling at 5 Hz (along with the state parameters) in true

marine exposure with a fetch across the Houston Ship Channel.UF/UND wave and surge

gauges collected shoaling wave data (mean depth of 10.6 m), with the closest gauge

located about 10 km from the StickNet platform. The unique combination of data

obtained during Ike are used to examine the coastal drag coefficient from wind

measurements in true marine exposure with knowledge of the nearshore wave conditions.

7.1. Storm history

The following is a synthesis of Hurricane Ike’s storm history (track is shown in

Fig. 7.1), and was written following Berg (2009). Hurricane Ike was a Cape Verde type

storm that developed from an easterly wave that exited Africa on 28 August 2008.

Convection increased slowly over the next few days and becameclassified as Tropical

Depression Nine at 1500 UTC on 1 September west of the Cape Verde Islands. The

depression continued to intensify and become better organized while on a west-northwest

track. The National Hurricane Center (NHC) upgraded TropicalDepression Nine to

Tropical Storm Ike by the following advisory. The environment remained favorable for

intensification and subsequently the system was upgraded toHurricane Ike on 2

September at 1500 UTC. With a relatively symmetric cloud patter and excellent outflow in

all quadrants, the storm rapidly intensified to major hurricane status with maximum winds

of 50 m s−1 only three hours after being classified as a minimal hurricane (3-hour pressure
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drop of 24 hPa). Ike continued to strengthen and reached its peak intensity on 4

September at 0900 UTC with maximum sustained winds of 64 m s−1 and a central

pressure of 935 hPa. The hurricane continued on a west-northwest track and turned

west-southwest on 5 September due to interaction with a strong ridge, which steered Ike

clear of a direct landfall with the Florida Peninsula. Ike fluctuated in intensity and made

landfall in the Turks and Caicos Islands early on 7 September with winds of 60 m s−1. Ike

made two landfalls in Cuba and later emerged into the Gulf of Mexico during the

afternoon on 8 September as a minimal hurricane. Environmental conditions were

favorable as the hurricane passed over the Loop Current in theGulf of Mexico and shortly

after strengthened with sustained winds of 45 m s−1 and a pressure of 944 hPa. In the

NHC discussion, they noted that the reported pressure was anomalously low for the

measured wind speeds. At 0900 UTC on 11 September the NHC brought attention to Ike’s

considerably large wind field and the presence of double windmaxim – this was

potentially the reason for the wind field not responding to the pressure drop. Regardless,

the large wind field resulted in Ike exhibiting a maximum Integrated Kinetic Energy (IKE)

of 5.6 on 11 September at 1630 UTC. IKE is a measure of storm surge and wave

destructive potential and is computed by squaring the wind speed and summing over all

regions of the hurricane with at least tropical storm force winds. In comparison, Hurricane

Katrina (2005) had an IKE rating of 5.1 at landfall. Ike strengthened marginally to winds

of 49 m s−1 on 12 September and increased in forward speed to around 6 m s−1, as it

continued on a northwesterly track towards Houston, TX. Hurricane and tropical storm

force winds extended outward 120 km and 443 km, respectfullyfrom the center of

circulation. Hurricane Ike made landfall along the north end of Galveston Island, TX at

0700 UTC on 13 September 2008 as a Category 2 storm with maximum1-min sustained

winds of 49 m s−1 and a barometric pressure of 950 hPa. Radar imagery indicatedthat the

inner eyewall structure became better organized during landfall. Shortly after making

landfall, Ike steadily weakened, turned toward the north, and lost tropical characteristics

early on 14 September.
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FIG. 7.1. The National Hurricane Center best track for Hurricane Ike (2008).

7.2. Deployment overview

Coordinating between universities to implement an exceedingly arduous research

objective is a challenging task. This difficultly is compounded by the vastly different

deployment strategies of the research teams. The wind team remains on land and can

deploy StickNet probes up to hours before landfall, whereaswave gauges were deployed

aerially days prior to landfall. With frequent communication and some good fortune,

collocated wind and wave/surge measurements were obtainedduring the passage of

Hurricane Ike. The following sections discuss the deployments.

a. TTU StickNet platforms

A total of 24 StickNet probes were deployed by the TTU Hurricane Research Team

(TTUHRT) throughout Hurricane Ike’s landfall region. To fulfill the research objective at

hand, two StickNet platforms were deployed by TTUHRT along the coast to capture

marine exposure wind measurements during landfall (Fig. 7.2). Both probes were placed

as close to the coastline as possible (instruments must avoid the immediate storm surge

threat) and away from the affects of coastal structures or objects that cause air flow

interference. They were strategically placed on the north end of Galveston Island (215A)
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and on the southern portion of the Bolivar Peninsula near PortBolivar (110A). Probe

215A, deployed at 22:59 UTC on 11 September 2008, was locatedat 29° 18’54.72” N and

94° 45’50.40” W. At 01:20 UTC on 12 September 2008 probe 110A was deployed near

29° 21’50.04” N and 94° 45’33.48” W. Although the probes werelocated on essentially

different landmasses, they were separated by a linear distance of only 5.4 km. After the

storm passed, probe 110A was successfully retrieved from the Bolivar Peninsula and

captured a pristine dataset. Unfortunately, the Galvestonplatform was unable to collect a

clean record. Analysis of the data (not shown) revealed thatmeasurements started to fail

during passage of the eye, presumably due to wave overtopping. Because onshore flow

was not present during the clean portion of the record, only data collected from probe

110A are used in the analysis. The reader is referred to Chapter 4 for a technical

discussion of StickNet.

FIG. 7.2. GoogleTM Earth image of StickNet probes 110A and 215A deployed for Hurricane Ike. The
NHC best track for Hurricane Ike is denoted by thesolid line.

Probe 110A was deployed in an area that allowed for unobstructed marine exposure

wind measurements in Old Fort Travis Park with a fetch acrossthe Houston and Galveston

Bay ship channel (approximately 3 km wide). This location also had enough elevation to

avoid the threat of complete storm surge inundation. At its closest point, StickNet 110A

was located about 90 m from the water at an elevation of approximately 3.8 m (according
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to Lidar maps), as referenced to the North American VerticalDatum of 1988 (NAVD88).

The close proximity of 110A to the water is shown in Fig. 7.3 using ‘zoomed’ GoogleTM

Earth images. Based on water markings present on the tripod during retrieval (Fig. 7.4) it

was estimated that the probe experienced a high water mark of∼ 0.6 m, suggesting a peak

surge of 4.4 m at this location. Unfortunately, United States Geological Survey (USGS)

surge gauges were not deployed near 110A. Although a UF/UND surge gauge was located

offshore of Probe 110A (discussed below), storm surges at the probe are likely higher and

it is difficult to predict coastal values. General surge inundation was corroborated by a

Landsat image (Fig. 7.5), which shows ‘white’ color where 110A was located. The lack of

red in the image suggests that the vegetation that once occupied this park area (which can

be seen in Fig. 7.4) has presumably succumbed to salt water. This rise in water level

ultimately acted to ‘place’ the probe directly at the land/water interface during the storm

by removing most (or all) of the land surface between the probe and the channel. From

these images it can also be seen that wind flow at probe 110A wasunobstructed in all

directions with an onshore component, except from 90°–110°(standard meteorological

convention with a 360° compass oriented clockwise from north) due to air flow

interference with Fort Travis – the fort was approximately 150 m from the probe. It is

shown below that Ike’s track allowed probe 110A to obtain onshore hurricane wind

measurements with a fetch across the ship channel.
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(a)

(b)

Fort Travis

StickNet 110A

StickNet 110A

Fort Travis
House

Picnic Table

Picnic Table

Playground

Seawall

FIG. 7.3. GoogleTM Earth images showing (a) the relative location of StickNet 110A (pin symbol) to the
coastline and (b) surrounding features.
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N

StickNet 110A

Ship Channel

StickNet 110A

Ship Channel

(b)

(a)

Bolivar Peninsula

FIG. 7.4. (a) Aerial photo of StickNet 110A following HurricaneIke, courtesy of ABS consulting and (b)
photo taken by the Galveston County Office of Emergency Management during retrieval. Photo (b) was
taken looking southwest toward the ship channel and shows the close proximity of 110A to the water.
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StickNet 110A

FIG. 7.5. Landsat satellite image of Galveston, TX, captured on28 September 2008 (15 days after Ike made
landfall). White regions indicate devegetated areas that have succumbed to salt water intrusion associated
with storm surge inundation. Image credit: NASA/Landsat/USGS/Mike Taylor.

b. UF/UND wave and surge gauges

Nine bottom mounted wave and surge gauges (denoted R–Z) were deployed in

advance of Hurricane Ike along 360 km of Texas coastline stretching from Corpus Christi

to near the Louisiana border (Fig. 7.6). As mentioned above,wave gauges were deployed

prior to the StickNet platforms. Therefore, deployment locations had to be carefully

selected in order to provide the potential for collocated measurements at landfall. In this

particular case, gauges were deployed about two days beforelandfall due to Ike’s large

wind field. With a much higher uncertainty of the exact landfall location this far in

advance, gauges were placed in strategic locations to coverdeviations in Ike’s path. On

average, gauges were located about 40 km apart. The largest gap existed between gauges

R and S (85 km) – Gauge R was deployed farther south to cover a left turn. Eight of the

nine gauges were successfully retrieved and collected valuable data. The acoustic signal

could not be picked up from Gauge T, making it impossible to locate it. Based on Ike’s

track and landfall location, gauges W–Y were most importantfor this research (located

adjacent to landfall) with gauge X being closely collocatedwith StickNet 110A

(Fig. 7.6b). Gauge W was located slightly west of landfall, gauge Y to the east, and gauge

X at landfall (the center of circulation passed just to the west). Probe 110A was located

9.2 km north of gauge X, and they were separated by a linear distance of 10.3 km.
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(a)

(b)

FIG. 7.6. GoogleTM Earth images of: (a) wave/surge gauge locations (and StickNet platforms) during
Hurricane Ike and (b) a close-up of the gauges nearest to landfall. The NHC best track for Hurricane Ike is
denoted by thesolid line. Wave/surge gauge T was not recovered.
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Wave and surge gauge GPS coordinates, distance from the immediate coast, and mean

depth are provided in Table 7.1. All gauges were located in the shoaling wave region with

an average distance of 5.9 km from the coast (5.6 km for W–Y) ata mean depth of 12 m

(10.4 m for W–Y). Because the continental shelf is relativelywide in this region, gauge

depths were still relatively shallow even though they were located a fair distance from the

shore. If the gauges were deployed very close to the shoreline, it would be too shallow and

breaking wave heights would be measured.

TABLE 7.1. Wave and surge gauge location, mean depth, and distancefrom the coast (approximate linear
distance) during Hurricane Ike. The highlighted rows are the gauges nearest to landfall.

Gauge Latitude Longitude Distance From Coast Mean Depth
(km) (m)

R 27° 37.734’N 97° 07.056’W 7.0 15.9
S 28° 12.464’N 96° 33.022’W 5.8 12.6
T 28° 26.083’N 96° 12.842’W 5.5 N/A (Lost)
U 28° 37.503’N 95° 45.141’W 6.7 14.1
V 28° 52.224’N 95° 18.907’W 4.8 12.7
W 29° 04.284’N 95° 02.375’W 6.0 13.0
X 29° 16.876’N 94° 42.537’W 5.5 9.5
Y 29° 29.786’N 94° 23.304’W 5.3 8.7
Z 29° 35.081’N 94° 07.520’W 6.7 9.4

To obtain a better representation of the wave/surge and StickNet probes relative to

Ike’s center of circulation, track data obtained from the re-analysis project are plotted in

Fig. 7.7. The official hurricane database (HURDAT) for stormsin the Atlantic basin often

contain errors and need correction. The re-analysis track shows that the storm veered

toward the west prior to and during landfall. This deviationwas not depicted in the

HURDAT.
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FIG. 7.7. Wave/surge gauges (W–Y) and StickNet platform (110A)located adjacent to landfall using
Hurricane Ike’s re-analysis track data.
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7.3. Nearshore wave observations

More than 5 million data points were collectively recorded from the eight recovered

pressure transducers sampling at 1 Hz. Time series of analogvoltage output from the

transducers (Fig. 7.8a) were converted to absolute pressure (Pa) via calibration curves

obtained prior to deployment (Fig. 7.8b), and subsequentlywater pressure measurements

by subtracting out time records of atmospheric pressure from nearby sources (e.g., NDBC

records). Wave pressure time series were obtained by truncating the series of data points

prior to the gauge reaching the sea bed from the record (Fig. 7.8c). Adjusted time records

were analyzed using standard wave spectral analysis (e.g.,Dean and Dalrymple 1991) to

determine wave and sea properties such as: sea surface elevation η (m), mean water level

MWL (m), storm surge (m), significant wave heightHS (m), peak wave periodTp (s),

peak wave frequencyσp (s−1), and 1-D wave spectra (m2/Hz). It is customary to segment

the time record into 1-hour blocks (3600 data points). However, 30-min windows were

chosen for this work (1800 data points). The trade off is a somewhat noisier signal, but

allows for finer resolution. This smaller averaging time also ensures the data are

stationary. Instantaneous water depthsh were computed using the hydrostatic equation:

h =
Pg − Pa

ρs g
, (7.1)

wherePg is the absolute pressure measured by the gauge,Pa is the local atmospheric

pressure,g = 9.806 m s−2 is the gravitational constant, andρs = 1025 kg m−3 is the

average density of seawater. Sequential segments of the fluctuating pressureP ′ were

computed and linearly detrended using the ‘detrend’ command in MATLAB (removes the

best straight-line fit) prior to spectral analysis. Fast Fourier Transforms (FFT) were

calculated with a Hanning window ofN = 256 and no overlap of the neighboring data

blocks. To limit amplification of high frequency noise in thesignal when converting

bottom pressure spectra to surface elevation spectra, spectral values for frequencies with

sea bed pressure response factors ofKp < 0.11 were cut from the record. For gauge

depths provided in Table 1, cutoff frequencies ranged from 0.24-0.3 Hz.

Wave heights determined from a bottom mounted pressure gauge in the presence of

strong currents can contain significant error due to the Doppler shifting of wavenumber

caused by changes in wave phase speed. Hurricane winds generate relatively strong ocean

surface currents. Because of the lack of good current measurements, these corrections

were not attempted here. As high quality surge hindcasts of the storm become available,

Doppler corrections using computed velocities will be included. This correction will be

accounted for using the Doppler shifted dispersion relationship with current velocitiesUc
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computed from an ADCIRC model hindcast:

(σ − kUc cosα)2 = gk tanh(kh) , (7.2)

whereα is the angle made between the wave propagation and current directions. Here,σ

andk are the bottom-relative wave frequency and wavenumber, respectively. The error

associated with using incorrect wavenumbers due to Dopplershift becomes greater as

depth of the sensor increases. Sensitivity tests indicate errors in wave height on the order

of 10% in the present case, but have been found to be greater than 50% in some cases

(Strong et al. 2003).

FIG. 7.8. Example of raw data and conversion to wave pressures ascollected from gauge X located off
Galveston, TX during Hurricane Ike: (a) raw time series (volts), (b) voltages converted to absolute pressure
(Pa), and (c) pressures (Pa) associated with waves (after air pressure readings and data points sampled
during stabilization of the gauge at the sea floor were truncated).
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During the passage of a tropical cyclone, bottom mounted gauges have the potential to

become overlain by sediment. Table 7.2 shows the type of sediment found at the gauge

and the depth that the gauge was buried. Sediment was likely transported on top of the

gauge by currents as it scoured into the sea floor. As mentioned in Chapter 4, gauges that

become buried by less than 15–20 cm of sediment have negligible effects on the overall

results. Therefore, corrections were not necessary.

TABLE 7.2. Sea bed sediment type and depth that the gauges were buried. The highlighted rows are the
gauges nearest to Hurricane Ike’s landfall.

Gauge Sea Bed Sediment Type Depth Buried
(cm)

R Soft silt/sand 5
S Chowder mud surface 5–10
T N/A N/A
U Chowder mud surface 5–10
V Chowder mud surface 5–10
W Chowder mud surface 5–10
X Hard sand/shell 15
Y Layered soft/hard mud overlain by 10 cm chowder mud 10
Z Cottage cheese mud overlain by 10 cm chowder mud 10

Although marine GPS were used to find locations with a sandy bottom (bottom types

are surveyed and programmed into the GPS), gauges were deployed in an assortment of

bottom types (Table 7.2). This is somewhat problematic as waves propagating above

muddy sea beds can be strongly damped. In other words, the wave heights measured by

the gauges were likely higher than just prior to breaking. For example, as waves crossed a

muddy bed 1.1 km wide off the coast of Kerala, India, Mathew etal. (1995) reported a

95% incident energy reduction. Damping can have significantaffects on various wave

properties (Rodriguez and Mehta 2001). On the contrary, in a study off Atchafalaya Bay,

LA, Jaramillo et al. (2006) found no significant dissipativeeffects associated with the

occurrence of fluid muds. This research topic is currently being studied rather intensely as

our understanding in this region is lacking. Over the years several theoretical formulations

of bed-induced wave dissipation have been proposed. The constraints of these models are

questionable, especially the assumption of steady-state bed rheology (Jaramillo et al.

2006).

Using the methodology described above (and in Chapter 3), wave properties and water

levels were computed – values are reported in Table 7.3. Timeseries of significant wave
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height, peak period, MWL, and surge for gauges W–Y are shown inFigs. 7.9 and 7.10.

Landfall day is plotted on allx-axes, which is zero for when Ike officially made landfall

(negative values before landfall and positive after). Significant wave heights were 4.0 m or

larger, with maximum values of 4.5 m measured at gauges W and X. This result was not

surprising as gauge X was located near the eye and on the rightside of the storm. Larger

waves were observed at gauge W compared to gauge Y. This is because gauge W was

located in deeper water and further from the coast (i.e., less energy dissipation).

Maximum values ofHS were lagged from gauges W–Y, whereHS peaked at gauge W

first, followed by gauge X, and finally gauge Y. Gauge W peaked about 12 hour before

landfall, in association with the large swell waves in advance of the storm (peak periods

were around 16 s, Fig. 7.9b). At the time when gauge W peaked, dissipation of wave

energy to the shallower water resulted in smaller wave heights being measured at gauges

X and Y (but with the same period). Wave heights at gauges X andY were maximum just

prior to landfall withTp on the order of 12 s. Shorter wave periods were a result of strong

local wind forcing. The noticeable decrease inHS at gauge W (also apparent at X) very

near the landfall time, was a result of a lack in local wind forcing associated with the calm

eye region of the hurricane. A little over a day following landfall, wave heights had

decreased to less than 0.5 m as Ike, the source of the waves, was over land (and no other

wave sources existed in the Gulf of Mexico at the time).

TABLE 7.3. Wave/surge gauge values of peak periodTp, maximum significant wave heightHS , and surge
measured during the passage of Hurricane Ike. The highlighted rows are the gauges nearest to landfall.

Gauge Peak Period,Tp Significant Wave Height,HS Surge
(s) (m) (m)

R 18.3 4.2 1.6
S 16.0 2.7 1.6
T N/A N/A N/A
U 14.2 4.4 1.7
V 16.0 4.5 2.0
W 16.0 4.5 2.5
X 16.0 4.5 3.1
Y 16.0 4.0 4.3
Z 18.3 4.8 4.6
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FIG. 7.9. (a) Significant wave height and (b) peak period for wave/surge gauges W (solid line), X
(short-dashed line), and Y (long-dashed line) during the passage of Hurricane Ike.
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Surges, shown in Fig. 7.10b, were calculated by matching theMWL measured at each

of the gauges to tidal records observed at Galveston Pleasure Pier. The water levels were

referenced to NAVD88. As anticipated, surges increased from gauges W to Y due to their

locations relative to landfall location. It is well known that the largest surges are observed

in the right front quadrant of the storm where the strong onshore winds exist. The

continental shelf (not shown) is shallow in this region, allowing for large surges. Gauge Z

(time history not shown) had the highest maximum surge of 4.6m, slightly higher than

gauge Y (4.3 m). It can be seen in Fig. 7.10b that the surges peaked very near or at

landfall. This result is a combination of the strongest winds piling up the water, and the

low pressure of the eye producing an inverted barometer effect. The high surges observed

during landfall receded quite rapidly, but an overall rise in water level persisted for more

than a day afterward.
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FIG. 7.10. As in Fig. 7.9, but for (a) mean water level and (b) surge.
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Normalized (to variance of unity) wave surface elevation spectra for selected times

before, during, and after landfall are presented in Fig. 7.11 for gauges W–Y. Significant

wave heights for each of the selected times are also provided, asHS is related to the area

under the spectral curve (Eq. 3.78). It is apparent that wavespectra are dependent on

gauge location and time. Spectral shapes were very similar one day prior to landfall. All

gauges observed a strong swell peak at 0.0625 Hz (16 s period)and a secondary peak at

0.125 Hz (8 s period). The strong swell peak was still observed at 12 hours before landfall

(significantly higher energy at gauge W), but the secondary swell peak was no longer

present. By 6 hours before landfall, the spectra showed an increase in high frequency

energy. This is a result of local wind forcing generating high frequency components. At

landfall the sea was even more chaotic, as evident in the spectra. This is because the winds

are strong and highly variable in a hurricane – the sea does not have time to adjust to the

local wind forcing. Gauges W and X observed broad, irregular-shaped spectra with

multiple peaks and increased high frequency energy. The spectrum at gauge Y was also

broad, but with a swell peak at 0.086 Hz (11.6 s period). This result is consistent with

Walsh et al. (2002), who found multi-peaked spectra near andto the west of landfall

during Hurricane Bonnie. By one quarter day after landfall, the spectra were reverting

back to regular, single-peaked shapes. All spectra resumed‘classic’ shapes by 12 hours

after landfall with peaks around 0.11–0.12 Hz. In summary, before and after landfall the

wave spectra were strongly peaked, and near the time of landfall spectra were irregular

and broad. The latter is very likely a consequence of the rapidly changing surface wind

field associated with a hurricane. Consult Kennedy et al. (2009) for a more detailed

analysis of Hurricane Ike’s wave spectra at landfall.
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FIG. 7.11. Wave power spectral density normalized to a varianceof unity for wave gauges W (solid line), X
(short-dashed line), and Y (long-dashed line) during the passage of Hurricane Ike: (a) 1 day before landfall
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FIG. 7.11. Continued
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a. Discussion on wave conditions in the Houston Ship Channel

StickNet 110A obtained wind data in marine exposure with an upwind roughness

associated with the local wave conditions in the Houston Ship Channel. Placement of the

probe near the ship channel makes analysis difficult as the bathymetry is not

representative of a typical beach shoreline, where waves propagate towards the shore from

oceanic deep water. The center of the ship channel (termed the inner bar channel by the

U.S. Army Corps of Engineers) is approximately 14 m deep. Nearthe edges the channel is

shallow (similar to any coast), but drops off quickly with a slope of 2.5:1. The overall

situation was also complicated by the complex wave conditions that likely existed in the

channel. Below is a discussion of wave interaction in the waterway.

There were two wave fields interacting in the channel (Fig. 7.12): hurricane swell and

wind-driven (fetch limited) waves, both of which drive the drag coefficient in this complex

environment. During the storm, a primary wave field propagated from the gulf into the

channel with highly complex interaction with local changesin bathymetry and

breakwaters (e.g., refraction, diffraction, wave breaking). Although gauge X measured

maximum significant wave heights of 4.5 m, the waves that madeit into the channel were

undoubtedly smaller. The heights of the waves in the channelwere, in part, a function of

wave alignment with the channel entrance. If the wave field was aligned with the channel,

the waves would be relatively larger. On the other hand, if the waves were not aligned,

interaction with the local bathymetry and breakwaters resulted in smaller waves.

Regardless of wave-channel alignment, wave energy dissipation over the 9.2 km distance

separating gauge X and probe 110A is significant. However, slight differences in wave

heights are irrelevant and do not affect the situation markedly. It is estimated that 2.5 m

high swell waves (peak periods of 10-12 s) made it into the channel during the peak of the

storm. A secondary, fetch limited wave field was generated bylocal wind flow across the

channel. Simple fetch and duration limited calculations (Dean and Dalrymple 1991)

indicate a significant wave height of aboutHS = 1.5 m and a peak period on the order of

Tp = 4 s. These waves are extremely steep – white-capping is likelyvery common for

such steep waves in strong winds. This almost certainly created a situation where flow

separation (or even skimming flow) occurred. These waves also interacted with the

primary waves coming into the channel. Wave shapes were alsoaffected by the presence

of strong currents. Unfortunately, this overall situationis far too complex to estimate, and

current theory is inadequate. ADCIRC model hindcasts, when available, will likely

provide the best estimate of the wave conditions in the channel.
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FIG. 7.12. Schematic of the wind-driven (fetch limited) and hurricane swell wave characteristics and
interaction in the Houston Ship Channel.
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7.4. Drag coefficient analysis

More than 1 million data points were collected during the passage of Hurricane Ike

from an R. M. Young Wind Monitor mounted on StickNet 110A sampling at a frequency

of 5 Hz. Ike had a relatively large eye at landfall which was estimated to be 74 km in

diameter. The official center passed less than 15 km to the west of probe 110A, allowing

for ‘classic’ hurricane eye passage time histories. The barometric pressure trace in

Fig. 7.13 clearly shows the passage of Ike with a minimum instantaneous pressure reading

of 950.7 hPa. The horizontal wind speed and direction records are shown in Fig. 7.14. The

wind speed trace indicates that the southern eyewall contained the highest winds – a

maximum instantaneous reading of 39.4 m s−1 was recorded. The shift in mean wind

direction (clearly apparent in the instantaneous data) associated with the passage of Ike’s

southern eyewall is key to this work.

FIG. 7.13. Barometric pressure trace obtained from StickNet 110A during Hurricane Ike.
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FIG. 7.14. Raw time histories of: (a) wind speed and (b) wind direction obtained from StickNet 110A
during the passage of Hurricane Ike.
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During landfall of Ike’s northern eyewall, the wind flow at 110A was from a fetch

across land. As the winds shifted from around 30°–60° to 190°–230° during passage of

the southern eyewall, wind measurements were collected in true marine exposure. The

fetch was from the Gulf of Mexico, along Galveston Island, and finally across the Houston

and Galveston Bay ship channel. Thus, probe 110 measured truemarine exposure with the

roughness associated with waves in the channel.

Since this work requires that the wind flow exhibits a dominant onshore component,

the complete wind record obtained by probe 110A was not utilized. The record was

truncated based on wind direction. Wind speed and directionrecords used in the analysis

are shown in Figs. 7.15 and 7.16, respectively. Upper (label1) and lower (label2) bounds

were strategically selected. The upper bound was chosen by eliminating visible

nonstationarities in the wind speed and direction records very near the eye region. Care

was also taken to ensure that valuable high wind speed data points were not lost in the

truncation. The lower bound was chosen to capture a sufficient length of onshore wind

data that extended into lower wind speeds. The end of the datarecord was chosen as the

bound due to visible nonstationarities in the wind speed time series shortly after the cutoff

(Fig. 7.15), and since an extended length of lower winds speeds already existed in the

record by this point. After the truncation, about 22 hours ofdata were utilized. Hereafter,

discussion of the wind record is in reference to the truncated time series used in the

analysis. A shorter recored length of 12 hours was also analyzed, and results are presented

below in Section a.
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FIG. 7.15. (a)–(b) The wind speed segment collected during Hurricane Ike used in the data analysis, and a
close-up of (c) the left and (d) right bounds. The vertical dashed lines represent the limits of the data record.
Labels ‘1’ and ‘2’ near the top of each line denotes the left and right bounds, respectively.
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FIG. 7.16. As in Fig. 7.15, but for the wind direction record.

Quality data analysis requires the use of pristine wind speed and direction time series.

The following quality assurance measures were employed. First, a visual check revealed

no obvious instrument malfunction. A record of this type is easily detected, such as the

wind record obtained by probe 215A (not shown). Second, there were no observable

spikes (abrupt changes) or erroneous data points in the windspeed record. For the

selected time record, 110A measured a maximum instantaneous wind speed of 39.4

m s−1 (in the eyewall), a minimum of 2.7 m s−1 (measured near the end of the time

series), and a mean of 11.7 m s−1.

In contrast with the wind speed time series, the wind direction record contained very

obvious spiking during passage of some of the strongest winds in the southern eyewall

(Fig. 7.17). These points were investigated further and it was found that the majority of

the spikes were produced by single-point 5 Hz readings. However, the data segment

shown in Fig. 7.17b contains multiple spikes with a durationof less than 1 Hz, which

lasted for approximately 300 data points (1-min segment). Due to the high frequency

nature of the spikes, it is likely that they are not true measurements and are erroneous data
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points – the data spikes were attributed to instrument noise. Therefore, these points

needed to be excluded from the analysis to avoid contamination of the results. To remove

these points, spikes in wind direction greater than 260° (roughly greater than 5 standard

deviations) were removed from the time series (total of 34 data points), along with the

corresponding wind speed data points. The latter were also removed to ensure that spiking

did not affect the wind speed measurements and also to keep the same record lengths.

Although the record is no longer continuous after removal ofthese 34 data points, the

error associated with removing such a few number of data points is insignificant. Because

the majority of the removed data points had directions greater than 270°, they would have

been discarded regardless (i.e., even if they were lower frequency spikes), as there were

flow obstructions west-northwest of the probe and the fetch was from land (not from

across the channel). The excluded data points were not smoothed (averaged) with adjacent

points for the reason above and also since nearby data pointsoften contained ‘spiked’ data

as well. If the data points before and after a spiked reading did not contain a spike, they

were not removed from the time series because it is believed that these points were not

affected by the instrument noise (i.e., there is no reason tojustify removing these

presumably ‘clean’ points). The spiked segment shown in Fig. 7.17b was not discarded

completely as this would result in the removal of valuable high wind speed data. It should

be noted that the data were processed with this segment removed from the record, and it

was found that results were not affected. Removal of these points ultimately resulted in

clean wind speed and direction time series for analysis purposes.
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FIG. 7.17. (a) Spike regions observed in the wind direction record collected during the passage of Hurricane
Ike, and ‘zoomed’ images of (b)spike region 1and (c)spike region 2.
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A power spectral density estimate of the longitudinal wind speed record for a 1-hour

data segment during landfall of Ike’s southern eyewall is shown in Fig. 7.18. This segment

was the first 18000 data points in the analyzed wind speed record (Fig. 7.15). For this time

period, the wind speed averaged 26.8 m s−1 (average of the 2-min mean wind speeds).

The wind speed time series was segmented into 10-min windows(3000 data points). For

each data window, power spectrum were computed in MATLAB using Welch’s averaged,

modified periodogram method with 50% overlap of the neighboring data blocks. A Hann

window was employed to suppress spectral leakage. The presented PSD is comprised of

the six individual PSDs estimated for each 10-min segment. Reduced frequencynz/U

and the normalized spectrumnSU(n)/σ2
U are plotted on thex- andy-axes, respectively.

Given the sampling frequency of 5 Hz, the Nyquist frequency is 2.5 Hz.

The resultant PSD is compared to various spectral models: (1) Kaimal neutral stability

(Kaimal et al. 1972), (2) modified Kaimal model (Dyrbye and Hansen 1997), (3) flat,

smooth, and uniform (Tieleman 1995), and (4) perturbed terrain (Tieleman 1995). It is

apparent that the PSD estimated during hurricane Ike does not match the models. The

longitudinal wind record contained more low frequency energy and significantly less high

frequency energy than predicted by the empirical relations. The increased low frequency

energy, which has been observed in other studies (e.g., Schroeder et al. 1998), is attributed

to the hurricane environment. The lack of high frequency energy is a result of the poor

response characteristics of the R. M. Young Wind Monitor, as the propeller-vane (rotating

components) mechanically filters the amplitudes of the highfrequency gusts. Attenuation

is evident at the high frequency end of the inertial subrange, where the PSD does not

follow thef (−2/3) slope.
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FIG. 7.18. Normalized longitudinal power spectral densitynSU (n)/σ2
U for the six individual 10-min

segments within the first 1-hour data segment during landfall of Hurricane Ike’s southern eyewall. The PSD
is compared to the following models:* Kaimal neutral stability (Kaimal et al. 1972);△ the modified
Kaimal model (Dyrbye and Hansen 1997);+ the flat, smooth, and uniform (Tieleman 1995); and◦ the
perturbed terrain (Tieleman 1995)
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An interesting discovery was made when computing an initialensemble PSD for a

2-hour segment during landfall. Specifically, this segmentwas the first 36000 data points

(after the 34 ‘spiked’ wind direction data points were removed) in the analyzed wind

speed record (Fig. 7.15). The resultant PSD for the six individual PSDs estimated for each

10-min segment of the second hour is shown in Fig. 7.19 (the first hour is shown in

Fig. 7.18). The longitudinal wind record contained even more low frequency energy than

the previous 1-hour segment. Close examination of the wind speed data segment revealed

a curious periodicity to the data. To observe this phenomena, a 30-min longitudinal wind

speed segment and PSD estimate (where the full segment was the window length in order

to retain the frequency resolution) from within the 1-hour segment analyzed in Fig. 7.19 is

shown in Fig. 7.20. A low frequency periodicity is apparent with a significant peak at

10−2.56 Hz (approximately six minutes), along with other low frequency energy. A

boundary layer roll phenomenon is thought to be the underlying cause. This periodicity is

also apparent in the corresponding barometric pressure segment (Fig. 7.21). This

phenomenon is not investigated in this dissertation, but needs further study.
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FIG. 7.19. As in Fig. 7.18, but for the second 1-hour data segmentduring landfall of Hurricane Ike’s
southern eyewall.
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FIG. 7.20. (a) A 30-min data segment within the 2-hour segment analyzed in Fig. 7.18 and (b) normalized
longitudinal power spectral densitynSU (n)/σ2

U estimate of the data segment. This segment shows the low
frequency periodicity in the longitudinal wind speed record.
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FIG. 7.21. As in Fig. 7.20, but for the 30-min barometric pressure time segment.
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Turbulence intensity (TI) is a measure of the fluctuating component of the wind.

Generally speaking, TI characterizes the intensity of gusts in the flow. Since StickNet

platforms collect single-level wind data, the turbulence intensity method presented in

Chapter 2 was employed to estimate the roughness length and the drag coefficient,

reproduced below:

zo = za exp

[

− 1

TI

]

; CD =





k

ln
(

10
zo

)





2

, (7.3)

whereza = 2.25 m is the anemometer height andk = 0.4 is the von Ḱarmán constant.

This method assumes a logarithmic wind profile and that the ratio of the standard deviation

to the friction velocity is 2.5, which is valid in smooth terrain for zo < 0.1 m (Counihan

1975). The inherent dependence of TI with height is accounted for in the assumptions

used in its derivation. Along with other wind statistics, TIvaries based on averaging time.

To determine where TI stabilizes, the wind speed record was windowed into various

averaging times and mean, maximum, and minimum values of TI were computed

(Fig. 7.22). This work utilizes a 2-min averaging time. Fig.7.22 shows that TI becomes

fairly stable by 2-min with only a slight increase of 6.0% from 2- to 10-min. This window

captures variations in the smaller scales of motion, which are driven by surface roughness.
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FIG. 7.22. Dependency of the total turbulence intensity on averaging time. A 2-min averaging time is
denoted by the vertical dashed line. The◦ symbol denotes mean values and the+ symbols denote maximum
and minimum values for each averaging time.
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TI is sensitive to nonstationarities in the mean or variancepresent in the wind speed

record, as these moments are used to calculate TI (Schroederet al. 1998).

Nonstationarities lead to anomalous TI values, which can affect the estimates ofzo and

CD. In order to properly analyze the wind data it must be determined if the data are

statistically stationary. A random process can be considered strongly stationary if its

probability distributions are invariant under a shift in time. In other words, the probably

distribution at a fixed time or position is the same for all times or positions, meaning that

the behavior of the process can be predicted, modeled, or forecasted. A weakly stationary

random process is one that the statistical properties in thefirst (mean) and second

(variance) moments do not vary with respect to time. Hurricane wind measurements are

inherently nonstationary over time periods of 30–60 min. Wind speeds tend to increase

and decrease during this time period (e.g., rain bands, eyewall passage) and wind

directions change appreciably. To avoid this predicament,the signal can be separated into

smaller data segments. The mean and variance of these smaller segments tend to be

independent of time, and hence weakly stationary.

Stationarity of the wind speed record was tested using the reverse arrangement test at a

significance level ofα = 0.01 (see Appendix B). An example of a nonstationary wind

speed segment removed from the record is shown in Fig. 7.23. The number of stationary

wind speed data segments with respect to mean, variance, andmean and variance are

provided in Table 7.4. For this work, a data segment was used in the analysis if both the

first and seconds moments were stationary (i.e., weak stationarity). If one (or both) of the

moments are nonstationary the segment is not used in the analysis. Approximately 12% of

the data were nonstationary. Fig 7.24 shows stationary windspeed and direction data

segments. Stationarity statistics for TI andzo are reported in Table 7.5, and segment mean

time histories in Fig. 7.25. Nonstationary standard deviations were higher due to the

inherent variation in these segments. Roughness lengths arerepresentative of marine

exposure (ASCE Exposure D). This result has implications on the current exposure

category prescribed to structures located in hurricane prone regions (discussed below).

The reader should be aware that only stationary data are presented hereafter.
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FIG. 7.23. Example of a nonstationary wind speed record removedfrom the analyzed time series.

TABLE 7.4. Number of stationary and nonstationary 2-min wind speed data segments evaluated with respect
to mean, variance, and both the mean and variance.

Variable Statistic Stationary Nonstationary

Wind Speed
Mean 598 68

Variance 646 20
Mean & Variance 583 83

TABLE 7.5. Turbulence intensity and roughness length statisticsafter wind speed stationarity was evaluated
with respect to both mean and variance.

Turbulence Intensity (%) Roughness Length (mm)

Statistic Stationary Nonstationary Stationary Nonstationary

Mean 13.4 14.4 1.67 2.94
Minimum 9.59 10.3 0.0665 0.133
Maximum 18.4 19.7 9.66 14.1

Standard Deviation 1.62 1.99 1.50 2.84
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FIG. 7.24. Wind speed (solid line) and direction (◦ symbols) from 2-min mean segment lengths obtained
during Hurricane Ike.
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FIG. 7.25. Stationary 2-min mean data segments for: (a) turbulence intensity and (b) roughness length.
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It is customary to reportCD (and other parameters) referenced to the standard 10 m

height velocity. Since wind data were obtained at 2.25 m, speeds were translated to 10 m

using the neutral stability log-law:

U10 = U2.25





log
(

10
zo

)

log
(

2.25
zo

)



 . (7.4)

In Eq. 7.4,zo is the roughness length at 2.25 m andU is the time-averaged wind speed.

Computation ofU10 is critical for estimatingCD. For clarification, the process used to

determineU10 is as follows and applies for each 2-min data segment: (1)U2.25 was

computed, (2)zo was calculated using the TI method, and (3)U10 was estimated using

Eq. 7.4.

In the surface layer the shear stress is assumed to be constant with height (Stull 1988).

Therefore, the 2.25 m drag coefficient can be translated to the standard 10 m height using

the following equation:

CD(10) = CD(2.25)

(

U2.25

U10

)2

, (7.5)

where all are time-averaged quantities. Hereafter,CD refers to drag coefficient values at

the standard 10 m height unless otherwise noted.CD versus the number of stationary data

segments is plotted in Fig. 7.26. The horizontal line is the approximate deep water

limiting value of 0.0025. Stationarity statistics forCD are provided in Table 7.6.

Nonstationary segments have higher mean and standard deviations than the stationary

segments. Estimating the 10 m drag provides a way to compare values obtained for

Hurricane Ike to other observational and laboratory studies (discussed below).

TABLE 7.6. Drag coefficient statistics (referenced to 10 m) after wind speed stationarity was evaluated with
respect to mean and variance.

CD(10) ×103

Statistic Stationary Nonstationary

Mean 2.00 2.27
Minimum 1.13 1.27
Maximum 3.32 3.71

Standard Deviation 0.404 0.517

It was mentioned above that approximately 0.6 m of surge occurred at the probe based

on water markings upon retrieval. Local storm surge inundation at probe 110A requires an
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additional scaling factor. This scaling is needed because the water rise acts to change the

theoretical height of the anemometer relative to the ground/water surface. Since surface

shear stress is assumed constant, height changes only affect the wind speed translation up

to 10 m. Any depth of water lowers the anemometer height, resulting in faster 10 m wind

speeds and lower 10 m drags. To properly take this into account, a time series of local

water level is required. As mentioned earlier, there were nosurge gauges located very near

110A. Therefore, only two options exist. The conservative approach (lowerCD) is to

assume that 0.6 m of surge lasted throughout the backside of the storm

za = 2.25 − 0.6 = 1.65 m. Since this assumption is probably not valid, the fact that0.6 m

of surge is an estimate, and that a time series of surge data are not available, the author

chose to neglect any local rise in water level (assumedza = 2.25 m).
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FIG. 7.26. Drag coefficient measurements obtained during the passage of Hurricane Ike at 2.25 m,
extrapolated to 10 m using the neutral stability log-law andassuming constant shear stress. Values are 2-min
mean data segments and the horizontalsolid lineatCD = 0.0025 refers to the approximate deep water
limiting value.
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It is also useful to determine the correlation betweenCD and wind speed and wind

direction. Based on Fig. 7.26, it is difficult to deduce any trend in the data. Fig. 7.27a

comparesCD with U10 and Fig. 7.27b with wind direction for the 2-min data segments. A

slightly stronger (but still weak) linear relationship exists betweenCD andU10 compared

toCD and wind direction. Both show a slight positive correlation asCD tends to increase

with wind speed and as direction becomes more northerly. Thetrend in wind direction is

likely due to winds greater than 15 m s−1 coming from about 215° and lighter winds from

around 205°.
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FIG. 7.27. The 10 m drag coefficientCD versus: (a) wind speedU10 and (b) wind direction.
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The researcher is interested in determining the dependenceof CD with wind speed in

hurricane conditions. The standard way to assessCD versusU10 is to partition the wind

speed data (and correspondingCD values) into bins with equal ranges. Although, the

number of bins employed is arbitrary, there must be a sufficient number of data points in

each bin to be a representative sample. Obviously, the more data points there are in each

bin the more representative the sample. With only a limited number of 2-min onshore

wind regime data segments acquired during Ike for the strongest winds, it is assumed that

if the number of data points in each bin isN > 15, then a representative sample has been

achieved. The idea behind binning is that the data in each binare characteristic to that bin

only. Binning is advantageous here, as the trend inCD with wind speed can be

determined.

Statistics for the six wind speed bins are shown in Table 7.7.Mean 2-min wind speeds

are nearly centered in each of their respective bins, exceptfor bins 20–25 m s−1 and 25–30

m s−1. Ideally, one would want the mean wind speed of each bin to be near the median

value. However, due to the relatively few number of data points in these bins, this is rather

difficult to achieve. Wind directions are very similar for the strongest wind speeds. For

slower speeds the winds have a greater southerly component.Southerly winds are a result

of the winds backing as Ike moved north out of the region late in the record (where the

weaker winds were observed). Regardless, mean wind directions for each bin are within

20° of each other (with relatively small standard deviations), showing that a very similar

fetch existed throughout the record.
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TABLE 7.7. The drag coefficient for different reference wind speedU10 (m s−1) bins (and other
statistics/parameters). 2-min mean wind speed data segments were partitioned into six wind speed bins
(5–10,. . .,30–35 m s−1, along with the corresponding 2-min mean wind direction anddrag coefficient).
Observed wind speeds at 2.25 m were extrapolated to 10 m usingthe neutral stability log-law.

U10 Bins (m s−1)

5–10 10–15 15–20 20–25 25–30 30–35

Number of 2-min Segments 197 196 90 33 49 18
Mean Wind Speed 8.47 12.1 17.4 21.8 27.9 31.0
St. Dev. Wind Speed 1.16 1.50 1.50 1.33 1.41 0.812
Mean Wind Direction 200 210 219 214 217 220
St. Dev. Wind Direction 4.95 4.64 4.70 2.06 5.56 6.67
Mean Roughness Length× 103 1.32 1.68 1.77 2.14 2.37 2.11
St. Dev. Roughness Length× 103 1.25 1.66 1.25 1.62 1.86 1.37
Mean Drag Coefficient× 103 1.90 1.99 2.07 2.16 2.22 2.16
St. Dev. Drag Coefficient× 103 0.386 0.431 0.343 0.365 0.370 0.353

Binned drag coefficient values are plotted against wind speedin Fig. 7.28.

CD increased steadily with wind speed for winds less than 22 m s−1, then increased at a

slower rate, and reached a limiting value of 0.0022 at a wind speed near 28 m s−1.

CD decreased for wind speeds above 28 m s−1. Although there are only 18 data points in

the maximum wind speed bin, this decreasing trend (or plateau) inCD is clearly evident.

As mentioned above, these values represent the roughness ofthe waves in the Houston

Ship Channel. The dependence of roughness length on wind speed is provided in

Fig. 7.29.
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FIG. 7.28. Mean drag coefficient values for six 5 m s−1 wind speed bins (5–10,. . .,30–35) obtained during
Hurricane Ike (2008). The numbers adjacent to the data points indicate the number of 2-min segments in
that bin. The error bars in (a) are± 1 standard deviation.

282



Texas Tech University,Brian Charles Zachry, August 2009

5 10 15 20 25 30 35
1.2

1.4

1.6

1.8

2

2.2

2.4
x 10

−3

Wind Speed (m s -1) 

R
o

u
g
h
n
e
s
s
 L

e
n
g
th

, 
z

o
 (

m
) 

5 10 15 20 25 30 35
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5
x 10

−3

R
o
u

g
h

n
e

s
s
 L

e
n

g
th

, 
z

o
 (

m
) 

197

196 90

33
49

18

197

196

90

33

49

18

(a)

(b)

FIG. 7.29. As in Fig. 7.28, but for roughness length.
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7.5. Comparison to deep water studies

Drag coefficients obtained in this complex environment are compared with three

well-known deep water studies: (1) Powell et al. (2003), (2)Black et al. (2007), and (3)

Donelan et al. (2004). The data were also compared to shallowwater drag coefficients

reported in Powell (2008). The first comprehensive set of deep water drag coefficient

measurements in hurricane conditions were obtained by Powell et al. (2003). They

estimatedCD by fitting the logarithmic wind profile to four different vertical depths:

10-100, 20-100, 10-150, and 20-150 m. Powell’s values (estimated from their figure) are

compared to coastal drag coefficients obtained during Hurricane Ike in Fig. 7.30. Their

results are dependent on the vertical depth used in the log-law fit: (a) maximum drag

values were higher for layer depths starting at 20 m comparedto those starting at 10 m;

(b) the 10–150 m layer tended to have the smallest error bars (for this layerCD was

maximum∼ 0.0021 at a wind speed near 33 m s−1; and (c) the highest dragCD ∼ 0.0026

was observed for the 20–100 m layer at a wind speed near 40 m s−1. An average of the

four layers are presented in Fig 7.31. Both the present study and Powell et al. (2003)

indicate thatCD reaches a limiting value and decreases for higher wind speeds. Hurricane

Ike and deep water limiting values are similar, but the former occurred at wind speeds

below hurricane force. In Powell (2008), mean drags reacheda limiting value of 0.0022 at

a wind speed near 33 m s−1. Laboratory simulation of deep water drag in extreme winds

(reported by Donelan et al. (2004) for the momentum budget method) are consistent with

a leveling off at around 33 m s−1, but with a marginally higher limiting value of 0.0026.

Drag coefficient data collected during the CBLAST experiment (Black et al. 2007) for

Hurricanes Fabien and Isabel (2003) indicate a leveling offaround 0.002 at markedly

lower wind speeds near 22-23 m s−1. Based on the presented studies, coastal drag

coefficient behavior is in accord with deep water, whereCD increases with increased wind

speed, reaches a limiting value, and decreases for higher wind speeds.

Examination of Fig. 7.31 reveals that coastal drags are significantly higher than the

comparison studies for wind speeds less than 25 m s−1. Crudely extrapolating results from

these studies to lower wind speeds (e.g., 10 m s−1), the drag coefficient would be

considerably less than those obtained during Ike (i.e., theinitial trend inCD with

increasing wind speed is much steeper than the present study). This result is likely a

consequence of the complex wave conditions in the Houston Ship Channel generating a

‘rough’ (wave) surface even under light winds. In summary, results indicate that the

limiting CD value at the coast is on the order of (slightly less than) deepwater values and

thatCD may be significantly higher for slower winds. This result mayalso be the case in
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regions with complex bathymetry and coastal formations that interfere with the local

waves, fetch limited conditions, or in regions with a shallow continental shelf – where the

largest waves are well offshore. Additional hurricane wind/wave data obtained in higher

wind speeds and in ‘cleaner’ wave conditions is needed.
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FIG. 7.30. Comparison of mean 10 m drag coefficients in hurricaneconditions for this study (coastal) and
open ocean measurements from Powell et al. (2003). The four sets ofCD estimates were determined by
fitting the logarithmic law to four different vertical depths: 10–100, 20–100, 10–150, and 20–150 m.
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a. Drag coefficient sensitivity to record length in the lower windspeed bins

A caveat to the results presented above is that the data that make up the lowest wind

speed bin of 5–10 m s−1 generally occurred well after the eye passed. It is estimated that

the surge receded from this portion of the Bolivar Peninsula after about 12 hours;

exposing the land surface between the channel and the probe.Wind flow during landfall of

the northern eyewall was from about 40° with a fetch along theBolivar Peninsula. For

comparison purposes, mean drag coefficients in this fetch are on the order ofCD = 0.005.

Here, the latter portion of the time record analyzed above (22 hours) was truncated so that

only 12 hours of data remained. Since the strongest winds occurred early in the record,

only the two lowest wind speed bins were affected by the truncation (Table 7.7). The

lowest wind speed bin showed a significant decrease inCD to a mean of 0.00168. It

should be noted that only 15 segments were in the 5–10 m s−1 bin. The 10–15 m s−1 bin

still contained more than a hundred 2-min data segments, butthe mean value decreased

marginally. Data for both record lengths are plotted in Fig.7.32 (similar to Fig. 7.31

above). Results suggest that the long record could potentially ‘contaminate’ data in the

lowest wind speed bins. Further analysis will be conducted when computed surge levels

become available. Even though results for the short record length indicate decreased

roughness in the channel for the lowest wind speeds,CD values are still markedly higher

than those determined in the comparison studies.

TABLE 7.8. As in Table 7.7, but for a record length of 12 hours.

U10 Bins (m s−1)

5–10 10–15 15–20 20–25 25–30 30–35

Number of 2-min Segments 15 117 90 33 49 18
Mean Wind Speed 9.52 12.7 17.4 21.8 27.9 31.0
St. Dev. Wind Speed 0.306 1.56 1.50 1.33 1.41 0.812
Mean Wind Direction 210 212 219 214 217 220
St. Dev. Wind Direction 2.15 3.65 4.70 2.06 5.56 6.67
Mean Roughness Length× 103 0.771 1.62 1.77 2.14 2.37 2.11
St. Dev. Roughness Length× 103 0.665 1.62 1.25 1.62 1.86 1.37
Mean Drag Coefficient× 103 1.68 1.97 2.07 2.16 2.22 2.16
St. Dev. Drag Coefficient× 103 0.341 0.433 0.343 0.365 0.370 0.353
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FIG. 7.32. As in Fig. 7.31, but with the short record length of 12 hours added to the plot.
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7.6. Summary and concluding remarks

This chapter presents field observations of nearshore wave conditions and coastal wind

measurements obtained during the passage of Hurricane Ike.Three wave gauges were

deployed adjacent to landfall in the shoaling wave region ata mean depth of 10.4 m. They

were closely collocated with StickNet 110A placed on the Bolivar Peninsula. The probe

measured wind data at 2.25 m with a mean flow coming across the Houston Ship Channel;

not directly from the Gulf of Mexico. Wave conditions in the channel were extremely

complex. Strong cross-channel winds generated fetch limited waves across the 3 km wide

channel. Waves coming into the ship channel from the Gulf of Mexico and strong currents

complicated the situation. Due to this interaction, wave gauges deployed offshore this

region were not representative of the waves in the channel. ADCIRC model runs (yet to

be conducted) will arguably provide the best characterization of waves in the channel. The

surface layer quantities presented are representative of the wave roughness in the

waterway. Results obtained in the study provide the following conclusions.

i. Observed drag coefficient behavior was similar to that found in deep water (e.g.,

Powell et al. 2003), whereCD increased with wind speed, reached a limiting value,

and decreased thereafter. Aerodynamic drag increased withwind speed until around

28 m s−1 where a limiting value of 0.0022 was reached. This value provides evidence

that the limitingCD at this location is on the order of deep water values. This result

may also be the case in regions with complex bathymetry and coastal formations that

interfere with the local waves, fetch limited conditions, or in regions with a wide

shallow continental shelf (where the largest waves are welloffshore). Saturation of

CD is likely a result of sea spray and skimming flow as the waves were limited by

fetch and very steep. Although higher wind speed data are needed, the drag

coefficient tends to decrease with wind speeds above 28 m s−1. A major difference

between deep and shallow water drag exists at lower wind speeds. Drag coefficient at

lower wind speeds were much greater than deep water values (Powell et al. 2003) or

those found in the laboratory (Donelan et al. 2004). This result could be a

consequence of the complex wave conditions in the channel creating a ‘rougher than

normal’ surface under light to moderate winds. Based on this analysis, storm surge

models using a deep water wind speed dependent drag coefficient may be slightly

underestimating hurricane storm surge, and additional forcing parameterizations are

needed in such complex roughness situations.

ii. Structures built on the hurricane prone coast are currently being designed to

withstand wind loads specified by ASCE Exposure C. Data obtained during
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Hurricane Ike suggest that the nearshore region is smootherthan that indicated in

ASCE 7-05. Surface roughness values (Table 7.5) are an order of magnitude smaller

than open terrain (zo = 30 mm), and are within the range of Exposure D (1 < zo < 5

mm). An average of the six wind speed bins yields a mean roughness length of 1.90

mm and a maximum value of 2.37 (Table 7.7). Exposure C corresponds to

CD = 4.75 × 10−3, which is more than twice the maximum value obtained here.

These findings suggest that coastal roughness is less than that prescribed by ASCE in

hurricane regions, indicating that current design wind speeds may be underestimated.

7.7. Recommendations for future work

The following recommendations are for future full scale studies using the

instrumentation utilized in this investigation:

• If StickNet probes are placed in surge-threatened areas, wave/surge gauges should

also be deployed so that accurate water level and wave heightmeasurements are

obtained. These measurements will ensure proper corrections of the anemometer

height during analysis.

• It would be useful to deploy a wave/surge gauge near the shoreline or near the end

of the surf zone to obtain wave heights and water level just upstream from the

collocated StickNet platform.

• The StickNet platforms should be placed as close to the land-sea interface as

possible so that the effects of the land surface between the sea and the probe are

minimized.

• To determine the effects of the land surface, a second StickNet platform should be

placed downwind of the primary probe located near the shore.

• In regions with a shallow continental shelf, wave/surge gauges should be deployed

in shallower water to obtain wave heights just prior to breaking.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1. Introduction and experiment summary

Momentum exchange at the air-sea interface, described in terms of an aerodynamic

drag coefficientCD, is required to accurately forecast hurricane storm surge and to define

the coastal wind load standard. In the last decade, a significant effort has been made to

advance our understanding of the momentum flux in hurricane force winds – numerous

studies have made substantial headway. However, the majority of these datasets were

collected (or are valid) in oceanic deep water. Studies in the nearshore region (i.e., shallow

water), on the contrary, remain inadequate. The experiments conducted and data collected

in this dissertation advance our understanding of nearshore wind characteristics in strong

wind events. Portions of this work will have an immediate impact on the wind and coastal

engineering communities, and will hopefully serve as a research platform to promote

further work in this critical region.

Nearshore air-sea momentum exchange and air flow interaction/behavior was

investigated using a combination of full scale and laboratory studies. The laboratory work

characterized the wind flow and determined the drag coefficient over fixed, solid wave

models using the atmospheric boundary layer wind tunnel at Texas Tech University

(TTU). To gain insight into the problem and estimate the approximate bounds of the drag

coefficient, a pilot wind tunnel study was designed using sinusoid (lower limit) and half

sinusoid (upper limit) wave trains. Half sinusoid waves were oriented with the sinusoid

portion facing both upwind and downwind to simulate onshoreand offshore wind flow

regimes, respectively. Aerodynamically rough flow was generated using two variations of

upstream roughness elements placed along the wind tunnel fetch (carpet and wood

blocks). The feasibility of obtaining results using stationary waves and applying them to

propagating waves was investigated, and indicated that this approach is valid for the wave

shapes studied in this dissertation. The second, or primary, laboratory experiment

investigated aerodynamically rough flow over a statistically valid train of shoaling wave

models. The boundary layer upwind of the studied wave train was developed over a series

of deep water wave shapes to simulate the natural progression of waves to shallow water.

Surface drag coefficients were then evaluated over the shoaling wave set.

To compliment the wind tunnel results, a field campaign was coordinated among
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Texas Tech University, the University of Florida (UF), and the University of Notre Dame

(UND) to obtain collocated wind and wave measurements at hurricane landfall locations

during the 2008 Atlantic Hurricane Season. TTU StickNet platforms and UF/UND wave

and surge gauges were deployed for: Hurricane Gustav (25 August–4 September 2008,

landfall near Cocodrie, Louisiana) and Hurricane Ike (1–14 September 2008, landfall on

the north end of Galveston Island, Texas). The dataset most pertinent to this dissertation

was collected during the passage of Hurricane Ike. A TTU StickNet platform near Port

Bolivar recorded single-level (2.25 m) wind measurements intrue marine exposure with a

fetch across the Houston Ship Channel during landfall of the southern eyewall. Three

UF/UND wave gauges collected shoaling wave data (mean depthof 10.6 m), with the

closest gauge located about 10 km from the StickNet platform. The strong cross-channel

winds generated fetch limited waves across the 3 km wide channel. In addition, there were

swell waves propagating into the ship channel from the Gulf of Mexico and strong

currents, all of which acted to complicate the wave field (i.e., surface roughness). Due to

this interaction, wave gauges deployed offshore Port Bolivar were not representative of the

wave characteristics in the channel. The wind data were usedto determine the variation in

surface momentum flux with wind speed. The following sectionsummarizes the results

obtained from these investigations.

8.2. Fulfillment of the research objectives and significant findings

Full scale and laboratory experiments were designed to provide a better understanding

of nearshore momentum exchange. This goal was accomplishedthrough a series of

objectives (reproduced here for convenience) – fulfillmentof and significant findings

pertaining to each objective are discussed below.

I. Using the wind tunnel facility at TTU, investigate wind stressover fixed steep

sinusoid and half sinusoid wave trains to provide general limits for the drag

coefficient.

The pilot experiment was successful in characterizing the drag coefficient over the

two investigated wave shapes. The full sinusoid wave yieldedCD = 0.0027 and the

onshore half sinusoid wave trainCD = 0.0067 (using the profile method for the

length scale of 1:50 and non-dimensionalizing by the equivalent 10 m mean wind

speed). It needs to be noted that the full sinusoid wave is steeper than ‘ideal’ deep

water ocean waves, and the half sinusoids are not statistically valid breaking wave

profiles. Regardless, they provide a reasonable estimate of the limits.
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II. In a laboratory setting, characterize the wind flow and determine the drag coefficient

over a statistically valid train of shoaling waves.

A statistically valid hurricane shoaling wave train was generated and examined. Air

flow did not separate from the wave surface, and hence a pronounced speed-up

region was present over the wave crest. The drag coefficient for the aerodynamic

rough simulation wasCD = 0.0037, which is approximately 50% higher than

maximum drag coefficients obtained in deep water hurricane conditions (on the order

of 0.0025, e.g., Powell et al. 2003), and 23% higher than shoaling waves in weaker

winds of around 15 m s−1 (Anctil and Donelan 1996). These wind tunnel values are,

however, in relative agreement with preliminary estimatesof CD over shoaling

waves in hurricane conditions (Powell 2008).

III. Obtain field observations of nearshore wave characteristicsand coastal wind

measurements during the passage of hurricanes to determinethe full scale drag

coefficient at the coast.

This objective was partially fulfilled due to the following two reasons. First, data

were only collected during landfall of Hurricane Ike. Second, the fetch was across

the Houston Ship Channel (and not from the Gulf of Mexico). Although the data

were not collected where desired, some valuable results were obtained. Coastal drag

coefficient behavior was similar to that found in deep water (e.g., Powell et al. 2003).

Aerodynamic drag increased with wind speed, and reached a limiting value of

0.0022 at a wind speed near 28 m s−1. Sea spray and skimming flow were likely the

cause for the saturation ofCD. Crucially, at wind speeds below the limiting value,

drag coefficients were significantly higher than previouslymeasured deep water

values. This result is likely a consequence of the complex wave conditions in the

channel creating a ‘rougher than normal’ surface under light to moderate winds. It

has yet to be determined if a similar situation exists at a typical beach shoreline.

IV. Using results from this research, discuss the implicationsfor storm surge forecasting.

Results from the laboratory and field experiments indicated that depth-dependent

wind stress parameterizations are needed in storm surge models (i.e., wind speed

dependent drag coefficient formulations developed in deep water are not valid near

the coast). In the shoaling region, the laboratory experiment found thatCD is higher

than deep water values. The field study provided an estimate of CD in complex wave

conditions. As mentioned above, the limiting drag coefficient was similar to deep

water values. However, additional parameterizations are needed for lower wind
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speeds. In addition, the author suggests that new model parameterizations need to be

implemented in complex coastal situations. Based on this research, storm surge

models using deep water parameterizations are underestimating hurricane storm

surge.

V. Investigate the potential impact on the ASCE standard for structures located in

hurricane prone regions.

Data obtained during Hurricane Ike suggest that the coast issmoother than that

prescribed in ASCE 7-05. Mean roughness lengths were estimated to be on the order

of 3 mm, placing this coast in an Exposure D environment. Thisresult is despite

extremely complex wave conditions upstream of the anemometer. If the roughness

lengths are in accord with Exposure D for these chaotic wave conditions, it is likely

that the surf zone is of similar (or less) roughness. Therefore, design wind speeds are

currently being underestimated along the hurricane prone coast by assuming

Exposure C conditions.

At the onset of this investigation, it was hypothesized thatnearshore drag coefficients

were higher than deep water values. The laboratory and field studies offered conflicting

evidence for this hypothesis. The former found that shoaling wave shapes exhibited higher

drag than deep water waves. The latter determined that maximum coastal drag coefficient

values (representative of the complex wave conditions upstream) were similar to deep

water. Sea spray and skimming flow were likely the dominant mechanisms for the limiting

value – when the sea surface reaches a critical roughness in extreme winds, the drag

coefficient plateaus by these phenomena. However, the variation ofCD at lower wind

speeds was different than deep water (being higher), indicating that wave characteristics

and depth (e.g., deep water, shoaling, breaking) determinethe dependence.

In summary, wind tunnel modeling of the drag coefficient and the flow over shoaling

waves matches reasonably well to the limited full scale data, but this method should be

used with caution until further validation procedures are conducted. The full scale dataset

obtained during Hurricane Ike has provided some of the first wind measurements in true

marine exposure during a hurricane landfall (and so advancing our understanding), but has

introduced many other questions that have yet to be answered.

8.3. Recommendation for future work

Field and laboratory studies need to be conducted to determine how the behavior of

CD changes as waves propagate from deep water to the shoreline in hurricane conditions.
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The author believes that depth-dependent wind stress parameterizations are necessary and

recommends separate forcings for deep water, the shoaling region, and the surf zone.

Wave conditions in each of these regions are significantly different due to wave

transformation processes (unlike deep water waves that do not feel the affects of the sea

floor). Deep water drag coefficient behavior is becoming better understood. The available

studies (this one included) indicate that the shoaling region is rougher than deep water.

Some experiments have foundCD to be higher over breaking waves. Since waves at initial

breaking and shortly after are significantly larger and probably rougher (from a shape

standpoint) than waves much closer to the shore, it is speculated that the surf zone can be

further broken into outer and inner regions (which are likely dependent on surf zone

width). The outer region would extend from initial breakingto some distance shoreward

(where the roughness is similar). In the inner surf zone, wave heights would have

decreased significantly and the surface is likely smoother than the outer region. The

impact of these multiple changes in roughness on internal boundary layer growth also

needs to be investigated. In addition, this implies that coastal roughness lengths are

dependent on surf zone width. In regions where the surf zone is wide (e.g., 2 km), the

shoaling region (and largest waves) are well offshore. The roughness experienced at the

coast is associated with the small, already-broken waves atthe end of the wide surf zone.

However, in regions where the surf zone is very narrow, the internal boundary layer is

likely in a transition phase and coastal roughness lengths are dependent on both the

shoaling and surf zone wave characteristics.

With current technology, this theory is best tested using remote sensing techniques.

Dual Doppler radar has the unique ability to measure wind speeds/profiles in regions

where in situ measurements are extremely difficult. To advance model parameterizations

of wind stress, datasets need to be acquired in regions with differing bathymetric

characteristics (e.g., shallow and steep continental shelves). Wind data obtained over each

of the nearshore wave regions can then be used to estimate thesurface drag coefficient and

roughness lengths. At the coast, wind measurements in the resultant internal boundary

layer would give estimates of the roughness in these differing situations.

The ultimate goal of this investigation and future researchconsiderations is to

improve hurricane storm surge forecasting and provide reliable advice for

wind load standards in coastal wind regimes.
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APPENDIX A

LINEAR REGRESSION: THE LEAST SQUARES METHOD

Linear regression is a regression method that models the relationship between a

dependent (response or outcome) variable to specified independent (predictor or

explanatory) variables. Simply stated, linear regression(a method of curve fitting)

attempts to model the relationship between two variables byfitting a linear equation to

observed data to estimate parameters. Independent variables are any of the arguments

(inputs) to a function, whereas a dependent variable is the value (output) of the function.

In other words, explanatory variables, are those whose values are controlled or selected

and response variables are measured. Linear regression fitsequations by approximating

curves to the raw field data (often accompanied by noise). Curve fitting is a powerful tool

in that it allows for the prediction of future values and characterization of these results. A

popular method of linear regression, (ordinary) least squares (OLS), was first described by

Carl Friedrich Gauss in 1795. This model is widely used acrossmany disciplines such as

chemistry, economics, biomedical, and atmospheric sciences. Variations on this method

have been developed. The most common variations are the weighted least squares (WLS),

alternating least squares (ALS), and partial least squares(PLS).

The prediction equation for a dependent variabley and independent variablex is given

by:

y = a+ bx , (A.1)

wherea andb are the intercept and slope, respectively. The response variable predicted as

a function ofx can be modeled by:

y = f(x) + ǫ , (A.2)

whereǫ is a random variable known as the error (random noise). Erroris assumed to be

normally distributed with a mean of zero, a constant variance, to be uncorrelated with

itself across observations and independent ofx.

A simple linear regression model in which the regression function is linear for

multiple independent variables,xi for i = 1, . . . , n, the response variable y is modeled by:

y = β0 + β1x1 + · · · + βnxn + ǫ , (A.3)
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and in simple notation:

ŷi = α+ βxi + ǫi , (A.4)

whereα is the intercept,β are the respective parameters of independent variables, and n is

the number of parameters to be estimated. The intercept and slope are the unknown

parameters to be estimated from the given data using a regression model. The least

squares method estimatesα andβ using the following formulas:

α = ȳ − βx̄ , (A.5)

and

β =

n
∑

i=i

[(xi − x̄)(yi − ȳ)]

n
∑

i=1

(xi − x̄)2

. (A.6)

The least squares parameter estimation mathematically calculates the best-fitting line

for the observed data. This method minimizes the sum of the squares (SSE):

SSE(x) =
n
∑

i=1

(yi − α− βxi)
2 =

n
∑

i=1

e2i , (A.7)

of the vertical deviations between the measurements and themodel. The minimizing the

expression is as follows:
n
∑

i=1

e2i = e21 + e22 + · · · + e2n , (A.8)

where the error between the actual vertical point and the fitted point is given by:

ei = yi − ŷi . (A.9)

Thus, there is no vertical deviation if a data point lies exactly on the fitted line. The

variances2 can be used as an estimator for the variance inei using the following formula:

s2 =
n
∑

i=1

e2i
n− 2

, (A.10)

The strength of the relationship determined by this model can be characterized by the

dimensionless quantities known as the coefficient of determinationR2 and the correlation

coefficientr. The coefficient of determination gives the proportion of the variance

(fluctuation) of one variable that is predictable from the other variable. All variation could
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be explained if the regression line passes exactly through every point, and the explained

variation decreases with points located farther from the line. In other words, the

coefficient of determination is a measure of how well the regression line represents the

data and how much certainty can be placed in making future predictions. The coefficient

of determination can be calculated by:

R2 = 1 −

n
∑

i=1

(yi − ŷi)
2

n
∑

i=1

(yi − ȳi)
2

, (A.11)

whereyi are the predictor variables,̂yi are the predicted values and̄yi are the mean values

of yi. Taking the square root of Equation A.11 yields the correlation coefficient r:

r =

n
n
∑

i=1

xiyi −
(

n
∑

i=1

xi

)(

n
∑

i=1

yi

)

√

√

√

√n

(

n
∑

i=1

x2
i

)

− n

(

n
∑

i=1

xi

)2
√

√

√

√n

(

n
∑

i=1

y2
i

)

− n

(

n
∑

i=1

yi

)2
. (A.12)

Similarly, r measures the strength and the direction of a the line of best fit. In a case where

r = 0.75 (R2 = 0.56), 56 % (44 %) of the total variation in y can be explained(remains

unexplained) by the model.

Interpretation of the size of correlations has been a subject of debate. The general

consensus is that the values can vary depending on the data being examined. For example,

a study that utilizes scientific data from precise instruments may require a stronger

correlation than a study using social science data, where error in often ingested into the

model. An interpretation of the correlation coefficient based on the work of Cohen (1988)

is shown in Table A.1.
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TABLE A.1. Guidelines for the interpretation of a correlation coefficient. From Cohen (1988).

Correlation Negative Positive

Small -0.29 to -0.10 0.10 to 0.29
Medium -0.49 to -0.30 0.30 to 0.49
Large -1.00 to -0.50 0.50 to 1.00

Another common interpretation is that a strong correlationexists if r> 0.8 and weak if r

< 0.5.
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APPENDIX B

THE REVERSE ARRANGEMENT TEST

The reverse arrangement test is a non-parametric statistical hypothesis test, meaning

that no assumptions are made regarding the probability distributions of the variables being

assessed. The rationale is to test for the presence of a trend(i.e., a changing mean or

variance value) due to a source of nonstationarity in the signal. The reverse arrangement

test can detect a monotonic trend in a time series. The methodis performed by first

dividing the time series (in our case a segmented time record) into adjacentn segments.

Then, beginning with the first point in the segmented signalx(i), i = 1,. . . ,N , the test

counts the number of times thatx(i) < x(j) for somei andj with i < j for all i. Each

such inequality is called a ‘reverse arrangement’ (Bendat and Piersol 1986) and this

reversal count is the total number of reversalsR. If n ≥ 12 the normal assumption is valid

(this study usesn = 18), and a Z-score is calculated as follows (NIST cited 2009):

Z =
R− N(N−1)

4
+ 0.5

√

(2N+5)(N−1)N
72

, (B.1)

which is used to test the null hypothesis. Here, the null hypothesis is that the segmented

record ofx(i) are independent observations of the same random variable (i.e., the segment

is stationary). The alternative hypothesis is that the datapoints are related and are part of a

significant underlying tend present in the signal. For this work the null hypothesis is

rejected at a significance level ofα = 0.01, meaning that the researcher is 99% confident

that a type I error will not be committed (reject a true null hypothesis). At thisα, a

Z-score of± 2.56 is required to reject the null hypothesis. If the Z-score from the data

segment is−2.56 < Z < 2.56 the null hypothesis is not rejected, indicating that the

analyzed record is stationary.
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