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ABSTRACT 

It is well understood that the Saharan air layer (SAL) influences the variability 

and the intensity of tropical cyclones and African easterly waves in the Atlantic Ocean 

Basin. The radiative and conductive properties of the mineral dust are thought to 

contribute to warming within the SAL, creating an anomalous baroclinic zone in the 

Tropical North Atlantic. Environmental baroclinic instability is a mechanism by which 

available potential energy is converted to eddy kinetic energy, leading to wave growth. 

However, this same baroclinic mechanism, along with the dry properties of the SAL 

could also lead to asymmefries in fropical cyclones, limiting fropical cyclone intensity. 

Claudette and its formative wave which occurred during the 2003 Atlantic Basin 

hurricane season propagated along the southern boundary of a broad but moderate SAL 

outbreak throughout its evolution. First, it was found that the presence of Saharan dust 

was well correlated to heating in the environment. Thus, the wave growth potential was 

diagnosed using the Chamey-Stem condition for combined barotropic-baroclinic 

instability. It was found that the Chamey-Stem condition was satisfied for the formative 

fropical wave throughout much of its evolution, corresponding to the mostly progressive 

wave growth which occurred over time. The lifting potential due to the SAL boundaries 

and the mid-level easterly jet were then investigated, and the current research suggests 

that there is a dual-celled set of circulations, forced by the SAL boundaries but modified 

by the mid-level easterly jet. 

The SAL continued to remain intact in the storm environment almost throughout 

Claudette's entire evolution, after fropical cyclogenesis and through its entire track into 

the Western Gulf of Mexico. Rapid intensification in the last 15 hours prior to landfall 

was concurrent with the breakdown of Saharan air intrusion that had been persistent in 

the storm environment. Although the presence of dry air may have limited the intensity 

of Claudette before the rapid intensification period, external factors from the SAL, such 

as oceanic hurricane heat potential, may have also played a role in Claudette's intensity 

fluctuations. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The Saharan air layer (SAL) is an aerosol-laden elevated mixed layer 

phenomenon which frequently appears throughout the calendar year. The SAL is known 

to initiate from several different source regions varying between Niger, Chad, Libya, and 

Algeria in Northem Africa. As the SAL emerges from the West African Coastal Bend, 

its base is often defined at around 850 hPa, and the dry, mixed layer extends up to 500 

hPiu In a Lagrangian sense, the base of the westward propagating SAL over the North 

Atlantic is thought to increase over time as the frade wind inversion deepens. The SAL is 

characterized by dry adiabatic and constant mixing ratio vertical profiles (Carlson and 

Prospero, 1972). Since SAL outbreaks occur over the Tropical North Atlantic Ocean, 

this phenomenon may be Unked to the variation and intensity of fropical cyclones during 

the North Atlantic Basin hurricane season (Karyampudi and Carlson, 1988; Dunion and 

Velden, 2004). 

Karyampudi and Pierce (2002) indicate that the SAL contributes to the growth of 

easterly waves as stipulated conditionally in Equation 1.1 where C, is the relative 

vorticity, f is the Coriolis or planetary vorticity, g is the gravitational constant (9.8 m s'^), 

and — represents the vertical gradient of potential temperature or static stability. 
ap 

(f./fef < 0 , (1.1) 

Equation 1.1, 

d q _ ^ 

dy 5y 

is known as the Chamey-Stem condition (1962) which is satisfied when the meridional 

gradient of the potential vorticity, q, changes sign and becomes lesser than zero in the 

Northem Hemisphere. Karyampudi and Pierce's study utilized gridded data analyses 

from the European Cenfre for Medium-Range Weather Forecast (ECMWF) model for 

cases where SAL outbreaks interacted with easterly waves which eventually grew to 



become Andrew (1992), Ernesto (1994) and Luis (1995). It was found that the Chamey-

Stem condition was satisfied in Emesto and Luis but not Andrew at genesis. 

It has also been shown that the SAL inhibits tropical cyclone development. 

Dunion and Velden (2002) devised a technique to more clearly identify the SAL by 

utilizing the emittances from the 10.7 pm and 12 î m infrared channels from the now 

retired GOES-8 (the eastem sector of the Geostationary Operational Environmental 

Satellite). Water vapor is better detected in the 12 nm channel than in the 10.7 fim 

channel. However, both aerosols and water vapor emit radiation in the 10.7 |xm window. 

Therefore, to resolve this problem, Dunion and Velden utilized a channel differencing 

scheme to subfract out emittances due to water vapor to arrive at a product exclusively 

visualizing aerosol. This product clearly showed the suppressive effect that the SAL 

imposed on Hurricane Erin of the 2000 season as shown in Figure 1.1. Dunion and 

Velden (2004) later utilized a composite of dropsonde measurements circumscribing 

Hurricanes Danielle and Georges in the 1998 season as well as Hurricanes Debby and 

Joyce in the 2000 season to delineate the dry environment within the encompassing SAL 

region. Dropsonde observations were also used to show that the SAL was associated 

with vertical shearing of the horizontal wind which most probably contributed to the 

suppression of Hurricane Debby in the 2000 season. 

w-1^ HtfTricajje Erin 

Figure 1.1. 10.7 |xm and 12 [im differenced infrared channel from the GOES-8 Satellite 
on 2,5 and 9 September 2001, appearing top to bottom in the above diagrams. The 
brighter areas delineate atmospheric aerosols (Dunion and Velden, 2002). 



1.2 Review of Literature 

1.2.1 Origin and Growth of African Easterly Waves: Burpee (1972) 

Robert Burpee was among the first scientists to quantify the existence and source 

regions of Afiican easterly waves as well as to document the physical mechanisms 

associated with wave growth. Burpee utilized a power spectral technique to analyze the 

variation in the meridional wind in order to diagnose the origin and existence of the 

waves. In addition, Burpee used individual terms in the meridional potential vorticity 

gradient budget (the contribution of horizontal and vertical shear) to assess the growth of 

waves over Northem Africa. 

Burpee obtained upper air mandatory level data from the National Climatic Data 

Center. A "seasonal" sampling period was defined for the dataset as the period between 

15 July through 30 September, when the African easterly wave frequency is most 

uniform, for each year between I960 and 1964. A separate monthly sampling period of 

between 01 October and 31 October was also considered for the same years. 

Burpee was able to first identify the origin of easterly waves by analyzing the 

percentage of total variance of the meridional wind over time at a fixed location (%TV). 

This quantity was used because the variation in the meridional wind exceeds the variation 

of the zonal wind throughout the easterly wave period. As evident in Table 1.1, the 

meridional wind percentage variations for above the Aden and Khartoum locations, both 

located east of 32 degrees east longitude, were not coherent with the other stations to the 

west by that the magnitudes of composite %TV at these locations did not increase in a 

monotonic manner consistent with the other locations west of 32 degrees east longitude. 

Therefore, the conclusion weis arrived at that variations of the meridional wind were due 

to growing easterly waves east of the 32" meridian and that no easterly waves regularly 

occurred east of this demarcation. 



Table 1.1. The percentage of total variance (%TV) calculations of the meridional wind. 
Composited values were averaged over a period of 3.1-5.7 days at the mandatory 
pressure levels for the seasonal data sample over the selected stations in North Africa 
(Burpee, 1972). 
LEVEL 

surface 
850 
700 
500 
400 
300 
200 
150 
100 

LEVEL 

surface 
850 
700 
500 
400 
300 
200 
150 
100 

Aden 

-

32.9 
27.1 
29.7 
42.4 
38.1 
34.4 
33.3 
29.7 

Dakar 

43.1 
46.4 
46.0 
42.7 
51.2 
41.4 
36.2 
43.1 
33.7 

Khartoum 

34.5 
31.9 
29.2 
38.1 
37.6 
30.9 
29.0 
29.7 
30.1 

Bangui 
-

42.3 
51.4 
44.0 
34.5 
35.8 
46.4 
44.1 
51.6 

Ft. Lamy 

29.2 
37.7 
46.2 
35.0 
35.2 
33.7 
34.2 
31.1 
34.2 

Lagos 

-

48.7 
51.3 
39.1 
45.3 
35.1 
32.6 
33.5 
38.9 

Niamey 

39.9 
40.6 
49.8 
36.2 
39.2 
36.0 
37.0 
31.8 
28.0 

Abidjan 

19.4 
42.7 
50.4 
46.6 
43.1 
33.5 
36.4 
48.8 
45.5 

Burpee also quantified the existence of easterly waves utilizing power spectral 

analyses of the meridional wind. Figure 1.2 reveals distinct maximum impulses in the 

variances of the meridional wind for all of the stations at 700 hPa and 150 hPa, and a 

minimum of the meridional wind variance exists at 400 hPa. The variance impulse at 700 

hPa is attributed to the easterly waves modulating the meridional component of the wind 

while at 150 hPa, the variation in the meridional wind is forced by westerly propagating 

stratospheric waves that exist over the vicinity of the equator (Yanai and Mamyama, 

1966). 



KHARTOUM 

~ 20 10 7 
PEHIOO IDATSI 

Figure 1.2. Time-height cross-sections of calculated power specfral densities of the zonal 
wind (u) and meridional wdnd components (v) over Khartoum, Ft. Lamy, and Dakar. The 
contours are in units of m^sec" ^day representative of the seasonal sampling dataset 
(Burpee, 1972). 

The physical mechanisms contributing to wave growth were also investigated. 

An altemative way to express the meridional gradient of the potential vorticity is shown 

in Equation 1.2, 

Sq _ „ 5^" f^ 1 dp^ du /o d^u 
(1.2) 

TV/ p^ dz dz N/ dz^ 

as derived by Chamey and Stem (1962), where P is the meridional change of the Coriolis 

or planetary vorticity magnitude, u is the zonal wind magnitude, /„ is the Coriolis force 



magnitude at 45 degrees north latitiide (~10^s"'), Ns is tiie Brunt-Vaisalla frequency 

defined as. 

[OBz 
(1.3) 

and ps is the density of air (Chamey and Stem, 1962). Using the August monthly data for 

each year of study, Burpee calculated temporal mean quantities for each term in Equation 

1.4 as shown in Table 1.2. It is evident that there is a sign reversal of the meridional 

potential vorticity in the latitude band where fropical waves occur. This is the necessary 

criterion for the Chamey-Stem condition to be satisfied suggesting unstable and growing 

perturbations along the mean flow (Chamey and Stem, 1962). In addition, the 

— 2 f 2 ~2 

magnitudes of the horizontal shear ( ;-) and the vertical shear ( ^ r-) terms are 
ay' N.'az^ 

higher than the Beta term ( p ) at the latitudes where Afiican easterly waves exist, suggesting 

that the combined horizontal and vertical shear is the dominant source of energy. 

Table 1.2. Calculations of the 700 hPa mean potential vorticity budget over North 
Africa. The calculations were performed at each point along 5 east longitude utilizing the 
August means from 1960 through 1964 (Burpee, 1972). 

Latitude 

(N) 

5.0 
7.5 

10.0 
12.5 
15.0 
17.5 
20.0 
22.5 
25.0 

5q 
dy 

4.8 
6.4 

-3.3 
-11.4 

-6.1 
-0.2 
0.6 
4.9 
2.2 

P 

2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 

d'u 

dy' 

4.8 
6.4 

-1.2 
-5.2 
-4.0 
0.0 
0.6 
2.8 
0.0 

fô  

^ : 

1 5p3 

Ps ^ 

-0.2 
-0.2 
-0.3 
-0.4 
-0.3 
-0.4 
-0.2 
-0.1 
0.0 

as 
dz 

fo 
N 

2 ~2— 

d u 
s 

-2.0 
-2.0 
-4.0 
-8.0 
-4.0 
-2.0 
-2.0 
0.0 
0.0 



The existence of combined horizontal and vertical shear in the August dataset 

indicates the existence of baroclinic-barofropic combined instability. The baroclinic 

instability arises fix)m the high sensible heating and dry convections that occurs over the 

Sahara Desert, especially during the Northem Hemisphere summer. This heating source 

results in a north to south temperature gradient between the Sahara Desert and the Sahel 

region, the grassland lying to the south of the Sahara Desert. The temperature 

characteristic of the Sahel region is modified by the Gulf of Guinea which acts as a heat 

sink. As a result, a temperature gradient on the average of I degree Celsius per 100 

kilometers is typical between the Sahara and the Sahel during the Northem Hemisphere 

summer. The Mid Level Easterly Jet (MLEJ), typically found at 700 hPa, forms and 

grows in response to thermal balance as shown in Equation 1.4, 

V T 
av„ 
dz 

R r^Y^ 

l^yj 

fr^ ^ 
hi 

VPJ 
(1.4) 

where is the magnitude of the thermal wind which is defined as the change in the 

magnitude of the geosfrophic wind with height. 
av„ 
az 

R is the gas mixture constant, T 

is the temperature, ps is the pressure at the Earth's surface, and p is a pressure at a given 

height in the atmosphere. From Equation 1.4 it is clearly apparent that the magnitude of 

the thermal wind is directly proportional to the meridional temperature gradient for the 

case of a north to south temperature gradient (Uccellini and Johnson, 1979). This 

baroclinic mechanism acts primarily to induce deformation of the wind field, such as 

sfretching or contraction. This deformation is conducive towards the generation of new 

anticyclonic and cyclonic eddies (Fein and Stephens, 1987). The barofropic instability 

contributes to the growth of waves in a horizontally sheared wind environment. For the 

case of Afiican easterly waves, the MLEJ partially contributes to the conversion of 

available potential energy from the mean wind into eddy kinetic energy (Chamey and 

Stem, 1962). Furthermore, barofropic kinetic energy exchanges may contribute to the 



growth Afiican easterly waves at the expense of larger scale waves (Lighthill and Pearce, 

1981). 

1.2.2 Radiative and Chemical Properties of Saharan Dust: 
Carlson and Benjamin, 1980 

After the time that Burpee quantified the existence and growth of African easterly 

waves, there were many diagnostic studies focusing on the modulation of easterly wave 

variability within one season and interannually. Gray and Landsea (1992) hypothesized 

that variations in the rainfall amounts in Northem Afiica played a key role in the 

interannual variation of major landfalling hurricanes on the Caribbean islands and the 

United States Atlantic and Gulf of Mexico coastlines. This observed increase in the 

frequency of major hurricanes may be correlated to the increase in the temperature 

gradient, and hence the baroclinic zone between the Sahel and the Sahara Desert, during 

moist years in the Sahel. As a result, more active waves emerge from North Afiica into 

the Atlantic. In addition, Karyampudi and Carlson (1988) were among the first scientists 

to look at interactions between Saharan dust and African easterly waves. This work 

followed much diagnostic research related to the stmcture and optical properties of the 

Saharan dust layer. Carlson and Prospero (1972) were the first to identify the SAL as a 

dry and relatively warm mixed layer feature of high turbidity using atmospheric and 

aerosol observations collected during BOMEX (Barbados Oceanographic and 

Meteorological Experiment). Following this work, Carlson and Benjamin (1980) 

investigated the radiative heating rates due to Saharan dust. 

In order to study the vertical profile of the outgoing longwave and incoming 

shortwave radiation budget, Carlson and Benjamin performed Evilerian simulations (at a 

series of stationary points) using the Perm State Combined Longwave and Shortwave 

Model. The simulations were executed for cloudless ocean, cloudy ocean and cloudless 

desert cases all possessing highly turbid environments. Vertical profiles of the radiation 

budget were plotted as a fimction of aerosol optical depth (or aerosol optical thickness), 

a^, as shown in Equation 1.5, 



Ox=sec(^Jk^pdz (1.5) 
0 

where ^ is Uie incident solar angle, k̂ , is the extinction coefiicient, p is the density of the 

atmosphere at the surface, and dz is tiie total depth of the atmosphere. Essentially, 

aerosol optical depth is a measure of how much radiation is depleted throughout a 

colunmar depth of the atmosphere. Therefore, the magnitude of aerosol optical depth is 

directiy proportional to the amount of aerosols that are present in the column, or the 

turbidity, as well as the surface air density (Wallace and Hobbs, 1977). Table 1.3 

outUnes the aerosol optical thickness (AOT) magnitudes compared to various degrees of 

turbidity. The AOT is a function of the wavelength of radiation through air. For this 

study, the AOT is defined at a wavelength of 0.5 |am since sunphotometers are often 

deployed to measure the AOT from the ground at a 0.5 \im wavelength. 

Table 1.3. AOT quantitative thresholds and corresponding turbidity qualitative 
classifications (Carlson and Benjamin, 1980). 

AOT Threshold Turbidity Classification 

S 0 3 Diffuse ~~ 
0.4-0.7 Moderate 

0.8 < Intense 

The extinction coefficient is an attenuation factor due to aerosols throughout the 

atmospheric medium. Figure 1.3 shows the vertical profile of the extinction coefficient 

that was incorporated into the simulation for the turbid ocean cases and the desert case. 

These profiles were derived based upon the findings from Carlson and Prospero (1972). 

In the ocean, there is a parabolic distribution to the turbidity as the absolute maximum 

occurs at about 650 hPa, and the local minima of turbidity occurs at the upper bound at 

about 450 hPa and the lower bound at about 1000 hPa. For the desert cases, a constant 

moderate turbidity is assumed from the surface to 500 hPa to emphasize the well-mixed 

depth. Above 500 hPa, the function for the extinction coefficient is defined for a value of 

zero over the desert. 
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Figure 1.3. The vertical profile of the extinction coefficient. This profile was used in 
model simulations normalized for an aerosol optical depth of 1.0. The solid line 
represents the fimction for the ocean cases, and the dashed line represents the distribution 
for the desert case (Carlson and Benjamin, 1980). 

Figure 1.4 shows the temperature, moisture, and pressure vertical profile of the 

atmosphere over the ocean and the desert that were used in the model. Much like the 

extinction coefficient vertical profiles, the values inputted into the sounding were based 

upon the findings from Carlson and Prospero (1972) for turbid conditions over the 

Eastem Atlantic during the Northem Hemisphere summer. Over the ocean, there is a 

small mixmg depth just above the surface. Slightly above the surface, an inversion 

extends for a thickness of about 100 hPa. Above the inversion, a well-mixed, dry 

adiabatic layer extends from 850 hPa to 400 hPa, corresponding to the level where 

turbidities are at maximum levels. There is a shallow moist layer, m a relative sense, 

near the surface. Overall, the rest of the sounding is dry, in a relative sense. The desert 

case sounding is different only by that the atmosphere is mixed out to the surface. In the 

Perm State Combmed Longwave and Shortwave Model, the heating rates ( — ) were 
At 

calculated according to Equation 1.6, 

AT gAF 

At c„Ap' 
(1.6) 
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where A F is tiie difference between the downwelling and upwelling radiation flux, c is 

the specific heat of air at constant pressure (-1004 J kg'K"'), and Apis the difference 

between two pressure levels. 
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Figure 1.4. Soundings used in the model sunulations for the desert and ocean cases 
(Carlson and Benjamin 1980). 

The first case that was considered was the null case, or the cloudless ocean case 

without dust loading. The vertical profile shown in Figure 1.5 mdicates that the null case 

contains an envfronment which cools over time as the outgoing longwave (infrared) 

energy exceeds the incoming shortwave (solar) energy. The null case was subtracted out 

from the radiative budget profiles with the dust cases to arrive at a modulated heating rate 

profile relative to the dust exclusively. 
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Figure 1.5. Heating rates m the outgoing longwave and the incommg shortwave 
spectrums as well as the total heating rate versus pressure. Results are from the Penn 
State Combined Longwave and Shortwave Model (dashed line) and the Wiscomb Model 
(solid line) (Carlson and Benjamin, 1980). 

The next case that was considered was a cloudless but dust-loaded atmosphere 

over the ocean. Figure 1.6 shows quite a magnitude of warming in the shortwave 

spectrum and lesser cooling in the longwave spectrum within the dust layer between 800 

and 550 hPa. The total maximum heating rates within the dust layer approach 3 degrees 

Kelvin per day at 650 hPa with another maximum of the same magnitude near the surface 

for the highest AOT of 3.0. The warming in the dust layer is attributed to shortwave 

heating as visible radiation is absorbed in the dust layer. At the surface, the heating is 

attributed to infrared radiation which is thought to be absorbed at the surface after 

downwelling upon being emitted from the dust layer. 
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Figure 1.6. Aerosol relative heating rates for the shortwave and longwave spectra as well 
as the depiction of the total aerosol relative heating rate, all as a fimction of pressure. 
The output is normalized over a spectrum of AOT from the Penn State Combined 
Longwave and Shortwave Model (Carlson and Benjamin, 1980). 

The case for the cloudy ocean with aerosol loading was next investigated, and the 

results are shown in Figure 1.7. The cloudy layer characteristics were chosen as what is 

typically observed formatively of stratus or sfratocumulus within the Intertropical 

Convergence Zone (ITCZ). The base of the cloud layer is inputted at 950 hPa, and the 

cloud tops exist at 900 hPa m both models. There is no data presented below the cloud 

tops so as not to depict the radiation fluxes due to the cloud since solely aerosols are 

bemg investigated. The results for this case are very similar to the cloud-free case over 

the ocean. There is maximum heating due to the absorbtion of shortwave radiation 

within the dust layer and not as much cooling due to upwelling longwave radiation. This 

combination results in local total heatmg rates as much as 4 degrees Kelvin per day at 

700 hPa for a maximum AOT 3.0. 
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Figure 1.7. Same as Figure 1.6 except for the turbid cloudy ocean case (Carlson and 
Benjamm, 1980). 

The final case considered was for a turbid desert (cloudless) environment. The 

vertical radiation budget profile in Figure 1.8 shows that both the cooling due to the 

emission of longwave radiation and heating due to the absorbtion of incoming shortwave 

radiation are uniform from the surface upward through 700 hPa. This is due to the very 

sfrong mixing typical of the unstable boundary layer above the desert. However, there 

are sharp maximums in the longwave cooling and the shortwave heating at the top of the 

dust layer. Considering that the entire dust layer is well mixed, from the surface to 500 

hPa in this case, the top of the layer would experience the most radiation flux since above 

this layer, the atmosphere is not well-mixed, and the extinction coefficient dramatically 

increases at the 500 hPa level, where the incident visible radiation fravels first. Likewise, 

to maintain a quasi-balance, maximum emissions of longwave radiation occur on this 

surface where maximum heating franspires due to the incident visible radiation. Despite 
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tiiis quasi-balance, there is still a net heating on the order of 3 degrees Kelvin per day in 

the upper portion of the dust layer for an optical depth of around 3.0. 

SOUR; 
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Figure 1.8. Same as Figure 1.7 except for the turbid desert (cloudless) case (Carlson and 
Benjamin, 1980). 

Carlson and Benjamin looked at varying surface types as the confroUing factor in 

the heating due to the radiation budget as modulated by aerosols. Absorption of 

incoming shortwave energy and emittance of longwave energy were investigated as 

components contributing to the multispecfral warming and cooling rates occurring in the 

Saharan an layer. The two other mechanisms which contribute to the radiative energy 

budget within a dust layer are fransmissivity, or horizontal scatter due to aerosols, and 

thermal conductivity of the minerals that compose the Saharan dust plume (Claquin et al., 

1998). The mineralogical components of the Saharan dust along with corresponding 

thermal conductivities are listed in Table 1.4. This tabulation reveals the fact that most of 

15 



the minerals that are suspended within the Saharan dust plume contain higher 

conductivity values, a, by a factor of approximately 100 than that of clear air. This fact 

suggests that the thermal properties of the aerosols themselves could be a heat source 

pending incoming solar radiation. 

Table 1.4. Mineralogy emd thermal conductivities of Saharan dust observed during the 
Puerto Rican Dust Experiment (PRIDE) during July 2000. The symbol - indicates that 
the relevant information is not available due to lack of experimentation (Reid et al., 2003 
andHorai, 1971). 

Mineral 

illite 
kaolinite 
montmorillonite 
smectite 
chlorite 
calcite 
dolomite 
gypsum 
anhydrite 
quartz 
microcline 
oligoclase 
albite 
anoTthite 
hematite 
goethite 
gibbsite 
rutile 
halite 
air 

Chemical Formula 

Ko 6(H20)Al,.3Mgo jFeo ,Si3^,o(OH)2.(H20) 
Al2Si203(OH)4 

(Na,Ca)o.5(Al,Mg,Fe)4(Si,Al)s02o(OH)4-n(H20) 
(Na,Ca)Al4(Si,Al)g02o(OH)4»2(H20) 
Nao5(Al,Mg)6(Si,Al)80,8(OH),2«5(H20) 
CaCo3 

CaMgiCosh 
CaS04»2(H20) 
CaS04 
Si02 

KAlSi308 
(Na,Ca)(Si,Al)408 
NaAlSijOg 
Al2Si203(OH)4 
Fe203 
FeO(OH) 
Al(OH)3 
Ti02 
NaCl 
N2+O2 

meal 
a ( ) 

cm-s-°C 

- 1 3 
~3 
-12 
- 3 
-12 
- 1 6 
- 6 
- 5 
- 6 
- 5 
- 2 5 
- 5 
- 6 
-12 
- 1 8 
-6x10"^ 

There have been results as of late that contradict Benjamin and Carlson's 

fmdings, which suggest that Saharan dust causes average warming on the order of 1 

degrees Kelvin per day between 1000 hPa and 500 hPa. histead, there is now thought 

that there may be net cooling due to Saharan dust. With dense aerosol measurement 

networics in place over the Atlantic Ocean during the Saharan Dust Experiment (SHADE) 

in September 2000, high-resolution datasets were inputted into the Oslo Chemical 

Transport Model. The results of this procedure suggested tiiat the dfrect radiative effect 

due to Saharan dust resulted in a global net energy loss on the order of 0.4 Wm . 
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However, tiie scientists conducting tiiis experiment utilized a different scheme than that 

of Carlson and Benjamin in determining the radiative forcing due to the dust. A quantity 

known as tiie direct radiative effect, defined as tiie difference of the upwelling radiation 

flux witii the dust filtered out and the upwelling radiation flux the with the dust included, 

was used instead of a calculated heating rate, which was based on a difference of the 

upwelling and downwelling radiative flux solely due to the dust (Tam-e et al., 2003). This 

difference in schemes may be tiie source of this discrepancy. Still, tiie results from the 

SHADE suggest tiiat thermal forcing due to tiie dust is still poorly understood. 

1.2.3 SAL Stmcture and Its Effect on Easterly Waves: 
Karyampudi and Carlson (1988) 

Carlson and Prospero (1972) were the first to fiilly diagnose the Saharan air layer 

using data from BOMEX. Figure 1.9 shows the results of an aircraft fransect through the 

Saharan air front. The temperature trace shows an increase by a magnitude of 4 degrees 

Celsius in the flight level (750 hPa over 14 north latitude) temperature between 56 west 

and 55 west longitude, along the leading edge of the Saharan an front (Carlson and 

Prospero, 1972). This temperature gradient far exceeds that which is normally observed 

in the fropics (Saucier, 1983). The other marked feature along the SAL leading edge is 

the stark decrease in absolute moisture, on the order of 8 g kg"' as depicted on the mixing 

ratio trace. The vertical thermal and moisture characteristics of the SAL over the North 

Atlantic are depicted very well in the sovmding as shown in Figure 1.4 (Carlson and 

Prospero, 1972). This intrusion of relatively warm and dry air was one motivating factor 

for fiirther study on this phenomenon and its effects on African easterly waves. 
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Figure 1.9. Traces of temperature, mixmg ratio, and afrcraft altitude along with plotted 
wind barbs, radon 222 concenfrations (picocuries per cubic meter), and the filter color 
index. Data was exfracted from a DC-6 afrcraft fransect along 14 north from 1100 UTC 
tiirough 1400 UTC 18 July 1969 (Carlson and Prospero, 1972). 

Carlson and Prospero's findings (1972) were illusfrated in the form of a three-

dimensional conceptual model in Figure 1.10 showing the Lagrangian view of a 

westward propagating SAL outbreak following an African easterly wave. The major 

feature that this schematic shows is the increase in the base of the mixed layer as it moves 

further westward. This is due to the moist and cooler surface frade wind inversion layer 

which increeises in depth as the trajectories move further westward over the Tropical 

North Atlantic Ocean. The schematic also shows the anticyclonic curvature of the air 

frajectories just off of the West Afiican coast. This is in response to the Saharan 

anticyclone. The MLEJ is shown in the center of the SAL outbreak. Cumulonimbus 

convection is shown downstream from the wave axis. The figure also shows a semi

permanent surface low in association forced by the monsoon trough and from the sfrong 

surface heating over North Africa. 
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Figure 1.10. Three-dimensional conceptual model depicting the Lagrangian evolution of 
a Saharan an layer outbreak (Karyampudi and Carlson, 1988). 

In 1988, the first detailed diagnosis by Karyampudi and Carlson was completed 

on the interaction between Afiican easterly waves and the SAL. They conducted 

simulations out to 5 days using the Penn State University/National Center for 

Atmospheric Research (NCAR) Limited Area Model. Some simulations utilized a fme-

mesh grid of spacing 110 kilometers and a 60-hour simulation period with 15 sigma 

surface levels. Other simulations were conducted on a coarse-mesh grid of spacing 220 

kilometers out to the maximum simulation time with 13 sigma surface levels. The 

simulations were carried out for two case studies involving SAL outbreaks over the North 

Atlantic and the timely emergence of easterly waves from the western Afiican coast. The 

first case study was mvestigated between August 23 and August 28 in 1974. The other 

19 



case study was observed from July 24 through July 29 in 1982. Most of the results 

described here will be drawn from the first case study. Figure 1.11 is an analysis 

showing tiie progression of tiie dust layer and a series of two waves located along the 

soutiiem periphery of tiie SAL dust plume. These maps show the eastward progression of 

the SAL plume and tiie African easteriy waves over time. Also, most of the 

cumulonimbus convection is concenfrated to the south of tiie SAL plume edge. 

1 

SOW 40W 30W 20W lOW 6M IDE 20E SOW 40W 30W 2DW lOW 6M lOE 20E 

Figure 1.11. Sfreamlines at 700 hPa for 1200 UTC 23 August 1974 on the left and 1200 
UTC 28 August 2004 on the right. Wave axes are depicted by the dashed Imes labeled 
with frough or T-numbers. The SAL is depicted as the heavily shaded region within the 
serrated line. Observed cumulonimbus convection is depicted by the lightly shaded 
regions (Karyampudi and Carlson, 1988). 

One of the major findings from Karyampudi and Carlson's work is the appearance 

of the fransverse ageosfrophic cfrculations associated with the SAL. These circulations 

are forced by the northem and southern boundaries of the Saharan an layer as well as the 

MLEJ found in the middle of the SAL. These thermal boundaries, which are typically 

found over North Africa due to differential sensible heatmg and dry convection, is 

extended downsfream into the Atlantic Ocean apparently due to the radiative heating 

forced by the dust. 
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Therefore, the SAL boundaries are shown to have frontal characteristics, a 

phenomenon imdocumented in the fropics up until this point. The frontogenetic function, 

F, was calculated using a similar expression as shown in Equation 1.7, 

D 

Dt 
p p 

(dQ^ 
+ 

p p 

(dQ) 1 

Cp 

R 

_dy[dt) 
(1.7) 

where v is the meridional wind magnitude, « is the vertical velocity in a pressure plane, 

and Q is the magnitude of diabatic warming or cooling due (heat transfer). The term on 

the left hand side of the Equation defines the frontogenetical function as the Lagrangian 

derivative of the meridional gradient of the potential temperature. On the right-hand side 

of the equation, the first term represents the confluence or diffluence (contraction or 

sfretching deformation respectively) along the frontal zone at a given pressure level, the 

second term represents the tilting term modulated by the meridional differential vertical 

motion along a given pressure level, and the third term represents the diabatic heating at a 

given pressure level (Keyser, 1986). The results of this calculation for the first case 

stiidy is shown in Figure 1.12, valid for 1200 UTC 1974 August 28. It is very easy to 

identify the frontal characteristic along the southern SAL boimdary. The frontogenetical 

value is mostly zero in the domain, but this value abruptly increases to a maximum of 20 

X lO" K m ' s ' at around 800 hPa above 10 degrees north latitude indicating 

frontogenesis. 

The shear of the geosfrophic wind is directly proportional to the meridional 

temperature gradient, as shown in Equation 1.4. Therefore in this frontal environment, 

the MLEJ is maintained well to the west of Africa over the ocean. These dynamics are 

typical of most baroclinic regimes. Figure 1.13, valid for 1200 UTC 1974 August 20, 

shows the easterly jet at about 700 hPa where zonal wind speeds exceed -15 meters per 

second over 10 degrees north latitude. 
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Figure 1.12. Meridional-height cross-section of potential temperature and the 
frontogenetical fimction magnitude along 32 degrees west longitude. The solid contours 
are values of the potential temperature, and the dashed contours are values of the time 
variation of the Lagrangian meridional potential temperature gradient. The contour 
interval for the potential temperature is in increments of 2 K, and the contours for the 
frontogentetical function magnitude are in increments of 2 x 10^' K m'̂  s"\ This analysis 
is from tiie Penn State/NCAR Limited Area Model is valid on 1200 UTC 28 August 1974 
initialization (Karyampudi and Carlson, 1988). 
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Figure 1.13. Same as Figure 1.12 except for the zonal wind and potential temperature. 
The zonal wind contoured in 5 m s'' increments drawn in the dashed lines and potential 
temperature contoured in 4 K increments drawn in solid Imes are depicted. The enclosed 
shaded feature represents the SAL (Karyampudi and Carlson, 1988). 
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Since the southern boundary of the SAL is frontal in nature, and the MLEJ is well 

maintained, there are also circulations to maintain thermal balance. Equation 1.8 shows 

some of the components of the ageosfrophic wind, V^, expressed vertically in Cartesian 

coordinates and horizontally using natural coordinates, 

1 « 
V, « - k x 

a J 

v . ^ + -^^^ (1.8) 
5s { dz 

The component of the ageosfrophic wind that is shown in Equation 1.8 is known as the 

inertial advective wind, where V is the total wind vector and w is the vertical velocity in 

a Cartesian plane. The first term on the right-hand side of Equation 1.8 is a divergence 

term. From Equation 1.8, the magnitude of divergence is directly proportional to the 

ageosfrophic wind. The second term on the right-hand side of Equation 1.8 is directly 

dW^ 
related to the temperature gradient since — - is defined as the thermal wind. 

dz 

Consequently, the upward and downward motions in the jet sfreak circulations are 

modulated by the temperature advection in each quadrant of the jet streak coupled with 

the divergence of the ageosfrophic wind (Uccellini and Johnson, 1979). The cfrculations 

about the front are modulated according to the tilting term in Equation 1.7 (Keyser, 

1986). Figure 1.14 shows the transverse ageosfrophic cfrculations about the SAL plume 

valid for 1200 UTC 1974 August 28. The northem circulation in the same Figure is 

related to the MLEJ ageosfrophic cfrculation. The southem cfrculation is about the 

southem SAL front. 
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Figure 1.14. Same as Figure 1.13 except for vertical motion and relative humidity. The 
dashed lines represent the vertical motion contoured for every 0.01 mb s'^ and the solid 
lines represent relative humidity contours drawn at 10 percent intervals. The horizontally 
drawn arrows represent the dfrection of the meridional wind, and the vertically drawn 
arrows represent the dfrection of the vertical motion (Karyampudi and Carlson, 1988). 

Another conceptual model was developed summarizing the results from this 

experiment Figure 1.15 shows a plan view representation of the various aspects of the 

dynamics associated with SAL-wave interaction. The schematic shows two waves in 

succession, one following the SAL plume and another preceding the SAL plume. The 

wave furthest downsfream possesses significant moist convection downstream from the 

wave axis. The wave fiirthest upsfream possesses limited moist convection confined to 

the anticyclonic shear side of the MLEJ. Figure 1.16 shows the depiction of the 

fransverse ageosfrophic cfrculations associated with the SAL derived from the vertical 

motion field as shown in Figure 1.15. The diagram in Figure 1.16 illusfrates the 

aforementioned findings by Carlson and Karyampudi in their experiment. The three 

cfrculation cells which are shown include the thermally dfrect cfrculation about the SAL 

southem front, the ageosfrophic circulation about the MLEJ and the thermally indfrect 

cfrculation about the SAL northem boimdary. It should be mentioned that according to 

Karyampudi's and Carlson's findings and conceptual model, tiie circulation on the 

southem SAL boundary is not consistent with a frontal cfrculation smce there appears to 

be sinking afr in the relatively colder afr south of the SAL southem boundary. Therefore, 
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since tiie tilting term modulates tiie frontal circulation, tiie diabatic and confluence terms 

in tiie calculated frontogenetic function in Figure 1.12 probably offset tiie tilting term 

magnitude (Keyser. 1986). 

SCHEMATIC ILLUSTRATION. DYNAMICS OF EASTERLY WAVE AND SAHARAN DUST (700mW 
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Figure 1.15. Plan view schematic of the dynamics associated with SAL-wave 
interactions (Karyampudi and Carlson, 1988). 

Warm Warm 

Equatonvard 6 

Figure 1.16. Conceptual model of the ageosfrophic transverse circulations in association 
with tiie SAL within a meridional-height cross section. Horizontally-oriented arrows 
depict the dfrection of the ageosfrophic wmd, and the vertically-oriented arrows indicate 
the dfrection of the vertical motion. The theta contours represent the profile of potential 
temperature in the cross section. 
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Besides the diagnosis of the fransverse ageosfrophic circulations, energy 

conversions due to the combined barofropic-baroclinic instability mechanism were 

calculated. Table 1.5 is a summary of these calculations for different initialized 

simulations where A represents the available potential energies, K represents the kinetic 

energies, C represents the energy conversion terms for available and kinetic energies 

between zonal and eddy energies, B represents tiie boundary layer (BL) fluxes of energy, 

z represents the zonal wind energy, E represents the eddy energy, ^ represents pressure 

work energy, and D represents dissipation. The values were averaged over the five day 

time domain and for the spatial domain of 60 west longitude degrees through 40 east 

longitude crossed with 0 degrees through 35 degrees north latitude for the first case 

study. In general, these calculations reveal that the magnitude of eddy kinetic energy 

flow is greater than the available potential energy of the zonal flow, indicating that most 

of the potential energy has been consumed. The conversion rates for the baroclinic eddy 

kinetic energy, CE, exceed the dissipation energy term, DE, for two out of the four 

simulations. In addition, the baroclinic energy conversion rates for both the eddy kinetic 

energy, and the available potential energy, CA, exceed the barofropic energy conversion 

rate, CK, in all of the simulations, by an order of magnitude 10. Therefore, it can be 

concluded that there is some wave growth throughout the case study. The main source 

for the wave growth is due to baroclinic instability. 

Table 1.5. Five day temporal and coarse mesh domain spatial averages of energy and energy 
conversion rates of the SAL and African easterly waves. Calculations inclusive of the first case 
study from the Penn State/NCAR Limited Area Model (Karyampudi and Carlson, 1988). 

Simulation 

ECI 
EC2 
EC3 
EC4 

Paititioaed Enereies ( lO ' j 

A^ 

0.88 
0.81 
0.57 
1.03 

K. 

1.01 
0.91 
0.78 
0.95 

AE 

1.66 
1.48 
0.86 
1.83 

m-') 

KE 

1.24 
1.08 
0.99 
1.09 

Enerev Conversion Rates fW m"^) 

CA 

0.266 
0.238 
0.122 
0.399 

CE 

0.572 
0.375 
0.087 
0.399 

CK 

0.022 
0.024 
0.017 
0.060 

BL Energy Conversion Rates fW m"^) 

BAE 

0.056 
0.052 
0.004 
0.105 

BKE 

0.168 
0.136 
0.128 
0.121 

B(t.E 

0.189 
0.028 
0.027 
0.217 

DE 

0.398 
0.333 
0.139 
0.418 
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1.2.4 SAL Influence on Atlantic Tropical Cyclone Activity: 
Dunion and Velden (2004) 

Many of the studies involved with the SAL have relied either on observational 

data or on numerical model simulations. Most recently, Dunion and Velden have been 

the pioneers in incorporating satellite data to both detect the SAL plume and to di^nose 

its effects on fropical cyclone intensity fluctuations in the Tropical North Atlantic. In 

their studies, they utilized coupled data from the GOES-8 Satellite and dropsonde data 

launched from P-3 afrcraft on hurricane hunting missions. The scheme used in detecting 

Saharan dust using GOES-8 differential infi^red channels is described in the background. 

The visual evidence that the Saharan afr layer negatively impacts fropical cyclone 

intensity is shown in Figures 1.1 and 1.19. 

The problem of fropical cyclone intensity maintenance is dependent on 

maintaining an axisymmetrical vortex. Such a phenomenon gives rise to a balance of 

forces necessary for maintaining the inner and outer vortices for a fropical cyclone. 

Figure 1.17 shows the gradient force balance necessary to maintain a generic vortex. The 

Equation that is shown in the Figure represents the forces that are involved with 

maintaining a gradient balance. The quantity v represents the horizontal velocity of a 

parcel, and r represents the radius of curvature along the path length. The first term on 

the left-hand side of the Equation represents the centripetal force. The second term on 

the left-hand side represents the Coriolis force, and the term on the right-hand side 

represents the pressure gradient force. The green arrow in the Figure represents the 

dfrection of the Coriolis force, the blue arrow represents the dfrections of the pressure 

gradient force and the centripetal force dually, and the black arrow represents the 

dfrection of the propagating parcel about the vortex path length (Gray, 1962). 
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Gradient Balance 

Figure 1.17. Diagram illustrating the gradient balance of forces in a generic tropical 
cyclone vortex. Figure obtained from the Atlantic Oceanographic and Meteorological 
Laboratory/ Hurricane Research Division (AOML/HRD) website. 

One of the cases investigated by Dunion and Velden was Hurricane Joyce of the 

2000 Atlantic hurricane season. Figure 1.18 shows a time history of mtensity as a 

fimction of wind speed for Joyce. Joyce reached its maximum intensity at around 0000 

UTC September 28, just after SAL air was enfrained into the cfrculation indicating a 

slight lagging effect on the responding decay of the fropical cyclone intensity. Figure 

1.19 confirms the arrival of the dusty SAL afr into the storm environment at around the 

same time of the initiation of the downward intensity fluctuation. 

a 60 

S A L r e iches Joyi 

'v 
« 

s 
STSep 

OOz 
ZSSep 

OQz 
S9SSP 

OOz 
aosep 

OOz 
01 Oct 

OOz 
02Ocl 

OOz 

Figure 1.18. Time history of the fropical cyclone intensity as a function of maximum 
sustained wind speed for Joyce (Dunion and Velden, 2004). 
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Figure 1 19 GOES-8 multispecfral Saharan air layer product displays. The imagery is 
valid for 1200 UTC 26 September 2000, 1200 UTC 27 September 2000, 0000 UTC 29 
September 2000, and 0000 UTC 30 September 2000, listed from top to bottom (Dumon 
and Velden, 2004). 
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One of the mechanisms which are identified with fropical cyclone intensity 

decline and asymmetries is the dry air entrainment associated in a SAL environment. 

Figure 1.20 shows the vertical moisture profiles, which include the average of the relative 

humidity and mixing ratio from dropsonde observations. The case studies reflected in 

this Figure include Hurricanes Danielle and Georges of 1998 and Hurricanes Debby and 

Joyce of 2002. The SAL and non-SAL data from these case studies were segregated 

based upon the location of the measurements by the dropsonde as compared to the 

brightness in the GOES-8 multispecfral Saharan air layer product. In addition, the Jordan 

mean tropical sovmding is shown which utilized an averaging of sounding parameters 

throughout the year over the West Indies (Jordan, 1958). Figure 1.20 shows that the 

average relative humidities in a SAL environment are roughly half as much at 700 hPa 

than in a non-SAL envfronment. Also, the average mixing ratio at 700 hPa is reduced by 

a magnitude of one-third in a SAL envfronment as compared to a non-SAL environment. 

This Figure suggests that one climatological sounding may convey a false representation 

of the envfronment, as there is a bimodal distribution in the moisture properties in the 

envfronment over the fropical North Atlantic directly related to SAL outbreaks. The 

similarity between the vertical profiles for both the relative humidity and the mixing ratio 

between the Jordan mean fropical sounding and the non-SAL environmental sounding 

suggests that Jordan probably did not consider SAL dry afr outbreaks as a variable factor 

in the envfronment over the Tropical North Atlantic. 

Another mechanism possibly responsible for negative fropical cyclone intensity 

fluctuations and asymmetries is the existence of the vertical wind shear of the horizontal 

wind as produced by the westem extension of the MLEJ induced by the SAL frontal 

zone. Figure 1.21, valid 0000 UTC 23 August 2000, shows the vertical profile of tiie 

wind speed and dfrection from dropsonde observations on the northem periphery of the 

outer radius of Hurricane Debby. This diagram shows the dominance of the easteriy 

winds from the surface to the 450 hPa level. In addition, there is a well-defined surge in 

these easteriies at aroimd 700 hPa where the measured wind speeds reach a maximum 

level at around 11 m s"'. After attaining its maximum intensity around this time, the 
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downward intensity fluctuation response of Debby started to occur one day later as the 

SAL entrained into its circulation. 
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Figure 1.20. Vertical average profiles of relative humidity (left) and the mixing ratio 
(right) for SAL and non-SAL environments. The mean soundings were calculated from 
observations about Hurricanes Danielle and Georges (1998), in Hurricanes Debby and 
Joyce (2000), and for the Jordan mean fropical sounding (Dunion and Velden, 2004). 

The multispecfral technique, described m the background and used in Dunion and 

Velden's work, has changed since GOES-8 has been retired and was replaced by GOES-

12 in early 2003. Since the imager on the GOES-12 does not have a 12 ĵ m channel, 

another differencing scheme was devised. The new scheme, harnessing the similar 

principles of differential radiation resolution of the dust plume, differences the 3.9 |j,m 

and the 10.7 |j,m channels. The higher wavelength channel resolves water vapor, and the 

3.9 (xm channel resolves both aerosols and water vapor. Therefore, the multispecfral 

differencing yields a display where brightness is dfrectly related to the atmospheric 

turbidity. 
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Figure 1.21. The vertical profile of the dropsonde wind observations (below). The 
sounding is reflective of dropsonde observations taken approximately 700 km to the north 
of Hurricane Debby's center of cfrculation as shown on the GOES-8 Saharan afr layer 
product display (above). The blue line is a trace of the wind speed in m s"^ and the red 
line is a plot of the wind dfrection in degrees (Dunion and Velden, 2004). 
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1.3 Commentary and Hypotheses 

It is very clear that the Saharan air layer significantly impacts tropical 

cyclogenesis and fropical cyclone fluctuations given the results of the various 

experiments that have been conducted. Synoptic-scale forcing in the way of baroclinic 

instability, induced by the Saharan air layer, seems to be the primary mechanism 

responsible for energy exchanges contributing to the growth of Afiican easterly waves. 

However, this same synoptic-forcing as well as the dry properties of the SAL acts to 

dismpt fropical cyclone intensity maintenance. Both the vertical wind shear associated 

with the SAL baroclinic zone and the dry air enfrainment into the circulation creates 

asymmetries in the fropical cyclone stmcture, disrupting the gradient force balance 

necessary for fropical cyclone intensity maintenance. The following is a summary of the 

proposed focal points of investigation: 

(1.) Observational vaUdation relating to evidence of heating or cooling forced by 
the radiative properties of the dust. 

(2.) Observational and visual validation of the conceptual model by Karyampudi 
and Carlson (1988) related to the fransverse ageosfrophic circulation forced 
by the SAL and its role in modulating cumulonimbus convection. 

(3.) Observational and visual validation supporting Karyampudi, Carlson, and 
Pierce's findings that energy exchanges due to combined baroclinic-
barofropic instability induced by the SAL is correlated with the growth of 
Afiican easterly waves. 

(4.) Observational and visual validation supporting Dunion and Velden's 
findings that turbidity in the environment contributes to negative tropical 
cyclone intensification fluctuations. 
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CHAPTER 2 

METHODOLOGY AND DATA SOURCES 

2.1 Analysis Methods 

The analysis metiiods that will be applied will encompass the interaction of the 

turbid storm environment on the intensity of the tropical wave or cyclone. This diagnosis 

will concentrate on one case study. The entire evolution of fropical cyclone Claudette, 

and its formative easterly wave will be assessed separately as the processes that govem 

wave growth and fropical cyclone intensification are different. 

2.1.1 Investigation of Aerosol Thermal Forcing 

It has been shown that mineral dust significantly impacts the thermal profile of 

the atmosphere over the Tropical North Atlantic (Benjamin and Carlson, 1980; Carlson 

and Karyampudi, 1988; Tanre et. al., 2003). Meteorological variable plots, such as 

potential temperature, along frajectories are a useful application to evaluate the impact of 

the aejrosol thermal forcing and conductivity given differences in aerosol optical depth. 

Calculations of the Lagrangian potential temperature differences along the frajectory as 

well as the differences in AOT will be conducted, as shown in Equations 2.1 and 2.2, 

^0 = 0^-0^ and (2.1) 

^o", =o-^„3,-c7^^, (2.2) 

where 0 is the potential temperature and a ^ is the AOT. Calculations of the Lagrangian 

heating rate due to the dust along the frajectory will be calculated according to Equation 

2.3, 

max mm 

^t A/ 
(2.3) 

where represents the Lagrangian heating rate, and At is the backward frajectory time-
Af 

lapse. 
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2.1.2 Investigation of SAL-Easterly Wave Interaction 

Conditions for potential wave growth and the focusing mechanisms of 

convection related to the meridional circulation cells in the wave environment will be 

evaluated. Figure 2.1 shows a flow diagram outlining the data sources and the data 

processing involved with arriving at the diagnostic analysis of the wave environment. 

Visualizations of the SAL boundaries and the MLEJ will be developed to validate the 

conceptual model by Karyampudi and Carlson (1988). Descriptions of the MODIS 

(Moderate hnaging Specfroradiometer and NOGAPS (Naval Operational Global 

Atmospheric Prediction System) datasets will be provided in section 2.2. 
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Figure 2.1. Flow diagram of the diagnostic methodology for the easterly wave 
envfronment. 
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2.1.3 hivestigation of SAL-Tropical Cyclone Interaction 

In order to understand the influence that the SAL plume has on the tropical 

cyclone intensity, factors relating to the symmetry of the outer and inner vortices must be 

considered. Dunion and Velden (2004) identified that the asymmetiies which arise in 

fropical cyclones subject to the SAL plume are due to low to mid level vertical wind 

shear due to the MLEJ and dry air enfrainment. However, this may not a direct or purely 

linear relationship, as there may be other factors contributing to the fluctuation in fropical 

cyclone intensity. One factor causing variation may arise from oceanic hurricane heat 

potential, which is defined as the vertical column from the sea surface to the 26 degree 

Celsius isotherm (Shay et al., 2000). The 26 degree Celsius benchmark is the lowest 

critical threshold observed for fropical cyclone intensity to be maintained (Gray, 1968). 

Another external factor causing variations in the fropical cyclone intensity is the presence 

of an upper level anticyclone. Upper level divergence is often associated with 

anticyclones. Therefore, this divergence enhances storm outflow which evacuates low 

enthalpy afr from the boundary layer to be replaced by high Ge air, or warm and moisture-

rich afr, from the surface (Emanuel, 1994). A third factor contributing to the fluctuation 

in fropical cyclone intensity fluctuations is the low to upper level vertical wind shear 

associated with fropical upper fropospheric froughs. This relationship is not very well 

understood. However, recent results and hypotheses from Rappin, et al. (2004) suggest 

that a shear vector that is tangential to the outer vortex and is oriented anticyclonically 

contributes to intensification, whereas a shear axis located over the inner vortex results in 

overwhelming asymmetries in the fropical cyclone stmcture. 

Ffrst, the sensitivity of the AOT on the fropical cyclone intensity will be 

evaluated. A correlation coefficient, TXY, between the dependent variable, fropical 

cyclone intensity and the independent variable, AOT, will be computed accordmg to 

Equation (2.4), 

Oj^Sy « - l 
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where n is the number of observations, the over-bar represents the mean of the dependent 

and the independent variables, and tiie SXY represents the standard deviations of the 

independent and dependent variables which are expressed in Equation 2.5, 

^X.Y - (2.5) 

The least-squares method will then be used will be to fit a linear fimction, according to 

Equations 2.4 and 2.5, 

m = r„-^ and (2.6) 
•J A 

b = Y-mX. (2.7) 

Equation 2.6 is the expression defining the slope, m, and Equation 2.7 shows the 

expression defining the y-mtercept, b, for the least-squares Ime. Finally, the coefficient 

of determination, which is the value of the correlation coefficient squared (Siegel and 

Morgan, 1996) will be utilized to quantify the percentage variation of the fropical cyclone 

intensity due to the Saharan dust. This analysis will be supplemented in the use of 

soimdings from dropsonde data in the storm envfronment. The intemal influences of the 

fropical cyclone intensity fluctuations due to the SAL vvill be further evaluated by the 

visual correlation of the mixed layer, which is characteristic of the SAL, to the surge in 

the wind speed profile at approximately 700 hPa. Furthermore, precipitable water 

imagery will also be utilized to detect the dry air associated with the SAL. An 

investigation showing the extemal influences due to low to upper level vertical wind 

shear, upper level vorticity, and hurricane heat potentials will be conducted in an attempt 

to explain the remaining percentage of variation in the fropical cyclone intensity 

fluctuation over time. The entfre methodology explained here is shown in the form of a 

flow diagram in Figure 2.2. Further explanation of all data sources will be given in 

section 2.2. 
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2.2 Data Sources 

2.2.1 HYSPLIT Trajectory Model Dataset 

The HYSPLIT, or the Hybrid Single-Particle Lagrangian Integrated Trajectory 

model, will be utilized to calculate backward frajectories in order to visualize the fetch 

and potential source region of air from the Sahara Desert. Foiu- backward frajectories 

will be calculated from initial points over the Caribbean Sea, where the case study of 

interest will be located late in its evolution. The model will be mn for the maximum tune 

window allowed (315 hours) at a height where the SAL is most pronounced (aroimd 3 km 

above ground level). HYSPLIT will also be used to denote the variable thermal and 

moisture characteristics of air within the SAL plume as well as outside or in a more 

diffuse portion of the SAL plume. FNL data, or the NCEP Fmal Global Atmospheric 

Dataset, will be ingested into the HYSPLIT model. 

The HYSPLIT model algorithm relies on the particle distribution principle. The 

principle distribution principle utilizes the model vertical mean wind field and turbulent 

components in the transport of the air parcel. The horizontal physics of HYSPLIT are 

defined through the use of the puff model. A particle that is subject to the puff model 

algorithm splits as the particle's dimensions exceed the model grid spacing. The puff 

model is dictated by the horizontal resolution (1 degree on the grid for the FNL dataset). 

This assumption is essential to maintain the resolution of the advecting particle (Draxler 

and Hess, 1997). 

2.2.2 NOGAPS Gridded Dataset 

The NOGAPS gridded dataset will be used for all plan view and meridional-

height cross sectional analyses. Table 2.1 is a summary of all of the attributes of the 

dataset. Table 2.2 shows each calculation performed to arrived at certain derived 

quantities where ^, in the potential vorticity calculation, represents the latitude. 
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Table 2.1. Horizontal and vertical resolution specifications along with parameters in the 
NOGAPS gridded dataset. 
Horizontal Resolution Pressure Levels (Pa) Meteorological Parameters 
0.5 degrees on the grid 

(ms-') 

100000,97500, 
95000, 92500, 
90000, 85000, 
80000, 70000, 
50000, 40000, 
30000, 25000, 
20000, 15000, 
10000,7000, 
5000, 3000, 
2000, 1000 

Geopotential Height (meters) 
Mean Sea Level Pressure (Pa) 
Temperature (Kelvin) 
Zonal Wind (m s'') 
10 m Zonal Wind (ms"') 
Surface Zonal Wind (m s"') 
Vapor Pressure (Pa) 
Meridional Wind (m s"') 
10 m Meridional Wind (m s"') 

Surface Meridional Wind 

Table 2.2. Calculations of derived parameters from the dataset parameters. 

Derived Parameters Equations 

Potential Temperature (Kelvin) 

Relative Vorticity (cps) 

800 hPa Omega (mbs"') 

Potential Vorticity (pvu) 

Vector Wind Speed (m s"') 

0 = T 

/ 5 \ 0.286 

^1.0x10'^ 

V 

9v du 

dx dy 

0). SOOhPa 

1 ^ f S w dv^ 

p^oydx dy^ 10̂  
' p,/7+10,000 

q = - 1 0 * g t + 1.59x10''sin ^ ) — 
dp 

[u'W] 

2.23 MODIS Dataset 

The MODIS instrument orbits attached to two satellites, MODIS-TERRA (EOS-

AM) and MODIS-AQUA (EOS-PM). Since these are polar orbiting satellites, tiie AM 

and PM suffixes refer to the approximate time of the day that each of tiiese satellites 

crosses over the equator. Figure 2.3 is a map shov^ing examples of tiie daily orbit patiis 

for the two satellites over the Earth. Since MODIS is a polar orbiting satellite, tiiere are 
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often elliptical gaps in tiie global coverage with a maximum radius occurring in the 

fropics. Table 2.4 shows tiie technical specifications of the MODIS instmment (King et 

al., 1992). 

Tme color imagery from MODIS will be utilized to visualize the convection 

throughout the case stiidy evolution, from the formative African easteriy wave phase to 

tiie fropical cyclone phase of Claudette. Table 2.5 lists the MODIS detection channels 

and the associated bandwidth of radiation for the resolution of aerosol plumes and clouds. 

The tme color imagery utilizes detection in the red, green, and blue bands within the 

visible specti-um. Therefore, if follows that this product is only useftil during the daytime 

hours. The red, green and blue bands are detected in MODIS channels 1, 3 and 4 

respectively (King et al.,1992). 

The MODIS aerosol product translates radiance (or reflectance) to values of AOT. 

Over the ocean, the AOT is derived from the ratio between the Gaussian distribution 

solutions of the particle size distribution in a given volume to the mean of the particle 

size distribution, which is dfrectly related to the MODIS specfral radiance. For pixels 

over the land, the AOT is derived by utilizing the brightness of the middle infrared 

channels. For pixels which satisfy a specified minimum condition of a infrared 

reflectance, the radiance in the blue and red chaimels are used to derive the AOT. 

Unfortunately, high albedoes render this product useless over desert surfaces given the 

absence of dark pixels (King et. al., 1992). Since total global coverage is not achieved 

over a period of one day, a composite global image depicting AOT is available over a 

seven-day period. This composite image includes the calculation of the mean, minimum, 

maximum, and standard deviation of the AOT which was measured by MODIS over the 

seven-day period. The coefficient of determination test, as shown in Figure 2.2 will be 

performed utilizing the maximum, mean, and minimum seven-day MODIS composite 

AOT. Representative values of the MODIS AOT will be estimated on a daily basis, at a 

pixel in the vicinity of the fropical cyclone center of circulation on a daily basis at 0000 

UTC. 
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Figure 2.3. Maps of MODIS-TERRA (top) and MODIS-AQUA (bottom) satellite global 
orbit overpasses on 2003 08 July. The above maps were obtained from the NASA/GSFC 
Rapidfire archives. 
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Table 2.3. Technical specifications for the MODIS instrument (King et al. 1992). 

MODIS Instrument Specification 

Horizontal Spatial Resolutions: 

Swath Area: 

Election Beam Scan Rate: 

Quantities 

250 m (channels I -2) 
500 m (channels 3-7) 

1000 m (channels 8-36) 

2330 km (cross track) 
lOkm(alongfrack) 

20.3 rpm 

Table 2.4. Surrunary of the relevant detection channels for the MODIS instrument (King 
etal. 1992). 

Channels Bandwidth Features Resolved 

1-7 (Visible/Near Infrared) 
17-36 (Visible/frifrared) 

6.2x10-7 mto2.2xl0-6m 
8.9 x 10-7 m to 1.4 x 10-5 m 

Aerosol 
Water Vapor/Clouds 

2.2.4 GPS Dropwindsonde Data 

Global Positioning Systems (GPS) Dropsondes are deployed, and the data is 

retrieved on board the National Oceanographic and Oceanic Adminisfration's (NOAA) 

Gulfsfream-FV afrcraft during hurricane hunting missions. For the investigation detailing 

the SAL-fropical cyclone mteraction, dropsonde data will be selected in close vicinity to 

the fropical cyclone center of cfrculation, but outside of the cenfral dense overcast (CDO) 

in order to analyze soundings without convectively contaminated elements. Table 2.5 

summarizes the parameters measured by tiie dropsonde units as well as the sensor 

specifications. 

Table 2.5. Summary of the technical specifications of the GPS dropwindsonde device 
(Hock, 2004). 

Drsopsonde Parameter 

Pressure 
Temperature 
Humidity 
Horizontal Wind 

Range Accuracy Resolution 

lOSOhPatolOOhPa 
-90°C to 60°C 
0% to 100% 

0 m s'* to 200 m s'' 

±1.0hPa 
+ 0.2°C 
± 5 % 
+ 0.5 m s -1 

0.1 hPa 
0.1 °C 
1.0% 
0.1 ms'^ 
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2.2.5 TOPEXy^OSElDON Altimeti-y Data 

The TOPEX/POSEIDON (Ocean Topographic Experiment) is another polar-

orbiting satellite which contains two altimeters. The TOPEX component of the satellite 

contains a dual frequency radar altimeter while tiie POSEIDON component is equipped a 

single frequency radar altimeter. TOPEX has a spatial resolution of 2 cm to 3 cm and 

emits its two signals at frequencies of 5.3 GHz (C-band) and 13.6 GHz (Ku-band). 

POSEIDON emits a beam at a 13.65 GHz frequency and has a spatial resolution of 2 cm 

to 5 cm. In general, the depth of the ocean surface is directly proportional to its mean 

temperature due to tiie hypsometiy of tiie fluid. Therefore, the radar altimetry echoes that 

are received could be converted to a measurement for the depth of a specific reference 

plane defined by a variable such as temperature. This algorithm uses climatological 

observations, the sea surface temperature as measured on the TRMM (Tropical Rainfall 

Measuring Mission) microwave imager satellite, and the depth of the thermocline, or the 

zone characterized by a maximum sea temperature gradient, by utilizing a two-layer 

reduced gravity scheme. Since the thermal properties of water change over relatively 

large time scales, this product is generated once a week (Shay et al, 2000). By definition, 

the depth of the 26 degrees Celsius isotherm below the ocean surface will be used as the 

benchmark representing the surface boundary condition of hurricane heat potential below 

the fropical cyclone center of circulation. 

2.2.6 SSM/I Water Vapor Data 

The SSM/I (Special Sensor Microwave/Imager) contains 7 channels. The SSM/I 

water vapor product will be used to denote the possible presence of dry SAL air m the 

vicinity of the fropical cyclone. The SSM/I water vapor product utilizes channels 3 and 

4. A vertically polarized beam at a frequency of 22.35 Hz is emitted, and mbound 

radiation is detected at a wavelength of 1.35 cm for channel 3. A beam emitted in 

channel 4 is vertically and horizontally polarized possessing an emitted frequency of 37 

Hz. Upwelling radiation is detected at wavelengths at around 0.81 cm. The SSM/I 

instrument features a spatial resolution of 1 kilometer. Channel 3 best detects water 
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vapor. However, tiie channel 4 signal is needed adjust tiie water vapor retiieval utilizing 

the resolution of the emittance from the ocean surface forced by roughness induced by 

the wind. The algorithm is then applied as an iterative set of Equations in which the 

value of wind is solved for first. These solutions are then used to arrive at the derived 

water vapor quantities, which for tiiis case will be the precipitable water, or total 

columnar water vapor. Since the radiation budget varies over different surfaces and for 

precipitating and non-precipitating environments, the values of precipitable water are 

adjusted according to the classification of the SSM/I pixel properties as shown in Table 

2.6 (Holligner et al., 1987). Since SSM/I is a polar-orbiting satellite, a composite 

analysis for the precipitable water is available globally for an 18-hour period. However, 

individual swaths are available in near real-time. 

Table 2.6. Geophysical classes of SSM/I pixels as applied to the water vapor retrieval 
algorithm (Hollinger et al., 1987). 

Class Surface and Rainfall Rate Pixel Characteristics 
0 Water surface, rain rate is less then 1.5 mm/hr, and cell is far from ice or land 
1 Water surface, rain rate is less then 1.5 mm/hr, and cell is closet to sea ice 
2 Water surface, rain rate is less then 1.5 mm/hr, and cell is close to land 
3 Water surface, rain rate is greater then 1.5 mm/hr, and cell is close to land 
4 Water surface, rain rate is moderate to heavy, and cell is far from ice or land 
5 Sea ice concentration is greater than approximately 10% 
6 Water surface, no rainfall, and cell is close to land 
7 Over land 
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CHAPTER 3 

EVOLUTION OF CLAUDETTE IN A MODERATELY 

TURBID ENVIRONMENT 

3.1 Evolution of Claudette 

The parent wave of tiie fropical cyclone, which would eventually be named 

Claudette, emerged off of tiie coasts of Guinea and Senegal of North Afiica on 01 July 

2003. The top panel of Figure 3.1 shows the NOGAPS depiction of the wave located just 

along the Nortii Afiican coastiine. The image on the bottom in Figure 3.1 shows the 

MODIS tme color imagery which clearly reveals the convection in association with the 

easterly wave. The parent wave maintained its sfrengtii until between 0000 UTC 02 July 

and 1200 UTC 02 July, when tiie NOGAPS sfreamline and vorticity analysis at 950 hPa 

time-lapse shows the wave splitting into three components. The top display in Figure 3.2 

shows the NOGAPS depiction of the parent wave earlier, and the display on the bottom 

shows the three discrete wave axes 12 hours later. The vorticity maximum located in 

the center between these three waves increased nearly continuously imtil fropical 

cyclogenesis was observed by the National Hurricane Center (NHC) on 2100 UTC 08 

July, when Claudette was classified as a fropical storm. At this time, satellite estimates 

provided for maximum sustained wind estimates of 45 knots. However, there was no 

closed cfrculation observed with Claudette in its earliest stages. Throughout its lifecycle 

as a fropical cyclone, Claudette's stmcture was asymmetrical, with the sfrongest 

convection occurring consistently on the eastem quadrant of the circulation (see Figure 

5.2). Figure 3.3 shows the time history of the fropical cyclone intensity versus maximum 

sustained wind speed. Throughout the first 60 hours, there were several intensity 

fluctuations between a maximum of 60 knots and a minimum of 50 knots. The storm 

intensity decreased dramatically and leveled off at 40 knots between 60 and 110 hours 

after genesis. After 110 hours, Claudette underwent rapid intensification reaching 

maximimi sustained wind speeds of 70 knots just before landfall at 160 hours after 

genesis. By the time Claudette reached hurricane status, the centi^ dense overcast was 
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well defined and tiie storm symmetiy improved drastically, hi summary. Figure 3.4 is a 

temporal plot map depicting tiie fiill propagation of Claudette and it predecessor wave. 

Figure 3.1. NOGAPS 950 hPa steamlines and relative vorticity analysis (top) and 
MODIS-TERRA tme color imagery (bottom). NOGAPS display valid 0000 UTC 29 
June 2003 and MODIS image scanned from 1155 UTC to 1200 UTC 29 June 2003 
respectively. MODIS unagery was obtained from tiie NASA/GSFC MODIS Data 
Support archives. 
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Figure 3.2. NOGAPS 950 hPa steamlines and relative vorticity analyses, hnagery valid 
0000 UTC 02 July 2003 (top) and 1200 UTC 02 July 2003 (bottom). 
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Time History of Claudette Best Track Tropical Cyclone Intensity 
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Figure 3.3. Intensity time history plot throughout Claudette's lifecycle. Valid from 2100 
UTC 08 July 2003 tiirough 1500 UTC 15 July 2003. 

Atlantic Basin Hurricane Tracking Chart 
National Hurricane Center, Miami, Florida 

> y-^ 

Figure 3.4. Track map of Claudette and its formative wave. The wave plots are based on 
tiie NOGAPS 950 hPa relative vorticity and sfreamlines analysis, and tiie fropical cyclone 
plots based on best frack data. All plots depict positions at 0000 UTC time. 
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3.2 Evolution and Record of SAL and Dust Event of July 2003 

As shown in the MODIS imagery in Figure 3.1, Claudette's predecessor wave 

was embedded within an intmding Saharan dust plume to tiie north of the wave axis as it 

propagated westward fh)m the North Afiican coast. In fact, this wave propagated along 

the southem SAL boimdary throughout most of its lifecycle. Figure 3.5 shows the 

MODIS composite imagery of the mean AOT. In general, both composites showed a 

broad and moderate plume of Saharan dust over most of the Tropical North Atlantic. The 

plimie is most intense in the eastem Atlantic, where AOT's approach 0.8. However, the 

plume is also observed as far west as the Gulf of Mexico throughout the entfre period 

where the MODIS observed mean AOT approached 0.4 at certain locations. This 

westward expanse of the Saharan dust plume is rarely observed (Carlson and Prospero, 

1972; Karyampudi and Carlson, 1988; Dunion and Velden, 2004). The HYSPLIT 

backward trajectories initiating over locations in the Caribbean on 0000 UTC 15 July 

2003 in Figure 3.6 validates the potential source of the afr over the Sahara Desert region 

315 hours earlier. 

The HYSPLIT backward tiajectories as shown in Figure 3.6 indicate that the 

same afr that was over the Caribbean m the middle of July, was over the vicinity of the 

Cape Verde Islands as well as over Mauritania and Niger m tiie early part of July. Figure 

3.7 shows tiie NOGAPS 1200 UTC 02 July analysis of friction velocity, u*, as defined in 

equation 3.1, 

V. 
u* = (3.1) 

Ml-4t 
where is the magnitude of the vector wind speed at the surface, K is the von Karman 

constant, Zs is tiie surface altitiide, z is a reference altitude, ij/m is the surface layer stability 

correction tenn for stability and L is the Monin-Obukhov lengtii (Stiill, 1988). The 

NOGAPS analysis shows fiiction velocities exceeding 60 cm s'* over westem Libya and 

northeastem Niger. The 60 cm s'' benchmark is tiie lower tiireshold observed for aeolian 

dust lifting (Shao, 2000). This maximum in tiie fiiction velocity is mainly due to tiie 
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exceptionally unstable boundary layer and intense mixing which is existent over the 

region due to high sensible heating. 
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Figure 3 5 MODIS-TERRA imagery of temporal mean AOT. Composite imagery 
includes tiie periods of 2003 July 04 tiirough 2003 11 July (top) and 2003 12 July through 
2003 18 July (bottom). Figures obtained from NASA/GSFC MODIS Atinosphere 
archives. 
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Figure 3.6. HYSPLIT backward frajectories. Model initialized at 0000 UTC 15 July 
2003 at 3 km above sea level. Model simulation ran 315 hours backwards in time 
tiirough 2100 UTC 01 July 2003. 
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Figure 3.7. NOGAPS depiction of fiiction velocity and surface winds. The NOGAPS 
display is over Nortii Afiica valid 1200 UTC 02 July 2003 analysis. The region shaded 
in red depicts fiiction velocities in excess of 60 cm s' . 
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This local dust event contributed to the maintenance of the semi-permanent dust 

plume that was present over the Tropical North Atlantic throughout July. Considering 

that there are sparse data observations over the North Atlantic, the record of aerosol 

impulses and the advection of the SAL could be documented by a number of data 

networks and photography. Figures 3.8 and 3.9 show time histories of AOT as measured 

by AERONET (Aerosol Robotic Network) sunphotometers at Dahkla, Morocco and 

Dakar, Senegal respectively. Maximum AOT's of around 0.9 were observed after 1500 

UTC 04 July in Dahkla where in Dakar, maximum AOT's spiked at a value of around 1.7 

at around 1130Z 05 July. 
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Dahkla , N 2 3 4 3 ' , V IB BG', A l t 12 m, 
P I : Hainmad_Be!nchekrcrun aond Brent;_Molben, benchekroun&cri 
L e v e l l . B AOT Data from 4 JUL 2 0 0 3 

111 112 Il3 
0 4 < - Day ixi GMT 
JUL 
2 0 0 3 

Hour i n GMT 

iigure 3.8. AERONET sunphotometer time history of AOT over Dahkla, Morocco as a 
fimction of wavelength in units of 10"* m. The time period shown is excerpted from 04 
July 2003. Temporal mean AOT is shovm m brackets. The above graphic was obtained 
from NASA/GSFC AERONET archives. 
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Figure 3.9. Same as Figure 3.8 except for Dakar, Senegal on 05 July 2003. This graphic 
was obtained from NASA/GSFC AERONET archives. 

The presence of the SAL was also observed at several locations in and around 

Central America. Figures 3.10 and 3.11 show the vertical profile of moisture over 

Cancun, Mexico measured by RAOB (radiosonde) sensors before and after the SAL 

encroachment on 09 July 2004. There is definitive evidence of the air mass change over 

the 24-hour period as the lapse rates in both the mixing ratio and relative humidity are 

much steeper later than earlier. At 1200 UTC 08 July, the relative humidity frend 

suggests a decrease by 20 percent between the surface and 700 hPa whereas 24 hours 

later, the relative humidity frend decreases by 50 percent m this same layer. The mixing 

ratio decreases by 12 g kg"' between the surface and 700 hPa before the arrival of the 

SAL whereas tiiis lapse rate is sfronger by a magnitude of 3 g kg"' on 1200 UTC 09 July. 
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Figure 3.10. Vertical profile of moisture retrieved from RAOB measurements over 
Cancun, MX. Valid on 1200 UTC 08 July 2004, before tiie arrival of tiie SAL. The red 
line denotes the relative hunudity and the blue line denotes the mixing ratio. 
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Figure 3.11. Same as Figure 3.10 except valid for 1200 UTC 09 July 2004, after tiie 
intrusion of the SAL. 
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The SAL plume eventually propagated further north into the continental United 

States, particularly in southem Texas. At the McDonald Observatory, located in the 

Davis Moimtains south of Midland, photographs were used to illustrate the differences in 

visibility between dust-lree air and tiie turbid air associated with the SAL, as shown in 

Figure 3.12. Figure 3.12 shows a dramatic decrease in the visibility from a day where 

mineral aerosols were not present versus the time that the SAL had encroached on the 

region. This event was sampled on several aerosol sensors in South Texas. Figure 3.13 

shows the time history of the fine particulate matter concenfration (for particles with 

diameters of lesser than 2.5 microns) over 5 southem Texas stations between 16 July and 

21 July. The aerosol concentration fraces indicate that mostly moderate levels of fine 

particulate matter, according to the Air Quality Index (AQI), were present in the 

atmosphere over most stations between midday 17 July and midday 19 July. The highest 
•J 

aerosol concentration almost reached 35 îg m" at station C43 at about midday on 18 

July. 

Figure 3.12. Views outside of the MacDonald Observatory. The top photograph, taken 
at 901 CDT on 10 July 2003 shows the envfronment before the SAL mtrusion. The 
bottom photograph, taken at tiie same time of day on 18 July 2003 shows tiie view after 
tiie SAL mtinsion. The photographs are by the Texas Commission of Environmental 
Quality afr pollution events archives. 
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South Texas PM2.5 1-Hour Averages 2003 July 16-21 

-04 -C43 C80 1:313 -C314 
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Figure 3.13. Time histories of the PM2.5 (one-hour averages) levels at five Southem 
Texas stations in the middle of July 2003. The graphic was obtained from the Texas 
Commission on Envfronmental Quality air pollution events archives. 

It is also usefiil to look at the Lagrangian progression of the mixing depth along 

trajectories for the detection of the Saharan Afr Layer and to analyze its evolution as the 

afr is transported across the Atlantic Ocean. Figure 3.14 shows the Lagrangian time 

histories of the mixed layer depth for most of the backward frajectories as shown in 

Figure 3.8. In frajectories 2, 3, and 4, the mixing depths do not vary that much during the 

first 216 hours of the backwards period. The typical value of the mixed layer is 1 km 

with very little diurnal variation. However, both frajectories 2 and 3 initialize at a mixing 

depth at lower values of between 391 m and 491 m respectively which gradually increase 

to 1 km backwards in time further eastward in the Atlantic Ocean. After minus 216 

hours, all of these frajectories are eventually over land. At this point, a significant diumal 

cycle is observed in the mixed layer depth as some of the values peak as high as 4 

kilometers during the afternoon hours. The evolution of the mixed layer depths along 

frajectories 2 and 3 best validates the conceptual model developed by Karyampudi and 
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Carlson in 1988, as shown in Figure 1.14, since the mixed layer depths decrease over 

time as the SAL is transported westward. 
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Figure 3.14. Lagrangian time histories of the mixing depth (meters) for frajectory 
numbers 2 (top), 3 (middle), and 4 (bottom). The initialization is valid at 0000 UTC 15 
July and the simulation runs backward in time 315 hours until 2100 UTC 01 July. 
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CHAPTER4 

DL\GNOSIS OF THE CLAUDETTE-SAHARAN AIR LAYER INTERACTION 

4.1 Saharan Afr Layer Afr-Mass Characteristics 

4.1.1 ITiermal Forcing; due to Saharan Dust-Lagrangian Heating Rates Along Trajectories 

Lagrangian heating rates along the backward trajectories, as shown in Figure 3.6, 

were calculated. The time history plots of the potential temperature along each tiajectory 

are shown in Figure 4.1. A simimary of the calculations of the Lagrangian heating rates 

at 3 km above sea level along with the differencing calculations of the turbidity along 

each trajectory is shown in Table 4.1. In general, there is a mean general increase in the 

potential temperature backwards in time of approximately 6.25 degrees Kelvin over ail of 

the trajectories. Therefore, there is net cooling of the SAL plume forward in time in a 

Lagrangian sense. However, the differences of the MODIS composite mean AOT, also 

shown in Table 4.1, along the trajectories spatially correlate well to the upward trends in 

potential temperature backwards in time which indicates heating due to the dust in a 

Eulerian sense. In addition, the net differences in the potential temperature along all of 

the trajectories over time far exceed the diumal signal as observed in Figure 4.1. 

However, it is important to note that trajectories 2, 3, and 4 eventually traverse over land 

before minus 216 hours, when sensible heating and dry convection certainly plays a role 

in modulating the heating budget at 3 kilometers. However, trajectory number I never 

traverses over land. Yet there is still a heating rate of 5 degrees Kelvin over 13 days and 

3 hours along this trajectory. Therefore, the potential temperature trend along this 

particular trajectory suggests that aerosols certainly play a role in the heating rates over 

this region where the absence of baroclinicity induced by mid to upper-latitude afr-mass 

forcing mechanisms is typical. 
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Figure 4.1. Time histories of the potential temperature along HYSPLIT frajectory 
numbers 1 (top), 2 (center-top), 3 (center-bottom), and 4 (bottom). The HYSPLIT 
frajectories are depicted in Figure 3.6. The time histories are valid from 0000 UTC 15 
July 2003 backward m time tiirough 2100 UTC 01 July 2003. 

Table 4.1. Calculations of the Lagrangian heating rates along the HYSPLIT calculated 
backward frajectories as shown in Figure 4.1 and the estimated differences in the MODIS 
composite mean AOT along the trajectories. 

Trajectory Number Trajectory AO (K 13.125 days'') Heating Rate (K day'^) 

5 0.380 1 
2 
3 
4 

9 
6 
5 

0.686 
0.457 
0.380 

ACTA. 

0.6 
0.5 
0.6 
0.5 
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4.1.2 Moistiire Properties Along Trajectories 

Figure 4.2 shows the frends in tiie relative humidity along tiie backward 

trajectories. All of the frends show a decrease in the relative humidity backwards in time 

at 3 kilometers above ground level on the average of 46.75 percent. This frend 

corresponds well to the more defined SAL in progression backwards in time along the 

frajectory as indicated by increasing AOT's backwards in time as shown in Figure 3.5. 
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Figure 4.2. Tune histories of the relative humidity along HYSPLIT frajectory numbers 1 
(top), 2 (center-top), 3 (center-bottom), and 4 (bottom). The HYSPLIT tiajectories are 
depicted in Figure 3.6. The time histories are valid from 0000 UTC 15 July 2003 
backward in time tiirough 2100 UTC 01 July 2003. 
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4.2 SAL Interaction witii the Formative Tropical Wave 

4.2.1 Growth of the Formative African Easterly Wave 

Table 4.2 shows tiiat tiie wave sfrengtiiened almost tiiroughout tiie entire period 

from tiie time when it emerged from tiie Nortii African Atlantic coast until fropical 

cyclogenesis. There is one exception which occurred between 0000 UTC 02 July and 

0000 UTC 03 July. The relative vorticity associated with the wave was i^uced by half 

between these two times as the parent wave split into three components, as shown in 

Figure 3.2. This was most probably due to tiie highly unstable wave-flow pattern induced 

by the baroclinic-barotropic instability mechanism (Karyampudi and Pierce, 2002). 

Otherwise, the existence of potential baroclinic-barofropic instability is well correlated to 

instances of substantial wave growth through the formative wave life cycle. Table 4.2 

and Figure 4.3 shows that the largest magnitude of growth occurred between 0000 UTC 

05 July and 0000 UTC 06 July, as the wave intensity doubled. Figure 4.4 clearly shows a 

maximum in the potential vorticity field at 700 hPa, which is indicative of a sign reversal 

in the meridional gradient of the potential vorticity, satisfymg the Chamey-Stem 

condition (Chamey and Stem, 1962). 

Table 4.2. Time history of wave growth due to potential baroclinc-barofropic instability. 

Date/Time Wave Intensity (^sjou-s) Chamey-Stem Condition Satisfied 

0000 UTC 01 July 
0000 UTC 02 July 
0000 UTC 03 July 
0000 UTC 04 July 
0000 UTC 05 July 
0000 UTC 06 July 
0000 UTC 07 July 
0000 UTC 08 July 
0000 UTC 09 July 

4.0 X lO'̂ qw 
7.0xl0''cps 
3.0x10"'cps 
4.0xl0"'qps 
4.0xl0''q)s 
S.OxlO'^cps 
8.0xlO''q)s 
1.0xlO"*q)s 
1.5xlO"*q)s 

Yes 
Yes 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
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Figure^^JoGAPS950 hPa sfreamlines and relative vorticity analyses, hnagery valid 
05 July 2003 at 0000 UTC (top) and 1200 UTC (bottom). 
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Figure 4.4. NOGAPS 700 hPa potential vorticity analysis valid 0000 UTC July 2003. 
The area enclosed within the triangle denotes the region of maximum potential vorticity. 

4.2.2 SAL Frontal Boundaries and Cfrculations 

As suggested by the satisfaction of the Chamey-Stem condition, a significant 

frontal zone exists along the SAL boimdaries present in the wave environment. Figure 

4.5 shows the plan view of the potential temperature and sfreamlines along with the 

MODIS satellite presentation of the wave and the SAL associated dust. Both tiie unagery 

and the graphic show the confluent zone along the northem and southem boundaries of 

the SAL. In addition, potential temperature gradients of up to 1.5 Kelvin per 100 

kilometers along tiie northem SAL boundary and around 1 Kelvin per 100 kilometers 

along the southem SAL boundary exist well out into the Atiantic Ocean. The MODIS 

tme color unagery shows some apparent forcing along these boundaries as there is a field 

of discrete cumulus to the north of the SAL northem boundary and a more concenfrated 

region of cumulus convection to the soutii of tiie SAL southem boundary. The imagery 

and graphic suggests that the SAL may influence the position of the ITCZ given tiie 

presence of the dust directly to the north of the ITCZ. 
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Figure 4.5. NOGAPS 850hPa analysis of sfreamlines and potential temperature and valid 
0000 UTC 05 July 2003 (top). The small dashed red line denotes tiie SAL frontal 
boimdaries. MODIS-AQUA true color imagery over the Cenfral Tropical North Atiantic 
(bottom) scanned between 1520 UTC and 1525 UTC on 04 July 2003. MODIS imagery 
obtafried from NASA/GSFC MODIS Data Support archives. 
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There is also frontogenetic tilting along the SAL nortiiem and soutiiem 

boundaries. Figure 4.6 shows the meridional-height cross-section along 35 west 

longitude of the potential vorticity and the plan view of the omega at 800 hPa in the 

vicinity of the same longitude. The potential temperature analysis shows the downward 

mixing of the warmer SAL air approximately between 5 degrees north latitude and 25 

degrees north latitude at middle to upper levels, hi addition, the meridional differential 

omega suggests a frontogenetical cell along the northem and southem boundaries. 

OQZ NOGAPS Polentiol 

Figure 4 6 NOGAPS potential temperattire cross-section across 35 degrees west 
longittide (as shown depicted by tiie dashed black line m tiie top panel of F^g^^ 4̂ 5) 
(left). NOGAPS 800 hPa omega analysis (nght). Botii figures are valid for 0000 UTC 
05 July 2003. 
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However, approximately twelve hours later, tiie wave fraversed into an 

environment which was more frontolytical likely characteristic of the more diffuse part of 

tiie SAL dust plume. In Figure 4.7, tiie plan view of the 850 hPa streamlmes and 

potential temperature shows a much weaker potential temperature gradient and confluent 

zone in tiie viciiuty of the wave axis. The MODIS tme color presentation shows more 

discrete convection in association with the wave axis. In Figure 4.8, the cross section of 

the potential temperature shows no large-scale intmsions of warmer air toward the 

surface. 

Figure 4.7. Same as Figure 4.5 except NOGAPS analysis valid 0000 UTC 06 July 2003 
and MODIS-AQUA tine color imagery scanned on 06 July 2003 from 1645 UTC and 
1650 UTC. MODIS imagery obtained from NASA/GSFC MODIS Data Support. 
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Figure 4.8. NOGAPS potential temperature cross-section along 50 degrees west 
longitude (depicted by the black dashed line in Figure 4.7). The analysis is valid 0000 
UTC 06 July 2003. 

4.2.3 The Mid-Level Easterly Jet and Transverse Ageosfrophic Cfrculations 

The existence of the baroclinic zone lends itself to the maintenance of a jet sfream 

through thermal balance as evident in Equation 1.4. In this case, the MLEJ is extended 

westward from Afiica, most likely induced by the differential warming effects in 

association with the SAL dust plume. Figure 4.9 shows the core of the MLEJ with a 

maximum zonal wind magnitude of -12 m s"' at 700 hPa with axes centered at 

approximately 42 degrees west longitude and 15 degrees nortii latitude. There is not a 

dfrect cfrculation pattem related to the MLEJ. However, this Figure shows a defmite 

effect of tiie MLEJ with regards to modulatmg tiie intensity of the frontal cfrculations. 
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For instance, there is a distinguishable maximum in upward vertical motion in the 

equatonvard entrance region of the MLEJ, in the vicinity of the SAL southem boundary 

and ITCZ. There is also enhanced subsidence in the poleward entrance region along the 

SAL northem boimdary. Downsfream along the SAL northem boundary, there is distinct 

rising motion. In the equatorward exit region, rising motion along the SAL southem 

boimdary and ITCZ is suppressed to a certain extent. 

Figure 4.9. NOGAPS plan view analyses of the 800 hPa omega (shaded) and tiie 700 hPa 
zonal wind (white dashed contours). The dfrection of tiie arrows denote tiie upward or 
downward vertical motions as apparently influenced by tiie MLEJ forcing. 
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4.3 Saharan Air Layer Effects on Tropical Cyclone Intensity 

4.3.1 Sensitivity of Tropical Cvclone hitensitv to tiie Saharan Air Layer and Dust 

The Saharan Air Layer remained intact in the tropical cyclone storm environment 

from tiie time of genesis ahnost until landfall. Figures 4.10 through 4.12 show the time 

histories denoting the presence of aerosols in the storm environment. In general, there 

are decreases in the estimated AOT over time as indicated by each of the composite 

MODIS data. However, there are some intermediate peaks in this overall downward 

frend. 

0.75 
Time History of Modis Estimated Maximum Possible Turbidity in ttie Stoim Environment 

20 40 60 80 100 
Forward Time from Genesis (hours) 

120 140 160 

Figure 4.10. Time history of the MODIS composite of estimated maximum AOT in tiie 
storm envfronment. Valid 2100 UTC 08 Juty 2003 tiirough 1500 UTC 14 July 2003. 
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0 6 5 
Time History of Modis Estimated Temporal Mean Turbidity in ttie Storm Environment 

20 40 60 80 100 
Forward Time from Genesis (tiours) 

120 140 160 

Figure 4.11. Same as Figure 4.10 except for MODIS composite estimated mean AOT in 
the storm envfronment. 

0.35 
Time History of Modis Estimated Minimum Possible Turbidity in the Storm Environment 

20 60 80 100 
Forward Time from Genesis (hours) 

160 

Figure 4.12. Same as Figure 4.10 except for MODIS composite estimated mean AOT in 
the storm envfronment. 
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fri order to investigate tiie correlation of this frend to the fluctuation of tropical 

cyclone intensity, a linear defrending technique was applied to the Best Track tropical 

cyclone intensity and each of tiie MODIS AOT composite data as well, and the 

coefficient of determination was computed. Figures 4.13 through 4.15 show the linear 

regression analyses and the computed coefficients of determination between the various 

composited MODIS AOT data and Best Track fropical cyclone intensity data. All of the 

analyses show that the presence of aerosols does indeed negatively impact tropical 

cyclone intensity. The presence of the aerosols accounts for 4 to 40 percent of this 

variation in the fropical cyclone fluctuation. 

CkJadette Intensity vs. MODIS Maximum AOT 
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Figure 4.13. Scatter plot, Imear regression, and the calculated coefficient of 
determination of the relationship between the Best Track fropical cyclone mtensity and 
the MODIS maximum composite AOT. 
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Figure 4.14. Same as Figure 4.13 except for MODIS mean composite AOT. 
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Figure 4.15. Same as Figure 4.13 except for MODIS minimum composite AOT. 
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Dropsonde soundings provide a further insight of tiie SAL in tiie fropical cyclone 

environment. Figures 4.16 tiirough 4.18 are the sounding representations of tiie 

dropsonde data approximately 24 hours apart tiirough tiie period from about 1756 UTC 

12 July until 1919 UTC 14 July. All of tiie sounding locations are generally to tiie east of 

Claudette's center of circulation. Each sounding is very similar in their moisture and 

thermal traits. The soundings show a layer characteristic of moderate mixing between tiie 

surface and around 600 hPa. The surface to 900 hPa layers are relatively moist. 

However, tiie layers from 900 hPa tiirough 600 hPa are relatively dry with maximum 

dewpoint depressions reaching approximately 20 degrees Celsius at 800 hPa. Each of the 

soundings also shows southeasterly vraids at 700 hPa. However, there is no apparent 

surge in the wind speeds at this level. This is most probably due to the relatively low 

dust loading in the envfronment. Therefore, there is little thermal forcing due to the 

presence of aerosols, and the magnitude of the MLEJ is greatiy reduced, if present at all. 

Given the characteristics of these soundings, there is the presence of the SAL in the 

fropical cyclone envfronment as evident by the dry afr at mid levels and the apparent 

mixed layers that are present. Since there is no low to mid level speed shear that appears 

in the environment over the period, then low to mid layer vertical wind shear is not a 

factor which would contribute to fropical cyclone intensity fluctuations. 

The SSM/I presentation in Figures 4.19 through 4.21 ftirther verifies that the dry 

envfronment associated with the SAL remained somewhat intact over the Caribbean Sea 

and Gulf of Mexico, mainly to the southeast of Claudette's center of cfrculation. There 

are tninimnm precipitable water contents on the order of 40 mm within the region 

generally southeast of Claudette's center of circulation. However, by the time that 

landfall occurred, there is no apparent signal of the SAL as there are no tongues of 

minimum precipitable water that could be found, as observed in Figure 4.22. Therefore, 

the SSM/I imageries si^est that the late intensification of Claudette may be partly due to 

the horizontal entrainment of moister afr within the SAL boundary over time. 
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g022918034,avp 022918034 Hurricane 03,030712N G-IV, N49RF 

Aspen V2.4.3,15 Jun 200415:44 JTC 

Figure 4.16. Sounding retrieval from dropsonde number 022918034. Location at 25.98 
degrees nortii latitude and 83.96 degrees west longitude reported on 1751 UTC 12 July 
2003. 
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g020835058,avp 020835058 Hurricane 03,030713N G-IV, N49RF 

100^20^0 40 50 60 70 80 90 100 110 120 130 140 II 160 170 

Aspen V24 3,15 Jun 200416 08 UTC 

Figure 4.17. Sounding retrieval from dropsonde number 020835058. Location at 22 
degrees north latitude and 89 degrees west longitude reported on 1955 UTC 13 July 
2003. 
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g022815001.avp 022815001 Hurricane 03,030714N G-IV, N49RF 

inn120 30 40 50 150 160 170 

Aspen V24,3,15 Jun 200416 20 UTC 

Figure 4.18. Sounding retrieval from dropsonde number 022815001. Location at 24.5 
degrees north latitude and 89.5 degrees west longitude reported on 1919 UTC 14 July 
2003. 
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SSM/IF15,2003-Jul-12, Evening Passes 
Atmospheric Water Vapor, Zoom Factor = 2 
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Figure 4.19. SSM/I precipitable water composite unage. Scanned between 0112 UTC 
and 0436 UTC 12 July 2003. hnage obtained from Remote Sensing Systems SSM/I 
archives. 
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SSM/IF15,2003-Jul-13, Evening Passes 
Atmospheric Water Vapor, Zoom Factor = 2 
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Figure 4.20. SSM/I precipitable water composite image. Scanned between 0100 UTC 
and 0436 UTC 13 July 2003. frnage obtained from Remote Sensmg Systems SSM/I 
archives. 
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SSM/I F15,2003-Jul-14, Evening Passes 
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Figure 4 21 SSMA precipitable water composite image. Scanned between 0049 UTC 
and 0406 UTC 14 July 2003. frnage obtained from Remote Sensmg Systems SSM/I 

archives. 
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Figure 4.22. SSM/I precipitable water image. Scanned between 0154 UTC and 0518 
UTC 16 July 2003. Image obtained from Remote Sensing Systems SSM/I archives. 
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4.3.2 Extemal Environmental Influences to Tropical Cyclone Intensity 

While the presence of dry air associated with the SAL may have had some 

influence on fropical cyclone intensity fluctuations, other variables such as the hurricane 

heat potential may have contributed as well. Figure 4.23 shows the weekly hurricane heat 

potential analysis with the track of Claudette overlaid. There seems to be concurrence 

witii tiie peak intensity period between 10 July 0000 UTC tiirough 11 July 0000 UTC and 

maximum depths of the 26 degree isotherm in the Caribbean as the fropical storm fracked 

just to the south and west of tiiis maximum throughout this time. The next peak intensity 

period occurred between 0000 UTC 15 July 15 through 1500 UTC 15 July when 

Claudette tracked over another lesser region of maximum hurricane heat potential in the 

westem Gulf of Mexico. 
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Fieu!re'4 23 TOPEx/pOSEIDON hurricane heat potential analysis. Valid 0600 UTC 
1X2003 tiirough 1200 UTC July 2003. The overlaid Claudette frack plotted every 24 
^IrsTommC time, hnage obtained from AOML/HRD humcane heat potential 
archives. 
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The tropical cyclone intensity seemed to be less sensitive to the upper-level flow 

in this case. Figures 4.24 through 4.27 show that the Claudette propagated in phase with 

an upper level anticyclone throughout all of its evolution as a fropical cyclone. There 

were three major periods of intensity fluctuations. The first was a rapid intensification 

period which occurred between 2100 UTC 08 July and 0000 UTC 09 July. Claudette 

tiien underwent a weakening stage between 0000 UTC July 11 and 1200 UTC July 12. 

The final intensity fluctuation occurred during the rapid intensification starting at 0000 

UTC 15 July, 15 hours before landfall. Given all of these fluctuations, it seems that the 

uniform storm environmental kinematics did not play a large role. 

Since the upper level kinematic envfronment remained uniform over time. Figures 

4.24 through 4.26 indicate that the vertical wind shear profile did not change over time 

either. There was persistent cyclonic flow at 850 hPa in association with Claudette's 

circulation and an anticyclonic circulation at 200 hPa in association with the upper-level 

anticyclone. There was a maximum in the speed shear on the order of between 24 m s'̂  

to 33 m s"' consistentiy located in the northeastem quadrant of the storm envfronment, 

most likely associated with the upper-level anticyclone. The sounding in Figure 4.16, 

which is located near the vertical shear axis, suggests that the vertical shear vector is 

oriented southwesterly in this quadrant. This would suggest that there may be a positive 

intensity feedback due to the vertical wind shear vector orientation relative to the 

Claudette's circulation as indicated by recent work by Rappin et al. (2004). However, 

there is no sensitivity detected between this consistent feature and fropical cyclone 

intensity fluctuations for this case. 
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2 0 0 ^ July ^Q GQ2 NQGAPS (r2QQhPQ-85QhPQl) Wind Sheer ( m / s ) and 

Figure 4.24. NOGAPS analyses of relative vorticity 200 hPa relative vorticity and 850 
hPa to 200 hPa vertical speed shear (witii wind barbs plotted for each level valid). Valid 
0000 UTC 10 July 2003. 
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Figure 4.25. Same as Figure 4.24 except valid for 0000 UTC 12 July 2003. 
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Figure 4.26. Same as Figure 4.24 except valid for 0000 UTC 15 July 2003. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Saharan Air Layer Heating Rates 

In tills study, it was validated that Saharan dust contributed to heating in the 

envfronment on tiie order of a maximum value of 0.480 Kelvin per day within the 

Saharan dust layer, creating an anomalous baroclinic zone in tiie Tropical North Atlantic. 

Although a Lagrangian approach was used in the result, this fmding validated the 

research conducted by Carlson and Benjamin (1980) on then Eulerian study which found 

heating rates in the dust layer to be on the average of 1 Kelvin per day. The 

observational insights provided by Karyampudi and Carlson (1988) as well as by Dunion 

and Velden (2004) regarding the connection of aerosol heating to the mid-level easterly 

jet were also upheld in this research. The current research supported the early related 

findings, but it confradicted the most recent findings from the Saharan Dust Experiment 

which found there to be cooling on the order of 0.5 Kelvin per day in the dust layer 

(Tame et al.. 2003). 

5.2 Wave Growth of the Formative African Easterly Wave 

The Chamey-Stem Condition for combined barofropic-baroclinic instability was 

usefiol for diagnosing wave growth as the wave intensity responded in time to an 

envfronment where the condition was satisfied. The only exception occurred for the 

existence of excessive combined barotropic-baroclinic instability where and when there 

may be a splitting from a parent wave into numerous smaller wave components. The 

current research is in agreement with Burpee's (1971) early fmdings regarding wave 

growtii. The related findings utilizing tiie 700 hPa potential vorticity analyses along tiie 

mid-level easterly jet and temperature gradients observed in this case also potentially 

support Karyampudi and Carison's (1988) fmdmgs that tiie presence of baroclinic 

instabiUty is the primary mechanism responsible for tiie conversion of available potential 

energy into tiie eddy kinetic energy, at least early in the formative wave evolution, for 

Afiican easteriy waves which are susceptible to a Saharan Air Layer envfronment. 
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5.3 The Role of the SAL Boundaries and tiie MLEJ on Circulation Cells 

Visualizations of tiie meridional-height cross section of potential temperattire 

along witii tiie superimposed 800 liPa omega revealed dual cells about tiie northem and 

soutiiem boundaries of tiie SAL. Based on tiie diagnosis of the case study presented in 

Chapter 4. Figure 5.1 is a revised version of the most recent relevant conceptual model 

origmally developed by Karyampudi and Carison (1988). This schematic does not show 

a specific cfrculation about tiie MLEJ. Nor does it show a thermally direct circulation 

about tiie soutiiem SAL boundary. Instead, it shows thermally indirect cfrculations about 

tiie northem and soutiiem SAL boundaries. In addition, the schematic shows that tiie 

upward vertical motions are enhanced in tiie equatorward entrance region as weU as in 

tiie poleward exit region of the MLEJ. This schematic is consistent with tiie findings 

based on Figures 4.6 and 4.9. 

Entrance Region 

Eauatorward Poleward 

Exit Region 

Equatorward Poleward 

Figure 5.1. Schematic views of the transverse circulations about the southem and 
northem SAL boundaries. The arrows point with the dfrection and are boldfaced 
according to the relative magnitude of the vertical motion. 
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5.4 SAL Effects on Tropical Cvclone Intensity 

It was found tiiat tiie main influences on tiie fropical cyclone intensity fluctuations 

tiiroughout Claudette's evolution were due to tiie presence of dry afr from a diffuse SAL 

which remained intact as it was fransported to the Westem Atlantic and Claudette's track 

above varying oceanic huiiicane heat potential columns. Vertical wind shear was not 

found to be a conttibuting factor to Claudette's intensity. Ffrst, tiiere was no low to mid-

level easteriy vertical shear in association witii tiie SAL. Secondly, tiie persistence of low 

to high-level soutiiwesterly vertical shear in the northeast quadrant of the fropical cyclone 

is evidence tiiat vertical wind shear was not responsible for tropical cyclone intensity 

fluctuations for tiie diagnosed case study. Figure 5.2 is a collage of MODIS tme color 

imagery showing tiie evolution of Claudette over time in a diffiise SAL envfronment. 

This imagery shows tiie asymmetric convection on the eastem quadrant about the center 

of cfrculation until just before landfall, when Claudette rapidly intensified. There is some 

evidence of dust appearing in the envfronment, although some of the imagery may be 

somewhat contaminated by sun glint. 

The impacts of tropical cyclone intensity fluctuations due to envfronmental dry air 

in association with the SAL are definitively consistent with Dunion and Velden s (2004) 

findings. However, the absence of an easterly surge at 700 hPa in Claudette's 

envfronment is different from Dunion and Velden's findings in then analyzed case 

studies. Most of thefr analyses concenfrated on case studies which were located east of 

70 degrees west longitude. Due to the diffusive and precipitative properties of Saharan 

dust, the mean envfronmental turbidity encompassing the case study diagnosed here was 

probably much lesser than what was found in Dunion and Velden's cases, since tropical 

cyclogenesis for Claudette occurred fiirther west than many of the cases that have been 

analyzed in the past. Therefore, the SAL, which may have some of its dry characteristics 

intact as far west as the Caribbean Sea and the Gulf of Mexico in similar cases, is not 

associated with a mid-level jet stream since the thermal gradient forcing mechanism, the 

Saharan dust, is much more diffuse. The Saharan Afr Layer, which is much more diffuse 
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b\ the time that it infiltrates into the Western Atlantic, could still impact tropical cyclone 

intensitN through the entrainment of environmental dry, low enthalpy air into the 

circulation center. 

Figure 5.2. Collage of MODIS-TERRA true color imagery. Imagery scanned 1555 UTC 
through 1600 Z 09 July 2003 (top right), 1625 UTC through 1630 UTC 12 July 2003 (top 
left), 1705 UTC through 1710 UTC 13 July 2003 (bottom right), and 1655 UTC through 
1700 UTC 15 July 2003 (bottom left). All imagery is courtesy of NASA/GSFC MODIS 
data support. 
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5.5 Recommendations and Future Work 

Analysis witii more case sttidies is pertinent to understand the frill spectrum of 

effects of tiie Saharan air layer on the development of Afiican easteriy waves and fropical 

cyclones. First, a null case is necessary to observe the energy transfers which take place 

between tiie eddy and tiie environment fropical cyclogenesis in a dust-free atmosphere. 

Also the question exists if tiiere is tiie possibility of fropical cyclogenesis, in the central 

Tropical Nortii Atlantic in particular, witiiout the presence of Saharan dust. Also, a 

hodgepodge of case studies in which botii the intensities of Saharan Afr Layer outbreaks 

and the maximum intensity of tropical cyclones must be considered in order to arrive at 

more definitive conclusions. At tins point, better gridded datasets are also needed over 

the currently data sparse Tropical North Atlantic in order to fiilly resolve the vertical and 

horizontal stmcture of the SAL and investigate its influence on tropical systems. 

There are a multitude of problems related to the SAL that still need attention. 

Ffrst, more radiation budget studies must be conducted over varying tropospheric 

conditions to arrive at a more lucid conceptual model on the thermal impacts of Saharan 

dust in the atmosphere. Secondly, sensitivity studies with respect to heat and moisture 

fluxes within Atlantic tropical cyclone environments should be conducted to determine 

the exact mechanism or mechanisms responsible for tropical cyclone fluctuations due to a 

SAL envfronment. 

A better understanding of the boundary layer mechanisms associated with the 

SAL will lead to substantial improvements in the forecasting of tropical cyclone intensity 

in the Atlantic. Numerical models, which currently possess very limited proficiencies in 

even the short-term forecasting of tropical cyclone intensity, have the potential for much 

improvement by the way of adjustments in the thermodynamical parameterization that 

will be able to be tempered from theoretical fmdings in fiiture field studies. In addition, a 

substantially denser observational network over the Atiantic is perhaps the best course of 

action available at tiie present to arrive at more accurate and higher confidence forecasts 

for tropical cyclone intensity. For society, such an undertaking will be instrumental in 

saving the lives and property of miUions of people in tiie Westem Hemisphere to alleviate 
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tiie potential desfruction and anguish for an impinging event. This research will 

particularly benefit some of the more vulnerable and poorer countries of the Caribbean, 

which otherwise possess limited resources to cope with these events. 
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