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ABSTRACT

Mass and heat fluxes in the warm pool region of the West Pacific Ocean
play an important role in the determination of global climate. To better understand
the relationship between the atmosphere and ocean in this region of the world, the
Tropical Ocean Global Atmosphere (TOGA) program conducted the Coupled
Ocean Atmosphere Response Experiment (COARE). During the Intensive
Observing Period (lOP) of TOGA COARE, island- and ship-based observations
were coUected for a four-month period. As part of this experiment, shipboard
Doppler radar data were coUected. These data were primarily coUected to produce
rainfaU estimates for the TOGA COARE domain during the lOP.
This dissertation describes the development of a data set of high spatial and
temporal resolution that was produced from the data coUected by the MTT radar on
the University of Southern California's R/V John V. Vickers. These data were
quaUty controUed, and correction schemes were developed for both the reflectivity
and radial velocity data.
The corrected radar data were put into a fixed-space grid to remove the
effects of ship motion. The data were gridded both in terms of reflectivity and
rainfall rate. Careful processing of the data allowed for a high spatial grid
resolution of 0.25 km by 0.25 km grid spacing. A temporal resolution of

VI

approximately 10 minutes was used, which matches the rate of data coUection by
the radar.
The gridded rainfaU rate data were integrated with respect to time to
develop spatial distributions of accumulated rainfaU over the gridded domain of
100 km X 100 km horizontal extent. In addition, grid average rainfaU were used to
produce a time series distribution of rainfaU. These distributions aUowed for
statistical analyses of rainfaU to be performed. In particular, cruise average rainfaU
and diurnal variations in rainfaU are examined.
The gridded data were used for case study analyses comparing rainfaU
between disturbed and undisturbed atmospheric conditions. In addition, disturbed
cases were subdivided into stratiform, mixed stratiform and convective, and
convective rainfaU. The high resolution of the data aUows for comparisons to be
made with rainfaU measurements coUected by raingauges on buoys. A space-totime conversion technique applied to moving echoes aUows for a time series with
increased temporal resolution.
Findings showed that the mean characteristics displayed by this data set
were simUar to those found in other TOGA COARE studies. The raingauge
comparisons indicated that this data set accurately represents the timing and pattern
of precipitation events that occurred at grid points that correspond to buoy
locations. In addition, the case study analyses showed that this data set can be
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useful in examining the characteristics of different precipitation events observed in
TOGA COARE.
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CHAPTER I
INTRODUCTION

1.1 Background
The tropics play a fundamental role in the general circulation of the
atmosphere, and the coupling between the tropics and mid-latitudes is important in
understanding global climate. In mid-latitudes, the main energy source for
synoptic-scale disturbances is the zonal avaUable potential energy associated with
the latitudinal temperature gradient. In the tropics, however, the storage of
avaUable potential energy is smaU due to the smaU temperature gradients found in
the tropical atmosphere. Therefore, latent heat release from convective cloud
systems appears to be the primary energy source for tropical disturbances (Holton,
1992). In addition, tropical convection is necessary to provide the heat and mass
transfers necessary to keep a balanced heat budget (Riehl and Malkus, 1958).
Because of the importance of the tropical convective systems, there has
been much research into the nature of these systems. Clouds in the tropics occur
in a spectrum of sizes ranging from small isolated non-precipitating cumulus to
large cloud clusters which exhibit mesoscale organization and account for most of
the rainfall. Cloud clusters are characterized by widespread stratiform cloud decks,
with upper-level cirrus cloud shields typically 100-1000 km or more across. Radar
data show that precipitation beneath the cloud shield exhibits two types of

structures: embedded deep convective ceUs and mesoscale regions of stratiform
precipitation (WiUiams and Houze, 1987).
The largest of these cloud clusters, referred to as super-clusters, are
associated with the 30-60 day Madden-JuUan OsciUation (MJO). The MJO is
associated with global-scale eastward propagating disturbances in the upper
troposphere of the tropical atmosphere (Madden and JuUan, 1972). Also linked to
the MJO and the super-clusters are periods of strong westerly winds. These events
are referred to as westerly wind bursts and are characterized by wind speeds of up
to 20 m/s or more. The westerly wind bursts originate as the Asian Monsoon
breaks down during the Northern Hemisphere's winter months, causing pulses of
westerly winds to propagate eastward into the western Pacific. These westerly
wind burst periods are very important in terms of oceanic mixing of heat and
salinity. In addition, they provide enhanced convergence that acts to trigger
convective activity (Webster and Lukas, 1992).
In the summer of 1974, the GARP (Global Atmospheric Research Program)
Atiantic Tropical Experiment (GATE) was carried out to carefuUy investigate the
role of tropical convection in global-scale circulations. The experiment area was
centered in the eastern Atlantic Ocean (Figure 1.1). In addition, synoptic-scale
data were coUected that extended from the tropical regions of Africa across the
Atlantic into South and Central America.
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Figure 1.1 The GATE ship array (from Reeves et al., 1979).

One of the primary goals of GATE was to obtain a better understanding of
tropical cloud clusters and to relate them to synoptic-scale motions, particularly
easterly waves. Reed and Recker (1971) showed that the passage of synoptic-scale
easterly waves in the western Pacific strongly modulated thefrequencyof cloud
clusters. This conclusion was confirmed by several studies of the GATE data
(Houze and Betts, 1981).
A majority of the convective activity during GATE was in the form of nonsquaU clusters, although numerous squaU cases were also found. SquaU clusters
tended to form in or near the wave trough and propagated out ahead of the easterly
wave toward the ridge, whUe non-squaU clusters tended to form in the trough and
move along with the wave.
A suiprising result from the GATE studies was the simUarity of the squaU
and non-squall clusters. Houze and Leary (1979) found that the precipitation
features associated with non-squaU systems (propagation speeds < 7 m/s) were
simUar in structure to those found in squaU clusters (propagation speeds > 7 m/s)
by Houze (1976). The major differences between these two types of systems were
in the vertical wind shear and propagation speeds (Barnes and Siekman, 1984).
In addition to the modulation of precipitation by easterly wave passages,
diurnal variabiUty was also seen during GATE. Such variations were studied by
McBride and Gray (1980) and were attributed to variations in radiative processes
between cloudy and cloud-free areas. During the night, cloud tops radiate at a

greater rate than the surrounding cloud-free regions and produce a relative cooling
in the cloudy regions. Sinking air around the convective region due to this cooling
could estabUsh a secondary circulation in the vertical plane. This in turn would
increase the low-level convergence and enhance convective activity.
Hudlow and Patterson (1979) produced radar-derived rainfaU estimates
compUed from the merged shipboard radar data set. Estimates were produced
using a rainfaU rate-reflectivity relationship of Z= 230 R'^^, where radar
reflectivity Z has units of mmVm^ and rainfaU rate R has units of mm/hr. These
data were used to produce a rainfaU atlas for the GATE domain for each of the
three data coUection phases. This data set provided a unique time series of rainfaU
rate that was used to examine the relationship of rainfaU to easterly wave passages
(Doggett, 1992). This study suggested that in addition to the previously mentioned
signals in the rainfaU patterns, precipitation also resulted from deformation zones
in the synoptic flow, most noticeable in the 700 mb wind fields. In addition,
persistent convective activity associated with the ITCZ also contributed to the
GATE rainfaU, independent of easterly wave activity.
In order to gain a better understanding of global climate change, the El
Niiio-Southem OsciUation (ENSO), and intraseasonal oscUlations, a better
specification of the coupling of the ocean and atmosphere is required. This is
particularly important in the warm pool regions of the world. These waters, where
temperatures are warmer than 28" C, occupy 35-45% of the tropical ocean surfaces

or about 20% of the world's surface area (WCRP, 1989). The largest of these
areas is in the equatorial western Pacific Ocean. The World Climate Research
Program (WCRP), which has as its primary goal to develop a better understanding
of cUmate and climatic processes on the time scale of years to months, conducted
an extensive research experiment to coUect data in this region.

1.2 TOGA COARE: Experimental Design
The Tropical Ocean Global Atmosphere (TOGA) program was set up to
examine the role of the tropical oceans in large-scale atmospheric processes. The
goals of TOGA are (WCRP, 1985):

1. To gain a description of the tropical oceans and the global atmosphere
as a time-dependent system in order to determine the extent to which the
system is predictable on time scales of months to years and to
understand the mechanisms and processes underlying its predictabiUty;
2. To study the feasibiUty of modeling the coupled ocean-atmosphere
system for the purpose of predicting its variation on time scales of
months to years; and
3. To provide the scientific background for designing an observing and
data transmission system for operational prediction, if this capabiUty is
demonstrated, by coupled ocean-atmosphere models, (p. 7)

In order to meet these goals, the Coupled Ocean-Atmosphere Response
Experiment (COARE) was conducted to provide an understanding of the role of
the warm pool region of the tropics in the mean and transient state of the tropical

ocean-atmosphere system. The scientific goals of TOGA COARE are to describe
and understand (Webster and Lukas, 1992):

1. the principal processes responsible for the coupling of the ocean and the
atmosphere in the western Pacific warm pool region;
2. the principal atmospheric processes that organize convection in the
warm pool region;
3. the oceanic response to combined buoyancy and wind stress forcing in
the western Pacific warm pool region; and
4. the multiple scale interactions that extend the oceanic and atmospheric
influence of the western Pacific warm pool system to other regions and
vice versa, (p. 1377)

COARE operations were conducted in and above the western equatorial
Pacific Ocean to study the strong air-sea interactions which occur in the warm pool
system, where ocean waters are warmer than 29° C and where deep atmospheric
convection and heavy precipitation occur (Webster and Lukas, 1992). This
location was chosen because it is the region of highest sea surface temperatures
(SST) in the world, and very Uttle was known about the atmospheric-oceanic
dynamics in and above this region. This lack of knowledge has limited progress in
modeling global climatic variabiUty. In particular, ENSO phenomena are greatly
influenced by the ocean-atmosphere interactions in the warm pool region.
COARE defined three nested regions within the large-scale warm pool
region. The first, the COARE Large-Scale Array (LSA), was defined as the region

bounded by 10" N to 10" S, 140" E to 180" (Figure 1.2). The other two regions,
the Outer Sounding Array (OSA) and the Intensive Flux Array (IFA), were
centered at 2" S, 156" E, and bounded by the polygons shown in Figure 1.2
(TCIPO, 1992). One of the fundamental goals of COARE was to bridge the
smaller scales measured in the IFA to the larger synoptic-scales of the OSA and
the LSA.
Since this is a very data sparse region of the world, two observational
strategies were developed in order to obtain the most complete data set possible.
An Intensive Observing Period (lOP) of limited duration was combined with an
extended period of enhanced monitoring. The lOP lasted from 1 November 1992
through 28 February 1993, whUe the enhanced monitoring occurred from February
1992 through December 1993. The timing of the lOP was set to maximize the
probabUity of sampling westerly wind events, and thus the most intense air-sea
interaction (TCIPO, 1995).

1.3 TOGA COARE: Data Collection
To organize TOGA COARE, the experiment was divided into atmospheric,
oceanographic, and interfacial components (TCIPO, 1991). Scientific objectives
were defined for each of the three components. For the interfacial component
some of the objectives included: getting a high quaUty data set of heat, moisture,
and momentum fluxes; determining the magnitude of short time-scale variabiUty of
8
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Map of the COARE Large-Scale Array (LSA), Outer Sounding
Array (OSA), and the Intensive Flux Airay (IFA) (from TCIPO,
1994).

the hourly, diurnal, and episodal fluxes; and improving empirical formulas used to
estimate the net surface heat flux. For the atmospheric component, some of the
objectives included: determining the structure of the synoptic and mesoscale
components of the large-scale atmospheric circulation, in particular, determining
the morphology of the most convective stage of the 30-60 day mode and its subcomponents; and relating atmospheric processes to the heat, momentum, and
moisture fluxes at the ocean-atmosphere interface. The oceanic component
objectives included: determining the space-time structure of SST and sea surface
salinity (SSS); determining the processes that contribute to SST and SSS variabiUty
on the time scales of weeks to months; and determining how mixing of heat, salt,
and momentum occurs.
During the enhanced monitoring stage, data were coUected via a large-scale
buoy array, which coUected both atmospheric and oceanic data. In addition, some
island-based integrated sounding systems and sateUite data were coUected. These
data were very important in bridging the time and space scales studied during
TOGA COARE by providing a baseline for data coUected during the lOP.
During the lOP high-quaUty momentum, heat, and moisture flux data sets
were collected, using various in situ and remote sensing instrumentation. It was
during this time period that the maximum concentration of effort was given to data
collection. The principal aim of the lOP was to determine the interfacial fluxes
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within a relatively smaU area of the warm pool and to understand the atmospheric
and oceanic context of these fluxes (Webster and Lukas, 1992).
The interfacial component of the ocean-atmosphere system was sampled by
a number of different methods. Air-sea fluxes were measured by flux packages
instaUed on long-term moored buoys, and were supplemented by ship and aircraft
observations to provide fmer temporal and spatial resolution. Of particular
importance were measurements of surface winds, surface air and sea temperatures,
surface humidity, surface barometric pressure, precipitation, longwave and
shortwave incoming radiation, and ocean currents (Webster and Lukas, 1992).
In addition, sateUite data were used to remotely sense many of these parameters.
The atmospheric component was observed by means of a sounding network,
island, shipboard, and airborne Doppler radars, and other aircraft measurements.
Weather radars were used to coUect quantitative measurements of precipitation,
determine the size distributions and other characteristics of mesoscale convective
features, and observe winds within the systems. The ship- and land-based
sounding systems were used to gather upper air data in the COARE domain and
compute fluxes in and near mesoscale convective systems. The aircraft were used
to provide three-dimensional wind fields and in situ flux measurements in
mesoscale convective systems.
These observing platforms differed in the temporal and spatial sampling
characteristics. The sounding network and the shipboard Doppler radars provided
11

a nearly continuous time series in fixed (or nearly fixed) locations in the COARE
domain. The aircraft were highly mobUe, and able to observe selected mesoscale
features, though on a limited time scale. In addition, sateUite observations were
used to provide information on winds and radiation measurements at different
levels of the atmosphere. By merging data from these different data platforms, a
more detaUed representation of the atmospheric component can be assembled.
FinaUy, the ocean was observed using ships and moored buoys. Vertical
profiles of salinity, temperature, and density were measured by several of the ships,
along with detaUed current measurements. The goal was to get a detaUed threedimensional understanding of the mixed layer of the ocean, and integrate this with
the results of the interfacial and atmospheric components.

1.4 Shipboard Doppler Radar Data
Part of the lOP operations included a pair of 5 cm Doppler radars mounted
aboard ships positioned in the IFA of the TOGA COARE domain (Figure 1.3).
One radar (labeled the TOGA radar) was put aboard the People's RepubUc of
China's vessel Xiangyanghong #5 (from here on referred to as the PRC #5). The
Massachusetts Institute of Technology (MTT) radar was put aboard the University
of Southern California's research vessel John V. Vickers. The role of the radars
was to coUect three-dimensional data for precipitation features that occurred during
the experiment. The radars provided data on intensity, areal coverage, and
12

Figure 1.3

Map of the COARE IFA showing locations of the TOGA and MTT
shipboard Doppler radars. Circles display maximum range of the
volume scans (from Kucera, 1993).
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movement of precipitation features. In addition, radial wind data for these systems
were also collected.
As part of TOGA COARE, Texas Tech University participated in the
coUection of the Doppler radar data. The field work was conducted in three fiveweek cruises with the scheduled departures of the two ships staggered by a week
so that complete temporal coverage of the IFA could be maintained. This
researcher participated in all three cruises on the R/V Vickers. From this project,
nearly four continuous months of raw radar data from the two ships were acquired.
This data set provides unique opportunities for studying the structure of tropical
rainfall, and wUl play an important part in fulfilling the goals of TOGA COARE.

1.5 Objectives
The research described in the dissertation focuses on using the TOGA
COARE shipboard radar set from the MIT radar to develop a high resolution data
set that will assist in detailed studies of observed rainfaU patterns. To accomplish
this, the raw radar data first needed to be quality controlled. Through calibration
and radar intercomparison studies the raw radar reflectivity data then had to be
adjusted to bring the two radars into general agreement. To ensure accurate
placement of precipitation in space, the navigation data that were used to locate the
radar data needed to be examined for errors and the radar positions corrected to
account for any errors in the navigation data. Finally, the errors in navigation data
14

corrupted the Doppler velocity data, and a correction scheme was therefore
developed for those data as weU.
The corrected reflectivity data were then processed to a spatiaUy fixed grid
to remove ship motion from the data. The processed reflectivity data was then
categorized as either convective or stratiform, and converted to rainfaU rates using
a Z-R relationship determined by the nature of the precipitation. Maps of rainfaU
accumulations were compUed from the gridded rainfaU, and hourly and daUy
rainfaU statistics compUed for each of the three R/V Vickers cruises.
These data were used to produce statistical analyses of rainfaU estimates for
the three cruises that were compared with other TOGA COARE radar studies. In
addition, case studies were performed for certain precipitation events, and
compared to the rainfaU measurements made by several other raingauges in the
IFA. These analyses provide insight into the nature of precipitation observed
during TOGA COARE.
The scientific objective of this study is to produce a high resolution rainfall
data set that can be used by TOGA COARE investigators who need detaUed
precipitation information. This data set should be especiaUy useful in studies
where the high variabiUty of rainfaU in both time and space is a concern. This
data set has been designed to provide areal coverage of ships and buoys located in
the central IFA (approximately 2° S, 156° E) at the highest possible resolution in
time and space.
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CHAPTER n
THE RADAR DATA

2.1 The Radar Equation
Weather radars sense precipitation-sized particles in terms of scattered
power returned to the radar. These reflectivity measurements depend on the size,
composition, shape, and orientation of the hydrometeors being sampled. In
addition, the returned power depends on the properties of the radar hardware. The
relationship between these various quantities and returned power is described by
the radar equation. The derived form of the radar equation that shows the
relationship between these variables is

p,

G2

e 4) T

^ ' 1024an2);

\ r

Vol

)

(2.1)

where P, is the power scattered back to the radar, c is the speed of Ught, P, is the
transmitted power, G is the radar gain, ^ and 6 are the vertical and horizontal
beam widths, T is the pulse duration, X is the wavelength of the radar, 1 K | Ms the
index of refraction, and D is a particle diameter of the scatterer (Battan, 1973).
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The terms within the first set of parentheses in Equation 2.1 are constants,
the terms within the second set of parentheses are dependent on the radar
characteristics, and the terms within the fmal set of parentheses are dependent on
target characteristics. For a particular radar, the radar characteristics are known,
and can be combined with the numerical constants. The summation of the
diameters of the scatterers in the volume is defmed as the radar reflectivity factor,
Z. FinaUy, the IK | ^ can be considered constant for uniform scatterers, either ice
or Uquid water.
The radar equation then simplifies to

^'~ " 7 2 "

'
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where the radar constant is defmed as
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Therefore, the quaUty of the radar measurements is dependent on the precision and
accuracy of the radar characteristics used in the radar constant. Specific
characteristics of the TOGA and MTT radars are given in Table 2.1.
OperationaUy, the radar measures the returned power, P^, at known ranges
The radar equation can then be solved in terms of reflectivity factor Z. The radar
reflectivity data coUected by the radar are stored on tape in terms of decibels
relative to a reflectivity of 1 mmVm^, or dBZ, which is defmed as 10 log,oZ/(l
mmVm^) (Reinhart, 1991).

2.2 Data CoUection
The shipboard radars used in TOGA COARE were on staggered schedules,
so that both radars were never scheduled to be in port at the same time. The
strategy was to have dual radar coverage for as much time as possible during the
lOP, with single radar coverage for the periods when one of the ships needed to
return to port to refuel and resupply. The actual ship activity during the lOP is
given in Table 2.2. Due to the lack of avaUable faciUties and the size of the ship,
the PRC #5 had difficulty getting out of port on schedule, causing unplanned gaps
in the radar coverage.
The radars made three cruises each, with each cruise resulting in about 30
days of data coUection in the IFA. Both ships were on station at the same time for
approximately 20 days during each cruise. Each radar was manned by two to four
18

Table 2.1

Radar characteristics of the MTT and TOGA radars (adapted from
TCIPO, 1992).

Parameter

Both
Radars

Dynamic Range (dB)

80

Peak Power Output (KW)

250

Antenna Gain (dB)

40

Beamwidth (degrees)

1.55

Azimuth Velocity (deg/sec)

<24

Elevation Velocity (deg/sec)

< 14

Parameter

MTT Radar

TOGA Radar

Wavelength (cm)

5.37

5.35

Pulse Width (ys)

1.0

0.48 (150 km)
1.82 (300 km)
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Table 2.2

Time and locations of the PRC #5 and the R/V Vickers during the
lOP. Times in UTC (Adapted from Kucera, 1993).

Date

Time

R/V Vickers

PRC ^5

11-04-92

2345

In port

Cruise 1 starts. On
station at 2" 5' S, 155"
45'E

11-10-92

1931

Cruise 1 starts. On
station at 2" 5' S, 156"
15'E

On station at
2" 5' S, 154" 30' E

11-30-92

0105

On station at
2" 5 S, 156" 15' E

Cruise 1 ends. Leave
IFA for Honiara

12-10-92

0000

Cruise 1 ends. Leave
IFA for Honiara

In Honiara

12-15-92

1225

In Honiara

Cruise 2 starts. On
station at 2" 5' S, 155"
45'E

12-21-92

0200

Cruise 2 starts. On
station at 2" 5' S, 156"
15'E

On station at
2" 5' S, 155" E

01-09-93

0105

On station at
2° 5' S, 156" 15' E

Cruise 2 ends. Leave
IFA for Honiara

01-19-93

0630

Cruise 2 ends. Leave
IFA for Honiara

In Honiara

01-23-93

0105

In Honiara

Cruise 3 starts. On
station at 2" 5' S, 155"
45'E

01-29-93

1730

Cruise 3 starts. On
station at 2" 5' S, 156"
15'E

On station at
2" 5' S, 155" E

02-19-93

0000

On station at
2" 5' S, 156" 15' E

Cruise 3 ends. Leave
IFA for Guam

02-27-93

0000

Cruise 3 ends. Leave
IFA for Honiara

In Port
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scientists and one radar technician, with most radar crew members working for a
single cruise. The author was present during aU three cruises of the MET radar and
participated in the radar set up and testing in port at Noumea, New Caladonia, in
the weeks prior to the lOP operations. These opportunities provided the author
with experience in many aspects of radar data coUection, from the tuning of the
hardware to the daUy operations of a meteorological radar. It also provided insight
and understanding of the data coUected, which proved to be very important in the
later processing and analysis of the data sets.
Both ships used the city of Honiara on the island of Guadalcanal as port,
which was approximately a two-day cruise from the ship positions in the IFA. The
nominal ship position for the TOGA radar was 2" 5' S, 155" E, whUe the nominal
ship position of the MTT radar was 2" 5' S, 156" 15' E. Both ships were allowed
to drift up to 15 km from their nominal positions before the ships needed to be
repositioned. Ship repositioning generally took about two hours and occurred two
or three times per day, depending on the strength of the ocean currents.
Since the radars were mounted on moving platforms, the position and
movement of each radar needed to be carefully measured. In addition, the radars
needed to be stabilized so that each radar stayed pointing in the same direction
while the ship rolled, pitched, and turned beneath it. This required the use of a
sophisticated Inertial Navigation Unit (INU) that kept the radar coUecting data in
absolute earth coordinates. The INU was developed for use in fast-moving tanks,
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and the specific detaUs of how this hardware work remain classified information.
The INU worked extremely weU in stabilizing the radar, keeping the radar steady
to within 0.1" in azimuth and elevation in rough sea conditions.
The INU was also responsible for keeping track of the position of the radar.
Periodic updates of radar latitude and longitude were made from the Global
Positioning System (GPS), which used a network of satelUtes to position ground
targets.
The INU was very sensitive to motion, and therefore needed to be
initialized on a stable platform, preferably on land. Once the INU was initiaUzed,
it could then be instaUed. One concern of radar operations was the status of the
INU, since once problems developed they could only be corrected by bringing the
ship back to port and re-initializing the INU on land.
FinaUy, due to the classified nature of the hardware, a time limit was put
on the use of the INU. This insured that after lOP was completed the INU would
become non-functioning. Unfortunately, the time Umit was set a little too short,
and the radars became non-functional several days before the scheduled end of
operations.
In general, the INU used by the MIT radar functioned very weU during the
project. The INU used by the TOGA radar, however, developed several problems.
First, a software problem prevented the INU from receiving automatic GPS
updates. This meant that the scientist operating the TOGA radar had to make
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manual INU updates every hour or so. In addition, the TOGA radar INU lost
power during Cruise 1 and had to be re-initialized at sea. Fortunately, the PRC#5
was a large enough ship that the platform was stable enough to aUow this reinitialization.
The radars were controUed by the Interactive Radar Information System
(IRIS) software developed by the SIGMET corporation (SIGMET, Inc., 1991).
The IRIS software aUowed the user to define scanning tasks, set up a scanning
schedule, and save the coUected raw data to 8 mm data tapes. In addition, the
software was also capable of real-time data processing. This was particularly
useful in communicating information about existing precipitation events to
operations in Honiara. This information was of interest in the planning of
upcoming aircraft missions. The real-time processing also improved the quality of
information recorded in the radar log books.
The IRIS software was responsible for several sources of error in the data.
Limitations in the software prevented accurate setting of some of the parameters in
the radar constant. In addition, a problem in the IRIS system caused angular
resolution problems in the MIT radar. The system was set up to collect data at
one-degree resolution, but much of the MTT data was actuaUy collected at twodegree resolution. In addition the resolution was not consistent and varied from
scan to scan, and even within a single scan. The problems presented here wUl be
discussed in more detail below.
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Two basic scanning strategies were developed for data coUection during
TOGA COARE. The first was for observing precipitation at ranges up to 300 km.
These scans coUected data only at three low-level elevation angles, and were
developed to aUow large-scale rainfaU mapping. The data from these scans would
provide a large area of overlap between the two radars. To scan out to these
distances, the pulse repetition frequency (PRF) of the radar needed to be decreased,
and the bin spacing of the data increased. Because of the low PRF the Nyquist
velocity, which is the highest unambiguous Doppler velocity that can be retrieved
by the radar, was quite low. This makes using the velocity data from these scans
impractical. The detaUs of the long distance scans for each radar are presented in
Table 2.3.
The second scan strategy was for coUecting more detaUed data at a closer
range. These volume scans were developed to coUect data about the entire depth
of precipitation systems, out to a range of 150 km. To do this data were coUected
at more than fifteen elevation angles and the PRF of the radar was increased. This
provided increased radial resolution and a higher Nyquist Velocity.
The elevation angles of the fuU volume scans were adjusted depending on
the distance of the convective activity to the radar. Scanning convection close to
the radar required using higher elevation angles so that the tops of these features
could be sampled. Two types of full volume scans were used, one for close
convection and one for more distant convection. The detaUs of these fuU volume
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Table 2.3

Radar settings and scan characteristics for the rainfaU for the long
distance mapping scans from the MTT and TOGA radars (TCIPO,
1992).

Parameter

MTT Radar

TOGA Radar

Name

TC_LOWLEVEL

RAIN

Elevation Angles (deg)

0.8, 1.3, 1.8

0.8, 1.3, 1.8

PRF (Hz)

500

490(11-5-92 to 1-3093)
500 (1-30-93 to 2-1993)

Pulse Width (ps)

1.0

1.82(11-5-92 to 1-3093)
0.80 (1-30-93 to 2-1993)

Bin Spacing (m)

500

500

Maximum Range (km)

295

300 (11-5-92 to 11-1292)
295 (11-12-92 to 2-1993)

Nyquist Velocity (m/s)

6.7

6.6 (PRF of 490)
6.7 (PRF of 500)

Number of Samples

30

20 (11-5-92 to 11-1292)
30 (11-12-92 to 2-1993)

Approximate Run Time

1.5 minutes

1.5 minutes
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scans for each radar are presented in Table 2.4. In addition, a scanning sequence
designed to faciUtate vertical wind profUes was also developed. These Enhanced
Velocity-Azimuth Display (EVAD) scans were simUar to the other volume scans
except that the elevation angles were spaced evenly with height. The exact
elevation angles varied over time, so specific detaUs were not presented here.
As seen in Tables 2.3 and 2.4, the TOGA scans changed during the course
of the lOP. This was due to hardware changes which required some of the IRIS
settings to be changed. The MET scan parameters were constant throughout aU
three cruises.
Independent of the convective activity, a long distance mapping scan was
done at the beginning of each hour, which lasted approximately 1.5 minutes. This
was foUowed by a fuU volume scan, which lasted approximately 7.5 minutes. This
sequence was repeated at ten-minute intervals, so that six mapping and six volume
scans were coUected each hour. In the time remaining between the end of a
volume scan and the beginning of the next mapping scan, Range-Height Indicator
(RHI) scans were often made to examine the vertical structure of interesting
precipitation features. However, these scans were not part of the original scanning
strategy.
The result of this scanning strategy was a high quaUty data set that has both
high spatial and temporal resolution. These data provide exceUent opportunities
for the study of tropical rainfaU patterns and the three-dimensional dynamics of
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Table 2.4

Radar settings and scan characteristics for the distant and near
volume scan types (Adapted from Kucera, 1993).

Parameter

MTT Radar

TOGA Radar'

Name

TC_DISTANT

VOL_FAR

Elevation Angles (deg)

0.8. 1.5. 2.3, 3.4. 4.5. 5.7. 6.9.
8.2. 9.6, 11.3. 13.0. 15.0.
17.2, 19.8. 22.5. 26.5, 33.0

0.8. 1.5, 2 3 , 3.4, 4.5, 5.7, 6.9, 8.2.
9.6, (11.3, 13.0, 15.0. 17.2. 19.8.
22.5, 26.5, 33.0) Elevations in
parentheses were added after 1112-95

PRF (Hz)

1000

1200 (11-8-92 to 11-12-92)
1000(11-12-93 to 2-19-93)

Pulse Width (ps)

1.0

0.48 (11-5-92 to 1-30-93)
0.80 (1-30-93 to 2-19-93)

Bin Spacing (m)

250

250

Maximum Range (km)

145

125 (11-8-92 to 11-12-92)
145 (11-12-92 to 2-19-93)

Nyquist Velocity (m/s)

13.4

16.0 (PRF of 1200)
13.4 (PRF of 1000)

Number of Samples

50

50

Approximate Run Time

7.5 minutes

7.5 minutes

Parameter

MTT Radar

TOGA Radar*

Name

TC_NEAR

VOL_NEAR

Elevation Angles (deg)

0.8. 1.4, 2.4. 3.6. 5.4. 7.2. 9.2.
11.4. 14.1, 17.1. 20.6. 24.7.
293, 34.6. 40.6, 47.4, 55.0

0.8. 1.4. 2.4. 3.6. 5.4. 7.2, 9.2.
11.4. 14.1. 17.1.20.6.24.7,29.3.
34.6. 40.6. (47.4. 55.0) Elevations
in parentheses were added after
11-12-95

Number of Samples

50

40 (11-8-92 to 11-12-92)
50 (11-12-93 to 2-19-93)

* TOGA Radar ran a single volume hybrid scan from 11-5-92 to 11-8-92.
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tropical precipitation features. Several times during Cruise 3, the MTT and TOGA
radar were brought to within 50 km of each other for the purpose of dual Doppler
scanning. These efforts met with limited success, due to mechanical problems that
developed during one of these attempts and difficulty in coordinating activity in
another. These time periods do provide some opportunity for a dual-Doppler
analyses. OveraU, the coUection of shipboard weather radar data during TOGA
COARE was a great success.

2.3 OuaUtv Control
Before analysis of the TOGA COARE radar data could begin, the data
needed to be quality controUed. Radar caUbrations needed to be carefuUy
examined to assure that adjustments for the radar hardware were correct. In
particular, these caUbrations were important in defining the radar constant used for
each of the two radars.
Radar calibrations in the field were difficult because of the remote locations
of the radars, making this quality control even more important. The initial quality
control consisted of comparison of isolated echoes that were located equidistant
from both radars (Kucera, 1993). The reflectivity data for these echoes should be
nearly the same for both radars if the data were correctly calibrated. These initial
studies showed that the radars were not caUbrated correctly, as the reflectivities
observed by the TOGA radar were consistently greater then those observed by the
28

MIT radar. Later studies showed that the TOGA radar had experienced hardware
problems during the data coUection period, and a correction scheme was devised
by the scientists at NASA who maintained the radar.
The NASA correction scheme for the TOGA radar data incorporated
corrections for several errors. These corrections can be separated into two groups,
power-independent caUbration errors and power-dependent caUbration errors. The
power-independent caUbration errors were corrected as foUows (Ferrier, 1993):
a. Adjustments were made to the radar constant for the 0.48 and the 1.82
microsecond pulse widths during Cruise 2 and the beginning of Cruise 3 to adjust
for software Umitations.
b. Adjustments were made to the radar constant during the beginning of
Cruise 3 to adjust for improper software settings associated with a change in the
pulse forming network (PFN).
c. A correction of -0.97 dB was applied to the data coUected during the
beginning of Cruise 3 to correct for an improper pulse width setting associated
with the new PFN.
d. An approximate 5.8 dB correction was appUed to data coUected during
Cruises 1 and 2 to correct for a cracked T/R duplexer tube.
e. Correction for spuriousfluctuationsin noise samples resulting from poor
noise sampling by the radar. These corrections vary from one volume scan to the
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next, and are determined by the previous radar calibration. This correction ranges
from one to eight dBZ.
These corrections were dependent on the time that the data were coUected.
In the case of the sampling error (e), the adjustment depends on the actual volume
scan being processed. In addition, the corrections depend on the type of volume
scan being processed, since the long-range, lower-resolution scans operate at a
different PRF than the shorter-range, higher-resolution volume scans.
Once the power-independent correction for a scan was determined, then the
power-dependent caUbration error could be corrected. The power-dependent error
results from the difference in pulsed versus continuous-wave caUbration associated
with a faulty log IF amplifier. To make this correction, the raw reflectivity data
were corrected for the power-independent factors determined above. The radar
constant was removed from the reflectivity value, as were the range-dependent
terms from the radar equation. The power-dependent correction was then appUed
to the resulting reflectivity, and the radar constant and range-dependent terms were
then included. The range-dependent terms include an attenuation factor appUed to
the data by the radar that is not part of the Equation 2.2.
The appropriate corrections for each scan type and scan time have been
compUed by NASA. These correction factors were appUed to the TOGA radar
data as the raw radar fUes were being processed. These files are updated
occasionally as the magnitudes of these errors are better defmed.
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A simple adjustment for the MTT radar reflectivity data was also devised.
Through comparisons of rainfaU statistics derived for the same regions by each
radar, NASA determined that a -1-2.4 dBZ adjustment was warranted for the MTT
radar data in order to bring that radar's results into agreement with the corrected
TOGA radar's results. This flat adjustment is within the normal range of
uncertainties characteristic of radar data (Lutz, 1994).
Additional examination of the data by this researcher has indicated a
problem with the position data of the radars. Since the radars were drifting, and
not fixed to a land surface as is normaUy the case, precise measurements of
latitude and longitude were necessary. Errors in the position data result in
problems in placement of the data, and cause erroneous apparent echo motions.
The INU data used to stabilize the radar and provide position data show a Schuler
OscUlation that causes a cycUcal change in the ship velocity over time (Masters
and Leise, 1993). This osciUation was more pronounced in the TOGA radar data
(since only manual corrections to the INU using GPS data were made), but was
present in the MTT radar data as well. The errors in radar location caused by the
erroneous ship velocity data can be corrected by using other position data coUected
by the ships to supplement the raw radar data.
The Schuler Oscillation errors also corrupt the Doppler velocities stored by
the radar, since apparent ship motion was removed from the data set. By isolating
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the osciUation in the data set, the errors in the data can be removed, reducing the
errors to the noise level of the data.
An example of the error in the navigation data is shown in Figure 2.1. The
figure shows the TOGA radar position as recorded in the raw data for the period
of 1500 UTC on 17 February to 0000 UTC on 28 February 1993. The true motion
of the ship was a relatively constant drift to the southeast over time. The deviation
in the data from this drift is due to the Schuler OsciUation.
Figure 2.2 shows an example of the recorded u and v components of the
ship motion for the period of 1700 UTC to 2000 UTC on 24 December 1992. The
low frequency osciUation (period of approximately 85 minutes) is the Schuler
OsciUation, whUe the high frequency osciUation (period of approximately 10
seconds) is the pitch, roU, and yaw of the ship.
The IRIS system that was used to operate the radar and process the data
was designed to correct the Doppler wind field by removing the recorded ship
motion from the wind data. Proper correction would have consisted of removal of
the roU, pitch, and yaw motion of the ship. Since the processor has no way to
distinguish between the real and erroneous components of motion, the data have
been over-adjusted by the signal processor by removing both the high and low
frequency patterns.
In order to correct this error in ship motion, the low-frequency signal in the
data should be removed whUe retaining the highfrequencycomponent. The high
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Figure 2.1

Plot of TOGA radar motion as saved in the raw data for the period
of 1500 UTC on 17 February 1993 to 0000 UTC on 18 February
1993 (Leary et al., 1993).
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Figure 2.2

The u and v component of the ship motion as saved in the raw data
of (a) the TOGA radar and (b) the MTT radar for the period of 1700
to 2000 UTC on 24 December 1992 (Leary et al., 1994).
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frequency pattern needs to be retained so that the actual ship motion can be
removed from the radial velocity data. The Schuler OsciUation can vary sUghtly
over time, so the correction of the data is best done in periods of three to five
hours. To accompUsh this, the u and v ship motion data as stored in the raw files
need to be compUed. These data were stored for each ray in the volume scan, so
there is very high temporal resolution in this data. The u and v data sets can then
be smoothed using an unweighted, centered running mean. The number of points
that go into the smoothing is arbitrary, but a 1000 to 1500 point average (one to
two minute average in time) seems to fully remove the high-frequency oscUlation,
whUe retaining the structure of the Schuler OsciUation.
The smoothed data then need to be examined. In some cases no osciUation
wiU be present, or the osciUation wiU be very weak (within the noise level of the
high frequency signal). In these cases the data do not need to be adjusted. If a
significant osciUation does exist, statistics can be derived from the smoothed data.
To model the sinusoidal Schuler OsciUation, a mean motion, an amplitude, a
period, and an initial time for the curve must be computed for both the u and v
data sets.
The smoothed u and v data can now be used to describe a sinusoidal
function of time. The time recorded for each ray can be used to determine a uvalue and a v-value of the Schuler OsciUation, and these values can be subtracted
from the raw u and v data. These adjusted u and v values can then be placed in a
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corrected raw fUe which is produced by the correction code. This new fUe wUl be
an identical copy of the original, except the u and v values are corrected, along
with the Doppler velocity data (see below).
Due to data compression constraints, it is not possible to correct aU the u
and V data. When examining the corrected data set, there wiU be times when an
erroneous zero u or v value wiU show up. These data points should be ignored.
This is only a problem in tiie ship u and v data, and does not pose a problem with
the corrected Doppler velocities.
As mentioned earlier, an additional impact of these Schuler OsciUations was
found in the radial velocity data. Analyses showed that these errors can
significantly corrupt the radial velocity data as well, making the raw data
unacceptable. Through careful analysis of the INU errors, a correction scheme was
developed that allows the velocity data to be corrected. This correction has
allowed case studies to be produced that utilize the radial velocity data.
Most importantly for this study, the Schuler OsciUation cause erroneous
position data to be stored in the raw data. In particular, these errors can cause
mistakes in the latitude and longitude data that can result in up to a 5 kilometer
error in position of the radar. Since these radars were mobile platforms, the
position of the radar is very important for analysis purposes.
The correction of this problem is different for each radar. For the MTT
radar, detailed GPS position data from the R/V Vickers as stored on the ship's
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VAX system were avaUable for analysis. Ship position was stored at
approximately one-minute intervals to a precision of one hundredth of a minute in
latitude and longitude. The latitude and longitude stored in the raw radar data
were replaced by the ship's data during the processing.
Supplementary position data in the form of the manual INU updates were
avaUable from the TOGA radar logbooks. These position data have been stored as
a data file avaUable from NASA Goddard Space FUght Center. To correct the
corrupted position data, the known position data from the manual INU updates
were plotted to get a mean path, and the radar position is interpolated in time to a
corrected position. An example of this procedure is shown in Figure 2.3. This
method provided an acceptable radar position for most times. The exception is
during periods when the ship began or ended repositioning, when the ship velocity
was not uniform with time.
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TOGA Radar 1600-0100. Dec 21
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Figure 2.3

Position of the TOGA radar, from the raw radar data (soUd line) and
interpolated linearly in time from the manual ESTU updates (Leary et
al, 1993).
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CHAPTER m
ANALYSIS METHODS

To help meet the goals of TOGA COARE, estimates of the amount of fresh
water being added by precipitation to the ocean's surface layer are needed. These
estimates of the rainfaU component of freshwater flux will be useful in determining
the heat and moisture fluxes of the tropical atmosphere and ocean. In addition,
spatial and temporal estimates of freshwater accumulations wiU aUow the effects of
different atmospheric regimes to be compared.
In this research, the corrected radar reflectivity data were translated to a
grid fixed relative to the earth's surface. The gridding has a temporal resolution of
approximately 10 minutes and a spatial resolution of 0.25 km. The grid covers a
100 km X 100 km region of the IFA, centered at 2'' 5' S, 156'' 15' E. A grid this
size allows for full utilization of the spatial resolution of the raw radar data.
The grid dimensions were chosen so that ships and buoys concentrated at
the center of the IFA were covered. One concern of choosing a grid this size was
the effect of beam spreading on the analysis. As distances increase, the azimuthal
cross-beam distance, or beam spread, makes the size of an individual radar bin
approach the horizontal scale of the convective elements being examined. The
amount of beam spreading at selected ranges and azimuthal resolutions is shown in
Table 3.1a. Also, as range increases the mean height of the beam above the
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Table 3.1

Beam spreading and mean beam height of radar bins at various
ranges, resolutions, and elevation angles.

(a) Amount of beam spread
Range from radar (km)

Beam width at T
resolution (km)

Beam width at 2°
resolution (km)

75

1.31

2.62

85

1.48

2.97

100

1.75

3.49

125

2.18

4.36

(b) Mean height of beam
Range From
Radar (km)

Elevation
Angle

Mean Height
of Beam (km)

0

2.3

0.01

25

2.3

1.05

25

1.5

0.70

35

1.5

1.00

35

0.8

0.57

50

0.8

0.85

75

0.8

1.39

85

0.8

1.62

100

0.8

1.99
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surface increases (Table 3.1b). In order for the reflectivity data to be
representative of the rainfaU reaching the surface, low elevation beam heights were
desired.
In a square 100 km x 100 km grid, the maximum radial distance from the
center of the grid is about 70 km, which is the distance from the center of the grid
to the corners. In addition, the grid must be large enough to include variations of
up to 15 km in the radar position due to ship drift, meaning the greatest radial
distance processed would be about 85 km. The beam spreading at this distance
would be at most 2.96 km for 2° azimuthal resolution. This is below the
horizontal dimensions of most convective elements observed during TOGA
COARE at short ranges from the radar.

3.1 Gridding of the Reflectivity Data
The first step in analyzing the data was to translate the raw data from a
drifting coordinate system into a fixed spatial coordinate system. This removed
the ship drift from the data set, to aUow spatial rainfall statistics to be accumulated
from one scan to the next. First, the angular resolution of the MTT radar data
needed to be determined for each azimutii. The resolution varied erraticaUy
between one and two degrees. To get the highest resolution in the gridded data, as
much of the one-degree resolution data as possible were used. To do this, the raw
data file was quickly processed and a table of aU azimuths created. The difference
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between successive entries in the table gave the angular resolution for a given
beam.
In order to avoid ground clutter from the sea surface near the radar, higher
elevation angles were used close to the radar. In particular, the 2.3° data was used
at ranges less than 25 kUometers from the radar, the 1.5" data were used at ranges
from 25 to 35 kilometers, and the 0.8** data were used at ranges greater than 35
kUometers. The use of different elevation angles is iUustrated in Figure 3.1.
Although beam heights reached as high as 1.62 km, the average mean beam height
was about 0.85 km (Table 3.1b), which was well below the freezing layer and gave
a good representation of the precipitation faUing from the cloud base.
To maintain the structure of the raw radar data in terms of resolution and
magnitude during the gridding process, care was taken to do as littie interpolation
as possible. The center of each radar data bin was located in grid space, and that
reflectivity value was assigned to aU grid points within the area covered by the
radar bin. The bin area depended on both the range of the bin from the radar and
the angular resolution of the radar beam. Interpolation was performed where two
bins overlapped the same grid point. This occurred along the edges of bins and at
ranges close to the radar.
Although a linear interpolation method would have produced a smoother
representation of the reflectivity data, the technique used retained the maxima and
minima in the data field, as weU as the Umitations inherent in the resolution of the
42

Okifi

Figure 3.1

25 km

35 km

Representation of the relative heights of the three lowest tilt angles
used in the data processing.
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raw radar data. Convective cores and reflectivity gradients were noticeable in the
gridded product, as were regions of poor data resolution. In addition, smoothing
can be done as a later step if desired. The resulting gridded reflectivity values
have units of dBZ, although any interpolation was done in Z.
Many gridding schemes interpolate both horizontaUy and verticaUy to
produce a representation of reflectivity at some constant altitude, often 2 km. For
the reasons given above, the method presented here did not use a constant altitude
map. Therefore, no interpolation needed to be done between different elevation
angles and the gridded reflectivity product was as nearly as possible a true
representation of the raw radar data. Each raw radar scan was gridded, so the
temporal resolution was approximately ten minutes. The gridded data was saved
as an intermediate fUe before conversion to rainfaU rate began. In this way, any
future changes to the parameters used in the rainfaU rate conversion would not
require re-gridding of the raw reflectivity data. In addition, these gridded
reflectivity fUes aUowed graphic image fUes to be created, which were useful in
case study analyses.
Because of the problems in the TOGA radar position data, a full analysis of
the TOGA radar data set was not performed. Since the gridded data have a limited
range, there would be only a few instances of overlap between the TOGA and MIT
data sets. Therefore, merging of the data sets would not be possible. Instead of
producing two independent data sets, and subsequently two independent sets of
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statistics, the decision was made to process only the MIT radar data. The
corrected TOGA data were used for case studies when data out to a greater
distance provided additional information.

3.2 Conversion of Reflectivity Grids
into RainfaU Accumulations
Once the reflectivity grids were obtained, rainfall accumulation estimates
could be developed. Using the gridded radar data, spatial distributions of
freshwater accumulation were produced by integrating the rainfaU rates at each
grid point over a given time period. The resulting distributions can be considered
to be the "puddles" produced on the ocean surface by the precipitation features.
Temporal distributions of rainfaU were also produced by fmding the mean rainfaU
rate for the grid at appropriate time intervals. This produced time series of rainfaU
rates simUar to the rainfaU atlas produced with the GATE radar data (Hudlow and
Patterson, 1979).
To transform radar reflectivity data into rainfall rates, rainfall rates were
calculated using an empirical Z-R relationship based on an assumed drop size
distribution. The most accepted form of the Z-R relationship is Z=AR'', with the
constant coefficient A and exponent b dependent on the precipitation type and
synoptic conditions (Battan, 1973). Differences in Z-R relationships are most
noticeable for higher reflectivity values, due to the power form of these functions.
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The results derived when computing rainfaU statistics from radar data are
dependent on the particular Z-R relationship used. During GATE, a Z-R
relationship of Z=230 R^" was used. This Z-R has become a standard for tropical
radar studies since then. More recentiy, the dependence of the Z-R relationship on
synoptic conditions has been addressed. It is thought that the convective and
stratiform regions of rainfaU should be separated and a different Z-R used for each
(Steiner et al., 1995). For TOGA COARE, a spUt Z-R relationship of Z=374 R^ *^
for stratiform rainfaU and Z=139 R^'*^ for convective rainfaU was estabUshed by
Tokay and Short (1995) of NASA Goddard Space FUght Center. These Z-R
relationships were determined using 127 hours of rainfaU data from a surface-based
drop size disdrometer located on Kapingamarangi Atoll during the lOP (Tokay and
Short, 1995). At a given reflectivity value, the convective Z-R will result in about
2.7 times more rainfaU than the stratiform Z-R.
In performing the conversion to rainfaU rate, several Z-R relationships were
used for comparison. The NASA spUt Z-R is the currentiy accepted Z-R
relationship for TOGA COARE studies. In order to make comparisons to other
tropical studies, it is also useful to use the GATE Z-R. Even though there are
great variations in rainfaU rate at high reflectivities, it has been found that the
majority of rainfaU is produced by intermediate reflectivity values (Hudlow and
Arkell, 1978). Therefore there should be reasonable agreement between simUar ZR relationships in terms of longer term statistics. The different Z-R relationships
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used are plotted in Figure 3.2. The spUt WUUs Z-R (Z= 86 R^"^ for convective
rainfaU and Z= 204 R*'^ for stratiform rainfaU) are based on drop size distributions
coUected during a particular aircraft mission. These data are presented for
comparative purposes.
The accumulated rainfaU that occurred between two radar scans was
determined using the gridded reflectivity data for the two scans stored in separate
arrays. Each array of reflectivity was then converted to a rainfaU rate. In the case
of the GATE Z-R, this was done by simply converting the reflectivity of a grid
point from units of dBZ to Z (mmVm^) and applying the Z-R relationship.
When using a partitioned Z-R, the process is more compUcated. Each of
the reflectivity grid points must first be labeled as convective or stratiform. To do
this, the procedure set up by Steiner et al. (1995) was foUowed. This three step
process looks at the horizontal structure of the reflectivity field to determine if a
grid point is convective or not. If after these steps the grid point is not convective,
the rainfaU is considered to be stratiform.
Using this method, a grid point was considered a convective core if the
reflectivity was greater than 40 dBZ. Reflectivity values greater than 40 dBZ are
seldom found in areas of stratiform precipitation (Steiner et al., 1995).
In addition, if the reflectivity was less than or equal to 40 dBZ, then the
value of the grid point was compared to the background reflectivity field. The
background reflectivity is defmed as the average reflectivity (in units of mmVm^)
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of aU non-zero reflectivities out to a radius of 11 km from the grid point. If the
grid point exceeds the background reflectivity by at least a specified reflectivity
difference, the grid point was labeled as a convective core. Here the reflectivities
are in units of dBZ and the reflectivity difference is in units of dB. The
reflectivity difference is a function of the grid point reflectivity and is specified as
the "present study" line in Figure 3.3a. This step checks the peakedness of the
reflectivity field, where convective rainfaU is considered to have greater horizontal
variabiUty than stratiform precipitation.
Grid points surrounding the previously determined convective cores were
also considered convective in nature. The radius of extent of the convective
influence is caUed the convective radius, and is determined by the reflectivity of
the convective core in units of dBZ. The step function used to determine the
convective radius is shown in Figure 3.3b. In general, the lower the reflectivity of
the convective core, the smaUer the convective radius wiU be. AU grid points not
labeled as convective at this point were considered to be stratiform.
Once the reflectivity data have been partitioned, the appropriate Z-R
relationship could be appUed and the data converted to rainfaU rate. An example
of the convective-stratiform spUt on a particular scan is shown in Figure 3.4. The
original reflectivity data is shown in the Figure 3.4a and the results from the
convective-stratiform separation are shown in Figure 3.4b, where the yeUow
represents convective regions and the blue represents stratiform regions.
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functions of mean background reflectivity (Steiner et al., 1995).

50

Date: 030
Time: 1731 UTC
Maximum Reflectivity

Reflectivity
(dbZ)
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Date: 030
Time: 1731 UTC

Reflectivity
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Maximum Reflectivity: 51 dbz

Figure 3.4

Example of the stratiform-convective partitioning.
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Accumulation fields were produced by simple trapezoidal integration in
time of the rainfaU rates at a given grid point to determine the rainfaU accumulated
over the time period between the first to the second scan. This integration was
done at each grid point, and an accumulated rainfaU field was produced. A series
of scans were processed to get the rainfaU over a particular time period.
The gridded MTT reflectivity data were processed at 1-hour and 24-hour
intervals, resulting in a time series of accumulated rainfaU fields. These
accumulated rainfaU fields represent the spatial distribution of rainfaU in the grid.
As described above, this can be thought of as the puddle produced by the
precipitation features over a given time period.
Because the radar data were coUected at discrete points in time and the
precipitation features were moving, the summation process does not evenly
distribute the rainfaU in space. For example, a smaU, fast moving convective ceU
may have completely passed over a grid point in a 10-minute period. The grid
point would have no recorded reflectivity data associated with it, and therefore no
rainfaU accumulation. A raingauge located at the grid point would have shown the
passage of the convection and an accumulation of rainfaU at that location for that
time.
In terms of spatial rainfaU distributions, this would appear as a series of
individual puddles instead of one continuous puddle. An example is shown in
Figure 3.5. A correction for this error can be appUed when the velocity of the
52

feature is known. Smoothing in the direction of motion over the distance traveled
by the ceU in the time period wiU evenly distribute the rainfaU in space. This is
most useful in case studies of particular events or time periods. The smoothing
only acts to redistribute the rainfaU, and the total amount of accumulated rainfaU is
unaffected.
Statistics were compUed for each of the spatial distributions. These
statistics include the mean rainfaU rate, the maximum rainfaU accumulation, and
the standard deviation of rainfaU over the grid region. These statistics were
compUed in a time series of rainfaU data for the 10,000 km^ grid region. In
addition, the rainfaU accumulations for particular grid points were also compUed.
This results in time series data that can be compared to raingauges located within
the grid. Combining spatial and temporal distributions provides the opportunity to
produce detaUed case studies of specific precipitation events in both time and
space.
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Accuirmlatgd Rainfall
Time Period: 2301 UTC, Day 039 to
0000 UTC, Day 040
Mean Accumulation
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Maximum Accumulation: 153.31 mm
Freshujater Flux: Z 8 7 mm/day
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Figure 3.5

Example of the fresh water puddle pattern for a fast moving echo an
estimated by the gridded radar data.
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CHAPTER IV
ANALYSIS OF RAINFALL DATA

Each scan of MIT radar data was processed to create an instantaneous
rainfaU rate map. The instantaneous rainfaU rates were integrated over 1-hour
periods to create a set of hourly accumulation maps. From these maps a mean
hourly rainfaU rate, spatial standard deviations, and maximum accumulation
statistics were compUed for each hour.
DaUy accumulated rainfall was also computed. In doing this, missing hours
in the time series data set were considered usable if no more than two consecutive
hours were missing. These missing data were replaced by the mean of the hour
before and after the missing data. These data were not used in the computation of
spatial distributions.
The result was a high-resolution data set of spatial and temporal rainfaU
distributions. Other studies using the shipboard data focus on larger spatial
domains at lower resolution. These analyses were produced to create large-scale
estimates of rainfall that can be used to make comparisons with data from other
platforms such as sateUites.
The high spatial and temporal resolution of this data set provide the
opportunity for more detailed analysis of rainfaU on the smaller scales. In
particular, this data set wUl be useful in studies incorporating the point
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measurements of rainfaU made by raingauges in the central IFA. These studies are
of considerable interest to oceanographers who need detaUed estimates of rainfaU
flux near the ships and buoys in the IFA.
The foUowing results are a presentation of the cruise-by-cruise
characteristics of rainfall as described by this data set. The discussion focuses on
the general characteristics of the rainfaU in order to compare these results to other
radar studies using TOGA COARE data. More detaUed analysis of specific
rainfaU events wiU be presented in Chapter V.

4.1 Cruise 1
The time series of average hourly rainfaU rates for Cruise 1 is shown in
Figure 4.1. The rainfaU statistics for the entire cruise are given in Table 4.1a.
Each day from Cruise 1 was ranked according to daUy accumulated rainfaU, as
shown in Table 4.1b. The highest mean hourly rainfall rate found in Cruise 1 was
4.1275 mm/hr and occurred as the radar began operations on day 316. The
precipitation event that caused the maximum rate began before the initiation of
data coUection, and the full life cycle of this event was not completely sampled.
Other noticeable precipitation events occurred on days 317, 327-332, and
340-345. The rainfaU that occurred during the last event was more continuous
than the rainfaU in the other events. This rainfaU was associated with a westerly
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Table 4.1

Cruise 1 rainfaU statistics and ranking of Cruise 1 by daily
accumulated rainfaU.

(a) RainfaU statistics
Mean Rainfall Rate

0.134 mm/hr (3.22 mm/day)

Total Accumulated RainfaU

93.353 mm

Standard Deviation of RainfaU Rate

0.169 mm/hr

Maximum RainfaU Rate

4.128 mm/hr

Duration of Above Normal RainfaU Rates

6.124 days

Length of Time Series

29.00 days

b)Ranking of Cruise 1 by daUy accumulated rainfaU
Rank

Day

Accumulation
(mm)

Rank

Day

Accumulation
(mm)

1

344

12.657

16

338

1.279

2

316

11.056

17

342

1.177

3

329

10.102

18

322

0.833

4

343

8.570

19

334

0.777

5

341

7.994

20

324

0.757

6

327

7.875

21

318

0.730

7

317

4.449

22

335

0.729

8

340

4.255

23

330

0.708

9

332

4.202

24

326

0.581

10

331

4.034

25

333

0.560

11

323

3.800

26

336

0.410

12

337

2.459

27

325

0.246

13

319

1.731

28

320

0.179

14

339

1.583

29

321

0.113

15

328

1.331

—

—
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burst that moved through the IFA toward the end of Cruise 1, as wiU be shown
later in the chapter.
In addition, there were relatively few periods in Cruise 1 when no rainfaU
was occurring. Quiescent periods were usuaUy less than one day in duration, and
were more frequent in the early stages of the cruise. The total mean accumulated
rainfaU for Cruise 1 was 93.353 mm and was coUected over 29.00 days. The
mean rainfaU rate for Cruise 1 was 0.134 mm/hr (3.22 mm/day), with a standard
deviation in rainfaU rate of 0.169 mm/hr (4.06 mm/day).
Fourier analysis of the time series data isolate periodicities in the rainfaU
pattern. The result of the Fourier analysis for Cruise 1 is given in Figure 4.2. The
analysis was produced using the graphing and statistical analysis program XVGR
on a UNIX-based SUN workstation. The Fourier transform was computed with a
triangular data window, and a five-point smoothing was appUed to the results.
The results of the Fourier analysis show that there were two primary signals
in the data, a diurnal signal (1 cycle/day) and a signal with a frequency of about
0.4 cycles/day (period of two to three days). The diurnal signal was very
pronounced in the Cruise 1 analysis. The second peak at a frequency of 0.5 day
may represent a larger-scale forcing. However, that particular frequency could also
represent aliasing of the diurnal signal in the analysis. In addition, there was very
little power at the lower frequencies, supporting the possibiUty of aUasing in the
analysis.
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Figure 4.2 Results of Fourier analysis on the Cruise 1 time series data.
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The diurnal signal in the rainfaU can be further examined by sorting the
data by hour of the day. Average rainfaU amount by hour for Cruise 1 are shown
in Figure 4.3. For the purpose of comparison, 0000 UTC is 1100 local time and
1200 UTC is 2300 local time. Near the equator, sunrise is at approximately 0600
(1900 UTC) and sunset is at approximately 1800 (0700 UTC).
The Cruise 1 data show a strong bimodal semi-diurnal cycle, with peaks at
0100 and 1800 UTC (1200 and 0700 local time). The strong afternoon peak
occurs roughly five hours before sunset. The secondary peak at 1800 corresponds
to the sunrise maximum. WeU-defined minima were found at 1000 and 22(X) UTC
(2100 and 0900 local time).
To better understand the diurnal signal, the data were further separated into
disturbed and undisturbed synoptic conditions. The effects of the largest
precipitation events can obscure the diurnal signal. High rainfall rates were
associated with these large events that were synopticaUy rather than diumally
driven. Removing them from the data helps to reinforce the diurnal component in
the signal.
To make this separation, a natural separation in the ranked daily
accumulated rainfaU was looked for. In cases where a natural separation was not
present, the accumulated rainfaU was divided in half. The rainfall that occurred
when the rainfall rate was greater than the cruise mean value represents the half of
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Figure 4.3 Hourly distribution of average rainfall for aU Cruise 1 data.
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24

the rainfaU associated with the heaviest precipitation events. The other half of the
rainfaU was associated with below average rainfaU rates.
For Cruise 1, the rainfaU rates were above the cruise mean for a total of
6.12 days. Ranking each of the days of the cruise by daUy rainfaU accumulation
aUows the six greatest daUy rainfaU accumiUations to be identified. The ranking
for Cruise 1 data is given in Table 4.1b. The six days with the greatest rainfaU
accumulations aU occur in the Ust of noticeable precipitation events noted earUer.
In addition, a natural separation in the data occurs between the sixth and seventh
ranked days, with the mean accumulation droppingfi-om7.829 mm to 4.500 mm.
Using the data from Table 4.1b, the six days with the highest accumulated
rainfaU in Cruise 1 were designated as disturbed and removed from the time series.
The remaining days were designated undisturbed and sorted by hour of the day.
The diurnal rainfaU pattern resulting from the separation is shown in Figure
4.4. By removing the largest rainfaU events, the diurnal pattern was enhanced.
The general bimodal pattern was stiU present, with maxima in the late afternoon
and near sunrise. The afternoon maxima was shifted from 0100 to 0300 UTC
(1200 to 1400 local time), and tiie early morning maxima was shifted from 1800 to
2000 UTC (0500 to 0700 local time). In addition, the minima in the signal were
much more distinct, occurring at 0000 and 1100 UTC (1100 and 2200 local time).
The spatial distribution of rainfaU for Cruise 1 is given in Figure 4.5. This
figure shows that the rainfaU for this time period was fairly randomly distributed.
63

Cruises 1 Average Rainfall
0.5

0.4

S
0.3

c
cd
<D
cd
UH

0.2

>
<

0.1 -

0.0

0

Figure 4.4

9
12 15
Hour (UTC)

24

Hourly distribution of average rainfall for undisturbed days during
Cruise 1.
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Acciimulafpri Rainfall
Cruise 1
Mean Accumulation 92.82 mm
Standard Deviation:
22.65 mm
Maximum Accumulation: 27L05 mm
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Spatial distribution of rainfall for Cruise 1.

65

^ 0

There were no preferential regions for rainfaU within the grid during this time.
The mean accumulation of rainfaU derived from the spatial distribution was 92.52
mm, with a standard deviation of 21.94 mm. The maximum accumulation within
the grid area was 252.36 mm, and the minimum accumulation within the grid
region was 26.11 mm.
The mean accumulation estimated from the time series and the spatial
distributions vary sUghtly, with the time series providing a slightiy higher estimate.
This was due to the fact that missing hours of data were not included in the spatial
distributions. Therefore the spatial distribution covers a sUghtly shorter time
period, and results in a lower total accumulation.

4.2 Cruise 2
The time series of average hourly rainfall rates for Cruise 2 is shown in
Figure 4.6. The rainfall statistics for the entire cruise are given in Table 4.2a.
Each day of Cruise 2 was ranked according to daUy accumulated rainfaU, as shown
in Table 4.2b. Some erroneous precipitation was computed on days 365 and 366
due to sea clutter. In rough sea conditions, the turbulent ocean waves reflect
power back to the radar, resulting in erroneous reflectivity data. In most cases, the
sea clutter was limited to ranges close to the ship and the clutter was removed
through the use of higher elevation angles. On these two days the sea clutter
extended out beyond 35 km from the ship, and the effects appear in the
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Table 4.2

Cruise 2 rainfaU statistics and ranking of Cruise 2 by daUy
accumulated rainfaU.

(a) RainfaU statistics
Mean RainfaU Rate

0.257 mm/hr (6.17 mm/day)

Total Accumulated RainfaU

178.380 mm

Standard Deviation of RainfaU Rate

0.321 mm/hr

Maximum RainfaU Rate

3.186 mm/hr

Duration of Above Normal RainfaU Rates

6.458 days

Length of Time Series

28.92 days

(b) Ranking of Cruise 2 by daUy accumulated rainfaU
Rank

Day

Accumulation
(mm)

Rank

Day

Accumulation
(mm)

1

359

37.015

16

010

2.770

2

017

20.416

17

001

2.107

3

003

15.984

18

009

2.095

4

004

13.773

19

012

1.894

5

356

11.421

20

005

1.694

6

364

7.754

21

016

1.460

7

006

7.425

22

008

1.417

8

361

7.348

23

002

1.179

9

357

7.274

24

366

0.910

10

363

6.208

25

Oil

0.724

11

015

6.139

26

014

0.673

12

362

5.699

27

013

0.533

13

360

5.666

28

365

0.505

14

007

4.322

29

358

0.259

15

018

4.042

—

—
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accumulated rainfall maps for those days. The reflectivity associated with the sea
clutter was smaU, and the rainfall rates were nearly negUgible compared to actual
precipitation that may have occurred. Therefore, these hours of data were left in
the time series. In addition, sea clutter may also be present on days 002 and 003,
but the effects were masked by even heavier precipitation occurring on those days.
In addition, there was an 8-hour gap in data on day 005 due to data-processing
problems.
The Cruise 2 rainfaU was morefrequentand intense than in Cruise 1. The
most significant periods of rainfaU were days 356-365, 003-008, and 015-019. The
highest mean hourly rainfaU rate during Cruise 2 was 3.186 mm/hr and occurred
on day 017. There were almost no time periods in Cruise 2 where rainfaU was
absent from the grid domain. The total mean accumulated rainfaU for Cruise 2
was 178.380 mm coUected over 28.92 days and the mean rainfall rate was 0.257
mm/hr (6.17 mm/day), with a standard deviation of 0.321 mm/hr (7.70 mm/day).
The result of the Fourier analysis on the Cruise 2 data is given in Figure
4.7. The analysis of the data shows that there were two primary signals in the
data, a diurnal signal and a signal with a frequency of 0.3 to 0.4 cycles/day (period
of two to three days). The diurnal signal was quite pronounced as in the Cruise 1
analysis, as was the second peak at a frequency of 0.3 days. This indicates that
large-scale forcing plays a significant role in the Cruise 2 rainfaU.
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Figure 4.7 Results of Fourier analysis on the Cruise 2 time series data.
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The hourly distribution of average rainfaU for Cruise 2 is shown in Figure
4.8. The Cruise 2 hourly data were more noisy than the Cruise 1 data. Three
maxima were present in the cycle at 0300, 1500, and 2100 UTC (1400, 0200, and
0800 local time). The 0300 UTC peak corresponds to tiie late afternoon peak in
rainfaU, but the other two maxima do not match up weU with the expected early
morning maximum.
As was found by Fourier analyses, the effects of synoptic-scale forcing
played a significant role during Cruise 2, and therefore the effects of the largest
precipitation events were masking the effects of the diurnal signal. Once again
separating the stronger precipitation events from the time series helps to make the
diurnal cycle more evident.
The Cruise 2 ranking of daUy accumulated rainfaU is given in Table 4.2b.
As in Cruise 1, a natural separation in the data occurs. The break occurs between
the fifth and sixth ranked days as the mean accumulation drops from 11.421 mm
down to 7.754 mm. Using the data from Table 4.2b, the five days with the highest
accumulated rainfaU in Cruise 2 were designated disturbed rainfaU days and
removed from the time series.
The diurnal rainfaU pattern resulting from this separation is shown in Figure
4.9. The three maximum pattern were stiU present in the data. The afternoon
remams at 0300 (1400) whUe the early morning maximum has shifted from 1500
to 1600 UTC (02(X) to 0300 local time). In addition, the late morning maximum
71
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Figure 4.8 Hourly distribution of average rainfall for aU Cruise 2 data.
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Cruises 2 Average Rainfall
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Figure 4.9

Hourly distribution of average rainfaU for undisturbed days during
Cruise 2.
73

was StiU present, now found at 2300 UTC (1000 local time). The enhanced pattern
did a better job of showing the minima in the pattern, with well-defined minima
now present at 1400 and 2200 UTC (0100 and 0900 local time).
The spatial distribution of rainfaU for Cruise 2 is given in Figure 4.10. The
rainfall pattern for Cruise 2 showed a strong south to north gradient in rainfall
accumulation. The maximum accumulation during Cruise 2 occurred in a band
across the northern portion of the grid. A secondary maximum was found in the
southwest corner of the grid.
The mean accumulation for the cruise derived from the spatial distribution
was 175.32 mm. Once again this was sUghtly lower than the cruise mean as
determined by the time series data due to the handling of missing hours of data.
The maximum accumulation during Cruise 2 was 314.72 mm, with a standard
deviation of 24.48 mm. The minimum accumulation for Cruise 2 was 62.77 mm.

4.3 Cruise 3
The time series of average hourly rainfaU rates for Cruise 3 is shown in
Figure 4.11. The rainfaU statistics for the entire cruise are given in Table 4.3a.
Each day from Cruise 3 was ranked according to daily accumulated rainfaU, as
shown in Table 4.3b. Twice during Cruise 3 tiie R/V Vickers was moved from its
nominal position to the vicinity of the PRC#5 for dual-Doppler operations. Within
these two time periods, there were 14-20 hours during which the MET radar was
74

Accumulateri R a i n f a l l
Cruise 2

Mean Accumulation 175.86 mm
Standard Deviation:
24.70 mm
Maximum Accumulation: 374.57 mm

Total Rainfall
Cmm)
1000

Figure 4.10

Spatial distribution of rainfall for Cruise 2.

75

c<>
ON

0\

3
Ul

Xi
D
CI.
CO
CN
J2
60
3
O

u
s:
•t->

CO

ON

en

0\

1-H

CO

s

3
C

00
»—>
ON

w

en
CO

•-H

3
Ul

u
u

-4->

00

en
«*H

C»

(U
Ul

lU
CO

E
.»H

ON
in

Tt

c^

H

^

(jq/uiui) 9JBH n^JUI^H
u
3

76

Table 4.3

Cruise 3 rainfaU statistics and ranking of Cruise 3 by daUy
accumulated rainfaU.

(a) RamfaU statistics
Mean RainfaU Rate

0.197 mm/hr (4.72 mm/day)

Total Accumulated RainfaU

118.269 mm

Standard Deviation of Rainfall Rate

0.259 mm/hr

Maximum RainfaU Rate

3.584 mm/hr

Duration of Above Normal RainfaU Rates

6.125 days

Length of Time Series

25.08 days

(b) Ranking of Cruise 3 by daUy accumulated rainfaU
Rank

Day

Accumulation
(mm)

Rank

Day

Accumulation
(mm)

1

042

17.957

14

036

1.592

2

050

11.871

15

051

1.556

3

046

11.251

16

037

1.431

4

030

11.094

17

052

1.405

5

031

8.044

18

053

1.236

6

041

7.832

19

040

1.085*

7

054

7.729*

20

039

0.839

8

029

5.449*

21

044

0.813*

9

043

4.799*

22

045

0.740

10

032

3.749

23

033

0.232

11

047

3.695

24

034

0.064

12

049

2.594

25

038

0.053

13

048

1.816

26

035

0.018

* Days with extended periods of missing data
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too far from the grid domain for rainfaU analyses to be produced. These time
periods were 0200 to 1600 UTC on 9 February, and 1300 UTC on 12 February to
0900 UTC on 13 February. These periods were not included in the rainfall
analyses. In addition, the radar was down for a two-hour period on 22 February
for sphere caUbrations of the radar.
The highest mean hourly rainfall rate found in Cruise 3 was 3.584 mm/hr,
which occurred on day 042. Periods of enhanced rainfaU occurred on days 029033, 040-044, and 046-051. In addition, there were also extended periods of time
when almost no rainfaU occurred within the grid domain, with an especiaUy quiet
period from day 033 to day 036.
The total mean accumulated rainfall for Cruise 3 was 118.269 mm collected
over 25.08 days. The mean rainfaU rate for Cruise 3 was 0.197 mm/hr (4.72
mm/day), with a standard deviation in rainfall rate of 0.259 mm/hr (6.22 mm/day).
The result of Fourier analysis for Cruise 3 is given in Figure 4.12. The
diurnal signal was very pronounced in the Cruise 3 analysis. The second peak at a
frequency of 0.6 days may represent a larger scale forcing, though the presence of
a lower frequency forcing was not conclusive from this analysis.
The hourly distribution of average rainfaU for Cruise 3 is shown in Figure
4.13. The results show a strong bimodal semi-diurnal cycle, with peaks at 0700
and 1400 UTC (1800 and 0100 local time). In addition, a third maximum was
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Figure 4.12 Results of Fourier analysis on the Cruise 3 time series data.
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Figure 4.13 Hourly distribution of average rainfaU for aU Cruise 3 data.
80

24

present at 0000 UTC (1100 local time). Minima in rainfall occurred at 0200,
1100, and 2100 UTC (1300, 2200, and 0800 local time).
The Cruise 3 ranking of daUy accumulated rainfaU is given in Table 4.3b.
Two natural separations in the data occurred, the first between the fourth and the
fifth ranked days and the second between the eighth and ninth ranked days. The
separation based on the number of days of above average rainfaU was between the
sixth and seventh ranked days. In addition, several incomplete days also existed in
the data. Based on this information, the separation was made between the sixth
and seventh ranked days. In addition, the incomplete days were also removed
from the data to prevent a bias from occurring in the analysis.
Using the data from Table 4.3b, the six days with the highest accimiulated
rainfaU in Cruise 3 were designated as disturbed and removed from the time series.
As mentioned above, incomplete days were also removed from the data set. The
resulting diurnal rainfaU pattern is shown if Figure 4.14. Once again, the removal
of the largest rainfall events enhances the diurnal pattern found in Figure 4.13.
However, there was relatively Uttie change in the location of the maxima and
minima of the pattern. The exception was a shift in the early morning maximum
from 1400 to 1800 UTC (0100 to 0500 local time). The tiiird late morning
maximum was stiU present in the diurnal signal at 2300 UTC (1000 local time).
The spatial distribution of rainfall for Cruise 3 is given in Figure 4.15. The
rainfaU for this time period exhibited a southwest to northeast gradient, with
81
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Hourly distribution of average rainfaU for undisturbed days during
Cruise 3.
82

Accumulateri R a i n f a l l

Cruise 3
Mean Accumulation 113.63 mm
Standard Deviation
20.10 mm
Maximum Accumulation
374.57 mm

Total Rainfall
(mm)
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,;

•

*

^

Spatial distribution of rainfall for Cruise 3.
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maximum rainfaU occurring in the northeast corner of the grid. A secondary
maximum occurred in the southeast corner of the grid. The mean accumulation of
rainfaU derived from the spatial distribution was 113.24 mm, with a standard
deviation of 19.48 mm. In addition, the maximum accumulation within the grid
area was 222.69 mm, and the minimum accumulation within the grid region was
33.72 mm.

4.4 Combined From AU Three Cruises
The statistics from the combined time series of the three cruises are given
in Table 4.4. The mean rainfaU rate computed for the grid region during TOGA
COARE was 0.196 mm/hr (4.69 mm/day), with a standard deviation of 0.249
mm/hr (5.98 mm/day). The total rainfaU averaged over the grid region was 390.00
mm accumulated over a period of 83.00 days.
Because the combined time series was not continuous, a Fourier analysis
was not possible on the data. However, the diurnal signal in the data can stiU be
examined. The hourly distribution of average rainfaU is presented in Figure 4.16.
The pattern shows peaks at 0400 and 1600 UTC (0300 and 1500 local time).
However, no well-defined minima were present in the data.
The distribution resulting from the removal of disturbed rainfaU is shown in
Figure 4.17. Separating the data showed weU-defined minima at 1400 and 2100
UTC (0100 and 0800 local time), and shifted the early morning maximum to 1800
84

Table 4.4

RainfaU statistics for aU cruises combined.

Mean RainfaU Rate

0.196 mm/hr (4.69 mm/day)

Total Accumulated RainfaU

390.002 mm

Standard Deviation of Rainfall Rate

0.249 mm/hr

Maximum RainfaU Rate

4.128 mm/hr

Duration of Above Normal RainfaU Rates

18.732 days

Length of Time Series

83.00 days
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Figure 4.16 Hourly distribution of average rainfaU for aU three cruises.
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Hourly distribution of average rainfaU for undisturbed days during
aU three cruises.
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UTC (0500 local time). The separation also introduced a third maximum at 2300
UTC (1000 local time) with an associated minima at 0000 UTC (1100 local time).
The spatial distribution of rainfaU for all three cruises is given in Figure
4.18. A strong gradient was present, with maximum rainfaU occurring in the
northeast corner and in a band across the northern portion of the grid. The mean
accumulation of rainfaU derived from the spatial distribution was 381.08 mm, with
a standard deviation of 39.60 mm. The maximum accumulation within the grid
area was 617.31 mm, and the minimum accumulation within the grid region was
137.58 mm.

4.5 Comparison of the Three Cruises
In terms of accumulated rainfaU and mean rainfaU rate, Cruise 1 received
the least amount of rain of the three cruises, even though the highest rainfaU rate
was found during this time. Cruise 2 experienced the greatest amount of rainfaU,
and Cruise 3 received the second greatest amount. Because Cruise 3 covered a
shorter period of time, comparisons of Cruise 3 to Cruise 1 and 2 need to be made
with care. Examination of the time series data indicates that rainfaU was more
frequent and more intense in Cruise 2 tiian in Cruise 3, supporting the idea that
Cruise 2 was the rainiest period during the lOP data coUection.
All three cruises experienced relatively simUar variations in both spatial and
temporal rainfall patterns. In general, the standard deviations of the time series
88

Accumulated Rainfall
All Cruises
Mean Accumulation 381.08 mm
Maximum Accumulation: 617.31 mm
Minimum Accumulation: 137.58 mm
Standard Deviation:
39.60 mm/hr

Figure 4.18

Total Rainfall
(mm)

Spatial distribution of rainfall for all three cruises.
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data were from 125 to 130% those of the mean rainfaU rate. Conversely, tiie
standard deviation of the spatial distributions were 8 to 9% of tiie mean
accumulated rainfaU. This indicates that the temporal variations in rainfaU were
much more significant than the spatial variations on the scale of the grid array.
The Fourier analyses for each cruise indicated a diurnal signal present in
the data. In addition, Cruise 2 showed a lower frequency forcing as weU, most
likely associated with some synoptic-scale forcing. This forcing was possibly
present in the Cruise 3 data as weU, though the signal was not nearly as strong.
These results suggest that synoptic-scale forcing was most important in Cruise 2,
and least important in Cruise 1. Cruise 3 exhibits characteristics of both Cruises 1
and 2, with both periods of very active and very suppressed convective activity.
The semi-diurnal signal was apparent in the hourly distribution of rainfall
for each cruise. The signal was better defined when the heaviest precipitation
events were removed from the data. Peaks in the rainfaU occurred in the late
afternoon from 0300 to 0700 UTC, and in the early morning hours near sunrise at
17(X) to 2100 UTC. In addition, Cruises 2 and 3 showed signs of a late morning
maximum at about 0000 UTC.
The spatial distributions showed that precipitation was most organized in
Cruise 2, with a distinct south to north gradient in rainfall accumulation. Cruise 3
has a simUar gradient, though the orientation was more southwest to northeast and
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the gradient was not as weU-defined. The Cruise 1 distribution pattern shows no
signs of organization.

4.6 Comparison of Results to Other Studies
The results presented here were in general agreement with other studies of
TOGA COARE rainfaU. Other estimates of cruise mean rainfaU rates made over a
larger domain and at a coarser resolution are shown in Table 4.5. The NASA
estimates for Cruises 2 and 3 were made for the merged TOGA and MTT radar
data out to ranges of 150 km and used a grid resolution of 2 km x 2 km. The
NASA estimate for Cruise 1 was made using only the MTT radar. The Colorado
State University (CSU) estimates were from the MTT radar data using scans at 20
minute-temporal resolution, ranges out to 120 km, and a grid resolution of 2 km x
2 km. In addition, both schemes used radar data interpolated at a height of 2 km
in making their rainfaU estimates.
Both estimates used the NASA stratiform-convective partitioned Z-R in
converting the reflectivity data. The procedures differed in tiiat tiie NASA
calculations converted to rainfaU rate before transforming the polar coordinate data
into Cartesian space, whUe tiie CSU calculations performed the coordinate system
transfer before converting to rainfall rate. It has been estimated that this can
produce 10-20% more rainfaU in the CSU computations tiian found in tiie NASA
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Table 4.5

Comparison of cruise mean rainfaU rates. MIT and CSU data from
TCIPO (1995).

Estimate Source

Cruise 1 Mean

Cruise 2 Mean

Cruise 3 Mean

This Study

3.22 mm/day

6.17 mm/day

4.72 mm/day

CSU

4.14 mm/day

5.52 mm/day

5.23 mm/day

NASA

2.8 mm/day

4.6 mm/day

3.2 mm/day

NASA -H20%

3.4 mm/day

5.5 mm/day

3.8 mm/day
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computations (TCIPO, 1995). The CSU convention closely matches tiie conversion
used in this research.
FinaUy, an attenuation for heavy precipitation was appUed to both the CSU
and NASA analyses. This correction was not appUed to the high-resolution
analyses presented here. It has been estimated that this adjustment could result in
another 10% difference in rainfaU, with the attenuation corrected rainfaU estimates
being greater than the uncorrected estimates (Rickenbach, 1995),
AU three estimates were in agreement in terms of the general rainfaU
pattern. Cruise 2 experienced the greatest rainfaU, foUowed by Cruise 3 and
Cruise 1. In addition. Cruises 1 and 3 were relatively comparable in terms of
cruise mean rainfaU rate.
For the reasons noted above, the NASA results do not quantitatively agree
weU with the otiier estimates. Adjusting the NASA results upward by 20% to
account for the processing differences brought the estimates into much better
agreement.
Compared to the CSU results, tiie mean rainfaU estimates were within 1022%, with the best agreement in Cruises 2 and 3. The least agreement was for
Cruise 1. The adjusted NASA estimates also compared very weU with the results
presented here, with rainfaU estimates being within 5-24%. The estimates were in
the most agreement in Cruise 1 and the least agreement in Cruise 3.
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These differences in mean rainfaU rate were due in part to the different
domains that were examined. In Cruises 2 and 3 significant gradients in
accumulated rainfaU were present. During tiiese time periods the rainfaU estimates
were generaUy in the least agreement, since different parts of these gradients were
being sampled by the different analyses. The best agreement, 5% difference as
compared to the adjusted NASA estimates, occurred in Cruise 1 when the rainfaU
was more randomly distributed. However, Cruise 1 also showed the least
agreement, 29% difference as compared to the CSU estimates. Reasons for this
difference were unknown.
The Fourier analyses suggested that Cruise 2 experienced the most
significant synoptic-scale forcing. In addition, there was a suggestion that largescale forcing played a role in the Cruise 3 rainfaU but was not very important in
Cruise 1. To examine the effect of synoptic-scale forcing in the vicinity of the
rainfaU grid, the eight-hour average wind stress for the Woods Hole Oceanographic
Institute (WHOI) Improved Meteorological (IMET) buoy at 156° E, 1° 45' S,
located in the northwest corner of the grid, were compared to the rainfaU data as
shown in Figure 4.19. Missing periods of data were not represented in the figure,
which is most noticeable during the inter-cruise periods.
Wind shear, recognized as a factor in the organization of convection, was
generally weak in the COARE region, except during westerly wind burst periods
(TCIPO, 1994a). During these times wind speeds would increase, which acts to
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increase the wind stress at the surface. Therefore, increased periods of wind stress
wiU be closely related to synopticaUy active periods.
Figure 4.19 shows tiiat during Cruise 1 (11 November through 9
December), wind stresses at the buoy were weak. A relative increase in wind
stress occurred from 11 November to 28 November, which corresponds to a period
of enhanced rainfaU. In general. Cruise 1 can be described as a synopticaUy
undisturbed period. In addition, rainfaU in the grid during that time remained low.
Immediately foUowing the completion of Cruise 1, wind stress increased at
the WHOI buoy. By the time data coUection began for Cruise 2, the buoy was
experiencing very strong wind stress. This synopticaUy disturbed period persisted
for approximately two weeks, before coming to an end on 5 January. This period
of time was the most disturbed period of aU three cruises. Wind stress remains
weak untU the end of Cruise 2, as the next disturbed period began on 15 January
and continued untU the end of data coUection. It is interesting to notice that
during the high wind stress period from 30 December to 4 January, there was a
relative minimum in the rainfaU pattern.
The wind stress data from Cruise 3 indicate that intermediate wind stresses
persisted through much of tiie cruise, witii the greatest wind stress being found
from 29 January tiirough 12 February. This period was foUowed by a period of
relatively weak wind stress occurred from 12 February through 18 February. The

96

wind stress pattern indicates that Cruise 3 exhibited characteristics simUar to both
Cruises 1 and 3.
The hourly distributions of average rainfaU indicate that a weU-defmed
diurnal signal was present in the data of all three cruises. McBride and Gray
(1980) describe a tropical diurnal cycle with maximum rainfaU rates in the late
afternoon, and a secondary maximum around sunset, or approximately 0700 local
time. This corresponds weU with the diurnal signal found in these analyses. In
addition, these results also suggest an unexplained maxima at about 1100 local
time. Although no physical explanation is presented for this maximum, it has been
found in other TOGA COARE rainfaU studies as weU. The Cruise 3 diurnal
variation of total rain flux found by Rickenbach et al. (1994) is shown in Figure
4.20. A maximum in rain flux occurs between 1800-0100 local time, with a weak
secondary maximum found at between 1000-1100 local time. The sunrise
maximum was absent from these results. The rainfaU estimates were computed
using the same procedure described above for CSU.
Spatial distributions of rainfaU accumulation were computed for the NASA
domain. These analyses showed that the rainfaU during Cruise 1 seemed to be a
homogeneous, isotropic random field. Cruise 2 showed a west-nortiiwest to eastsoutiieast gradient in rainfall, while Cruise 3 showed a southwest to northeast
gradient (Kucera et al., 1995). These patterns describe rainfaU on a larger scale,
but were in good agreement with the results presented here.
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Figure 4.20

Hourly distribution of total rain flux during Cruise 3 (Rickenbach et
al., 1994).
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The organization of rainfaU during Cruise 2 can be partiaUy explained by
the wind stress patterns discussed above. In addition to this forcing, the presence
of the ITCZ in the IFA also contributed to the organization of convection during
that period. The ITCZ, as seen in terms of mean sea level pressure in Figure 4.21,
remained north of the IFA in November, was centered over the IFA in December,
and was located weU south of the IFA in January and February. The presence of
the ITCZ in tiie IFA provided an extra source of instabiUty in the region that
helped to enhance convective activity during the beginning portion of Cruise 2.
The ITCZ may also have been a factor in the increase in rainfaU rates toward the
end of Cruise 1.
OveraU, the results of the examination of the general characteristics of the
rainfaU during TOGA COARE from this study were in good agreement with other
studies. This helps to estabUsh the vaUdity of the methods used and the results
presented in this study.
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(•) November 1992

(c) Jamiaiy 1993

Figure 4.21

(b) December 1992

(d) February 1993

Mean sea level pressure for (a) November 1992, (b) December 1992,
(c) Jaunary 1993, and (d) February 1993 (from Vincent and Schrage,
1995).
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CHAPTER V
CASE STUDIES

5.1 Case Studies of Rainfall Associated with SynopticaUy
Disturbed and Undisturbed Conditions
One of the benefits of the high spatial resolution of the data set is that it
aUows for detaUed examination of the structure of rainfaU patterns in both time
and space. As shown in Chapter IV, differences in the spatial and temporal
patterns in rainfaU were observed between disturbed and undisturbed conditions.
The patterns of speciaUy selected cases are presented here to examine these
differences in greater detaU. The cases were divided into two groups, one for
synopticaUy disturbed conditions and the other for synopticaUy undisturbed
conditions. In addition, the synopticaUy disturbed conditions were subdivided into
stratiform, convective, and mixed stratiform-convective cases. Cases were chosen
for relatively short periods of time, usuaUy between 4 and 10 hours in length,
when the characteristics of the precipitation could be easUy defined.

5.1.1 SynopticaUy Undisturbed Cases
Ten time periods of precipitation were selected to represent rainfall in
synopticaUy undisturbed conditions. Surface and upper air charts were examined,
and periods without organized eddies or other large-scale forcing were determined.
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The 10 cases were distributed as foUows: four from Cruise 1, two from Cruise 2,
and four from Cruise 3.
An example of the spatial rainfaU pattern of a typical undisturbed case is
shown in Figure 5.1a. This case represents the accumulated rainfaU that occurred
during tiie 10-hour period from 0400 to 1400 UTC on 12 January P a y 012).
Significant puddles of fresh water accumulated during the period, with a maximum
accumulation of 89.82 mm. There were, however, significant areas that received
Uttie or no rainfaU. Hence, the mean accumulation for the period was only 1.51
mm, and the standard deviation of rainfaU was 1.98 mm. This represents a
significant amount of spatial variabiUty in the rainfaU pattern when compared to
the mean accumulation.
The cross section (labeled AB in Figure 5.1b) shows the depth of fresh
water puddles resulting from the rainfaU. The cross section cuts through one of
the more significant regions of accumulation. The depth of the fresh water was as
deep as 20 mm.
Table 5.1 gives the statistics for each of the ten cases examined. RainfaU
maps are not presented for the remaining cases. In aU but one case, the standard
deviation of the accumulated rainfaU exceeded tiie mean accumulation, indicating
significant variation in the rainfaU field during these undisturbed cases. Mean
rainfaU rates were below 0.25 mm/hr for aU cases, with only one case exceeding
0.15 mm/hr (Day 036). Maximum mean rainfaU rates for individual grid boxes
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(a)
Mean Accumulation
L51 mm
Standard Deviation
1-98 mm
Maximum Accumulation:
89.82 mm

Total Rainfall
(mm)

(b)
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s
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Figure 5.1

20

40
Distance (km)

Spatial distributions of rainfall from 0400 to 1400 UTC on 12
January, (a) Accumulated rainfall and (b) a cross section along the
line AB.
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Table 5.1

Statistics of 10 cases of rainfaU during undisturbed conditions.

Day

Start
Time
(UTC)

Total
Hours

Mean
Accum.
(mm)

Max
Accum.
(mm)

Mean
Rate
(mm/hr)

Max
Rate
(mm/hr)

Standard
Deviation
(mm)

319

1400

8

0.81

60.74

0.10

7.59

1.27

324

0000

10

0.50

37.04

0.05

3.70

0.84

334

0300

6

0.48

56.71

0.08

9.45

0.87

339

0000

9

1.15

58.93

0.13

6.55

1.78

002

0500

7

0.64

36.63

0.09

5.23

0.72

012

0400

10

1.51

89.82

0.15

8.98

1.98

033

1100

5

0.19

54.42

0.04

10.88

0.33

036

2000

6

1.38

42.74

0.23

7.12

1.26

044

1800

9

1.03

75.41

0.11

8.38

1.37

051

0600

6

0.64

37.33

0.11

6.22

0.91
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were quite high, ranging from 3.70 to 10.88 mm/hr. It is interesting to notice tiiat
the highest maximum rainfaU rate and the lowest mean rainfaU rate occur in the
same case, on Day 033.

5.1.2 SynopticaUy Disturbed Cases
Ten time periods of precipitation were selected to represent rainfaU in
synopticaUy disturbed conditions. Surface and upper air charts were examined, to
determine periods when organized circulations were present. The ten cases were
distributed as foUows: two from Cruise 1, four from Cruise 2, and four from
Cruise 3. Of the ten cases, four were convective, four were stratiform, and two
were a mixture of stratiform and convective rainfaU.
An example of a convective rainfaU pattern associated with a disturbed day
is shown in Figure 5.2a. This case represents the accumulated rainfaU that
occurred during the nine-hour period from 0300 to 1200 UTC on 31 January (Day
031). Significant puddles of fresh water were accumulated during the period, with
a maximum accumulation of 81.78 mm. In addition, there was very Uttie area that
received no rainfaU at aU during this period. The mean accumulation for the
period was 7.03 mm, and the standard deviation of rainfall was 4.58 mm. This
represents a less variable spatial pattern of rainfall than was observed in the
undisturbed case.
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(a)
Mean Accumulation 7.03 mm
Standard Deviation
•4.58 mm
Maximum Accumulation:
81.78 mm

Total Rainfall
(mm)
1000

(b)
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-
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Figure 5.2

Spatial distributions of rainfall from 0300 to 1200 UTC on 31
January, (a) Accumulated rainfall and (b) a cross section along the
line AB.
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The cross section (labeled AB in Figure 5.2b) represents the depth of fresh
water puddles resulting from the rainfaU. The cross section cuts through one of
the more significant regions of accumulation. The depth of the puddle was more
uniform than the cross section shown through the previous case, indicating that
rainfaU covered a broader area of the grid.
An example of rainfaU that was a mixed stratiform-convective event is
shown in Figure 5.3a. This example is presented to show the effects of smoothing
the data for a fast moving convective line that moved through the grid between
0900 and 1300 UTC on 29 December (Day 364). Motion of the line was nearly
due east at a speed of approximately 15 m/s. Due to the high rate of speed and
the fact that the radar samples the rainfaU at 10 minute intervals, the line seems to
skip across the grid in discrete steps. At 15 m/s, an echo wiU travel 9000 m in a
10-minute period. This corresponds to a jump of 36 grid boxes between scans.
This was apparent in the cross section through the rainfaU map that cuts
through the greatest accumulations along a Une paraUel to the direction of motion
(Figure 5.3b). In reaUty the rainfaU was not concentrated in discrete puddles, but
was more evenly distributed across the grid as the line moves quickly by.
Maximum rainfall accumulations were overestimated as the rain does not remain
over any particular location long enough to reach the deptiis suggested by the
analysis.
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Figure 5.3
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Spatial distributions of rainfall from 0900 to 1200 UTC on 29
December, (a) Accumulated rainfall and (b) a cross section along the
line AB.
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To more accurately represent the rainfaU produced by the convective Une,
the data were smoothed using the velocity of the convective line. The rainfaU was
averaged in the direction of echo motion over a length equal to the distance
covered by the line between consecutive radar scans. The result was that the water
accumulated in the deeper puddles was distributed over a larger area of the grid.
The smoothed rain map is shown in Figure 5.4a. Maximum accumulation
in the gridded data decreases from 61.88 mm in the unsmoothed grid to 15.69 mm
in the smoothed grid. The variabiUty also decreases from 2.90 mm in the
unsmoothed case down to 2.41 mm in the smoothed case. The mean rainfaU
accumulation decreased sUghtiy from 3.37 mm to 3.24 mm after the smoothing,
where the change probably reflects the edge effects that included lower rainfaU
accumulations from outside the displayed grid region into the grid itself. This
becomes a factor because of the high speed of the convective line. This effect was
not noticeable in the smoothing of echoes with lower velocities. The redistribution
of rainfaU shows up in the cross section through the smoothed data that
corresponds to the unsmoothed cross section (Figure 5.4b).
OveraU this smoothing process is important in determining a more
representative accumulation field when fast moving echoes were present.
Application of this technique is Umited to cases where the echo motion is at a
nearly constant speed and direction over a period of time. Unfortunately, echo
velocities were not often uniform in time and space, making this process difficult
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a)
Mean Accumulation
3.27 mm
Standard Deviation
2.44 mm
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1S.23 mm

"otal Rainfall
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b)

40
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Figure 5.4

Smootiied spatial distributions of rainfall from 0900 to 1200 UTC on
29 December, (a) Accumulated rainfall and (b) a cross section along
the line AB.
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to implement over long periods of time. However, in case studies where accurate
representations were needed over a specific time period, this process can be quite
useful. It should also be noted that this technique should have no significant effect
on the time series data and was designed only to redistribute the rainfaU in space.
Table 5.2 gives the statistics for each of the ten disturbed condition cases
examined. RainfaU maps for the remaining cases are not presented. For the
convective rainfaU cases, the standard deviation of accumulated rainfaU was nearly
the same as the mean accumulations. This indicates that although the convection
was more organized, it stiU exhibits significant spatial variation. The mean rainfaU
rates aU exceeded 0.50 mm/hr, with a maximum mean rainfaU rate of 0.84 mm/hr
on Day 364. The maximum rainfaU rates were very strong, ranging from 9.63 to
15.47 mm/hr. These rainfaU rates were larger than aU but one of the rainfaU rates
in the undisturbed cases.
For the stratiform cases, the rainfaU showed less variation when compared
to the mean accumulations. In two of the cases, the standard deviations were
nearly half that of the mean accumulations. In the other two, the variation was
simUar to that seen in the convective cases. Mean rainfall rates ranged from 0.30
to 1.99 mm/hr, and maximum rainfaU rates ranged from 4.57 to 14.67 mm/hr. The
maximum rates for botii occurred on Day 017.
For the mixed stratiform and convective cases, the results feU between
those of the other two types. Spatial variabiUty was lower than in the convective
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Table 5.2

Statistics of 10 cases of convective rainfaU, stratiform rainfaU, and
mixed stratiform-convective rainfaU during disturbed conditions.

(a) Convective rainfaU
Day

Start
Time

Total
Hours

Mean
Accum.
(mm)

Max
Accum.
(mm)

Mean
Rate
(mm/hr)

Max
Rate
(mm/hr)

Standard
Deviation
(mm)

341

0500

10

5.20

96.32

0.52

9.63

5.69

343

1200

9

4.99

106.00

0.55

11.78

5.57

364

0900

4

3.37

61.88

0.84

15.47

2.90

030

1200

6

4.82

90.90

0.80

15.15

3.74

Start
Time

Total
Hours

Mean
Accum.
(mm)

Max
Accum.
(mm)

Mean
Rate

Max
Rate

(mm/hr)

(mm/hr)

Standard
Deviation
(mm)

360

0200

6

4.42

28.37

0.74

4.73

2.80

017

1200

8

15.89

117.37

1.99

14.67

7.90

046

1500

5

1.48

22.83

0.30

4.57

1.54

050

1600

4

2.5

21.55

0.63

5.38

2.93

(b) Stratiform rainfaU
Day

(c) Mixed stratiform-convective rainfaU
Day

Start
Time

Total
Hours

Mean
Accum.
(mm)

Max
Accum.
(mm)

Mean
Rate
(mm/hr)

Max
Rate
(mm/hr)

Standard
Deviation
(mm)

356

2300

7

5.91

65.87

0.84

9.41

4.42

031

0300

9

7.03

81.78

0.78

9.09

4.58
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cases. Mean rainfall rates were 0.78 and 0.84 mm/hr, witii maximum rainfall rates
of 9.09 and 9.41 mm/hr.

5.1.3 Comparison of Cases
OveraU, the disturbed and undisturbed cases were best stratified by mean
rainfaU rates. In aU cases, mean rainfaU rates exceeded 0.30 mm/hr in disturbed
conditions and were less than 0.30 mm/hr for undisturbed conditions. If the
highest undisturbed mean rainfaU rate and the lowest disturbed rainfall rate were
disregarded, the stratification becomes even stronger. In that case, undisturbed
rainfall was always at or below 0.15 mm/hr, and disturbed rainfaU always
exceeded 0.50 mm/hr.
The difference between stratiform and convective rainfaU seems to be most
apparent in terms of maximum rainfaU rate and, to a lesser extent, standard
deviation of accumulation. The one exception to this was the case of Day 017,
when extremely high rainfaU rates were observed. Although not readUy apparent
when selecting the cases, it is possible that embedded convective elements
persisted during this case that skewed the results. In that case this event belongs
to the mixed variety of disturbed rainfaU. Disregarding this case, the stratiform
cases all tended to have maximum rainfaU rates less than 6.0 mm/hr, while the
convective cases all exceeded 9.0 mm/hr. The two mixed cases had maximum
rainfaU rate between 9.0 and 10.0 mm/hr.
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In general, the lower standard deviations belonged to the stratiform cases.
However, two of the stratiform cases also exhibited variabiUty equivalent to the
convective cases. Therefore, the standard deviation was not as good a means of
stratifying the data as might be expected.
In case studies where the spatial resolution of the data exceeds the temporal
resolution, methods of smoothing were quite useful. As was shown, smoothing
helps to redistribute the spatial rainfaU accumulation to help account for fast
moving echoes and the discrete nature of the radar sampling.

5.2 The Radar Data as a Virtual Raingauge
One of the primary goals of the TOGA COARE rainfaU studies was to
bridge the gap between the in situ measurements of rainfaU at distinct points in the
IFA and the rainfaU estimations as sensed remotely from sateUites. Since sateUites
are one of the few instruments observing the western Pacific warm pool area on a
nearly continuous basis, it is very important to use the data collected during TOGA
COARE to maximize the accuracy of sateUite-estimated rainfaU. Analyses of radar
data at low resolution over a large spatial domain are ideaUy suited for comparison
with satelUte estimations of rainfall. However, the lower resolution of these
studies in both time and space make comparisons to raingauges very difficult. The
high spatial resolution of the data set presented here should make for better
comparisons witii tiie raingauge measurements of rainfaU.
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Even at higher spatial resolutions it is important to remember that the
rainfaU rates are stiU estimates taken over an area, and not point measurements like
those of the gauges. However, as the resolution of the rainfall grids increases, the
grid areas get smaUer, and the radar estimated rainfaU should become more
comparable to the gauge measurements. The carefuUy navigated gridded rainfaU
data can be thought of as a field of virtual raingauges, each coUecting rainfaU over
an area of 0.0625 km^. These data can be compared to raingauge data coUected
over areas on the order of 0.0625 m^, a factor of 10^ smaUer. Discrepancies can
therefore be expected, but the results should be superior to comparisons between
raingauges and radar grids with areas of 4 km^.
There were two buoys within the grid region equipped with optical
raingauges. The first buoy, the WHOI IMET buoy that was previously discussed,
reported mean rainfaU rate data at one-hour increments. In addition, the WHOI
buoy data were block averaged over 24 hours. This averaging was done forward
in time. This smooths out much of tiie detaU in the rainfaU time series data,
making comparisons of the patterns of individual precipitation events difficult.
This does not affect the mean rainfaU statistics, and rainfaU accumulations
determined from the buoy data were stiU significant. To account for the long
averaging periods of the WHOI buoy data, comparisons were made for periods of
48 to 96 hours.
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The smoothing of the IMET data was done because periods of bad or
missing data in the buoy time series were replaced with data from ships in the
IFA. These ships were not located directiy at the buoy position and therefore do
not necessarUy represent the instantaneous rainfaU at the buoy (Anderson, 1995).
The other buoy, the Tropical Atmosphere Ocean (TAO) Automated
Temperature Line Acquisition System (ATLAS) buoy, also reported mean hourly
rainfaU rate data. These data were not block averaged and therefore retain much
of the detaU present in the rainfaU time series. The precision of the TAO buoy
data was sUghtiy reduced, as the data were reported in integer form. Over longer
time periods this loss of precision may account for some differences in
accumulated rainfaU. Because of that, the comparisons presented here wiU cover
periods of 24 to 48 hours.
FinaUy, some uncertainty in buoy positions was present because the moored
buoys had enough slack to aUow some drift. To account for this uncertainty, the
radar data for the grid point of the nominal buoy position and each surrounding
grid point were used to represent the buoy in the gridded data. This increases the
area covered for the rainfaU estimates from 0.0625 km^ to 0.5625 km^

5.2.1 Comparisons to WHOI Buoy Data
The WHOI buoy, located at approximately 1.75° S, 156° E, was positioned
about 45 km to the northwest of the center of the grid. For comparison to the 24116

hour block-averaged buoy data, the gridded data for the nine-point square centered
at the WHOI buoy position were averaged and accumulated to produce a time
series of rainfaU rate at 10-minute increments. These 10-minute data were then
processed to find mean hourly rainfaU rates for tiie grid point. The data were then
smoothed using a 24-hour running average that began at the hour being processed
(forward average in time). Three comparison cases are presented below.

5.2.1.1 The Period of 26-27 November 1992 (Days 331-332).
The first comparison was made for a period of enhanced convective rainfaU
on 26 and 27 November (Days 331-332). During this period, a weak cyclonic
eddy was located just to the east of the IFA. This low pressure system gradually
moved westward through the IFA and dissipated (TCIPO, 1994b).
The hourly mean rainfaU rates for the nine-point square centered at the
WHOI buoy are shown in Figure 5.5. RainfaU during this time period was
concentrated in a single precipitation event that occurred at 0400 UTC on 27
November (Day 332). This case was chosen to check the navigation data of the
buoy and the gridded data. If the two were in good agreement, tiie rainfaU
patterns for this time period wiU have nearly the same shape and timing.
The 24-hour block averaged radar estimates are compared to the data
coUected by the buoy in Figure 5.6. There was exceUent agreement between the
radar estimates and the measured rainfaU. As expected, the radar results in a lower
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Estimated Rainfall at WHOI Buoy
26-27 November 1992
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Figure 5.5
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JuHan Day (1992)

Time series of radar derived mean hourly rainfaU rates for the
WHOI buoy position during the days of 26-27 November.
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Comparison of rainfall at WHOI buoy
26-27 November 1992
2.0
- —- Buoy rainfall data
—
Radar estimated rainfall
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Comparison between measured rainfaU and radar estimated rainfaU
at the WHOI buoy position for the days of 26-27 November in
terms of block averaged hourly rainfaU rates.
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estimate of rainfaU when compared to the point measurements. The buoy rainfall
data result in an accumulation of 17.04 mm over this time period, whUe the
gridded rainfaU estimate 9.36 mm, or 55% of the measured rainfaU.

5.2.1.2 The Period of 21-22 December 1992 (Days 356-357)
The second comparison was for the time period of 21 and 22 December
(Days 356-357), which was just as the MTT radar began coUecting data for Cruise
2. This rainfaU was associated with a strong cyclonic eddy that moved
southwestward across the eastern third of the IFA (TCIPO, 1994b). This low
persisted for more than a week as it moved south and eventuaUy eastward away
from the IFA.
The hourly mean rainfaU rates for the nine-point square centered at the
WHOI buoy is shown in Figure 5.7. The rainfall began at approximately 0700
UTC on 21 December (Day 356), with rainfaU rates of more than 20 mm/hr.
Several other periods of tighter rainfaU occurred over tiie foUowing 12 hours. A
final period of strong rainfaU occurred at about 0100 UTC on 22 December (Day
357).
The 24-hour block averaged radar estimates were compared to tiie data
collected by the buoy in Figure 5.8. Once again there was very good agreement
between the timing and pattern of the radar estimates and the measured rainfaU.
However, in this case the radar results in a much lower estimate of rainfaU when
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Estimated Rainfall at WHOI Buoy
22-23 December 1992
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Figure 5.7

Time series of radar derived mean hourly rainfaU rates for the
WHOI buoy position during the days of 21-22 December.
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Comparison of rainfall at WHOI buoy
21-22 December 1992
— — - Buoy rainfall data
- ^ ^ Radar estimated rainfaU
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JuHan Day (1992)

Figure 5.%

Comparison of measured rainfaU and radar estimated rainfaU at the
WHOI buoy position for the days of 21-22 December in terms of
block averaged hourly rainfaU rates.
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compared to the point measurements from the buoy. The buoy data indicated
75.36 mm of accumulated rainfaU, whUe the gridded data estimated only 18.96
mm. In this case, the radar only accounts for 25% of the measured rainfaU.

5.2.1.3 The Period of 9-12 February 1993 (Days 40-043)
To examine the rainfaU in the vicinity of the WHOI buoy in more detaU, a
sub-grid was produced that was centered at the WHOI buoy for the four days
starting at 0000 UTC on 9 February (Day 040) and ending at 0000 UTC on 13
February (044). The daUy rainfaU accumulation maps are presented in Figures 5.95.12. Rainfall statistics for the sub-grid are given in Table 5.3. During this time
period a sigiuficant westerly wind burst moved across the IFA, reaching a
maximum in the IFA on 11 February (Day 042). The burst propagated eastward
and exited the IFA by 13 February (Day 044) (TCIPO, 1994b). This was the third
most active period during aU three cruises in terms of accumulated rainfall.
The time series of average hourly rainfaU rate in the sub-grid region is
given in Figure 5.13. Several peaks were found in the time series, with the most
intense rainfall occurring during 11 February (Day 042). Mean rainfaU rates for
this time approached 10 mm/hr.
The hourly rainfaU rates at the nine-point square representing the WHOI
buoy are shown in Figure 5.14. Three significant precipitation events passed over
the WHOI buoy during this time period. The first occurred at about 0300 on 10
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Accumtilat-ed Rainfall
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Daily rainfaU accumulation for sub-grid region centered on the
WHOI buoy map for 9 February.
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Acctimnlalpri R a i n f a l l
Time Period 0001 UTC, Day 041 to
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Daily rainfall accumulation map for sub-grid region centered on the
WHOI buoy map for 10 February.
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Acciimillafpri Rainfa]^

Time Period: 0000 UTC, Day 042 to
0001 UTC, Day 043
Mean Accumulation 21.34 mm
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Daily rainfall accumulation map for sub-grid region centered on tiie
WHOI buoy map for 11 February.
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Accumulated R a i n f a l l
Time Period 0001 UTC, Day 043 to
0001 UTC, Day 044
Mean Accumulation
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Daily rainfall accumulation map for sub-grid region centered on the
WHOI buoy map for 12 February.
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Table 5.3

RamfaU in the vicinity of tiie WHOI buoy for the period 9-12
February 1993.

Day

Mean
Accumulation
(mm)

Maximum
Accumulation
(mm)

Standard
Deviation
(mm)

9 February

3.70

84.24

2.39

10 February

8.94

72.24

4.69

11 February

21.34

58.02

6.27

12 February

4.34

61.62

3.13
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Rainfall in Vicinity of WHOI Buoy
9-12 February, 1993

JuHan Day (1993)
Figure 5.13

Time series of mean hourly rainfaU rates for the sub-grid region
centered on the WHOI buoy for the period of 9-12 February.
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One Hour Average Rainfall at WHOI Buoy
9-12 February, 1993
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Figure 5.14

Time series of radar derived mean hourly rainfaU rates for the
WHOI buoy position during the days of 9-12 February.
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February (Day 041), as rainfaU peaked at approximately 25 mm/hr. The second
and largest peak occurred at about 1300 UTC on 11 February (Day 042). This
event had a mean hourly rainfaU rate that approached 60 mm/hr. The fmal
precipitation event occurred at about 1200 UTC on 12 February (Day 043), with a
maximum hourly average rainfaU rate of approximately 55 mm/hr.
The 24-hour block average rainfaU for the WHOI buoy position were
compared to the buoy data in Figure 5.15. The rainfaU estimated by the radar was
in very good agreement on 9 February (Day 040), both in terms of the timing and
shape of the rainfaU pattern. During the next two days, the general patterns were
in good agreement, with a significant increase in rainfaU that persists for about one
day before decreasing toward the end of the 11 February (Day 042). However the
timing of the patterns does not agree weU, with the buoy rainfaU leading the radar
estimates by about 12 hours.
One possible explanation for this discrepancy is that supplemental data
from nearby ships was used to fiU in the WHOI time series data. These periods of
supplemental data were not documented. If the ships were used, the timing of the
rainfaU events could be skewed sUghtiy due to the fact that the ship and buoy were
not in the same location within the grid.
Even with the discrepancy in timing of the rainfaU, the overaU rainfaU
accumulation was in very good agreement. The WHOI buoy data indicates that
70.8 mm of rainfall accumulated at die buoy over the given time period. The
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One Hour Average Rainfall at WHOI Buoy
9-12 February 1993
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Figure 5.15

Comparison between measured rainfaU and radar estimated rainfaU
at die WHOI buoy position for die days of 9-12 February in terms
of block averaged hourly rainfaU rates.
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accumulated rainfaU estimated from the gridded data was 61.92 mm. The gridded
data account for nearly 88% of the measured rainfaU. The significance of this
agreement is suspect due to the differences in the timing.

5.2.2 Comparisons to TAO Buoy Data
The TAO buoy was positioned at approximately 2° S, 156° E, about 40 km
to the west-northwest of the center of the grid. This was about 5 km closer than
the WHOI buoy position. The TAO data were not block averaged like the WHOI
data, resulting in more information about individual precipitation events. For this
reason, comparisons using the TAO data wUl be a better indication of how weU the
gridded rainfaU data relate to the point measurements.
For comparison purposes, the gridded data for the nine-point square
centered at the TAO buoy position have been averaged and accumulated to
produce a time series of rainfaU rate at 10-minute increments. These 10-minute
data were then averaged to find mean hourly rainfall rates for the grid point.
Comparisons of tiie gridded rainfaU to the rainfall measured at tiie TAO buoy for
three cases are presented below.

133

5.2.2.1 9 December 1992 (Day 344)
The first TAO buoy comparison was for 9 December 1992 (Day 344). A
weak surface eddy was present in the IFA during this time, which helped to
enhance convective activity in the eastern portion of tiie IFA (TCIPO, 1994b).
The measured and estimated hourly mean rainfaU rates for the nine gridbox-square centered at the TAO buoy are shown in Figure 5.16. There was very
good agreement between the radar estimates and the measured rainfaU. There was
about a one-hour discrepancy in the initiation of the first precipitation peak. Other
than that the two patterns agree both in terms of timing and magnitude of
precipitation. The buoy rainfaU data indicated an accumulation of 24.96 mm over
this time period, whUe the gridded rainfaU estimate was 16.80 mm, or 67% of the
measured rainfaU.

5.2.2.2 The Period of 3-4 January 1993 (Days 003-004)
The second comparison was for the time period of 3 and 4 January (Days
003-004). This period marked tiie last two days of tiie highly disturbed period m
Cruise 2. The westerly wind burst had ended by this time, but a strong
convergence zone was stiU present in the vicinity of the IFA. In addition, a strong
westerly jet aloft was centered just soutii of tiie IFA (TCIPO, 1994b).
The measured and estimated hourly mean rainfaU rates for the nine gridbox-square centered at the TAO buoy are shown in Figure 5.17. Four periods of
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Comparison of Rainfall Estimates at TAO Buoy
9 December 1992
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Figure 5.16

Comparison between measured rainfaU and radar estimated rainfaU
at tiie TAO buoy position for tiie day of 9 December in terms of
average hourly rainfall rates.
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Comparison of Rainfall Estimates at TAO Buoy
3-4 January 1993
ORG measured rainfaU
0.25x0.25 km estimate

Figure 5.17

Comparison of measured rainfaU and radar estimated rainfall at the
TAO buoy position for the days of 3-4 January in terms of average
hourly rainfall rates.
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significant rainfaU were present during the two days. The first precipitation event
was a period of relatively weak rainfaU that occurred from 0400 to 1000 UTC on 3
January (Day 003). Peak rainfaU rates were less that 5 mm/hr. The main
precipitation event began at about 1300 UT on 3 January, and lasted untU about
2200 UTC of that same day. Two peaks in rainfaU of between 15 and 20 mm/hr
occurred during that time. The third precipitation event was a single peak of about
10 mm/hr tiiat occurred at 0700 UTC on 4 January (Day 004). The final
precipitation event began at about 1800 UTC on 4 January, and ended just after
0000 UTC on 5 January (Day 005). Peak rainfaU rates during this period were
around 7.5 mm/hr.
Once again there was very good agreement between the timing and pattern
of the radar estimates and the measured rainfaU. The timing of the peak rainfaU
events was not different by more than one hour. The best agreement was in the
third precipitation event, where the intensity and timing of the rainfaU was nearly
identical. The final precipitation event also showed very good agreement,
especially in the timing of the event. The general patterns of the second
precipitation event were simUar, with the gridded data estimating less than half the
measured rainfaU.
Overall, the measured rainfaU indicates that there was 90.96 mm
accumulation over the period, whUe the gridded data estimated only 50.16 mm. In
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this case, the radar accounts for about 55% of the measured rainfall, though
agreement in particular precipitation events varied.

5.2.2.3 15 February 1993 (Day 046)
The final comparison was for 15 February (Day 046). This was a relatively
undisturbed period during Cruise 3 when a weak surface convergence band shifted
across the IFA as a region of high pressure settled into the area from the south
(TCIPO, 1994b). This case was chosen because it was one of the few cases where
other radar data has been compared to the buoy measured rainfall. This provides
the opportunity to compare the results of the high resolution radar estimates to
those of the lower resolution analyses.
The measured and estimated hourly mean rainfall rates for the nine gridbox-square centered at the TAO buoy are shown in Figure 5.18. Three periods of
rainfaU occurred during this period. The first precipitation event began at 0400
UTC and lasted untU 0700 UTC. The maximum measured average rainfaU rate
was 12 mm/hr. The second event lasted from 0700 to 1000 UTC, and had a
maximum measured average rainfaU rate of 14 mm/hr. The final precipitation
event began at 1300 UTC and ended at 1700 UTC, with a maximum average
rainfall rate of 18 mm/hr.
There was excellent agreement between the timing and pattern of the radar
estimates and the measured rainfall. Once again, the timing of the peak rainfaU
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Comparison of Rainfall Estimates at TAO Buoy
15 February, 1993
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Figure 5.18

Comparison between measured rainfaU and radar estimated rainfaU
at tiie TAO buoy position for the day of 15 February in terms of
average hourly rainfaU rates.
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was not different by more than one hour. The best agreement was with the fu-st
precipitation event. The peak of the second event did not agree as weU. The
timing of this event was in good agreement, but the gridded rainfaU began to
decrease in intensity an hour sooner than tiie measured rainfaU. Likewise, there
was some discrepancy in the third event as weU, this time with the timing of the
peak rainfaU. The NASA comparison was added to the data in Figure 5.19. The
NASA data, which was the estimate for the 2 km x 2 km grid point that contains
the TAO buoy (Short et al., 1995), compares relatively weU to both the buoy data
and the high resolution gridded data. The main difference was in the magnitude of
the rainfaU rates, with the NASA estimates being consistently lower.
OveraU, the measured rainfaU indicates that there was 63.98 mm of
accimiulated rainfaU. The high resolution gridded data estimated 27.84 mm (44%
of the measured rainfaU) and the NASA data estimated 19.68 mm (31% of the
measured rainfaU).

5.2.2.4 Using Space-to-Time Conversion to Account for Echo Motion
The results fi-om the gridded data may be improved in some cases by using
space to time conversions to account for rainfall that passes over a particular
location between radar scans. This technique uses the speed and direction of echo
motion as determined by a series of reflectivity scans. In addition, it is assumed
that the echo remains unchanged over the period including half the time interval to
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Comparison of Rainfall Estimates at TAO Buoy
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Figure 5.19

Comparison of measured rainfall, high resolution radar estimated
rainfaU, and low resolution radar estimated rainfall at the TAO buoy
position for the day of 15 February in terms of average hourly
rainfallrates.
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the most recent past scan and half the time interval to the next scan. The time
between consecutive scans is determined and the distance traveled by radar echoes
over that time period is then computed. This distance is centered at the location of
interest and oriented along the direction of motion. The distance is then spUt into
intervals equivalent to one-minute time intervals and rainfaU rates are bi-linearly
interpolated in space to these points. The distance is centered at the location of
interest so that one half of the distance looks backward in time (along the direction
of echo motion) and the other half looks forward in time (opposite to the direction
of echo motion). The result of this space to time conversion is an increase in the
temporal resolution of the time series data that attempts to account for data that
passes over the grid point but is never observed by the radar.
As an example of the space to time conversion, data from the 9-10
December (Days 344-345) case previously examined were re-processed. Using a
series of radar images, an echo velocity of 5 m/s to the west was computed. The
gridded data were interpolated for that velocity, and an enhanced time series was
produced. This new time series and the 10-minute gridded data are shown in
Figure 5.20. The soUd line indicates the time series produced by the raw radar
data. The shaded region represents die estimated rainfaU pattern resulting from the
interpolation of the spatial pattern. The higher temporal resolution of die
interpolation technique provides a better estimate of the rainfaU variabUity, and
more closely represents raw raingauge data. The hourly mean rainfaU-rate time
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Comparison of 10-minute radar estimated rainfaU and rainfaU
estimated using space-to-time interpolation.
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series is shown in Figure 5.21. During the first period of rainfaU the time series
using the interpolation looks more simUar to the measured rainfaU than the time
series produced using the 10-minute radar data. The agreement was not as good
during the final period of rainfaU. In terms of total accumulation, the buoy
measured 1.04 mm of rainfaU, whUe the 10-minute radar data estimates 0.61 mm
and the interpolated radar data estimates 1.28 mm. So die mterpolation process in
this case actuaUy over estimates the rainfaU by 23%.

5.2.3 Results of the Comparison Studies
The resiUts of the comparison of the gridded rainfaU against both the
WHOI and TAO rainfaU data indicate that tiie gridded data contains botii the
characteristics of the mean rainfaU and the variabiUty measured in die rainfaU
patterns. The agreement was very good in die timing of rainfaU events (when
rainfaU began and ended), and in the pattern of tiie rainfaU (when rainfaU
increased, decreased, or remained nearly constant).
The biggest discrepancy in the cases shown was in terms of the magnitude
of rainfaU. As mentioned earUer, tiie gridded rainfaU was distributed over an area
whUe the buoy measurements were taken at a particular point in space. Therefore
the raingauge measured rainfall should be expected to be higher than the areaaveraged radar estimated rainfaU.
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Comparison of Hourly Rainfall Rates
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rainfaU, and measured rainfaU in terms of mean hourly rainfall rates
at the TAO buoy.
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The percentage of the rainfaU accounted for by the gridded radar data are
presented in Table 5.4. There was a significant amount of variation in the amount
of rainfaU accounted for by the radar, from 25% up to 87%. If we disregard the
two extreme cases, the differences range from 50-67%. This means that in general
there was a factor of 1.5 to 2.0 difference between the point measured rainfaU and
the area averaged radar estimated rainfaU for a point within the grid. Although
there was only one case for comparison, this was significantiy better than the
estimate derived from the NASA comparison case.
FinaUy, in cases where the spatial and temporal resolution of the data do
not correspond, the space-to-time conversion uses the high spatial resolution of the
data to increase the temporal resolution of the data. This helps to account for the
movement of echoes between radar scans and produces a better overaU
representation of the time series data at an individual grid point. This technique is
simUar to the spatial smoothing shown before, but in this case the goal is to
improve the temporal distribution of the data instead of the spatial distribution.
The difference is tiiat in the smoothing case, the radar has accounted for all the
rainfall and the problem was in terms of redistribution. In making grid point
comparisons, however, it is likely that peaks in rainfaU rates were missed at the
individual grid point. It is therefore important to account for those peaks during
periods of faster-moving echoes in order to make meaningful comparisons to
raingauge data.
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Table 5.4

Percentage of measured rainfaU at buoy positions accounted for by
the gridded rainfaU.

Time period

Comparison

26-27 November 1992

Gridded data
to WHOI buoy

55%

9 December 1992

Gridded data
to TAO buoy

67%

9 December 1992

Space-to-time conversion
to TAO buoy

21-22 December 1992

Gridded data
to WHOI buoy

25%

3-4 January 1993

Gridded data
to TAO buoy

55%

9-12 February 1993

Gridded data
to WHOI buoy

87%

15 February 1993

Gridded data
to TAO Buoy

44%

15 February 1993

NASA gridded data
to TAO buoy

31%

147

Percentage of measured
rain accounted for

123%

5.3 Examination of 24 December 1992 Using
Corrected Radial Velocity Data
A final case study was prepared to test the correction of tiie radial velocity
data for tiie Schuler OscUlation. To do this, data from 1700 to 2000 UTC on 24
December (Day 359) were processed. At this time the two radars were positioned
along a nearly east-west baseline, separated by 135 km. This information was
based on corrected TOGA radar positions from the manual GPS updates.
On this day the IFA was under the influence of a strong westerly wind
burst with wind speeds of up to 40 knots (TCIPO, 1994b). The surface synoptic
conditions at 1200 UTC (Figure 5.22) shows a series of eddies located at and just
north of the equator. In addition, a surface low pressure system was present
located at about 8° S. The interaction of these two circulation systems acted to
increase the westerly winds in the vicinity of the IFA. These circulations were
also found in the 850 mb upper air data (Figure 5.23a). WeU-defined difluence
was found in the 200 mb wind field (Figure 5.23b), which acted to sustain
convection produced by the strong low level wind shear, especially in the eastern
portion of the IFA (TCIPO, 1994b).
Infrared satelUte imagery of the LSA from 2330 UTC on 23 December
(Day 258) to 1830 UTC on 24 December (Day 359) show die presence of
convective clusters that persist for the period. The IFA is in the south-central part
of these images. The life cycle of the super-cluster began as large convective
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Figure 5.22

Smface synoptic conditions at 1200 UTC on 24 December,
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Streamline analyses for 1200 UTC on 24 December at (a) 850 mb
and (b) 200 mb (TCIPO, 1994b).
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bands that formed in the region of low-level convergence as found on the surface
and 850 mb charts. The bands strengthened during the afternoon hours (2330
UTC, 23 December, to 0630 UTC, 24 December), as seen in Figure 5.24. The
banded convection became more cluster-like after sunset (0930 UTC, 24
December) and remained in the vicinity of the IFA throughout the night time
hours. Activity seemed to furtiier intensify after sunrise (2130 UTC, 24
December). However, no satelUte images were avaUable after 1830 UTC.
The daUy rainfaU accumulation derived from the time series data from 24
December was 37.02 mm, the greatest of any day during aU three cruises. The
daUy accumulated rainfaU map is shown in Figure 5.25. The mean rainfaU
accumulation derived from the spatial distribution for that day was 36.98 mm, with
a maximum accumulation 118.09 mm and a standard deviation in rainfaU
accumulation of 12.32 mm. As seen on the rainfaU map, the heaviest rainfaU
occurred in the central eastern region of the grid, with the lowest accumulations in
the northwestern comer of the grid. The weU-defined gradient in the rainfaU
pattern suggests that the rainfaU was weU organized. The high rainfaU amounts
and the low relative standard deviation indicate diat the rainfall was a mixed
stratiform-convective case during disturbed atmospheric conditions.
To help further examine tiiis case, the radial velocities were corrected using
the process described in Chapter m. In this case, tiie correction in the MIT data
was smaU, whUe the correction for die TOGA velocity data was more significant.
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(a)

(b)

(c)

(d)

Figure 5.24

SateUite images for the TOGA COARE region at (a) 2330 UTC on
23 December 1992, (b) 0630 UTC, (c) 1230 UTC, and (d) 1830
UTC on 24 December 1992.
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Accumulatgri Rainfall
Mean Accumulation 36.98 mm
Maximum Accumulation: 118.09 mm
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5.06 mm
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A qualitative comparison of the radial velocity data helps to iUustrate the effects
of the correction. Using a point along the baseline that was equidistant from both
radars, the radial velocities from the two radars can be compared directiy. These
data should be in agreement except for the sign of the velocity, where the wind
wiU be blowing toward one radar whUe blowing toward the other.
This point Ues 67.5 km east of the TOGA radar, and 67.5 west of the MIT
radar. Table 5.5 shows the radial velocity for the bins surrounding the equidistant
point, both before and after the correction. The correction reduces the discrepancy
between the two radars by 38%.
Using the corrected radial velocity data from the 1752 UTC volume scan,
the mesoscale structure of the wind field can be examined in more detaU. A
vertical cross section of radial wind speeds was plotted for the 238° azimutii,
which best matched the mean wind direction at the time. The data were processed
at 0.25 km spacing in range and were plotted for each elevation angle.
During this time the precipitation observed by the radar was highly
stratiform and extended out to ranges of nearly 300 km from the radar. Some
convective cores were present in the stratiform rainfall in bands oriented from
northeast to southwest. There was Uttie apparent motion of the echo region during
this time.
The reflectivity cross section in Figure 5.26a shows that the rainfaU was
very stratiform in nature, with a bright band apparent in the image at an altitude of
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Table 5.5

Radial
Velocity
(m/s)

Comparison of radial velocities for a point on the east-west baseline
equidistant from the TOGA and MTT radars. The average contains
39 bins for the TOGA radar and 13 points for the MIT radar.

TOGA
Raw

TOGA
Corrected

MIT
Raw

MIT
Corrected

-Hll.91

-1-13.42

-16.16

-16.05
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Figure 5.26

Vertical cross section of (a) reflectivity and (b) radial velocity for
the 238° azimuth at 1741 UTC on 24 December.
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about 5 km. The radial velocity cross section (Figure 5.26b) shows a strong near
surface-layer wind, with maximum radial wind speeds in excess of 12 m/s. At
about the 4-6 km elevation, a weU-defined reversal of wind direction was present
in the wind field. This feature was very simUar to rear inflow jet as found in midlatitude mesoscale convective systems (SmuU and Houze, 1987). The jet extends
throughout much of the processed data before ending abruptiy in the region of
most intense stratiform precipitation. This abrupt end to the inflow region results
in strong horizontal convergence in this region and was probably contributing to
the rainfaU. Analysis of the velocity data in the opposite direction (northeast
quadrant) also showed the presence of this feature. There was also a suggestion
that the jet was descending as it moved inward toward the front of the system.
FinaUy, some indication of divergence at about 10 km elevation was also evident
in the cross section. This upper level divergence was located in the vicinity of the
end of die rear inflow jet. This was consistent with the presence of a mesoscale
updraft in this area as weU. These features aU suggest diat the precipitation pattern
during this time was highly organized.
The accumulated hourly rainfaU map for die hour starting at 1700 UTC on
24 December is shown in Figure 5.27. The region of strongest stratiform rainfaU
discussed above was on die southwestern border of die grid. A cross section that
cuts approximately along the 238° azimuth velocity cross section is shown in
Figure 5.28. Puddle deptiis of 5 to 10 mm accumulated over die hour from 1700
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Time Period: 1700 UTC, Day 359 to
1801 UTC, Day 359
Mean Accumulation
1.32 mm
Maximum Accumulation:
2L66 mm

Total Rainfall
(mm)
1000

Figure 5.27

Rainfall accumulation map for tiie one-hour period beginning at 1700
UTC on 24 December.
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Cross section through rainfaU map shown in Figure 5.27.
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to 1800 UTC. In addition, the rainfaU was fairly evenly distributed, an mdication
of the stratiform nature of die rainfaU. OveraU for die one-hour period, die grid
experienced a mean accumiUation of 1.32 mm (or a mean rate of 1.32 mm/hr). a
standard deviation of accumulated rainfaU of 1.31, and a maximum accumulation
of 21.66 mm (or a maximum rate of 21.66 mm/hr). Once again, these statistics
match well to those of convective-stratiform mixed rainfaU during synopticaUy
disturbed conditions as shown earUer.
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CHAPTER VI
CONCLUSIONS

The shipboard Doppler radar data sets play a crucial role in the fulfillment
of the TOGA COARE objectives by providing nearly continuous measurements of
rainwater flux at the ocean surface. This flux is important in characterizing the
ocean surface layer, budget studies, and model parameterizations of convection. In
addition, the rainfaU estimates developed for TOGA COARE wiU play an
important role in the development of algorithms for satellite-based rainfaU
estimation over this part of the globe. Since satelUtes provide the only continuous
set of observations for this region, it is very important that these estimates be as
accurate as possible.
The primary focus of this research has been to produce a data set that was
specificaUy designed for use in TOGA COARE studies where detaUed estimates of
rainfaU are important, such as mesoscale modeling of the ocean's surface layer.
This data set provides a representation of the mesoscale structure and evolution of
rainfall events with high spatial and temporal resolution, in particular, gradients of
rainfaU amounts and maxima in the rainfaU patterns are weU depicted.
The high resolution radar data may be useful in bridging the gap between
raingauge measured rainfall and rainfall estimated by sateUite. Comparisons of the
radar and the raingauge data may help to determine how weU the radar is
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estimating the measured rainfaU. In particular, comparisons may be useful in the
development of correction factors that wiU bring the raingauge and radar data into
better agreement. In turn, the radar data wiU improve estimates of rainfaU over the
broad areas where no rainfaU measurements were taken.
To produce this data set, the data were processed with as much care as
possible in an attempt to maintain the true characteristics of the raw radar data.
First, examinations of the raw radar data were used to help develop corrections for
the radar data that helped improve agreement between the TOGA and MTT radars.
In addition, other corrections were appUed to correct for inaccuracies in the radar
constant parameters and hardware faUures that had occurred during data coUection.
In order to use the radar reflectivity data to estimate rainfaU in the IFA, the
moving shipboard radar data needed to be stored in a Cartesian grid fixed in space.
To do this, the data were transformed from a drifting polar coordinate system into
a fixed-space Cartesian grid. To assure that the data provided as true a
representation of rainfaU in the IFA as possible, the navigation data of the radars
were analyzed. The analyses showed that a Schuler OsciUation was present in the
raw navigation data that was introduced by die radar's INU. This cycUcal error
resulted in error of up several kUometers in radar position. This error was present
in both radars' data, but was more pronounced in the TOGA data where manual
INU updates had been required.
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Corrections for the Schuler OsciUation varied between the two radars. For
the MTT radar, a supplemental position data set was avaUable that recorded the
ship position as measured by GPS from the ship's bridge at about one-minute
intervals. During processing of the radar data, these positional data were used to
replace the raw position data from the INU, aUowing for much more accurate
placement of the radar data in space. Since ship GPS data were not avaUable for
the TOGA data, it cannot be as accurately gridded in space and were not processed
in this study.
Radar studies are usuaUy done at spatial resolutions of 2 km x 2 km or
more and are qmte adequate for the purposes of comparing radar reflectivities to
satelUte data. However, analyses at these lower resolutions do not fuUy utilize the
resolution avaUable in the raw data set, resolution that provides information that
can be important in comparisons of radar reflectivity data to rainfaU measured at
raingauges near the radar. To utilize the 0.25 km radial resolution of the raw data,
several factors needed to be considered.
First was the range to which the radar data can be meaningfuUy processed
at high resolution must be determined. As range from the radar increases, so does
the area of the beam cross section. This means tiiat aldiough the resolution of the
data was 0.25 km in range, the cross beam resolution increases with range. At
more distant ranges, this cross beam resolution reaches a point where the cross
sectional beam area is larger than the convective features that are being studied.
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This problem is further compUcated by the fact that the azimuthal resolution of the
MTT data switched unpredictably from 1° to 2°. It was determined that at ranges
exceeding 100 km, the beam was too dispersed to return meaningful information at
the resolution required.
Second, to accurately represent precipitation reaching the surface it was
desirable to use a beam height that was as low as possible. This beam height was
limited by the elevation angle of the radar. At a given elevation angle, beam
height increases with range. It was determined that a mean beam height of 0.75
km could be maintained if the lowest three elevation angles of data were used.
The highest elevation was used at ranges less than 25 km from the radar, the
middle elevation at ranges from 25 out to 35 km, and the lowest elevation angle
was used out to ranges beyond 35 km.
FinaUy, the amount of ship drift within the grid area needed to be
considered. In general, the ship position was not more than 15 km from the
nominal ship position. The exception to diis was when the ships were moved to
perform dual-Doppler radar scanning during Cruise 3. This drift in ship distance
further limits the range to which the data can be processed.
In order to ensure that a gridded data point was never farther than 100 km
from the radar position, a grid size of 100 km x 100 km was chosen. In a grid
this size, the distance from die center of tiie grid to die comers is approximately
70 km. In addition, the radar could be displaced another 15 km away from this
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point. This means that no grid point should be more than 85 km away from the
radar at any given time, weU within the 100 km Umit.
Each MET radar scan was processed into this 100 x 100 km fixed-space
grid at 0.25 x 0.25 km resolution centered at 2° 15' S, 156° 25'E. Temporal
resolution of the data was approximately 10 minutes. The resiUting high resolution
radar reflectivity data set consisted of 11,000 reflectivity scans covering a time
period of nearly 2000 hours.
To convert the reflectivity grids into a rainfaU product, a Z-R relationship
developed by NASA was used. This Z-R relationship partitions the rainfaU into
stratiform and convective rainfaU types, and assigns a different Z-R to each. The
partitioning of the data was made using a technique developed by Houze et al.
(1995) that considered both the magnitude of the reflectivity at a grid point and the
variabiUty of the reflectivity around that grid point to decide whether the grid point
was convective or stratiform. In addition, all grid points out to a certain
convective radius from convective grid points were also determined to be
convective. The convective radius was determined by the mean reflectivity of a
region.
Using this partitioning method, reflectivity grids were converted to rainfaUrate grids, one grid point at a time. These rainfaU-rate grids were then integrated
over one-hour periods to produce hourly accumulated rainfaU maps. The resulting
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data set is a coUection of more than 1900 grids (16,000 grid points each) of hourly
rainfaU accumulation that spanned nearly 83 days of data coUection.
As a check of the final product, the entire hourly rainfaU accumulation data
set was processed and statistical analyses performed. A strong semi-diurnal
variabiUty was found in the data from aU three cruises that was better defined
when the rainfaU data from synopticaUy disturbed conditions were removed. The
semi-diurnal cycle showed a strong peak in the late afternoon, foUowed by a
second peak near sunrise. These peaks correspond weU to other studies of tropical
rainfaU. In addition, the data from Cruises 2 and 3 also indicated a possible latemorning maximum in rainfaU that occurred just before noon.
Fourier analyses of the time series data showed that a larger scale forcing
with a period of 2-3 days was also present, which was most pronoimced in the
Cruise 2 and 3 data. During theses two cruises, there were a greater number of
significant rainfaU events that led to higher mean and total rainfaU accumulations.
OveraU, the integration of the time series data provided estimates of cruise-mean
rainfaU that were quite simUar to those from other TOGA COARE radar studies.
In addition, no systematic bias was noticeable in the results when compared to die
other studies.
The rainfaU patterns described by the spatial distribution of accumulated
rainfaU also agree weU with large-scale mappings of radar estimated rainfaU,
especiaUy in terms of rainfaU gradients. Strong accumulation gradients were
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noticed for Cruises 2 and 3, whUe the rainfall in Cruise 1 showed no signs of an
organized pattern and seemed to be randomly distributed. The consistency
between the results produced for this data set and the results of simUar studies
helps to vaUdate the high-resolution gridding process.
As an iUustration of the possible uses of this data set, the gridded data were
processed for specific cases. First, samples of rainfaU events during disturbed and
undisturbed synoptic conditions were chosen. In addition, disturbed conditions
were sub-categorized as convective, mixed stratiform and convective, and
stratiform rainfaU. The results from these cases showed the detaUed structure in
the rainfaU patterns for individual cases. To get a more accurate representation of
the spatial patterns, however, smoothing along the echo motion vector was needed
when echoes moved rapidly.
In addition, the statistics of these cases showed that distinct differences
between disturbed and undisturbed rainfall existed, as weU as differences between
stratiform and convective rainfall. In the cases presented, lower mean rainfaU rates
were associated witii undisturbed rainfaU events. For disturbed rainfaU, convective
events tended to have greater maximum rainfaU rates than the stratiform cases.
To iUustrate how tiie gridded data might be used in comparisons with
raingauges, case studies involving the raingauge data from the WHOI and TAO
buoys were made. These cases showed diat the gridded data points corresponding
to the buoy positions compare quite weU to the hourly rainfall data presented for

167

the buoys, both in the timing and general patterns of rainfaU events. The results
showed that for most cases, the rainfaU was within between 45 and 66% of the
measured rainfaU. This suggests that a possible systematic adjustment might be
able to be determined to bring the rainfaU totals into better agreement. In addition,
it was shown diat applying a space-to-time conversion of the raw gridded data
helped to supply more information about the time series data for an individual grid
point.
FinaUy, the data for 24 December were analyzed. This day represented the
heaviest daUy rainfaU accumulation estimated in the data set. Synoptic data show
the development of a large, slow-moving super-cluster within the IFA during this
time period. In addition, a cross section of radial velocity data during this time
shows the presence of a rear inflow jet, indicating that the convection during this
time was very weU organized. Much of the rainfaU observed was stratiform in
nature, resulting in a broad area of significant rainfaU accumulation. The rainfaU
statistics for this case were consistent with those found earUer for a mixed
convective-stratiform precipitation event during disturbed conditions.
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APPENDDC
LIST OF ACRONYMS

ATLAS

Automated Temperature Line Acquisition System

COARE

Coupled Ocean-Attnosphere Response Experiment

CSU

Colorado State University

ENSO

El Nino-Soudiem OscUlation

EVAD

Extended Velocity Azimuth Display

GARP

Global Atmospheric Research Program

GATE

GARP Atiantic Tropical Experiment

GPS

Global Positioning System

IFA

Intensive Flux Array

IMET

Improved Meteorological

INU

Internal Navigation Unit

lOP

Intensive Observation Phase

IRIS

Interactive Radar Information System

LSA

Large Scale Array

MTT

Massachusetts Institute of Technology

MJO

Madden-JuUan OsciUation

NASA

National Aeronautics and Space Administration

OSA

Outer Sounding Array
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PFN

Pulse Forming Network

PRC ^5

People's RepubUc of China's vessel Xiangyanghong #5

PRF

Pulse Repetition Frequency

RHI

Range Height Indicator

SSS

Sea Surface Salinity

SST

Sea Surface Temperature

TAO

Tropical Atmosphere Ocean

TCIPO

TOGA COARE Intemational Project Office

TOGA

Tropical Ocean Global Atmosphere

UTC

Universal Time Coordinates

WCRP

World Climate Research Programme

WHOI

Woods Hole Oceanographic Institute

174

