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ABSTRACT 

This thesis presents the results of data bin by data 

bin analyses of reflectivity data from isolated echoes 

located on a line equidistant between the TOGA and MIT 

radars during TOGA COARE. The radars collected data during 

three cruises between 01 November 1992 and 28 February 1993. 

The study included comparisons of minimum, maximum, and mid

range reflectivities, echo top heights, and echo areas 

between the two radars. Also, rainfall volume was compared 

between the two radars using three different Z-R 

relationships. Atmospheric soundings were combined with 

reflectivity data to determine echo top temperatures. Also, 

atmospheric soundings were examined for a number of cases to 

examine the mechanisms that caused shallow or deep 

convection over the Intensive Flux Array. 

Comparisons of minimum reflectivities showed the MIT 

radar more sensitive during all three cruises. Maximum and 

mid-range reflectivity comparisons showed that the MIT radar 

recorded higher maximum reflectivities for most of the 

echoes during cruises 1 and 2, and the TOGA radar recorded 

much higher maximum reflectivities for all echoes during 

cruise 3. Differences in moisture profiles probably caused 

the differences between shallow and deep convection in the 

cases selected. Comparisons of rainfall volume using the 

GATE, Darwin, and Jorgensen and Willis Z-R relationships for 
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the radars indicated that the differences in rainfall volume 

between the two radars were much greater than differences 

among the Z-R relationships. The MIT radar displayed larger 

echo areas for all three cruises as a result of the greater 

sensitivity of the MIT radar. 
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1.1 Background 

CHAPTER I 

INTRODUCTION 

Ocean-atmosphere interactions in the tropics affect 

climate over the entire globe. The goal of the Tropical 

Ocean Global Atmosphere (TOGA) Coupled Ocean-Atmosphere 

Response Experiment (COARE) has been to better understand 

ocean-atmosphere interactions in the western Pacific Ocean 

warm pool and how they affect global climate (TOGA COARE 

Operations Plan, 1992) . 

The warm pool is the body of water located in the 

tropical region of the ocean that contains waters warmer 

than 28° C. It occupies about 20% of the world's surface 

area (World Climate Research Programme, 1990) . The largest 

region of the warm pool lies in the western Pacific Ocean 

and eastern Indian Ocean. Figure 1.1 shows the extent of 

the western warm pool region. Previous studies have shown 

that anomalous weather events in the western Pacific Ocean 

warm pool have far-reaching effects on global weather such 

as the El Nino-Southern Oscillation (ENSO) (Meehl, 1987; 

Godfrey and Lindstrom, 1989; Philander et al., 1984). ENSO 

events are linked to small changes in heat and moisture 

budgets in the western Pacific Ocean warm pool. For 

example, Rasmusson and Carpenter (1982) showed that the 

precursors to six ENSO events were small changes in sea 
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Figure 1.1. Mean surface sea temperature (SST) between 
1959-1989 during December-February. Lightly shaded region 
denotes the warm pool, which has SST greater than 28° C. 
Dark shaded region denotes SST greater than 29° C (from 
Webster and Lukas, 1992) . 
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surface temperature (SST) in the western Pacific Ocean. 

Godfrey and Lindstrom (1989) attributed the temperature 

changes to small variations in the heat budget of the 

surface mixed layer. 

Convection in the tropics has an important role in the 

momentum, heat, and moisture budgets of the ocean-atmosphere 

system (Betts and Ridgway, 1988; Esbensen et al., 1988; 

Godfrey and Lindstrom, 1989; Houze, 1982; Lau et al., 1991; 

Williams and Houze, 1987; Yanai et a1., 1973). Tropical 

clouds range in size from small nonprecipitating clouds to 

large synoptic disturbances and have time scales of 1 hour 

for small cells to 5 days for larger systems (Lau et al., 

1991; Williams and Houze, 1987). Although tropical 

convection has been studied extensively, accurate 

quantitative measurements of momentum, heat, and moisture 

budgets generated by tropical clouds over the warm pool are 

still unknown. For instance, the heat balance in the 

western Pacific ocean has uncertainties as large as 80 wm-2 

with values ranging from 0 to 100 wm-2 (World Climate 

Research Programme, 1990) . 

TOGA COARE was planned to obtain a high-quality data 

set to quantify momentum, heat, and moisture transfers 

between the ocean and atmosphere (World Climate Research 

Programme, 1990) . TOGA COARE was developed with four 

scientific goals. The first goal is to describe and 

understand the principal processes responsible for 
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ocean-atmosphere coupling in the western Pacific warm pool. 

The second goal is to understand the principal processes 

that contribute to organized convection in the western 

Pacific warm pool. The third goal is to understand oceanic 

responses to buoyancy and wind stress forcing. The final 

goal of TOGA COARE is to understand how ocean-atmosphere 

interactions in the western Pacific warm pool affect other 

regions of the world and vice versa (World Climate Research 

Programme, 1990) . To achieve these goals, TOGA COARE 

comprises three components: the ocean-atmosphere interface 

component, the atmospheric component, and the oceanographic 

component (World Climate Research Programme, 1990) . 

Within each component, a number of scientific 

objectives have been defined. One objective of the ocean

atmospheric interface component is to determine the 

magnitude of the variability of the fluxes of momentum, 

heat, and moisture on hourly, diurnal, and episodal (5-10 

days) time scales. An objective of the atmospheric 

component is to determine the relationship of synoptic scale 

(1-5 days) and mesoscale events to momentum, heat, and 

moisture fluxes. Also, an objective of the oceanographic 

component is to determine the net mass, heat, and salt flux 

into the TOGA COARE domain (World Climate Research 

Programme, 1990) . The work described in this thesis is 

related to all three of these objectives. 
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The TOGA COARE domain is located in the western Pacific 

warm pool region bounded by 20~ and 20°5 latitude and by 

Indonesia to the west and the international date line to the 

east (TOGA COARE Operations Plan, 1992) . Within the entire 

domain, two smaller regions have been defined. The first 

region was called the COARE Large-Scale Domain (CLSD), 

bounded by 10~ and 10°S latitude and 140~ and 180~ 

longitude (Figure 1.2). A denser observational network 

called the Intensive Flux Array (IFA) was located within the 

CLSD (Figure 1.3). 

The TOGA COARE Intensive Observing Period (IOP) took 

place between the months of November 1992 and February 1993. 

During this time, a variety of oceanic and meteorological 

instrumentation were deployed. Some of the instrumentation 

included Doppler weather radars, Integrated Sounding Systems 

(ISS), rain gages, moored buoys such as Automated 

Temperature Line Acquisition System (ATLAS), acoustic 

Doppler current profilers, and Conductivity-Temperature

Depth (CTD) profilers. The high-density data network during 

the IOP provided the means to collect high-quality momentum, 

. heat, and moisture data sets. 

1.2 Related Studies 

Since the success of the budget studies depends on the 

accuracy of precipitation estimates, this study focuses on 
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Figure 1.2. COARE Large-Scale Domain (CLSD), bounded by 
10~ and 10°S latitude and 140"E and 180"E longitude. The 
Intensive Flux Array (IFA) is located in the enclosed 
region. 
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Figure 1.3. IFA location within the CLSD. Points located 
at 2° 5'S 154° 30'E and 2° 5'S 156° 15'E represent the 
locations of the TOGA and MIT radars during cruise 1, 
respectively. The circles display the maximum range of the 
volume scans. See Chapter II for positions of radars during 
cruises 2 and 3. 
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the first step in obtaining the best possible precipitation 

estimates, the intercomparison of the two Doppler radars 

forindividual echoes. A similar study was performed by 

Hudlow et al. (1979) for the Global Atmospheric Research 

Program (GARP) Atlantic Tropical Experiment (GATE) . 

GATE was conducted in the eastern tropical Atlantic 

between June and September 1974. During GATE, four C-band 

and four X-Band radars were deployed. Hudlow et al. (1979) 

performed intercomparisons for two of the C-Band radars 

which were located on the R/V Oceanographer and the R/V 

Researcher. They intercompared echoes in the 7500 km2 

overlap area between the two ships. 

Hudlow et al. (1979) examined individual echoes for 23 

intercomparison times. Some of their analyses included 

correlating reflectivity fields, intercomparing echo areas 

and maximum reflectivities, and comparing volumetric water 

fluxes versus echo areas from the two radars. They 

concluded that bias between the two radars was quite small 

for GATE. 

1.3 Current Study 

This thesis follows some of the analyses used by Hudlow 

et al. (1979) and also includes further intercomparisons. 

Similar analyses include comparing the reflectivity fields 

and intercomparing echo areas and maximum reflectivities 

between the two radars. Further analyses include comparing 
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echo heights for individual reflectivities, intercomparing 

echo heights, comparing rainfall volumes, and comparing echo 

top temperatures to echo areas and maximum reflectivities. 

Selected echoes have been chosen on a line equidistant 

between the two Doppler radars. This allows the two Doppler 

radars to view the same volume of echo for a given elevation 

angle. Also, each echo included in the study was observed 

by both radars. These data were recorded by both radars 

within a minute of each other. Furthermore, echoes have 

been selected at times when there were no intervening echoes 

between the two radars and the echo of interest. This 

reduced the effect of attenuation from cloud and 

precipitation particles. Finally, echoes selected include a 

variety of sizes. This gave a better sample for 

intercomparing reflectivities, echo heights, and echo areas 

between the two radars. 

The radar data analyses were combined with atmospheric 

sounding data from the TOGA COARE sounding array to 

determine the temperature at the echo top heights. Such 

comparisons can be used to help define echo top temperatures 

for comparison with satellite analyses for TOGA COARE. 

This thesis, by comparing echoes observed by the two 

Doppler radars during the IOP, provides information for 

merging data from the two radars. The results provide a 

foundation for more accurately measured precipitation 

amounts. These precipitation estimates will contribute to a 
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better understanding of air-sea interactions in the western 

Pacific warm pool region, and help achieve the goals of TOGA 

COARE. 
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CHAPTER II 

DATA 

This chapter describes the sources and types of data 

used in this thesis. Radar data were collected using the 

TOGA and Massachusetts Institute of Technology (MIT) WSR-74 

C-Band Doppler radars. The TOGA radar was located on the 

R/V Xiangyanghong #5 (PRC #5) and was stationed west of the 

MIT radar when both radars were in the IFA. The MIT radar 

was located on the R/V Vickers. Both radars collected data 

in three separate cruises during the IOP. Table 2.1 shows 

the characteristics of the TOGA and MIT radars. 

~1 incoming radar data went to the radar data 

processor. Both radars were connected to the Interactive 

Radar Information System (IRIS) developed at SIGMET, Inc., 

which processed all incoming radar data and generated a 

variety of products which are defined in the SIGMET User's 

Manual (1991) . One of the products generated was the actual 

raw data. Raw data were compressed and archived in IRIS 

format simultaneously on two EXB-8500 8-mm tape drives that 

were connected to the radar. A complete description of IRIS 

raw data and compression formats can be found in Chapter 3 

of the SIGMET's Installation Guide and System Manager's 

Manual (1992) . 

This thesis examines radar reflectivity data from both 

radars using the volume scans with 0.25 km range resolution 
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Table 2.1 Characteristics of the WSR-74 Doppler (MIT, TOGA) 
radars (adapted from TOGA COARE Operations Plan, 1992) . 

Parameter 

Wavelength (em) 

Dynamic Range (dB) 

Minimum Detectable Signal 
(dBm) 

Peak Power Output (KW) 

Pulse Width (J.Ls) 

Antenna Type 

Reflector Size (m dia.) 

Feed Type 

Antenna Gain (dB) 

Beamwidth (deg) 

Side Lobe Level 

Azimuth/Elevation Modes 

Azimuth Velocity 
(deg/sec) 

Azimuth Acceleration 
(deg/sec2

) 

Elevation Velocity 
(deg/sec) 

Elevation Acceleration 
(deg/sec2

) 

Radome (m dia. sphere) 

MIT TOGA 

5.37 5.35 

80 80 

-105 -105 

250 250 

1.0 0.48 (145 km) 
1.82 (295 km) 

Solid Metal Parabolic 

2.4 2.4 

Horizontally Polarized 

40 40 

1.55 1.55 

-22 dB to 10 deg off axis 

-30 dB more than 10 deg off 
axis 

Manual or Auto 

< 24 < 24 

> 30 > 30 

< 14 < 14 

> 30 > 30 

3.7 3.7 
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out to a maximum range of 145 km. The raw data were 

recorded in Interactive Radar Information System (IRIS) 

format. These data were processed using a variety of 

software. One step in processing the data was converting 

IRIS format to Universal Format (UF) • This was accomplished 

using a program called nsig2uf developed by National 

Aeronautical and Space Administration (NASA) . The National 

Center for Atmospheric Research's (NCAR) Research Data 

Support System (ROSS) software was used to display the UF 

file on a SUN Spare 2 workstation. Individual cases were 

processed by software developed by the author and Arthur 

Doggett. This software extracted radar reflectivity data 

from raw IRIS data files and calculated statistics including 

areal coverage at different thresholds of radar 

reflectivity, rainfall mass and volume, echo top height for 

individual echoes for different thresholds, and maximum 

reflectivity. 

Upper-air data were collected at the sites indicated in 

Table 2.2. The sites were located at the corners of the IFA 

except for the sites on the PRC #5 and Moana Wave, which 

were located approximately in the center of the IFA (see 

Figures 1.3 and 2.1). The rawinsondes launched every six 

hours, collected temperature, humidity, wind, and pressure 

data. 
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Table 2.2 Sounding locations in the Intensive Flux Array 
(from TOGA COARE Operations Plan, 1992) . 

Station Latitude (deg) Longitude(deg) 

Kapingamarangi 1.04 N 154.48 E 
(PNKAP) 

Kavieng 2.35 s 150.48 E 
(PSKAV) 

Kexue f1 4.00 s 156.00 E 
(PSSC1) 

Moana Wave 2.00 s 156.00 E 
(PSMOA) 

Shiyan 13 2.00 s 158.00 E 
(PSEXP) 

Xiangyanghong 15 2.05 s 154.75 E 
(PSN05) 
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Figure 2.1. Location of the TOGA radar, 2° S'S 155~, and 
MIT radar, 2° S'S 156° 15'E, in the IFA during cruises 2 and 
3. Circles represent the maximum range of the volume scans. 
See Figure 1.3 for locations of radars during cruise 1. 
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2.1 Radar Data Collection 

The author served as a radar scientist on board the PRC 

#5 during cruises 1 and 2. This opportunity permitted the 

author to experience some of the difficulties and challenges 

of collecting radar data on board a ship. Most of all, the 

author's experience contributed to his acquiring a better 

understanding of atmospheric processes over the warm pool. 

Both radars were staffed by different crews during each 

cruise. The radar crew consisted of four or five scientists 

and a technician of engineer for each radar. Normally, two 

scientists were on duty at all times. They monitored the 

radar, observed and recorded precipitation patterns as 

detected by the radar, generated products using the IRIS 

system, and attempted to fix problems that arose during 

operations in order to collect a continuous, high-quality 

data set. 

During operations both ships drifted within circles 

centered on their assigned locations. For example, the PRC 

#5 was allowed to drift approximately 15 km off station 

(Kucera, 1993) before relocating 15 km upwind of the 

assigned position. The repositioning took two or three 

hours and occurred from every half day to about once per two 

days depending on weather and sea conditions. 

Because the radars were mounted on moving platforms 

that not only drifted but also pitched and rolled, 

stabilization was needed to obtain meaningful radar data. 
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To achieve stabilization, an Inertial Navigation Unit (INU) 

was incorporated into the hardware of the radar systems. 

The INU adjusted the direction of the radar antenna for the 

ship motion so that all data were collected in absolute 

earth coordinates. The INU was periodically updated with a 

Global Positioning System (GPS) . 

Because this was first time an INU was used to 

stabilize shipboard weather radars, a number of problems 

occurred during operations. The INU was supposed to be 

initialized in a stable environment. However, the TOGA 

radar lost power en route to the IFA from China, and the INU 

had to be re-initialized at sea, after considerable 

adjustments to the INU software. The INU also lost power 

during cruise 1 and had to be re-stabilized at sea. Also, 

on the TOGA radar, a bug in the INU software never allowed 

the GPS to automatically update the INU. This made it 

necessary for the radar scientists to manually update the 

INU with the GPS position. 

Every effort was made to collect a high-quality, 

continuous data set on both radars, but because of the 

extreme conditions that were encountered, gaps in the data 

occurred. For instance, the PRC #5 experienced numerous 

power outages during cruise 1 which resulted in the radar 

shutting down and the INU losing power, as mentioned above. 

Also, some the TOGA radar equipment was damaged on a PRC #5 

shakedown cruise which delayed arrival to the IFA. 
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Furthermore, hardware failures during operations resulted in 

losses of data. 

Problems with the IRIS software also produced data 

losses. The IRIS system had never been operated at sea, 

resulting in a variety of problems during operations. For 

example, when the TOGA radar experienced linear noise errors 

as a result of a bad noise sample, no noise correction was 

applied to the data. Another problem that occurred on both 

radars was that the tape drives would lock and the entire 

system would shutdown. Also, early in cruise 1, problems 

with the IRIS system caused the radar antenna to move too 

slowly, causing missing rays of data. Furthermore, an 

apparent problem in the IRIS system caused the MIT radar to 

collect data at a two degree azimuthal resolution instead of 

one degree as was selected in the initial setup. 

Short gaps in the otherwise continuously collected data 

were the result of periodic checks of the radar. These 

included sun calibrations, noise calibrations, hardware 

maintenance checks, and system backups. These gaps were 

minor and normally occurred during periods with few echoes 

in the area. 

Despite a variety of problems which occurred during 

operations of both radars, the information obtained will 

make it possible to estimate precipitation amounts over the 

TOGA COARE domain. 
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2.2 Radar Schedules and Scan Sequences 

The radars each collected data during three separate 

cruises, lasting about a month, with slightly different 

schedules. This allowed almost continuous radar data 

collection over the IFA. During each cruise, both ships 

were on station approximately 20 days. Intercomparisons 

between the TOGA and MIT radars were possible during these 

times and are the subject of this thesis. 

Table 2.3 shows the schedules and location of the TOGA 

and MIT radars during the three cruises. The three periods 

of joint operation in the IFA were 10 to 30 November, 21 

December to 9 January, and 29 January to 19 February. The 

PRC #5 was stationed at 2° OS'S, 1SS0 4S'E during R/V 
-

Vickers port calls to give continuous radar coverage over 

the Improved METeorological instrumentation (IMET) mooring 

which is located at 2°S, 1S6~. When the MIT radar was 

present in the IFA, the PRC #5 relocated eastward to 2° 

OS'S, 1S4° 30'E for cruise 1 and 2° OS'S, 1SS~ for cruise 2 

and cruise 3 to provide greater radar coverage over the 

central IFA. The R/V Vickers was stationed at 2° OS'S, 1S6° 

15'E during the entire IOP. Figure 1.3 and Figure 2.1 show 

the positions of the PRC #5 and R/V Vickers when both ships 

were stationed in the IFA during cruise 1 and cruises 2 and 

3, respectively. 

The characteristics of the TOGA radar scans during the 

IOP are shown in Tables 2.4, 2.5, 2.6, and 2.7. The 
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Table 2.3 Times and locations of the PRC #5 and R/V 
Vickers during the IOP. All times are in UTC. 

Date Time 

11-04-92 2345 

11-10-92 1931 

11-30-92 0105 

12-10-92 0000 

12-15-92 1225 

12-21-92 0200 

01-09-93 0105 

01-19-93 0630 

01-23-93 0105 

01-29-93 1730 

02-19-93 0000 

02-27-93 0000 

TOGA 

Cruise 1 Starts 
On Station @ 
2° 5' S, 155° 45'E 

On Station @ 
2° 5' S, 154° 30'E 

Cruise 1 Ends 
Left IFA for Honiara 

In Honiara 

Cruise 2 Starts 
On Station @ 
2° 5' S, 155° 45'E 

On Station @ 
2° 5' S, 155~ 

Cruise 2 Ends 
Left IFA for Honiara 

In Honiara 

Cruise 3 Starts 
On Station @ 
2° 5' S, 155° 45'E 

On Station @ 
2° 5' S, 155~ 

Cruise 3 Ends 
Left IFA for Guam 

In Port 

20 

In Port 

Cruise 1 Starts 
On Station @ 
2° 5'S, 156° 15'E 

On Station @ 
2°5'S, 156°15'E 

Cruise 1 Ends 
Left IFA for Honiara 

In Honiara 

Cruise 2 Starts 
On Station @ 
2° 5' S, 156° 15'E 

On Station @ 
2° 5' S, 156° 15'E 

Cruise 2 Ends 
Left IFA for Honiara 

In Honiara 

Cruise 3 Starts 
On Station @ 
2° 5' S, 156° 15'E 

On Station @ 
2° 5' S, 156° 15'E 

Cruise 3 Ends 
Left IFA for Honiara 



Table 2.4 Details of the TOGA Doppler radar volume scans 
between 5 and 8 November 1992. 

Parameter Scans 

Name RAIN DOPL VOL 

Description Low-Level Volume 

Sweeps (deg) 0.8, 1.3, 0.8, 1.5, 
1.8 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 

PRF (HZ) 490 1000 

Pulse Width (J.LS) 1 . 82 0.48 

Bin Spacing (m) 500 250 

Maximum Range (krn) 300 150 

Nyquist Velocity 6.6 13.4 
(ms-1 ) 

Number of Samples 20 64 
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Table 2.5 Details of the TOGA Doppler radar volume scans 
between 8 and 12 November 1992. 

Parameter Scans 

Name RAIN VOL FAR VOL NEAR 

Description Low-Level Volume Volume 

Sweeps (deg) 0.8, 1.3, 0.8, 1.5, 0.8, 1.4, 
1.8 2.3, 3.4, 2.4, 3 • 61 

4.5, 5.7, 5.4, 7.2, 
6.9, 8.2, 9.2, 11.4, 
9.6 14.1, 17.1, 

20.6, 24.7, 
29.3, 34.6, 
40.6 

PRF (HZ) 490 1200 1200 

Pulse Width (Jl.S) 1.82 0.48 0.48 

Bin Spacing (m) 500 250 250 

Maximum Range (km) 300 125 125 

Nyquist Velocity 6.6 16.0 16.0 
(ms-l) 

Number of samples 20 50 40 
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Table 2.6 Details of the TOGA Doppler radar volume scans 
between 12 November 1992 and 30 January 1993. 

Parameter Scans 

Name RAIN TC FAR TC NEAR 

Description Low-Level Volume Volume 

Sweeps (deg) 0.8, 1.3, 0.8, 1.S, 0.8, 1.4, 
1.8 2.3, 3.4, 2.4, 3. 6' 

4.S, S.7, S.4, 7.2, 
6.9, 8.2, 9.2, 11.4, 
9. 6' 11.3, 14.1, 17.1, 
13.0, 1S.O, 20.6, 24.7, 
17.2, 19.8, 29. 3, 34.6, 
22.S, 26.S, 40. 6' 47.4, 
33.0 ss.o 

PRF (HZ) 490 1000 1000 

Pulse Width (IJ.S) 1.82 0.48 0.48 

Bin Spacing (m) soo 2SO 2SO 

Maximum Range (km) 29S 14S 14S 

Nyquist Velocity 6.6 13.4 13.4 

Number of Samples 30 so so 
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Table 2.7 Details of the TOGA Doppler radar volume scans 
between 30 January 1993 and 19 February 1993. 

Parameter Scans 

Name RAIN 08US TC FAR 08US TC NEAR 08US 

Description Low-Level 

Sweeps (deg) 0.8, 1.3, 0.8, 1.5, 0. 8' 1.4, 
1.8 2.3, 3.4, 2.4, 3. 6, 

4.5, 5.7, 5.4, 7.2, 
6.9, 8.2, 9.2, 11.4, 
9. 6' 11.3, 14.1, 17.1, 
13.0, 15.0, 20.6, 24.7, 
17.2, 19.8, 29. 3, 34.6, 
22.5, 26. 5, 40.6, 47.4, 
33.0 55.0 

PRF (HZ) 500 1000 1000 

Pulse Width (J.LS) 0.8 0.8 0.8 

Bin Spacing (m) 500 250 250 

Maximum Range (km) 295 145 145 

Nyquist Velocity 13.4 13.4 13.4 
(ms-1 ) 

Number of Samples 30 50 50 
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characteristics of the scans were changed as changes were 

made in the hardware and eventually to be consistent with 

the scans used with the MIT radar. The TOGA radar used a 

7.5 minute scan interval between 5 and 8 November 1992. 

Otherwise, the TOGA radar used a 10 minute scan sequence. 

Table 2.4 shows the two scans used between the 5 and 8 

November: RAIN, a low-level scan for rainfall mapping 

purposes, and DOPL_VOL, a full volume scan. Table 2.5 shows 

the characteristics of the low-level RAIN scan and the two 

full volume scans VOL FAR and VOL NEAR used between 8 and 12 

November. VOL FAR was used in situations when there were no 

echoes close to the radar, and VOL NEAR scanned to higher 

elevations to record the tops of echoes close to the radar. 

Table 2.6 shows the characteristics of the scans used during 

the latter part of cruise 1, all of cruise 2, and the 

beginning of cruise 3. Again, RAIN was a low-level scan, 

and TC FAR was a full volume scan for distant echoes and 

TC NEAR was a full volume scan for close-in echoes. At 0401 

UTC 30 January 1993, the TOGA radar changed scans to 

RAIN 08US, TC FAR 08US, and TC NEAR 08US. These scans are - - - - -
the same as the previous scans except the pulse width was 

changed to 0.8 ~s for every scan. The parameters of these 

scans are listed in Table 2.7. Also, during cruise 3, the 

TOGA radar tested a variety of other scans (not shown) on a 

few occasions. The MIT radar used the same scans during the 

entire IOP which are shown in Table 2.8. TC LOWLEVEL was 
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Table 2.8 Details of the MIT Doppler radar volume scans 
during the IOP. 

Parameter Scans 

Name TC LOWLEVEL TC DISTANT TC NEAR 

Description Low-Level 

Sweeps (deg) 0.8, 1.3, 0.8, 1.5, 0.8, 1.4, 
1.8 2. 3' 3.4, 2.4, 3. 6, 

4.5, 5.7, 5.4, 7.2, 
6.9, 8.2, 9.2, 11.4, 
9. 6, 11.3, 14.1, 17.1, 
13.0, 15.0, 2 0. 6' 24.7, 
17.2, 19.8, 29.3, 34. 6' 
22.5, 26.5, 40.6, 47.4, 
33.0 55.0 

PRF (HZ) 1000 1000 1000 

Pulse Width (J!S) 1.0 1.0 1.0 

Bin Spacing (m) 500 250 250 

Maximum Range (km) 295 145 145 

Nyquist Velocity 13.4 13.4 13.4 
(ms-1 ) 

Number of Samples 30 50 50 
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the low-level rain scan, TC DISTANT was the full-volume scan 

for echoes distant from the radar, and TC NEAR was for 

echoes close to the radar. 

A normal scan sequence would start at the beginning of 

the hour and repeat every ten minutes. The sequence would 

start with the low-level scan and be followed by one of the 

full volume scans. If the scan sequence ended early within 

the ten-minute interval, other scans, for example, RHis 

(scanning in elevation at a fixed azimuth) were used during 

the extra time. 
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CHAPTER III 

ANALYSIS AND RESULTS 

3.1 Echo Selection and Analysis 

This thesis focuses on data bin by data bin analyses of 

digitized radar data for 96 individual echoes which met 

criteria chosen to reduce the uncertainties in comparing the 

two radars. The radar reflectivity data from both radars 

were compared and statistics such as rainfall volume and 

echo top heights were generated for each echo. Figures 3.1-

3.96 show the TOGA and MIT radar PPI displays of the radar 

reflectivity and the results of the comparison of radar 

reflectivity between the two radars for each of these 
-

echoes. 

The criteria required that some portion of the echo had 

to be located on a line equidistant between the two radars, 

so that both radars were looking at similar volumes in 

space. Accurate measurement of echo boundaries required the 

echoes to be isolated and not attached to other convective 

or stratiform precipitation areas. To reduce attenuation 

caused by cloud and precipitation particles, each selected 

echo had little intervening echo between it and the radars. 

In addition, neither radar could be subject to beam blockage 

in the area where a selected echo was located. 

The first step in selecting echoes was to examine the 

radar logbooks and color radar images collected in the field 
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Figure 3.1. PPI display of radar reflectivity from (a) TOGA 
radar and (b) MIT radar for 0601 UTC 12 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.2. PPI display of radar reflectivity from (a) TOGA 
radar and (b) MIT radar for 0601 UTC 16 November 1992 . 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.3. PPI display of radar reflectivity from (a) TOGA 
radar and (b) MIT radar for 0801 UTC 16 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.4. PPI display of radar reflectivity from (a) TOGA 
radar and (b) MIT radar for 0941 UTC 16 November 1992 . 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.6. PPI display of radar reflectivity from (a) TOGA 
radar and (b) MIT radar for 1231 UTC 17 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.7. PPI display of radar reflectivity from (a) TOGA 
radar and (b) MIT radar for 0711 UTC 18 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.8. PPI display of radar reflectivity from (a) TOGA 
radar and (b) MIT radar for 0751 UTC 18 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.9. PPI display of radar reflectivity from (a) TOGA 
radar and (b) MIT radar for 0321 UTC 19 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.10. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0441 UTC 19 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.11. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0801 UTC 20 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.12. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1811 UTC 20 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.13. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2101 UTC 20 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
{a) and (b) is shown in (c) . 
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Figure 3.14. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2201 UTC 20 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.15. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0901 UTC 21 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.16. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0911 UTC 22 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.17. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0931 UTC 22 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.18. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1731 UTC 22 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.19. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1801 UTC 22 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.20. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1831 UTC 22 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.21. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1931 UTC 22 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.22. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2031 UTC 22 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.23. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0641 UTC 23 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.24. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0641 UTC 23 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.25. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1111 UTC 23 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.26. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0731 UTC 28 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

54 



(a) (b) 

Echo 27 

5 

0 

-5~. ~--~----------~~--~~~~~-----~ 0 5 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
MIT Radar Threshold Reflectivity (dBZ) 

~----------------------

(c) 

Figure 3.27. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0811 UTC 28 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
{a) and {b) is shown in {c) . 
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Figure 3.28. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0811 UTC 28 November 1992 . 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.29. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0921 UTC 28 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.30. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1541 UTC 28 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.31. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2231 UTC 29 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.32. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0011 UTC 30 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a} and (b) is shown in (c) . 
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Figure 3.33. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0101 UTC 30 November 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.34. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1931 UTC 21 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.35. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0501 UTC 23 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.36. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0931 UTC 23 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and {b) is shown in (c) . 
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Figure 3.37. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0651 UTC 26 December 1992 . 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in {c) . 
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Figure 3.38. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0911 UTC 26 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.39. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0401 UTC 27 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.40. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0901 UTC 27 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.41. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1001 UTC 27 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.42. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0411 UTC 29 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.43. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2021 UTC 31 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.44. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2141 UTC 31 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.45. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2301 UTC 31 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

73 



(a) 

Echo 46 

70 

55 

50 

- ~~ N 
a:l 
J2. 
~ 

~0 

~ ~ 
(j 
~ 

oLD '; 
ct: 
~ 35 
0 
~ .. • 30 ... 
~ ·25 ... 
0 

20 ~ 
0 

ct: 
-c( 15 
(.!) 

s 10 

5 

0 

-5 
-5 0 5 

•• •• •• •• •• •• 

•• I 

(b) 

•• •• • • • • 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 55 ~ 
WIT Radar Threshold Reflectivity [dSZ] 

--------------------
(c) 

Figure 3.46. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2321 UTC 31 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.47. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2331 UTC 31 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.48. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2341 UTC 31 December 1992. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.49. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0201 UTC 01 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.50. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0401 UTC 01 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.51. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0441 UTC 01 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

79 



(a) 

Echo 52 

(b) 

70~~========================~--~ 
65 

50 

a 

•• • a 
•• •• •• . • •• •• •• •• •• •• 

•• •• •• 
•• 
I 

/ 

-5~. ~--~~--~--~--------~--~------~ ~a 5 ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ e ~ 
WIT Radar Threshold Reflectivity [dBZ] 

(c) 

Figure 3.52. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0841 UTC 01 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.53. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1641 UTC 01 January 1993 . 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.54. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2251 UTC 01 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.55. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2331 UTC 01 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.56. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2351 UTC 01 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.57. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0401 UTC 02 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.58. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0551 UTC 02 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.59. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0711 UTC 02 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.60. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0751 UTC 02 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.61. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1001 UTC 02 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.62. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1341 UTC 03 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.63. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0541 UTC 04 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.64. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0551 UTC 04 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Fiqu're 3. 65. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1321 UTC 04 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.66. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0511 UTC 05 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.67. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1401 UTC OS January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.68. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0051 UTC 06 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

96 



{a) 

Echo 69 

10 

'N 55 
CD 

.:5!. 50 ,... 
~ .&5 u 
.!! 
~ 4() 
a:: 
, lS 
0 
.t::. 
Ill 30 

~ .... .zs ... 
..g 20 

& 
~ 15 
(,!) 

e 10 

5 

0 

•• •• 
•• I 

•• •• • • .• 

(b) 

•• 
•• •• 

•• 

-5~--~--~------------~--~~~--~~~ ~ 0 5 ~ 15 ~ 2S ~ lS ~ .&5 ~ " ~ ~ ~ 
MIT Radar Thntsnold Reflectivity [dSZ] 

{c) 

Figure 3.69. PPI display of radar reflectivity from {a) 
TOGA radar and (b) MIT radar for 0141 UTC 06 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.70. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0231 UTC 06 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.71. PPI display of radar reflectivity from (a) 
TOGA radar and {b) MIT radar for 0411 UTC 06 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
{a) and {b) is shown in (c) . 
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Figure 3.72. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0431 UTC 06 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.73. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1731 UTC 06 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

101 



(a) 

Echo 74 

70 

65 

10 

'N 55 
CZl 
~ 

""' 
50 

~ u ~ 
.!! .0 .. 
a:: , l5 
0 
.J: 

30 Ill 
G 

l: . zs .... .. 
CJ 

20 , 
CJ a:: 
~ 15 
t!l g 10 

5 

0 

-s . 
-5 Q 

•• •• •• . • 

(b) 

I • .• 
•• •• 

•• .• •• •• •• 

i 10 15 ~ zs ~ l5 ~ ~ ~ ~ ~ e ~ 
MIT Radar Threshold Reflectivity (dBZ] 

~----------------

(c) 

Figure 3.74. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2301 UTC 06 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

102 



(a} 

Echo 75 

(b) 

~~------------------------~----------~ 

•• •• •• 
50 

5 

0 

•• . • •• •• •• •• •• •• •• •• •• •• •• •• 
•• •• 

•• •• 
•• 

-s-f'--=-~--~.~-----~.------~-~ 
~ o s ~ ~ ~ ~ » ~ ~ ~ ~ ~ so e ~ 

MIT Rodor Threshold Reflectivity [dBZ] 

(c) 

Figure 3.75. PPI display of radar reflectivity from (a} 
TOGA radar and (b) MIT radar for 1731 UTC 29 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a} and (b) is shown in (c) . 
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Figure 3.76. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1901 UTC 29 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.77. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0341 UTC 31 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

105 



(a) 

Echo 78 

(b) 

701"-==---=========::::==:.......~ 

10 

•• •• •• •• I 

5 

0 

•• •• •• •• •• 

•• •• •• •• •• 

•• 

-5~. ~------~. ----~. ------~. ~~.~~. ------~ 
~ 0 5 w ~ ~ ~ ~ " ~ ~ ~ " ~ ~ ~ 

WIT Radar Threshold Reflectivity (dBZ) 

(c) 

Figure 3.78. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0401 UTC 31 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.79. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2111 UTC 31 January 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

107 



(a) 

70 

55 

50 

'Nss 
CD 
J:!. 50 
~ 
~ £5 
1i 
~ 40 'i a:: 

Echo 80 "0 
0 

l5 

.c 
Ill 30 
! 
~ - 2S .. 
0 

20 "0 
0 a:: 
~ 15 
Cl g 10 

5 

0 

-5 
-s 

(c) 

0 

•• •• •• •• •• •• •• •• •• 

(b) 

•• • • •• 

.a 
•• •• 

I I o o I 

•• .a 
.I 

5 ~ ~ 20 2S ~ l5 40 £5 ~ ~ 50 55 ~ 

WIT Radar Tlnshokl Reflectivity (dBZ] 

Figure 3.80. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0641 UTC 01 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 

108 



(a) 

Echo 81 

(b) 

70.,.....==========::....-......::.:;;,;,:===---~ 

50 

0 

•• •• •• 
•• •• I 

.I 
•• 

-5~. ~--~~----~~--~----~--~~----~ ~ 0 5 ~ ~ ~ ~ ~ • ~ ~ ~ ~ ~ u ~ 
MIT Radar Thrnnold Reflectivity [dBZ] 

{c) 

Figure 3.81. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0641 OTC 01 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.82. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0831 UTC 01 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.83. PPI display of radar reflectivity from {a) 
TOGA radar and {b) MIT radar for 1201 UTC 01 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
{a) and {b) is shown in (c) . 
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Figure 3.84. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1701 UTC 02 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.85. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1621 UTC OS February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.86. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1801 UTC OS February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.87. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0011 UTC 06 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a} and (b) is shown in (c) . 
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Figure 3.88. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0801 UTC 06 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.89. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 1001 UTC 06 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.90. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0311 UTC 09 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.91. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0351 UTC 09 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.92. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0941 UTC 09 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.93. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2051 UTC 10 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a} and (b) is shown in (c) . 
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Figure 3.94. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 2201 UTC 10 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.95. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0921 UTC 11 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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Figure 3.96. PPI display of radar reflectivity from (a) 
TOGA radar and (b) MIT radar for 0501 UTC 12 February 1993. 
Comparison of radar reflectivity for the enclosed areas in 
(a) and (b) is shown in (c) . 
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to determine possible times when echoes were located in the 

area between the two ships. The next step was to examine 

the tape logs to see if data existed for both ships during 

the times selected in the previous step. The raw radar data 

for possible cases were downloaded from 8-mm data tapes to a 

SUN Spare 2 workstation. After the data were downloaded, 

the scan type, scan time, tilt angles, latitude and 

longitude of the ship, ship's heading, and ship's velocity 

were extracted from the raw data files. The latitude and 

longitude were used to determine the line equidistant 

between the two radars. The raw data were then converted to 

Universal Format (UF), described by Barnes (1980), to 

examine the reflectivity data for each radar using RDSS. 

When data from one of the radars met the criteria, the 

reflectivity data for the other radar were investigated. If 

the echo passed the criteria for both radars, the echo was 

selected, and its azimuth and range boundaries were 

determined, to be used in further processing. These steps 

were repeated for other possible cases until all 96 echoes 

were selected, including 33 from cruise 1, 41 from cruise 2, 

and 22 from cruise 3. 

3.2 Results of Echo Selection 

Figures 3.97, 3.98, and 3.99 show the time distribution 

of echoes for cruises 1, 2, and 3, respectively. During 

cruise 1, the first echo selected occurred on IOP day 12 (12 
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November), and the last echo selected occurred on IOP day 30 

(30 November) . No echoes were selected during the period 

between IOP day 12 and IOP day 16 nor during the period 

between the end of IOP day 23 and IOP day 28 because 

convective activity over the IFA was suppressed. On some 

days numerous echoes met the criteria, for example, IOP days 

16, 22, and 23. 

During cruise 2, the first echo selected occurred on 

IOP day 51 (21 December), and the last echo occurred on IOP 

67 (06 January). Few echoes were selected during the first 

part of the cruise, a period of frequent large convective 

systems over the IFA when few echoes were isolated enough to 

be selected. Of the 41 echoes selected from cruise 2, 32 

echoes occurred on or after IOP day 62 (01 January), a 

period when numerous isolated convective echoes occurred 

along the equidistant line. 

The first echo selected from cruise 3 occurred on IOP 

day 90 (29 January) . The last echo selected for cruise 3 

occurred on IOP day 104 (12 February), shortly before the 

INU failed on the TOGA radar . Echoes selected from cruise 3 

occurred in three periods, a period between IOP days 91 and 

94, a period centered on IOP day 98, and a period between 

IOP days 101 and 105. Suppressed convective activity 

between IOP days 94 and 97 and between IOP days 98 and 101 

resulted in few echoes being selected during these periods. 
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Data from the 0.8° elevation scan of each selected echo 

were processed to generate echo statistics. The 0.8° 

elevation scan was used to determine the area occupied by 

data bins of each reflectivity level and by the entire echo, 

the maximum and minimum recorded reflectivities and their 

ranges, and the rainfall volume for several assumed 

reflectivity-rainfall relationships. Data from entire 

volume scans were used to determine the echo top height for 

a variety of reflectivity levels. Other parameters derived 

from these statistics included the area with reflected above 

selected reflectivity thresholds and, using sounding data, 

echo-top temperatures . These data were recorded in 0.5 dBZ 

increments and were rounded up when generating the 

statistics in this thesis. 

3.3 Minimum Reflectivity Comparison 

Figures 3.97, 3.98, and 3.99 show the minimum 

reflectivity recorded by the two radars for each echo, where 

minimum reflectivity was defined as the lowest reflectivity 

recorded for any data bin that contributed to the total area 

of the echo. 

For all three cruises, the MIT radar recorded lower 

minimum reflectivities than did the TOGA radar by about 10 

dB in cruise 1, about 7 dB during cruise 2, and about 2 dB 

for cruise 3. The longer waveguide on the TOGA radar was 

one reason for reduced sensitivity when compared to the MIT 
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radar. The cruise-to-cruise variation that was in the TOGA 

radar data can be explained at least in part by engineering 

changes in the radar hardware. For example, the TOGA radar 

was more sensitive in cruise 2, after the Low-Noise 

Amplifier (LNA) was replaced and a 10 dB attenuator was 

added to the TOGA radar during the fi·rst port call (Kucera, 

1993) . The TOGA radar became more sensitive in cruise 3 

after a cracked duplexer tube was replaced during the second 

port call and the 10 dB attenuator was replaced by a 6 dB 

attenuator (TOGA Radar Logbook, 1993) . 

Variations in minimum reflectivity from echo to echo 

within a cruise were largely due for both radars to the 

variations in range of individual echoes. Minimum 

reflectivities plotted as a function of range to the data 

bin with the minimum reflectivity are shown in Figures 

3.100, 3.101, and 3.102. With some variations, the 

relationship is linear. A linear relationship between 

minimum reflectivity and the logarithm of range is 

consistent with the radar equation, 

(3.1) 

where Pr is the power returned to the radar, z. is the 

equivalent radar reflectivity in mm6 /m3
, k is a constant 
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dependent on the radar, and r range. Taking the logarithm 

of Eq. 3.1, and multiplying by ten, and solving for z. gives 

dBZ = 20 log10 I + 10 log10 Pr - 10 log
10 

k . ( 3. 2) 

Thus, to the extent that the minimum value of P and the r 

parameters of the radar remain constant, the minimum 

reflectivity should increase linearly with the logarithm of 

range. Figures 3.10lb, 3.102a, and 3.102b show that minimum 

reflectivity values of -4 dBZ were recorded over a variety 

of ranges. This leveling off was the result of a threshold 

constraint set on the recorded reflectivity by the IRIS 

software. The IRIS software was set to record 

reflectivities only above -5 dBZ. 

The TOGA radar during cruise 1 (Figure 3.100a) showed 

six echoes whose minimum reflectivities did not fit the 

relationship suggested by the radar equation. The two 

points at 16 dBZ correspond to echoes with very small areas 

(< 70 km2 ) • Because the total numbers of data bins for 

these echoes were quite small, the radar probably did not 

sample their lowest reflectivities. Also, the four minimum 

reflectivities of 2 dBZ and 3 dBZ occurred during a period 

of engineering changes to the TOGA radar on IOP day 16 (see 

also Figure 3.97). These changes included a temporary 

adjustment (which changed the calibration of the radar) in 

an effort to reduce the number of scans with linear noise 
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errors. The radar was adjusted again when the Low Noise 

Amplifier (LNA) was removed on IOP day 17 (TOGA Radar 

Logbook, 1993) . 

3.4 Maximum Reflectivity Comparison 

Figure 3.103 shows the maximum radar reflectivity for 

the TOGA versus the MIT radars for the 33 echoes in cruise 

1. For the weakest echoes, the MIT radar recorded maximum 

reflectivities 6-11 dB higher than the TOGA radar. Higher 

maximum reflectivities were recorded by the TOGA radar more 

frequently for maximum reflectivities above 40 dBZ than for 

lower maximum reflectivities. These higher TOGA maxima, 

when less than 5 dB higher than the MIT radar maximum 

reflectivities, were probably a better representation of the 

peak reflectivities because more bins per echo were sampled 

by the TOGA radar. When TOGA radar maxima exceeded the MIT 

radar values by more than 5 dB, the TOGA reflectivities were 

unrealistically high. These scans probably had bad noise 

samples (linear noise errors), allowing the recorded 

reflectivities to include noise. 

For cruise 2, Figure 3.104 shows the MIT radar maximum 

reflectivity higher than the TOGA radar for nearly all 

echoes. For the weakest echoes, the MIT radar maximum 

reflectivity was about 10 dB higher than the TOGA radar 

maximum reflectivity. The TOGA radar recorded higher maxima 

for 8 echoes, and the higher maxima for 7 of the are the 
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result of the TOGA radar sampling more bins per echo. The 

TOGA radar maximum reflectivity was 9 dB higher for echo 38 

and was probably the result of a linear noise error. 

Figure 3.105 shows the maximum radar reflectivity for 

the TOGA radar consistently higher than for the MIT radar in 

cruise 3, a striking difference from cruise 2. The TOGA 

radar was always at least 4 dB higher than the MIT radar 

with a maximum difference of 25 dB. These extreme maximum 

reflectivities recorded by the TOGA radar seem unrealistic 

and were probably due linear noise errors. These 

artificially raised the maximum reflectivities by as much as 

5-10 dB for the TOGA radar (Ferrier, 1993). 

Figures 3.103, 3.104, and 3.105 show large variations 

in maximum reflectivity between cruises. In cruise 1, 

maximum reflectivities were scattered along the 1:1 line. 

Most of the maximum reflectivities in cruise 2 were located 

below the 1:1 line (MIT radar higher), and in cruise 3, all 

the maximum reflectivities were above the 1:1 line. Because 

of large variations between cruises, further comparisons 

were made on a cruise by cruise basis. 

Maximum radar reflectivity was also compared to the 

range of maximum radar reflectivity. This comparison (not 

shown) showed no correlation between the two parameters. 
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3.5 Echo Top Height Comparison 

Echo top heights for the two radars were examined using 

as thresholds the minimum, 5, 10, and 15 dBZ reflectivity 

levels. The echo top height was obtained by assuming 

standard refraction in the atmosphere. With this 

assumption, the height of the radar beam can be obtained 

using the following equation (Rinehart, 1991) 

H = J ( r 2 + R 2 + 2 r R 1 sir:. ( ¢ ) ) - R 1 + H0 , (3. 3) 

where r is the radar slant range, $ is the elevation angle, 

R' = 4/3 R where R is the earth's radius, and H0 is the 

height of the antenna. Using the method of Gagin et al. 

(1985) in their study of summertime convective cells during 

the Florida Area Cumulus Experiment (FACE), echo top height 

was determined in three steps. First, the height of the 

bottom of the radar beam was calculated for the highest data 

bin. Next, the height of the bottom of the beam for the 

next higher antenna elevation angle directly above the 

highest data bin was determined. The echo top height was 

determined to be the midpoint between the bottom of the beam 

directly above the highest data bin and the bottom of the 

beam that recorded the highest data bin. 

Figures 3.106a-d show the comparison of echo top 

heights between the TOGA and MIT radars for thresholds of 
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the minimum, 5, 10, and 15 dBZ reflectivity levels, 

respectively, for cruise 1. Minimum reflectivity echo top 

heights are widely scattered around the 1:1 line. The 

extreme deviations in echo top heights were unrealistic. 

One possible cause was noise caused by truncation of the 

radar beam, a parameter set in the IRIS software (Ferrier, 

1993) . If echo top heights above 15 km are not considered 

in the analyses, Figure 3.106a shows that nearly all the MIT 

radar minimum reflectivity echo top heights were higher than 

the TOGA radar minimum reflectivity echo top heights. 

Since, the MIT radar measured weaker reflectivities than the 

TOGA radar, the difference in the minimum reflectivity was 

the probable reason for the difference in echo top heights 

-
(See Figure 3.97). 

Figure 3.106b displays the 5 dBZ echo top heights for 

cruise 1. As in Figure 3.106a, echo top heights above 15 km 

were the result of noise. The results below 15 km were 

again consistent with the minimum reflectivity results. The 

TOGA radar minimum reflectivities were above 5 dBZ in cruise 

1 (Figure 3.97), and the MIT radar recorded weaker 

reflectivities. 

The 10 dBZ echo top heights are compared in Figure 

3.106c. In this case, the TOGA radar displayed two points 

above 15 km, the result of noise. At the 10 dBZ threshold, 

there was better echo top height agreement between radars 

than for the previous two reflectivity thresholds. At 10 

144 



dBZ, the threshold generally exceeded the minimum 

reflectivity for the TOGA radar. 

In Figure 3.106d, the echo top heights were centered 

around the 1:1 line for the 15 dBZ threshold. The noise had 

been greatly reduced compared to Figure 3.106a, because 15 

dBZ was above the TOGA minimum reflectivity, allowing both 

radars to determine similar echo top heights. 

Cruise 2 echo top heights are shown in Figures 3.107a

d. Figure 3.107a shows that the MIT radar recorded higher 

echo top heights than the TOGA radar for the minimum 

reflectivity threshold. The large deviations from the 1:1 

line at the higher echo top height indicate that the MIT 

radar had noise in some data bins at the higher elevation 

angles. As for cruise 1, the comparison between the radars 

is consistent with the greater sensitivity of the MIT radar 

at lower reflectivities (see also Figure 3.98) as it 

recorded weaker reflectivities to greater heights. 

Figure 3.107b shows that the noise has disappeared for 

the 5 dBZ threshold for echo top heights. The MIT radar 

continued to record higher echo top heights because 5 dBZ 

was still below the TOGA radar minimum reflectivity (see 

also Figure 3.98). 

Figures 3.107c and 3.107d show the MIT radar with 

higher echo top height in most cases for 10 and 15 dBZ 

thresholds, respectively. These reflectivities are above 

the minimum reflectivity recorded by the TOGA radar. The 
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offset may also be related to other results (see Figure 

3.104) showing that the MIT radar recorded consistently 

higher reflectivities than the TOGA radar during cruise 2. 

Figures 3.108a-d show the echo top height comparison 

for cruise 3. The minimum reflectivity threshold (Figure 

3.108a) was very similar to cruises 1 and 2: widely 

scattered and weighted towards higher MIT radar echo top 

heights. The extreme echo top heights seen in the MIT radar 

data were the result of noise. Again, because the MIT radar 

recorded lower minimum reflectivities than the TOGA radar 

(Figure 3.99), the echo tops were higher. 

The 5 dBZ threshold comparison (Figure 3.108b) shows 

diminished noise except for one spurious MIT radar echo top 

height of 26.5 km (not shown). The echo top heights were 

scattered around the 1:1 line with a slight tendency towards 

higher TOGA radar echo top heights. 

Figures 3.108c and 3.108d show the echo top heights for 

the 10 and 15 dBZ thresholds, respectively, during cruise 3. 

Both figures show generally higher TOGA radar echo top 

heights because the TOGA radar recorded higher 

reflectivities during cruise 3 (Figure 3.105). Thresholds 

above 10 dBZ would be recommended for reducing noise in 

calculating echo top heights. 

Echo top heights were compared to sounding 

observations, and echo top temperatures were estimated for 

the 96 echoes. For consistency among cruises and to reduce 
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noise, 10 dBZ was used as a threshold. Cloud top 

temperatures were estimated from the sounding closest in 

time and space to the observed echo. Once the cloud top 

temperatures had been estimated, they were compared to 

maximum reflectivity and echo area. 

The TOGA and MIT radar echo top temperatures compared 

with the maximum reflectivities are shown in Figure 3.109. 

The echo top temperatures from echoes 15 and 21 recorded by 

the TOGA radar were not plotted because of erroneous echo 

top heights (see Figure 3.106c). Figure 3.109 shows that 

the warmer echo top temperatures occurred for echoes with 

the lower maximum reflectivities. A broad range of maximum 

reflectivities occurred for echo tops colder than -10°C for 

the TOGA radar echo top temperatures and a narrower range 

from the MIT radar echo top temperatures. The broad range 

seen with TOGA radar results (Figure 3.109a) was due to the 

large variations in maximum reflectivities recorded among 

cruises (see Figures 3.103, 3.104, and 3.105). 

Figure 3.110 shows the results of comparing the echo 

top temperature and echo area comparison for the TOGA and 

MIT radars using the 10 dBZ threshold. As in Figure 3.109, 

the two erroneous temperatures recorded by the TOGA radar 

during cruise 1 have been excluded. The comparisons show 

that the warmest echo top temperatures were generally 

associated with the smallest echo areas recorded by both 

radars. The TOGA radar echo areas between 200 km2 and 600 
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Figure 3.109. (a) TOGA and (b) MIT radar echo top 
temperatures versus maximum reflectivities for 94 echoes 
(echoes 15 and 21 excluded) . 
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Figure 3.110. (a) TOGA and (b) MIT radar echo top 
temperatures versus echo areas for 94 echoes (echoes 15 and 
21 excluded) . 
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km2 displayed no particular dependence on echo top 

temperatures and echo areas greater than 600 km2 showed some 

correlation of the larger echoes with the coldest echo top 

temperatures. The MIT radar echo areas over a broad size 

range displayed very little correlation with echo top 

temperatures. 

3.6 Echo Top Height and Sounding Comparison 
for Shallow and Deep Convection 

Many shallow convective cells with relatively high 

reflectivities developed over the IFA. To better understand 

the conditions under which these intense but shallow cells 

developed, atmospheric soundings for two shallow convective 

echoes were compared with a sounding for a deep convective 

echo. The examples of shallow convective echoes occurred on 

18 and 30 November. The deep convective echo was from 29 

January. The sounding closest in time and space was chosen 

to represent the state of the atmosphere for the time of 

each example. Figures 3.111 and 3.112 show the soundings 

for shallow convective conditions. The first sounding was 

from the PRC #5 (PSNOS) at 0600 UTC 18 November and was 

compared to echo 7 (Figure 3.7). Figure 3.112 depicts the 

atmosphere at 0000 UTC 30 November around the R/V Shiyan #3 

(PSEX3) and was compared to echo 33 (Figure 3.33). Figure 

3.113 shows the sounding for the deep convective case at 

1800 UTC 29 January from the R/V Moana Wave (PSMOA), which 
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Figure 3.111. Sounding from the PRC #5 (PSN05) at 0600 UTC 
18 November 1992. The solid lines indicate temperature and 
dew-point temperature, the dashed line indicates a dry 
adiabat, and the dotted line indicates a moist adiabat. 
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0000 UTC 30 November 1992. The solid lines indicate 
temperature and dew-point temperature, the dashed line 
indicates a dry adiabat, and the dotted line indicates a 
moist adiabat. 
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represented the atmospheric conditions during the time of 

echo 76 (Figure 3.76). 

The temperature profiles were similar in all three 

cases. The lapse rate was dry adiabatic to about 925 mb and 

approximately moist adiabatic above that level. The Lifted 

Condensation Level (LCL) was located around 925 mb and the 

Level of Free Convection (LFC) was slightly higher. 

All three soundings showed large positive energy (large 

positive areas) and very little negative energy (small 

negative areas) . If the parcel theory, which assumes very 

little mixing of the cloud with the environment, were valid, 

all three soundings would have supported deep convective 

cells considering the amount of positive buoyant energy. 

The significant difference between the shallow 

convective cases (Figures 3.111 and 3.112) and the deep 

convective case (Figure 3.113) was in the moisture profiles. 

On 18 and 30 November, significant moisture reached 700 mb 

with drier air above this level. On 29 January, the moist 

layer extended upward to around 300 mb. 

Echo 7 displayed an echo top height near 5.2 km (700 

mb) and echo 33 had an echo top height around 6.5 km (675 

mb) . In both cases, the echo top heights reached the lower 

portions of the drier air. Echo 76 achieved an echo top 

height around 12.1 km (275 mb). In this case, the drier air 

was slightly above the echo top. 
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The difference in moisture profiles can account for the 

difference in echo top heights if the shallow convective 

clouds deviated from the parcel theory and entrained drier 

air. This entrainment probably caused evaporation of the 

cloud droplets, and the air within the cloud cooled and 

became less buoyant, eventually causing cloud growth to 

cease. 

The depth of moisture may be related to the amount of 

echo coverage. For example, the echo coverage on 29 January 

(Figure 3.76) was more widespread than for 18 and 30 

November (Figures 3.7 and 3.33), days with small isolated 

echoes. Thus a deep moist layer may be an important factor 

in allowing deep convection to develop over large portions 

of the IFA. 

3.7 Rainfall Analyses 

Rainfall volume and mass were calculated for each echo 

assuming a 10 min time interval. The equation for the 

rainfall volume for a constant reflectivity level is: 

V=ARt, (3.4) 

where v is volume, A area of the data bin, R is rainfall 

rate, and t is the time interval of rainfall accumulation. 

The mass of water for an echo is given by: 
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M = p vI (3. 5) 

where p is the density of water. 

To determine the rainfall rate for a particular 

reflectivity value, a Z-R relationship must be used to 

convert reflectivity to rainfall rate. For this study, 

three different Z-R relationships were used to calculate the 

water volume and mass. The Z-R relationships chosen were 

representative of tropical convection from previous studies. 

The first Z-R relationship was determined by Hudlow et al. 

(1979) for tropical convection in GATE: 

Z = 230 Rl. 25 , (3. 6) 

where Z is radar reflectivity in mm6 /m3 and R is rainfall 

rate in mm/hr. The second Z-R relationship was determined 

for convective precipitation in Darwin, Australia (Short et 

al., 1992; Short et al., 1990): 

Z = 170 Rl. 47 • (3.7) 

The final Z-R relationship was derived from hurricane 

studies (Jorgensen and Willis, 1982) referred to below as 

JW, but determined to be representative of other types of 

tropical convection as well: 
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Z = 300 R1. 3s . ( 3 0 8) 

After the rainfall volume and mass were determined for each 

reflectivity level, they were added together, to determine 

the total rainfall volume and mass for the entire echo. 

Figures 3.114, 3.115, and 3.116 show the results of the 

rainfall volume comparisons between the two radars and among 

the three Z-R relationships for cruises 1, 2, and 3, 

respectively. The echo area from the MIT radar was used to 

align the comparisons. Each group of symbols (one set of 

shaded and unshaded symbols) along the vertical represents 

the results from one echo. 

The results of this comparison show a tendency for 

larger rainfall volumes to be associated with larger echo 

areas, accompanied by considerable scatter. For example, 

Figure 3.114 shows that echoes 5 (Figure 3.5) and 11 (Figure 

3.11) had approximately the same area but over a factor of 

two difference in rainfall volume. This suggests that 

echoes with small areas can vary significantly in amount of 

rainfall. 

The differences in rainfall volume between radars 

outweigh the differences between the three Z-R relationships 

by as much as an order of magnitude. Echo 5 (Figure 3.5) in 

cruise 1, echoes 47, 56, and 65 (Figures 3.47, 3.56, and 

3.65) in cruise 2, and echoes 76 and 89 (Figures 3.76 and 

3.89) in cruise 3 were examples of the large differences 
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Figure 3.114. Logarithm of rainfall volume versus logarithm 
of echo area for the MIT and TOGA radars for the 33 echoes 
in cruise 1 using the GATE, Darwin, and JW Z-R 
relationships. Points along the vertical represent one 
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between the two ships. This was consistent with other 

results which indicate large discrepancies in reflectivity 

between the two radars. 

Figure 3.114 shows the rainfall volume for the MIT 

radar to be greater than for the TOGA radar for most echoes. 

This was consistent with the maximum reflectivity 

comparisons, which showed the MIT radar with higher maximum 

reflectivities in cruise 1. Cruise 2, shown in Figure 3.115, 

has the same pattern as cruise 1. Figure 3.116 shows the 

TOGA radar with higher rainfall volume for all 22 echoes. 

The TOGA radar recorded higher reflectivity maxima (see also 

Figure 3.105) than the MIT radar and was consistently higher 

at most other reflectivity levels during cruise 3, which 

resulted in greater rainfall volumes. 

For all 96 echoes, the JW Z-R relationship (triangles) 

produced less rainfall volume than the GATE (squares) and 

Darwin (circles) Z-R relationships for both radars. The 

GATE Z-R relationship generated more rainfall than the 

Darwin Z-R relationship when there were a large number of 

higher reflectivity data bins within the echo. These 

differences were the result of the slopes and coefficients 

of the Z-R relationships. Figure 3.117 compares the GATE, 

Darwin, and JW Z-R relationships. The slope of the Darwin 

Z-R relationship is steeper than the slope of the GATE Z-R 

relationship. Because the slopes are different, the GATE 

and Darwin z-R relationships intersect at 31.1 dBZ. Below 
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31.1 dBZ, the Darwin Z-R relationship will yield more 

rainfall than the GATE Z-R relationship, and above the 31.1 

dBZ reflectivity level, the GATE Z-R relationship will yield 

more rainfall than the Darwin Z-R relationship for the same 

reflectivity. Therefore, if the rainfall within an echo 

were mainly due to reflectivities above 31.1 dBZ, the GATE 

Z-R relationship yielded more water. Although the slope 

(exponent) of the JW Z-R relationship lies between the other 

two slopes, the large y-intercept (small coefficient) 

produced lower rainfall for all but the highest 

reflectivities. 

Echo 5 and echo 11 in Figure 3.114 were examples of how 

the differences in reflectivities affect the amount of water 

volume produced by the different Z-R relationships . Echo 5 

was dominated by weaker reflectivities, and therefore, the 

Darwin Z-R relationship produced more water. Reflectivities 

in echo 11 were clustered above 31.1 dBZ which yielded more 

water from the GATE Z-R relationship. 

In most cases, the differences in water volume between 

the radars was much greater than the differences among the 

Z-R relationships. The MIT radar yielded more rainfall 

volume for most echoes in cruises 1 and 2 and less water in 

cruise 3 than did the TOGA radar. 
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3.8 Echo Area Comparisons 

3.8.1 Echo Areas Used for Reflectivity Comparisons 

In this section, the area measured using data from each 

radar was determined for all 96 echoes. Also, the area 

associated with each reflectivity value was compared between 

the two radars. The area for each was determined by using: 

(3. 9) 

where e is the angular resolution of the recorded data in 

degrees, r 1 is the outer range of the bin, and r 2 is the 

inner range of the bin. The areas of the data bins were 
-

grouped by reflectivity value. After the areas of all the 

bins were calculated, the total area of each echo was 

determined by adding the areas for the different 

reflectivity levels together. 

For each echo, the areas above a selected threshold 

reflectivity level were determined for each possible 

threshold (reflectivity contour) using each radar. That is, 

when the threshold reflectivity was set to the minimum 

recorded reflectivity, the area calculated was the entire 

area of an echo, and when the threshold reflectivity was set 

above the maximum reflectivity, the area was zero. 

After the area above each reflectivity threshold was 

determined for each echo, the results were compared between 
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radars, as shown in Figures 3.lc-3.96c. Each point plotted 

on these figures shows the comparison of reflectivity 

thresholds (contours) for the radars which produced the best 

agreement of areas above those thresholds~ For example, for 

points below the 1:1 line, the MIT radar recorded higher 

reflectivities for the same echo area, and vice versa for 

points above the 1:1 line. Points along the 1:1 line 

indicate the radars measured the same area with 

reflectivities greater than the threshold reflectivity. 

Examples of reflectivity differences between the radars 

for echoes 14, 49, and 90 are shown in Figures 3.118, 3.119, 

and 3.120, respectively. For reference, the entire area of 

these echoes are shown in Figures 3.14, 3.49, and 3.90, 

respectively. For echo 14 (Figure 3.118) in cruise 1, the 

area with reflectivities above 20 dBZ as measured by the 

TOGA radar most nearly matched the area above 25 dBZ 

measured by the MIT radar. This indicated the TOGA radar 

recorded reflectivities generally 5 dB lower than the MIT 

radar for values above 25 dBZ. The TOGA radar also recorded 

lower reflectivities than the MIT radar for echo 49 (Figure 

3.119) in cruise 2. In this case, the area with 

reflectivities above 19 dBZ as measured by the TOGA radar 

most nearly matched the area with reflectivities above 26 

dBZ as measured by the MIT radar, a 7 dB difference for 

reflectivities above 26 dBZ. The last example shows the 

TOGA radar 5 dB higher than the MIT radar when the TOGA 

169 



(a) 

(t>) 

Figure 3.118. PPI display of the (a) MIT radar echo area 
above 25 dBZ and the (t>) TOGA radar echo area above 20 dBZ 
for 2201 UTC 20 November 1992. See Figure 3.14 for the 
entire area of the echo 14. 
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Figure 3.120. PPI display of the (a) MIT radar echo area 
above 18 dBZ and the (b) TOGA radar echo area above 23 dBZ 
for 0321 UTC 09 February 1993. See Figure 3.90 for the 
entire area of the echo 90. 
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radar area above 23 dBZ threshold closely matched the MIT 

radar area above 18 dBZ. 

To summarize these comparisons, each echo was 

categorized based on the shape and location of the echo area 

comparison curve in Figures 3.1c-3.96c. Echoes were grouped 

into six categories. Table 3.1 shows the description of the 

each category and the results of the categorization for the 

three cruises. Examples of categories 1-6 are shown in 

Figures 3.18, 3.54, 3.48, 3.90, 3.77, and 3.89, 

respectively. The results show that reflectivities agreed 

between radars in only 14 of the 96 echoes, with 12 

occurring in cruise 1. In cruises 1 and 2, 70% of the 

echoes showed TOGA radar reflectivities 2-10 dB lower than 

the MIT radar values at most levels (category 2) . 

Categories 4 and 5 dominated in cruise 3. Except for the 

weakest reflectivities, the TOGA radar recorded higher 

reflectivities during cruise 3 than the MIT radar, as no 

echoes appeared in categories 1, 2, and 3. This was 

consistent with the comparison of maximum reflectivities 

from cruise 3 shown in Figure 3.105. 

Distinct changes in reflectivity patterns shown in the 

echo area comparisons resulted from changes made in the TOGA 

radar software and hardware. During cruise 1, the 

configuration of the TOGA radar changed on many occasions. 

For example, after the radar was recalibrated on 15 November 

(TOGA Radar Logbook, 1993), the reflectivity comparison 
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Table 3.1 Description of categories and results from echo 
area comparisons of reflectivity. 

Category 

l 

2 

3 

4 

5 

6 

Description 

TOGA and MIT radar 
reflectivities within 
2 dB of matching. 

TOGA radar reflectivity 
2-10 dB lower than MIT 
radar reflectivities. 

TOGA radar within 5 
dB of matching at high 
reflectivities and more 
than 10 dB lower than 
MIT radar at low 
reflectivities. 

TOGA radar within 2 dB 
. of matching at mid range 
reflectivities and 
more than 5 dB higher 
than MIT radar at high 
reflectivities. 

TOGA radar more than 5 
dB lower at low 
reflectivities and more 
than 5 dB higher than 
the MIT radar at high 
reflectivities. 

TOGA radar 5-15 dB 
higher at low 
reflectivities and more 
than 5 dB higher than 
MIT radar at high 
reflectivities. 
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changed from category 4 to 2. On 18 November the Linear 

Noise Amplifier (LNE) was removed and the reflectivity 

comparisons changed from category 1 to 2 (TOGA Radar 

Logbook, 1993) . 

Hardware failure was suspected for the category change 

in cruise 2. Echoes 34 and 35 (Figures 3.34 and 3.35) show 

good agreement between the radars. After 23 December, the 

TOGA radar recorded lower reflectivities until the end of 

cruise 2. A cracked duplexer tube is suspected of causing 

the change. 

During the port call between cruises 2 and 3, the 

duplexer tube was replaced and a 10 dB attenuator was 

replaced with a 6 dB attenuator in the TOGA radar. After 

the change, the TOGA radar recorded higher reflectivities 

during cruise 3. Variations in categories between echoes in 

cruise 3 were the result of modifications to the TOGA radar 

in efforts to reduce linear noise errors (TOGA Radar 

Logbook, 1993) . 

3.8.2 Total Echo Areas 

Comparisons of total echo areas for cruises 1, 2, and 3 

are shown in Figures 3.121, 3.122, and 3.123, respectively. 

As would be expected, the MIT radar detected more echo area 

than the TOGA radar because of its greater sensitivity at 

weak reflectivities. Also, the TOGA radar had relatively 

few data bins for reflectivities immediately above the 
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Figure 3.121. TOGA radar echo area versus MIT radar echo 
areas for 32 echoes in cruise 1, echo 10 is not shown. The 
straight diagonal line indicates the 1:1 line. The curve is 
fitted to the results. See text for details. 
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Figure 3.122. TOGA radar echo area versus MIT radar echo 
areas for 40 echoes in cruise 2, echo 65 is not shown. The 
straight diagonal line indicates the 1:1 line. The curve is 
fitted to the results. See text for details. 
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Figure 3.123. TOGA radar echo area versus MIT radar echo 
area for 21 echoes in cruise 3, echo 92 is not shown. The 
straight diagonal line indicates the 1:1 line. The curve is 
fitted to the results. See text for details. 
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minimum reflectivity. Reflectivity data above -5 dBZ were 

also thresholded by the LOG (the log receiver signal-to

noise ratio) and SQI (Doppler channel Signal Quality Index) 

The LOG level was determined by comparing the log channel 

power at each range to a Log Threshold Level (LTL), and the 

SQI examined the coherence of the Doppler power of the 

linear channel (SIGMET User's Manual, 1991). Data bins had 

to pass both checks before they were recorded. Data bins at 

the lowest reflectivities with low SQI values were rejected 

and those data bins were not recorded. It is believed that 

the coherence associated with the weakest reflectivities 

recorded by the TOGA radar was low and resulted in 

"dropouts" of some of those data bins. 

To interpret the differences in areas plotted in 

Figures 3.121, 3.122, and 3.123, a simple model was 

developed to fit the plotted points. The model assumed a 

circular echo and that the difference in areas was due to 

differences in minimum reflectivity and from thresholding of 

the TOGA radar. An effective radius was calculated from the 

area of each echo using both radars. It was assumed that 

the difference in effective radius between radars remained 

constant within a cruise. With these assumptions, the 

effective radius, rT~' for an echo using data from the TOGA 

radar was calculated using: 
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I TOGA = ( ATOOA) i 
1t 

(3.10) 

where r~ is the effective radius calculated for the TOGA 

radar. The effective radius, r~T' for an echo using the MIT 

radar data was calculated using: 

( AMIT) i 
IMIT = 

1t 
(3.11) 

The difference, ~ = r~T - rT0~, was attributed to lack of 

recorded data on the periphery of the echo observed by the 

TOGA radar. An averaged ~ was calculated for each cruise by 

-
averaging the differences between the MIT radar and TOGA 

radar effective radii for the echoes within each cruise. A 

few highly elongated echoes, echo 10, cruise 1 (Figure 

3.10), echo 65, cruise 2 (Figure 3.65), and echo 92, cruise 

3 (Figure 3.92) were not included in the calculations of 

this simple model. Cruise 1 had an average~= 1.94 km and 

a standard deviation of 0.88 km. In cruise 2, ~ = 4.68 km 

with a standard deviation of 2.22 km. Cruise 3 had an 

average~= 2.14 km with a standard deviation of 1.77 km. 

The difference in ~ between cruises was attributed to 

the types of convection over the IFA. In cruises 1 and 3, 

echoes selected were convective and had very little 

stratiform precipitation associated with them. The ~ in 
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these cruises was small because a large percentage of the 

data bins had reflectivities high enough to recorded by the 

TOGA radar. Cruise 2 had much larger areas of stratiform 

precipitation and small areas of convective precipitation. 

These echoes had a higher percentage of the data bins with 

weaker reflectivities contributing to the total area. 

Therefore, the MIT radar recorded much larger echoes because 

of its greater sensitivity, resulting in a larger ~-

The model was evaluated by plotting Eq. 3.11 for 

cruises 1, 2, and 3 (Figures 3.121, 3.122, and 3.123). 

Deviations from the model curve can be attributed to a 

variety of factors. Elongated echoes have larger perimeters 

than the same area for circular echoes (see Figures 3.10, 
-

3.65, and 3.92). The larger perimeters associated with the 

more elongated echoes allow for more data bins with weak 

reflectivities. Because the MIT radar was more sensitive to 

weak reflectivities, its radar echo are would exceed the 

TOGA radar echo area even more than the average amount for 

noncircular echoes. 

Another reason for the scatter in area was from echoes 

oriented along an azimuth in the MIT radar data. This 

caused the echoes to be spread over larger areas than the 

actual size. Rosenfeld et al. (1993) developed a model to 

quantify the increase in area due to spreading of echo over 

the entire beam and concluded this would have a significant 

impact on echo areas, especially small areas. The MIT radar 
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recorded a 1.55° beamwidth of data every 2° in azimuth 

during most of the IOP. The area of the echo, when spread 

over 2°, could be larger than the actual area by a 

significant amount for some echo orientations. This effect 

might overestimate radar derived rainfall by spreading 

reflectivities over a larger area (Wolff, 1993). 
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CHAPTER IV 

CONCLUSIONS 

The purpose of this study was to compare the 

reflectivity data from the TOGA and MIT radars during TOGA 

COARE and to quantify differences between the radars. A 

similar study was performed by Hudlow et al. (1979) for the 

GATE radar data. In this study, data bin by data bin 

analyses of the reflectivity data were performed for 96 

isolated echoes located along a line equidistant between the 

TOGA and MIT radars. These analyses were performed to 

provide intercomparison data for the radars. 

The MIT radar recorded lower minimum reflectivities 

than the TOGA radar during all three cruises. Differences 

in minimum reflectivity were highly dependent on the range 

of echoes. The largest differences in minimum reflectivity 

were seen in cruise 1, and the smallest differences were 

seen in cruise 3. Minimum reflectivities were dependent on 

the configuration of the radars. For example, the longer 

waveguide on the TOGA radar was one reason for the reduced 

sensitivity. Also, a 5 dB loss in sensitivity may have been 

the result of a cracked duplexer tube (Thiele, 1993), which 

was replaced after cruise 2. Maximum reflectivity 

comparisons showed the MIT radar with slightly higher maxima 

in cruises 1 and 2 except for maxima above 40 dBZ. Above 

this level, the TOGA radar recorded higher reflectivity 
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maxima in most cases. This is explained by the fact that 

the TOGA radar collected twice as many data bins for most 

cases because it recorded with twice the azimuth resolution 

as the MIT radar, making it more likely to detect the peak 

reflectivities. Maximum TOGA radar reflectivities more than 

S dB higher than the MIT radar were probably due to 

engineering problems with the TOGA radar. In cruise 3, the 

TOGA radar recorded maximum reflectivities at least 4 dB 

higher than the MIT radar. This occurred after the 

replacement of the cracked duplexer tube in the TOGA radar 

and a 10 dB attenuator and was replaced by a 6 dB 

attenuator. Again, these values (maximum reflectivity of 

69.5 dBZ) were unrealistic. 
. 

The examination of echo heights for the minimum 

reflectivity threshold showed noise in some of the highest 

data bins. The noise was possibly caused by truncation of 

the radar beam, a parameter set in the IRIS software. By 

the 10 dBZ threshold, most of this noise had been 

eliminated. Echo top heights showed some correlation with 

maximum reflectivities with the higher maximum 

reflectivities associated with higher echo top heights. 

Echo top temperatures for the 10 dBZ echo top heights 

were compared with maximum reflectivity and echo area. Both 

radars showed that the echo top temperatures were not 

correlated with maximum reflectivities or with echo areas 

except that the very warmest temperatures were associated 
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with the weakest maximum reflectivities and the smallest 

echo areas. Otherwise, maximum reflectivities and echo 

areas were found at a variety of echo top temperatures. 

This result indicated that various sizes of intense cells 

displayed a variety of echo top temperatures (and heights) . 

Shallow but intense convective echoes were examined and 

compared with a deep convective echo. Using data from the 

closest atmospheric sounding in time and space, the shallow 

convection had similar temperature profiles to the deep 

convective case. The significant differences among the 

soundings were the moisture profiles. The two days with 

shallow convection had a layer of drier mid-level air, which 

may have hindered cloud growth by evaporation and cooling, 

' in contrast to the presence of significant moisture to high 

levels for the deep convection case. 

The GATE, Darwin, and JW Z-R relationships were used to 

calculate rainfall volume for the echoes. These results 

were compared between the two radars and showed the rainfall 

volume could differ by an order of magnitude between the two 

radars while the Z-R relationships had much smaller 

differences. The JW Z-R relationship resulted in the 

smallest amount of rainfall. The rainfall volume from the 

GATE and Darwin Z-R relationship varied depending on the 

distribution of reflectivities within the echo. Because 

slopes and the coefficients of the two Z-R relationships 

were different, they intersected at 31.1 dBZ. Below this 
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level, the Darwin Z-R relationship produced more water, and 

above 31.1 dBZ, the GATE Z-R relationship yielded more 

water. 

Comparisons of echo areas between the radars showed 

differences in mid-range reflectivities. Based on echo area 

comparisons for cruise 1, the TOGA and MIT radar 

reflectivities matched for 36% of the echoes and 54% of the 

echoes showed the MIT radar 2-10 dB higher for most mid 

reflectivities. Comparisons in cruise 2 indicated the MIT 

radar reflectivities were 2-10 dB higher for 80% of the 

echoes. Cruise 3 contrasted with cruises 1 and 2 in that 

all the echo area comparisons showed the TOGA radar higher 

than the MIT radar for all mid range reflectivities. The 

significant changes in reflectivity among cruises was 

probably due to engineering changes to the TOGA radar . 

Overall, echo area comparisons showed the MIT radar 

recorded more echo area than the TOGA radar by measuring 

weaker reflectivities. It is believed that the coherence 

associated with the weakest reflectivities recorded by the 

TOGA radar was low and resulted in "dropouts" of some of 

those data bins. Echo area differences were compared using 

a simple model. An effective radius was calculated for the 

area of each echo using both radars. The model assumed the 

echoes were circular and the differences in area were from 

differences in minimum reflectivity and dropouts due to 

thresholding. Deviations from the model were from highly 

186 



elongated echoes and for echoes oriented along an azimuth of 

the MIT radar. The elongated echoes had more perimeter for 

weaker reflectivities than the more circular echoes and the 

latter effect caused the echo area to be spread over a 

larger area than its actual size. 

In this thesis, it was shown that there were 

significant differences in the measured reflectivities 

between the two radars. Before accurate rainfall 

measurements from the radar data can be made, corrections 

will have to be applied to the data. These corrections have 

to account for linear noise errors, power lost due to the 

cracked duplexer tube, and changes made in the radar 

calibration. Once the corrections have been applied, an 

appropriate Z-R relationship will have to be determined 

using aircraft drop-size distribution data and optical 

raingage data. When a Z-R relationship can be applied to 

the reflectivity data and an accurate measurement of 

rainfall can be estimated, the results will contribute to a 

major objective of the ocean-atmosphere component of TOGA 

COARE. 
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