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ABSTRACT 

Determining moisture and heat budgets for the entire atmosphere remains one of 

the biggest challenges in modem day meteorology. In order to accurately determine 

these values, it is important for meteorologists to gain insight into the convective and 

stratiform activity occurring over the world's oceans, which cover approximately three-

fourths of the surface. Little is known about such tropical events due to the lack of data 

collection because of its associated difficulties over the oceans. 

This thesis examines a signifícant precipitation event over the central Pacific 

slightly north of the equator. The purpose is to compare the nature of the convective and 

stratiform events to past research in this area. By determining the specifics of this event 

and its similarities and differences to past events over the tropical oceans, researchers can 

more accurately speculate as to whether or not tropical oceanic precipitation can be 

treated as the same throughout or if it differs from region to region. 

This case differs in many aspects in its evolution from past research, prompting a 

simple, new model to be created based solely on the observations of the event. 
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CHAPTERI 

INTRODUCTION 

1.1 Background 

Research and analysis of tropical meteorology over the Earth's oceans has been 

relatively uncharted territory in atmospheric science. The lack of weather stations and 

subsequent lack of data retrieval from these areas has limited the store of information 

meteorologists have coUected in the tropics from its weather systems. Consequently, 

prediction of weather events using forecast models and analysis techniques are limited by 

the unfortunate impracticality of creating a higher resolution network for data retrieval. 

However, projects fimded through universities and govemment agencies allow for some 

research to take place over the tropical oceans where meteorology is still somewhat of a 

mystery. 

The TRMM KWAJEX (Tropical Rainfall Measuring Mission-Kwajalein 

Experiment), which took place in the summer of 1999, was one such event designed to 

achieve a better understanding of tropical meteorology over the oceans. This project was 

designed to validate a state-of-the-art satellite that measures rainfall over the tropical 

latitudes. Derived rainfall amounts wiU serve the purpose of giving meteorologists more 

accurate values of parameters for heat and moisture budgets, which in tum will shed 

some light on overall circulations in the global atmosphere. 

Part of KWAJEX consisted of collecting dual-Doppler weather radar data for an 

area near the Kwajalein Atoll in the Republic of the Marshall Islands. Other data 

retrieval endeavors consisted of a sounding network, a tethersonde for boundary layer 

and surface flux measurements, aircraft missions through convectively active areas 

covered by the Doppler radars and profílers, disdrometers, and rain gauge measurements. 

1.2 Kwaialeín Atoll 

Kwajalein Island, with dimensions of approximately one-half mile wide and two 

and one-half miles long, is the largest island in the Kwajalein Atoll located at its southem 



tip at 8.72°N 167.73°E (Figure 1.1). It has very little topography. Based on past 

measurements at the island, Kwajalein receives its maximum rainfall during the late 

summer months (Figure 1.2). Temperatures rarely fluctuate greatly during the daytime 

with an average high of 87°F and a nighttime low of 78°F. Relative humidities remain 

high with little diumal or seasonal variation. The region is dominated by trade winds 

from the ENE at 15 knots during periods without signifícant rainfall. Precipitation events 

produce downdrafts and outflow boundaries that may alter the winds. 

1.3 CurrentStudv 

This paper will examine a signifícant rainfall event near the atoll that began as a 

highly convective event and ended in the dissipation of a large stratiform region with a 

rather short transition period between the two using a Doppler radar analysis. Three 

different regimes of precipitation will be examined. The fírst category of precipitation in 

this paper is single convective cells that do not become cores in line echoes. The second 

category is convective cells that form line echoes before decaying. The fínal category is 

the stratiform precipitation that occurs at the end of the event. The images used in this 

study come from a C-band Doppler radar located aboard the NOAA R/V Ronald H. 

Brown which was located approximately 40 km south of Kwajalein Island (Figure 1.3). 

The event had a duration of approximately 11.5 hours, a typical length as documented in 

previous events (Houze and Cheng 1977). This particular case began at 1530 UTC 11 

August 1999 and ended at 0500 UTC on 12 August 1999 (all times from this point 

forward are in UTC). The local time is 12 hours ahead of UTC, putting the start of the 

event at approximately 3:30am. 

Data presented in the thesis from the C-band Doppler radar consists of the lowest 

angle PPI images (Planned Position Indicator), cross-sections through signifícant areas of 

convection, echo top heights, and radial velocities. The ZEBRA software package is 

used to produce these images, from the raw radar data after interpolation. Special care 

will be taken to compare this event to typical precipitation pattems in other tropical 
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mesoscale convective systems as analyzed by Doppler radar. In particular, this event is 

compared to the conclusions obtained from other tropical convective events during 

GATE (Global Atmospheric Research Program (GARP) Atlantic Tropical Experiment). 

Leary and Houze (1979) analyzed four stages in the life cycle of organized tropical 

convection. These stages (formative, intensification, mature, and dissipation) occur 

v^thin a line of convection where the four stages are evident as seen in a cross section of 

the mature tropical squall line (Figure 1.4). The leading edge of the tropical squall line 

consists of the formative stage of development of convective cores vyåthin the line. Just 

rearward from the leading edge is the intensifying stage of development, with strong 

echoes dominating, but still distinguishable in terms of their separate cores. Further back 

from the leading edge are cores in their mature stage. At the back edge is the trailing 

stratiform region, where the echoes that formed at the beginning of the life cycle decay. 

Features of tropical convection that are not aligned in a line echo pattem tend to 

exhibit features documented by Houze and Cheng (1977). The authors made two solid 

correlations. First, smaller echoes existed for a shorter period of time than the larger 

echoes. As the size of the echo area increased, the lifetime of the echoes increased as 

well. Also, smaller echoes occurred more frequently than larger echoes. The average 

lifetime of the echoes documented in the paper by Houze and Cheng was 88 minutes. 

They noted that the smallest echoes formed and dissipated without the interaction of 

other features. As the echo size increased, there was a tendency for echo splitting and 

merging to occur. This ultimately would alter the durations of these features from those 

of the original echoes. Second, Houze and Cheng examined echo top heights. A strong 

correlation was made between echo area and echo top height. As the echo area increased, 

the echo top height would increase significantly. Smaller line echo pattems showed echo 

top heights of approximately 5km, while more robust lines had echo top heights 

extending up to 10 km in the atmosphere. 
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CHAPTERII 

DATA 

The primary sources of data for this study were the C-band Doppler radar, an S-

band profiler, and various rain measuring devices. 

2.1 The C-band Doppler Radar 

The C-band Doppler radar on the research vessel RonaldH. Brown was located 

approximately 33 meters above the water level. It had a wavelength of 5.36 cm and 

operated at a pulse repetition frequency of 1000 Hz with a pulse duration of 0.8 

microseconds for the volume scans. The relatively low PRF tended to increase the 

unambiguous range, but decrease the unambiguous velocity. The shorter wavelength of 

the radar unfortunately exposed it to the problem of attenuation during heavy rain. A 

larger radar could not be used due to the size of the antenna and the danger of capsizing 

the vessel with a higher center of gravity. The C-band radar had a beamwidth of 0.95° 

and an elevation range of 0.4° to 85°. The elevation angle was kept nearly constant 

despite the pitching and rolling of the ship by an inertial dampening unit, which worked 

very successfully. The fluctuation of the elevation angle was ±0.1° with only a few 

isolated instances in which the fluctuation was 0.2°. The radar relied on a SIGMET 

processor and used the IRIS software version 7.05. 

The C-band Doppler radar provided the main source for the data in this thesis. 

Reflectivity images showed lives of convective cells and lines throughout the period of 

the precipitation event. The data from the images was compared to similar studies of 

mesoscale convective systems from past experiments. The C-band radar data is 

supplemented by two other sources of data to accurately research and document the 

occurrences of 11-12 August 1999. 
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2.2 The S-band Profiler 

The S-band profíler operated at pulse lengths of 495 meters and 60 meters. The 

display on the S-band profíler gave three products in a vertical cross section: the 

reflectivity, the radial velocity, and the spectmm width. The reflectivity product gave a 

representation of the vertical stmcture of the system based on reflectivities of the 

hydrometeors. The radial velocity measurements on this vertically pointing radar largely 

represented the velocities of hydrometeors either towards or away from the radar. This 

gave insight to the character of the precipitation observed at the ship. The last product 

output was the spectrum wãdth, a semi-Gaussian distribution of radial velocities detected 

by the profíler. It represented a statistical breakdown of the radial velocities based on the 

mean radial velocity. The S-band profíler data gave insight into the different categories 

(convective and stratiform) of precipitation in this event. 

2.3 RonaldH. Brown Rain Gauge Network 

The RonaldH. Brown was equipped with several different rain gauges located at 

various positions on the vessel. These rain gauges ranged fi-om the traditional tipping-

bucket style rain gauge to an optical rain gauge. The RM Young tipping-bucket style rain 

gauges could coUect up to 50mm of precipitation, dump the contents, and begin fílling 

once again until the 50mm threshold is reached. The optical rain gauges could measure 

rainfall rates directly based on drop sizes. Larger and more numerous drops detected by 

the optical rain gauges reflected a greater rainfall rate. The locations of the rain gauges 

on the RMB are determined to measure rainfall rates without a bias or a prejudice from 

ship orientation and other factors such as wind direction, obstacles on the ship itself, or 

elevation. To accommodate these factors, gages were placed on both the port and 

starboard sides, at the bow and stem, and on different decks above the waterline. Data 

from four rain gauges, three RM Young and one optical, are used in this paper. The 

purpose of the rain gauges is to assist in the identification of the convective, transition, 

and stratiform periods of this event. 



2.4 Data Processing 

Images were constmcted at a level of 1.5 km from the C-band Doppler radar raw 

data using a computer program. The range of each CAPPI (Constant Altitude Planned 

Position Indicator) is 150km from the center of the radar, and has a grid spacing of Ikm 

in the horizontal. This grid spacing was the maximum resolution the workstation could 

produce due to large file sizes. In the program, the files are converted from polar 

coordinates to Cartesian coordinates. The Cressman weighting fianction (Cressman 1959) 

was then used to interpolate data points in the vertical where tme data points were absent 

based on the scan strategy. The Cressman weighting function was used to create data 

points 1.5 km apart. A weight was applied to this grid point based on all of the observed 

values within a specifíed radius of the grid point. The weight was determined by the 

distance from all of the observed data points vyãthin a specifíed radius, which was itself 

determined by the horizontal distance of the grid point from the radar. The ZEBRA 

software package took these fíles and converted them into images. All reflectivity 

images were CAPPIs and all cross-sections have values interpolated in the vertical 

between data points. 

10 



CHAPTER m 

EVENT OVERVIEW 

Pinpointing a beginning time for the event was not simple. Single cellular 

convection actually began to occur in the region covered by the RHB's C-band radar 

approximately 8 hours before 1530 on 11 August. The starting time of 1530 for the event 

was based on a "suffícient" amount of echo area coverage in quadrants 11 and III of the 

radar image. Radar quadrants were 1,11, III, and IV, starting in the NW quadrant and 

progressing clockwise to the SW quadrant. These two quadrants were chosen because 

the echoes tended to move in a general east to west direction. This allows for the 

maximum amount of analysis possible for each echo. Echo trends prior to 1530 exhibited 

the same pattems to be discussed conceming the fírst few hours of the event. 

The beginning hours of the event were marked by the dominance of single 

convective cells that sprang up rapidly in quadrants II and III after 1530. The 

characteristics of these single convective cells included a relatively short lifetime (less 

than 60 minutes), very few mergers of echoes, very few splitting of echoes, and only a 

few, weakly developed line echo formations. This phase of the entire event lasted 

approximately five hours, although it could have been shorter. Ambiguity in the ending 

time for the fírst phase was caused by a lack of radar data from both the C-band and S-

band radars starting at approximately 1841, when the C-band Doppler was shut down as 

the ship approached Kwajalein Island for a medical emergency. Regulations at the 

Kwajalein Missile Range on Kwajalein Island prohibit the operation of the radar within 

short distances of their defense radars. 

The general classifícation of the precipitation in Phase 1 as individual convective 

cells was based on CAPPI reflectivity values was supported by two other sets of data. 

The fírst set of data came from the S-band Profíler, also located on the RHB. This was 

analyzed using reflectivities, radial velocities, and spectral widths. The rain gauge data 

from the ship also support the classifícation of the echoes as convective. 
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Development of the cells was rapid in phase one, whereas decay occurred more 

slowly. The result was a general increase in area echo coverage that included the 

decaying stratiform precipitation from dying cells. Despite the inclusion of the stratiform 

precipitation in the echoes, the region continued to be dominated by convective cells. 

Phase 2 of the event began at 2000, the time at which the C-band radar came back 

online. This phase was defíned as the period in which line echoes dominated the region. 

The amount of convection occurring increased dramatically during this time period wdth 

the echo area coverage rapidly approaching its maximum for the entire event. The 

merging of cells was frequent during this time, causing the line echoes to form, thus 

increasing the lifetime of each individual echo once the merger took place. Line echo 

formations exhibited the longest lifetimes of the convective echoes. The fírst of the line 

echoes formed at 2036. Reflectivity values reached a maximum of 55dBZ in individual 

cores and throughout the lines during Phase 2. The peak of the convection, defmed in 

terms of echo area coverage with a threshold of 45dBZ occurred at 2130, and the end of 

Phase 2 occurred at 2320. 

Phase 3 of the event was a relatively short window of 20 to 30 minutes beginning 

at 2320, which was classifíed as a transition period. During this period, convective cells 

stiU existed, although the overall decay of the convective cells occurred at a faster rate 

than the production of new convective cells. The region was cluttered with an abundance 

of stratiform precipitation left over from the convection from Phases 1 and 2. The 

appearance of a bright band also characterized the transition as well as a decrease in the 

rainfall rates observed by the rain gauges. At the end of the transition period, 

reflectivities less than 40 dBZ dominated the region, especially in quadrants II and III. 

This value may be low because of radome attenuation at the C-band Doppler radar in 

precípitation. 

Stratiform echoes were abundant during Phase 4 starting at 2347 and continued to 

0500 12 August. This precipitation was defíned by weak horizontal gradients of 

reflectivity and a strong bright band observed by the S-band profíler. Rainfall rates 

gathered by the ship's rain gauges support the weak horizontal gradients in the reflectivity 

12 



by exhibiting nearly constant rainfall rates. Stratiform precipitation covered the region 

without any noticeable gaps in echo coverage. A slow decrease in the reflectivities and 

the rainfall rates throughout Phase 4 continued until the event ended at 0500. 

Cell motion was difficult to decipher from this radar data set due to the ship's 

motion as it moved off station towards Kwajalein Island, and subsequently back onto 

station. 

At 0500 on 12 August, the event analyzed in the following chapter ended with the 

complete dissipation of the large stratiform region of precipitation that had dominated the 

region for the previous 5 hours. 

13 



CHAPTERFV 

ANALYSIS 

4.1 Phase 1 

Phase 1 of the event, as noted in chapter III, was signifíed by spotty, mainly single 

cellular convection. This trend lasted for neariy 5 hours, based on the starting time of 

convection. Figure 4.1 shows a CAPPI (Constant Ahitude Planned Position Indicator) 

image from the 1541 volume scan, demonstrating the general nature of the radar echoes 

during Phase 1. Focusing on quadrants II and III, the convection occurring at these 

beginning stages possessed characteristics of small echo cores and little stratiform 

precipitation. The echoes near the outer limits of quadrants I and IV were not included in 

this study since they were the remnants of an earlier event. Lifetimes for the smaller cells 

were relatively short (anywhere from 30 minutes to 90 minutes), compared with the 

overall trend of all of the convection during the event. Most of the cells appear to evolve 

independently during Phase 1. Those echoes that did not interact with other echo features 

developed and decayed quickly. Cells that formed lines or merged with other cells 

extended the overall lifetime of the feature signifícantly in two ways. The first involved 

the lifetime of the core(s). This time increased from approximately 60 minutes to up to 

140 minutes, with the longer times corresponding to larger sizes of the line or group of 

cells. Secondly, the remnants of a feature with a larger area produced stratiform 

precipitation well after the core(s) were no longer the dominant aspect of the echo. 

The dominance of convection during Phase 1 was supported by the data from the S-band 

profíler and the rain gauge data from the ship. Convective precipitation was defined by 

Houze (1993) in terms of vertical velocities. The precipitation particles must attain the 

vertical velocity threshold of 1-10 m/s, and must exceed the terminal velocities of ice and 

snow. Figure 4.2 shows the three-plot display of reflectivity, radial velocity, and spectral 

width. Before 2000, reflectivity values fluctuated signifícantly and exhibited a large 

range of values. This supported the claim of convective dominance during Phase 

14 
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Figure 4.1. CAPPI reflectivity image for 1541UTC 11 August 1999. 
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1. Horizontal gradients of reflectivity inferred from S-band profíler data were steep, 

shown by the rapid changes in the reflectivity values. Radial velocities, which ultimately 

reflect drop sizes of the hydrometeors, also exhibited rapid variations throughout the fírst 

few hours. Spectrum width, examined in correlation with the radial velocities, 

represented the quasi-Gaussian distribution of the radial velocities of the S-band profíler. 

Each color in Figure 4.2 represents one standard deviation fi-om the mean radial velocity. 

The spectral vsádth graph represents the positive side (approximately 34%) of one 

standard deviation. A time on the graph with a larger spectral width corresponds to the 

precipitation having a large range of radial velocities, reflecting the wide variation of 

sizes of the precipitation particles. 

4.1.1 Feature A 

One of the cells observed in Phase 1 exhibits a life cycle that is characteristic of 

both continental mid-latitude and tropical multi-cellular convection. Figure 4.3 is a 

zoomed image of the 1541 CAPPI in quadrant II. This cell began as a single core echo 

with a very small echo area and a reflectivity maximum of 32.5 dBZ. The next volume 

scan showed a secondary core developing within the feature. The initial core then had a 

reflectivity maximum approaching 40 dBZ and a new core developing to the north with 

an enhanced core. At 1605, the cell to the north then became the mature cell vsáth a 

reflectivity maximum of 42.5 dBZ. The initial cell still maintained its relatively high 

reflectivity, but the small increase in echo area coverage that was observed at 1548 had 

considerably lower reflectivities, indicating that the initial cell was past the mature stage 

of the single-cell convective life cycle. Figure 4.4 shows the basic formation of a muUi-

cell convective event Feature A typifíes. At 1624 (Figure 4.5), the multi-cell convective 

echo had developed a third core. The second was still dominant, and the fírst barely 

maintains a reflectivity over 30 dBZ. Looking at a cross-section of these three cores in a 

north-south orientation (Figure 4.6) gives the impression that this convection was not as 

strong as in continental-type, mid-latitude multi-cell events. The newest cell, located at 

the left of Figure 4.6, was not quite in its mature stage, whereas the middle feature 
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Figure 4.3. Zoomed CAPPI reflectivity image for 1541UTC 11 August 1999. 
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Figure 4.4. Schematic of a multi-cell thunderstorm for a continental mid-latitude feature. 
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Figure 4.5. Zoomed CAPPI reflectivity image for 1624UTC 11 August 1999. 
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Figure 4.6. Vertical cross-section of reflectivity for Feature A at 1624UTC 11 August 
1999. 
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appeared to be dominant. The higher reflectivities extended to a higher altitude, leading 

to the conclusion that the middle cell was in its mature stage at this particular volume 

scan. The highest reflectivities over 32.5 dBZ did not extend higher than approximately 

4 km. The diameter of the cores (using a threshold of 32.5 dBZ) was relatively modest as 

well, with the mature cell having the largest diameter of roughly 8 km. 

Figure 4.7 shows the condition of the multi-cell feature at 1648. The mature cell 

and the developing cell at 1624 had merged to form one solid core of reflectivity not 

exceeding 37.5 dBZ. The new, larger cell has become a more robust feature at this point, 

and the decaying initial cell had (surprisingly) regained some defínition. The new mature 

core had increased in diameter to approximately 11 km as seen in the cross-section 

oriented north-south in Figure 4.8 for 1648. The higher reflectivities extended upwards 

well past 4 km. The resurgence of the initial cell was seen not only in the reflectivity 

pattem, but also in the heights to which the higher reflectivities reached. 

By 1705, the echo area of the feature had increased signifícantly, and well-defíned 

multi-cell convection was depicted by the CAPPI image for this time (Figure 4.9). A 

signifícant reflectivity maximum of 47.5 dBZ was observed at this time, and a new cell 

had formed to the northwest of this max. The core diameter of the mature cell in the 

image remained at approximately 11 km, and the stronger reflectivities extended higher 

than 4 km in the atmosphere, as described in the north-south oriented cross-section for 

1705inFigure4.10. 

After 1705, the multi-cell feature lost its crisp line-type structure, and was 

dominated by the formation of new cells in a cluster formation. Figure 4.11 shows the 

1736 CAPPI in which several mature cores in a decently defíned line were then 

accompanied by the birth of new cells in the vicinity of the line. Figures 4.12 and 4.13 

show the evolution of the feature as it lost its linear characteristic, and became nearly 

indistinguishable on account of all the new cells. The feature cannot be tracked after this 

point because the radar was shut down. 

22 



11-aug-1999,16:49:00 Zebra projection: Brown_3d.left maxdz 
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Figure 4.7. Zoomed CAPPI reflectivity image for 1648UTC 11 August 1999. 
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Figure 4.9. Zoomed CAPPI reflectivity image for 1705UTC 11 August 1999. 
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Figure 4.10. Vertical cross-section of reflectivity of Feature A for 1705UTC 11 August 
1999. 
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Figure 4.11. Zoomed CAPPI reflectivity image for 1736UTC 11 August 1999. 
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Figure 4.12. CAPPI reflectivity image for 1829UTC 11 August 1999. 
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Figure 4.13. CAPPI reflectivity image for 1841UTC 11 August 1999. 
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4.2 Phase2 

Phase 2 of the event, beginning at 2000, was characterized by a signifícant 

increase in the echo area coverage of the C-band Doppler radar. The increase in area 

coverage included cores vsdth noticeably higher reflectivity maxima, with a few 

exceeding 52.5dBZ. S-band profíler data (Figure 4.2) and rain gauge data from 2000 to 

2320 helped support the claim that the event was stiU convective in nature for the reasons 

discussed for Phase 1. Complications arose at this point in categorizing the specifíc 

echoes as clusters, single cells, mergers, or lines because of the sheer number of echoes 

observed and the lack of space between them. Figure 4.14 iUustrates this dramatic 

increase in echo area coverage between Phase 1 and Phase 2. Examining the large-scale 

aspect of the image showed that line echo pattems were becoming more and more 

common as the event progressed through its life cycle. 

Step 1 in the Leary and Houze (1979) model for tropical mesoscale convective 

feature development was the formation of a tropical line echo pattem perpendicular to the 

low-level wind flow while moving in the same direction as the winds aloft. Figure 4.15 

is the 2105 CAPPI image shovsáng several distinct line echo pattems observed during 

Phase 2. However, these line echoes differed in their orientations signifícantly from line 

to line. If in fact these lines were forming perpendicular to the low-level wind flow, then 

the low-level wind varied widely across the 150 km radius of radar coverage. One 

possible mechanism for the difference in the wind fíeld at the low levels would be the 

presence of outflow boundaries from previous echoes. 

The second stage of development was dominated by an overall intensifícation of 

the system. Two things occurred in this particular stage. First, new cells developed out 

ahead of the line of initial convection, forming a two-core width of the hne. During 

Phase 2 of the 11-12 August event, the trend was for the line echoes to maintain their 

initial sets of cores as the dominant feature throughout the lifetime of the convective line. 

The second set of cells did not develop in all but one of the line echo pattems in Phase 2. 

Also, as noted by Leary and Houze, the initial line of convection fílls in lengthwise to 
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Figure 4.14. CAPPI reflectivity image for 2017UTC 11 August 1999. 
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Figure 4.15. CAPPI reflectivity image for 2105UTC 11 August 1999. 
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form one broad band of reflectivity maxima, making the initial cores indistinguishable. 

This was very apparent in the line echo pattems during Phase 2. Figure 4.15 contains 

four line echo pattems that were closely examined to verify the developmental trends of 

the system. 

4.2.1 FeatureC 

Feature C was located at azimuth 95 degrees approximately 95 km distant ft-om 

the C-band radar aboard the RonaldH Brown. Figure 4.16 is the CAPPI image from 

2041 showing the location of Feature C, and Figure 4.17 is a zoomed image of Feature C 

at the intensifícation stage of the four-stage evolution process. The line was rather small 

in length, approximately 30 km, but was arguably the most impressive feature of this 

particular case study. At 2041, the feature had two impressive cores with reflectivities 

greater than 42.5 dBZ, which continued to strengthen. Looking at a north-south oriented 

cross-section of this feature (Figure 4.18) showed two interesting characteristics. The 

smaller cell on the northem side of the feature contained a core with reflectivities 

stretching higher into the atmosphere on average than either the southem core or Feature 

A from Phase. The 32.5dBZ threshold of values extended to approximately 5 km in the 

atmosphere, whereas the southem core, which had a higher maximum reflectivity, had a 

generally lower echo top height for the 32.5 dBZ threshold, located at slightly less than 4 

km. However, there was a small spike in the cross section with a 2 km length in which 

the 32.5 dBZ threshold actually surpassed the northem core height up to nearly 6 km. 

The view of Feature C in Figure 4.19 at 2053 showed the intensifícation stage at its 

extreme with respect to the solidifícation of the main Hne of convection. The two 

separate cores were barely distinguishable at this time, and the distance between both 

cores had diminished. Reflectivities were increasing as well, with maximum 

reflectivities in both cores at 47.5 dBZ. Looking at a cross section of Feature C at 2053 

(Figure 4.20) showed that the heights of the 32.5 dBZ reflectivity contour (the fírst 

brownish color in the reflectivity scale) were constant throughout the Hne and reached 6 

km in the atmosphere. The cross section allowed the detection of four cores of maximum 
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Figure 4.16. CAPPI reflectivity image for 2041UTC 11 August 1999. 
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Figure 4.17. Zoomed CAPPI reflectivity image for 2041UTC 11 August 1999. 
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Figure 4.18. Vertical cross-section of reflectivity of Feature C at 2041UTC 11 August 
1999. 
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Figure 4.19. Zoomed CAPPI reflectivity image for 2053UTC 11 August 1999. 
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Figure 4.20. Vertical cross-section of reflectivity of Feature C at 2053UTC 11 August 
1999. 
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Figure 4.21. Zoomed CAPPI reflectivity image for 2105UTC 11 August 1999. 
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Figure 4.22. Vertical cross-section of reflectivity (wãdth) of Feature C at 105UTC 11 
August 1999. 
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Figure 4.23. Vertical cross-section of reflectivity (length) of Feature C for 2105UTC 11 
August 1999. 

41 



11-aug-1999,20:22:00 Zebra projection: Brown_3d.leftmaxdz 
filled contour. Brown_3d.right maxdz filled contour. 

maxdz 

Alt: 1.50î mMSL 

Figure 4.24. Zoomed CAPPI reflectivity image for 2041UTC 11 August 1999. 

42 



11 -auq 

Contâfe ^ f nnaxdz using: brown_3d.right 

r,- 23.7. , Disiance in km 
CROSS 

SECTICN 

Figure 4.25. Vertical cross-section of reflectivity of Feature D for 2041UTC 11 August 
1999. 
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reflectivity. This feature did not exhibit growth in its width. The line remained one-core 

in depth until its demise. 

At 2105 (Figure 4.21), Feature C took on an interesting characteristic. The Hne 

grew in width, but not as a result of secondary cores developing out ahead it. Figure 4.22 

shows a cross section across the width of the line at 2105, when it had grown to a width 

of neariy 12 km, with the highest reflectivities covering the majority of the width. The 

lengthwise cross section at 2105 (Figure 4.23) showed neariy the same intensity as the 

previous time. Echo thresholds still reached 6km, and the number of discemable cores 

had decreased to three. At this time the intensifícation period of Feature C was near its 

conclusion. The mature stage, as defíned by Leary and Houze, would be characterized by 

a decrease in the maximum reflectivities and the presence of a trailing stratiform region 

of precipitation. This region of stratiform precipitation never developed in Feature C for 

two possible reasons. The fírst reason is that the two-core width of the line never 

developed, in which case the initial cores would have become the primary location for the 

stratiform precipitation to begin. Second, the abundance of convection on the eastem 

side of the line not associated vsdth Feature C may have played a role in inhibiting the 

development of the stratiform region. The dissipation stage for Feature C was marked by 

the cessation of the convection. 

4.2.2 FeatureD 

Feature D was a line echo pattem slightly larger in length than Feature C. It was 

located at azimuth 45 degrees and was 25 km distant fi"om the radar in quadrant II. At 

2041 (Figure 4.24), this line echo pattem is near the intensifícation stage with fíve 

distinct cores of maximum reflectivity of 42.5 dBZ each. Examining a north-south 

oriented cross section (Figure 4.25) showed these cores were to be easily seen in the 

vertical cross section. The two northem cells in the line extend to approximately 7 km in 

the atmosphere, while the others are not quite as tall. At 2053 the line continued in the 

intensifícation stage, fílling in the initial line of cores like the previous feature. Also Hke 

the previous feature, the two-core width failed to develop. The Hfetime of this feature 
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Figure 4.26. Zoomed CAPPI reflectivity image for 2105UTC 11 August 1999. 
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Figure 4.27. Zoomed CAPPI reflectivity image for 2129UTC 11 August 1999. 
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was not as impressive as Feature C in the sense that it did not experience the same 

widening of the line as Feature C, and it did not fíll in completely along the line like 

Feature C. This example was further support to the documentation of similar trends in 

the line echoes of Phase 2. 

4.2.3 FeatureE 

Feature E was a wishbone shaped pattem formed by two line echo pattems 

sharing a common endpoint. Figure 4.26 shows the zoomed image at 2105 of the two 

lines joined at a location due south of the RonaldH. Brown. One line extended to the 

northwest, and the other extended almost due west. Both lines exhibited the same 

pattems as Features C and D towards the beginnings of their life cycles. At 2105, the 

northem branch of this pattem appeared to be developed slightly more than the southem 

branch in terms of reflectivity values and number of core mergers. Individual cores were 

more abundant in the southem branch, but reflectivities did not exceed 42.5 dBZ except 

in miniscule areas. The northem branch exhibited a more mature-looking line in that 

distinct cores were losing their individuality, and reflectivity maxima in the 47.5 dBZ 

range were abundantly represented. At 2129, the Y-shape in the reflectivity pattem was 

clearly evident. The northem branch continued its dominance. Individual cores were 

nearly extinct at this point, and the line boasted reflectivities of 47.5dBZ. While the 

northem branch maintained its mature stage in the evolution process, the southem branch 

progressed to the intensifícation stage. The cores were merging together within the line, 

and the reflectivities were gradually increasing throughout. The echoes shared by the two 

branches resembled the line in Feature C, whose reflectivity maxima increased 

dramatically in thickness. 

Twelve minutes later (Figure 4.27), the Y-shaped pattem underwent a signifícant 

shift in dominance. The northem branch quickly disintegrated, and the southem branch 

became the major feature of the echo pattem. The intersection of the two branches 

interestingly remained strong with strong reflectivities stiU exhibiting the girth of the 

previous image. The southem branch of the Y-shaped feature was then in the mature 
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11-aug-1999,2l:44:00 Zebra projection: Brown_3d.left maxdz 
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Figure 4.28. Zoomed CAPPI reflectivity image for 2141UTC 11 August 1999. 
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11-aug-1999,21:55:00 Zebra projection: Brown_3d.left maxdz 
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Figure 4.29. Zoomed CAPPI reflectivity image for 2153UTC 11 August 1999. 
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Figure 4.30. Rainfall rates at three different locations on the RHB. The numbers 
represent the deck on which the rain gauge is located. 
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RM Young Rain Gauges - Aug 12 
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Figure 4.31. Rainfall rates at three different locations on the RHB. The numbers 
represent the deck on which the rain gauge is located. 
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Figure 4.32. Rainfall rates from the optical rain gauge located on the trawl house at the 
stemofthe/?//^. 
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Figure 4.33. Rainfall rates from the optical rain gauge located on the trawl house at the 
stemofthei^B. 
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stage of evolution. Distinct cores were non-existent, and the reflectivities for this portion 

of the pattem were near their peak. The next two fígures (Figures 4.28 and 4.29) show 

the next two volume scans of Feature E, and its subsequent decline in strength. 

4.3 Phase3 

Phase 3 of the event was identifíed by the rapid decrease in convection, and the 

transition to a stratiform-dominated event. At 2320, the rate of the birth of new 

convection declined to a point that was exceeded by the rate of death of the pre-existing 

convection. Examination of the S-band profíler data (Figure 4.2) supported this claim 

mXh the appearance of a bright band. Bright bands indicate a stratiform event. Bright 

bands are non-existent in convection because of the strong updrafts and downdrafts in 

convective cells. The considerably slower updrafts and downdrafts in stratiform 

precipitation allow the melting layer in a cloud to remain at a constant level throughout. 

The melting layer in this event occurred at approximately 4.5 km, and is clearly evident 

on all three images. The beginning of Phase 3 is marked by the sharp decrease in the 

radial velocities occurring at roughly 20 minutes after 2300. Consequently, the spectral 

width decreased, and the bright band in the reflectivities appeared as the highest values, 

near 50 dBZ. 

Rain gauge data verifíed the decrease in precipitation intensity suggested by the 

S-band reflectivities. During the convective portion of the event (Phases 1 and 2), there 

was a tendency for the rainfall rates over the Ronald H Brown to be dramatically 

inconsistent. Figures 4.30 and 4.31 show the rainfall rates of three RM Young rain 

gauges at different locations on the ship. The slope of the line directly reflects the 

rainfall rate for each location, which tends to mirror each other. Consistent with the S-

band profíler data, the rain gauges exhibited a signifícant decrease in the rainfall rates, 

suggesting the nearly instantaneous transition from a convective to a stratiform event. 

The optical rain gauge located at the stem of the RonaldH. Brown showed a similar trend 

in the rainfall rates (Figures 4.32 and 4.33). Rates dropped from over 100 mm/hr to less 
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Figure 4.34. CAPPI reflectivity image for 2329UTC 11 August 1999. 
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Figure 4.35. S-band profíler images for OOOOUTC to 0600UTC 12 August 1999. 
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12-aug-1999,00:44:00 Zebra projection: Brown_3d.left maxdz 
filled contour. Brown_3d.right maxdz filled contour. 
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Figure 4.36. CAPPI reflectivity image for 0041UTC 12 August 1999. 
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12-aug-1999,01:44:00 Zebra projection: Brown_3d.left maxdz 
filled contour. Brown_3d.right maxdz filled contour. 
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Figure 4.37. CAPPI reflectivity image for 0141UTC 12 August 1999. 
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12-aug-1999,02:44:00 Zebra projection: Brown_3d.left maxdz 
filled contour. Brown_3d.right maxdz filled contour. 
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Figure 4.38. CAPPI reflectivity image for 0241UTC 12 August 1999. 
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than 25 mm/hr in a matter of seconds over the ship. This trend was supported by the C-

band radar data (Figure 4.34). This fígure shows the tendency for the convection across 

the entire range of the radar to decrease signifícantly. Although attenuation was having 

an effect on the actual values of reflectivity being displayed, the trend for the convection 

to end can still be seen because the horizontal gradients of reflectivity were rapidly 

eroding. After Phase 3 of the event, some convection did take place, as seen by 

increasing reflectivities in certain portions of the images, but the distinct cores that were 

prevalent in the fírst two Phases had disappeared. A few lines of high reflectivity 

remained, and actually sustained themselves for a reasonable period of time during Phase 

4, but the indications are that the event was dominated then by stratiform precipitation. 

4.4 Phase4 

At approximately 2340, the event enters its fínal stage, the dissipation stage, 

which persists for approximately fíve hours, until the end of the event at 0500 12 August. 

This stage was dominated by weak reflectivity gradients in the horizontal, and slowly 

decreasing reflectivity maxima until the end when the echoes disappeared completely. 

Figure 4.35 shows the S-band profíler data for the time 0000 to 0600, which exhibited a 

very strong bright band. The reflectivities in the vertical gradually decreased in this 

image, while the radial velocities diminished accordingly and the spectral width values 

remained small. Rain gauge data for this time period (Figures 4.31 and 4.33) reflected 

the decreasing intensity of the rainfall and also the uniform nature of the precipitation 

rates, justifying the stratiform description of the precipitation. Figures 4.36, 4.37, and 

4.38 show the reflectivities representative of the fírst half of Phase 4. The general trend 

supported by these images is the end of the event as it moved off to the west, with 

reflectivity maxima decreasing with each passing hour. Figures 4.36 and 4.37 show the 

last convection occurring during these times. Figure 4.36 shows two of the last dominant 

line echo pattem features of the event at 0041 12 August surrounded by stratiform 

precipitation of 30-35 dBZ (although these values may be affected by attenuation). The 
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Figure 4.39. Comparison of the number of cores at each reflectivity threshold per hour 
beginning at 1541UTC 11 August 1999 and ending at 0241UTC 12 August 1999. There 
is no data point for 1941UTC 11 August 1999. 

61 



next image (Figure 4.37) does not show these line echo pattems. However, some areas of 

high reflectivity (greater than 40 dBZ) still remain. At 0141, the stratiform precipitation 

shield an hour later showed reflectivities of 37.5dBZ surrounding the stronger echoes, 

due to reduced attenuation at this time. By 0241 (Figure 4.38), the small cores of 

maximum reflectivity had completely disappeared, indicating that the convection that 

made up this precipitation event had ceased. Clearing was occurring to the east at this 

time, and eventually dominated the region the radar scanned, which ended the event. 

4.5 Convection Trends 

The event was divided into four separate phases based on precipitation types and 

echo formations. The fírst two phases were marked by an intense period of convective 

type precipitation across the region, while the last few hours showed the general decay of 

the system. A basic statistical analysis is presented here to further describe the overall 

trends of the system as it progressed through time. Figure 4.39 is a line-plot of the 

number of echoes at four reflectivity thresholds taken at one-hour increments beginning 

at 1541 11 August and ending at 0241 12 August (there is no data point for 1941 11 

August). The time of 1541 was chosen as a starting point to ehminate contamination of 

the data set from remaining convection from the previous event, and the ending point is 

chosen because of the tendencies of the number of cores to approach zero for the lowest 

threshold. Cores were defíned in this particular analysis as being discemable closed 

contours of reflectivity. Size of these cores was not taken into account, leaving the 

possibility that some cores counted in the data set may not actually be cores at all due to 

their extremely small areas of coverage. In the fígure, it can be seen that a general 

intensifícation of the overall event was occurring during Phases 1 and 2 as the number of 

cores in all categories increases sharply. At 2041, there was a peak in the number of 

cores at the 37.5dBZ reflectivity threshold, while the next three thresholds were 

continuing to grow in number. At 2041, the system was nearing its peak intensity as a 

whole, even though the number of cores at the 37.5dBZ threshold had decreased slightly. 

The higher thresholds were near their peak numbers as well. The decrease in the number 
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Figure 4.40. Display of the trend of the number of cores at each reflectivity threshold per 
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of cores at the 37.5dBZ threshold could be attributed to the conglomeration of cells 

during Phase 2 of the event. As time progressed, this threshold became more of a solid 

shield of reflectivity at this value rather than separate convective regions, and could be 

related to the event evolving into a predominantly stratiform situation. At 2141, all 

values began to drop slightly, and then a major decrease occurred at 2241. This drop was 

most likely a result of radome attenuation occurring with the C-band radar. At this 

particular moment, the RonaldH. Brown experienced some of the heaviest precipitation 

of the event, causing the reflectivity values to be underestimated. Values rebounded in 

the following hours, and exhibited an overall decrease as the stratiform event began to 

rain itself out and clearing conditions moved in from the east. The values from the peak 

time to the end of the data set would most likely have decreases in a consistent fashion if 

attenuation had not played a role in altering the observed reflectivity values. 

Figure 4.40 is a display of the tendency of core numbers from hour to hour as 

defíned by positive or negative numbers. The time of the most intense convection 

occurred during the third and fourth hours of the data set, when the highest two 

reflectivity thresholds made their increases. Attenuation was most notable at hour six 

when the number of cores dropped signifícantly. A subsequent rebound occurred when 

the reflectivity values increased to the threshold values with the decrease in attenuation. 
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CHAPTERV 

SUMMARY 

This case did not exhibit the expected four-stage tropical convection evolution 

documented by Leary and Houze because it lacked a trailing stratiform precipitation 

region for each individual line. This occurred because the multi-core width of the line of 

echoes never developed in the intensifying stage of each line. The line of echoes 

maintains their single-core width in nearly all but one case (not documented) in Phases 1 

and 2. As a result of the convection lines not developing a region of trailing stratiform 

precipitation, the dissipation stage did not exist for individual line echo features. Rather, 

the lines and cells of convection become stratiform simultaneously, similar to the case of 

a decaying mid-latitude air mass thunderstorm occurring over a continent. After a brief 

transition period, the convection decreased at a much quicker rate than it increased, and 

the entire region covered by the C-band Doppler radar becomes stratiform as a whole, 

and eventually rained itself out. 

Since the multi-core depth did not take place in the line echo features, these could 

not be considered tropical squall lines. Tropical squall lines require an arc shape in the 

echo pattem, which did not consistently exist. In one case, Feature E shows an arc shape. 

However, this shape may have developed due to the influence of two separate lines of 

convection that merged. Leary and Houze have observed intensifícation at the 

intersection of two separate line echo pattems at the single point of intersection. The 

point of intersection increased in intensity in terms of reflectivity at the time of the 

merger. This case was consistent with the case documented during GATE. Also, tropical 

squall lines require that a region of trailing stratiform precipitation exists, which most 

times was not the case for the individual lines. Tropical squall lines also move very 

quickly, which was not the case for the KWAJEX event. Upon viewing an animated loop 

of the entire event, all echoes appeared to move at about the same speed, and not 

particularly quickly. 
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5.1 A New Tropical Convection Model 

In Leary and Houze's four-stage process for tropical mesoscale precipitation 

feature development, each stage could be represented at the same time in a single feature. 

The front of the line represented those cells that were newly developing, with intensifying 

cells behind. Mature cells were found subsequently behind the intensifying region, and 

then a dissipation region in which convective cells were dying in the remaining stratiform 

precipitation. In the 11-12 August case, the four-stage process in terms of space is not 

followed. However, the components of the four-stage evolution were followed through 

time in this event for all observed features. 

In terms of time, this event went through four different phases, with distinct 

differences in the convective activity for each phase. The fírst phase consisted of cells 

that formed, intensifíed, and dissipated individually (i.e., no merging or splitting 

occurring). Some cells were formed as a result of the existence of another cell (as in 

Feature A), but for the most part, each cell remained a separate entity. The second phase 

of the event was dominated by line echo pattems that formed from merging cells that is 

seen in the intensifícation stage and the mature stage of the four-stage evolutionary 

process. The third phase is a marked transition period in which the event proceeded from 

the mature stage to the dissipation stage. The fínal phase consisted entirely of stratiform 

precipitation as the convection eventually ceased to exist. This stage is the same as the 

last stage in the conceptual model of Leary and Houze. The new convection model is 

based on Doppler radar reflectivities foUowing the time sequence of each phase of the 

event. 

5.1.1 Individual Convective Cells 

Period One of the new model is identifíed by single convective entities, focusing 

on the lack of cell mergers and splitters. Multi-cell features are included, as long as the 

overall individuality of the feature is conserved. Well-developed line echo pattems that 

reach the intensifícation stage of Leary and Houze's four-stage model (with the lines 

becoming one solid core of reflectivity) are not included in this portion of the model. 
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Cells in this stage have a limited lifetime because of their individuality, and the non-

interaction with other cells. This stage had a duration of approximately 5 hours in this 

particular event. 

5.1.2 One-Cell-Wide Line Echoes 

Period Two of the new model is dominated by line echo pattems that differ 

slightly with respect to other line echo pattems. Line echoes in this model consist only of 

the one-cell depth, leading to a smaller echo area coverage of each line feature. The line 

echo pattems are not limited to a specifíc direction of orientation. In this case study, the 

orientation of the lines was random in the absence of verifícation from wind data. During 

Period Two, overall echo area coverage increases, while the number of cores reaches its 

peak during this time. Reflectivity maxima are maintained throughout the period, which 

signifíes the peak intensity for the event as a whole. This stage lasts about 3.5 hours. 

5.1.3 Transition 

The transition period (Period Three) of the event consists of a short time period 

relative to the entire event. In this case, the event lasted 13.5 hours, with less than 0.5 

hours characterized by the transition period. The rate of convection is smaller than the 

rate of decay of pre-existing lines and cells that exist from Period Two. Overall 

reflectivities decrease along with the broadening of the reflectivity gradients. Convection 

is limited so that the rate of development is less than the rate of dissipation. Echo area 

coverage is still high, but is now becoming dominated by stratiform precipitation, 

supported by the formation of a bright band in the middle troposphere. 

5.1.4 Stratiform 

Period Four marks the cessation of convection and an extended period of 

stratiform rain. A reflectivity bright band is now apparent just below the freezing level. 

Eventually, the echo area coverage decreases, along with a continual decrease in 
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reflectivities, until the all echoes are gone. This active stratiform period lasts about 5 

hours. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The precipitation event of 11-12 August 1999 at the Kwajalein Atoll in the 

Marshall Islands could be classifíed as atypical of tropical precipitation events based on 

studies during GATE in terms of the same general size. While actual numbers of echo 

cores and reflectivity values coincide with past research, evolution of the entire event 

varied from the norm. Single core echoes that behaved similarly to air mass 

thunderstorms in the mid-latitudes dominated phase 1. The line echo pattems observed in 

Phase 2 was observed to develop a single-core vyãdth during the intensifícation stage, 

which ultimately hindered the development of the trailing stratiform region during the 

mature stage. This was possibly the result of the overall volume of convection seen in 

the high numbers of echoes observed. Also, higher echo top heights were observed for 

the line echo pattems compared to single cell entities. A sharp transition period lasting 

less than 30 minutes occurred during Phase 3 of the event in which the rate of convection 

decreased and the rate of dying convective cells increased. Phase 4 was the stratiform 

stage, in which nearly all of the convection dissipated and the event came to an end. 

Because of the observations of the radar data during Phase 2, the convection that 

merged together to form line echo pattems were not considered tropical squall lines. 

The new tropical convection model takes the previous four-stage model by Leary 

and Houze and uses a temporal frame of reference as opposed to a spatial frame of 

reference. There is a good correlation between the two models after conversion from 

space to time, with both models focusing on formative, intensifícation, mature, and 

dissipation stages. 
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6.2 Recommendations 

The preceding analysis based on C-band Doppler radar data can be expanded in 

many areas by those studying Doppler radar signatures, tropical mesoscale convective 

systems, and the TRMM Satellite ground validation: 

1. Use Doppler radar radial velocities to determine the orientation of each 

specifíc line echo pattem with respect to the low-level wind flow. 

2. Examine other signifícant events during KWAJEX to determine if the 

evolution of this event was an isolated during the experiment. Also, verify the 

validity of the new tropical convection model 

based on similar tropical events. 

3. Further analyze Phases 3 and 4 of the event, in which the entire region 

appeared to take on the characteristics of a single tropical squall line, 

complete with a rear-inflow notch in the back of the stratiform region. 

4. Perform a thermodynamic analysis of the event to aid in the computation of 

heat and moisture budgets over the tropics. 

5. Use Doppler radar radial velocities to determine if mesoscale cyclonic 

circulations are present at any level. 

6. Make these results available to those researchers who have identified this event 

for simulation using numerical cloud models. 
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