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Abstract 

 

South Asian Monsoon Convection as Viewed by the TRMM Precipitation Radar 

 

Darren C. Wilton 

 

Chair of Supervisory Committee: 

Professor Robert A. Houze 
Department of Atmospheric Sciences 

 

A methodology for analysing the Tropical Rainfall Measuring Mission (TRMM) 

Precipitation Radar (PR) reflectivity fields to determine the vertical structure of 

precipitating cloud systems has been developed and applied to intense storms within of 

the South Asian summer monsoon. This technique has been applied to 1,648 TRMM 

overpasses during the summer monsoon seasons of 2002 and 2003 over three 11º×14º 

sub-grids covering the Himalayas and adjacent upstream continental terrain. Echoes were 

sorted according to height and area of 40 dBZ reflectivity cores (obtained from the 

TRMM 2A25 data) and area of stratiform precipitation (obtained from a slightly 

modified version 5 of the TRMM 2A23 data, which correctly categorizes shallow 

isolated convection). A Cressman-type interpolation was used to convert the 2A25 and 

2A23 data into a regular grid whereby the echoes could be viewed via MountainZebra, a 

modified version of NCAR’s Zebra program, to facilitate the analysis of these 

orographically-induced precipitation systems in relation to the underlying terrain. 

The sub-grids covered three distinct regions: (1) the western end of the 

Himalayas, for which the moisture source is the Arabian Sea; (2) the central Himalayas; 

and (3) the eastern portion of the Himalayas, where moisture arrives from the Bay of 

Bengal. Convective echoes were analyzed by identifying all three-dimensional echo 

cores, defined as contiguous cellular regions of echo exceeding 40 dBZ. The frequency 

distributions of areas and heights of the 40 dBZ echo cores were determined. Within the 



40 dBZ cores, the echo intensity frequently reached 50-55 dBZ. Both the maximum area 

and maximum heights of the 40 dBZ convective cores were greater in the western 

Himalayan sub-grid. The 40 dBZ echo cores frequently reached 14 km and occasionally 

extended above 16 km MSL. Cells with such high reflectivity extending to these altitudes 

suggest strong updrafts lofting moderate-sized graupel particles to near the tropopause. 

This inference is consistent with TRMM lighting sensor showing maximum lightning 

occurrence in the western Himalayan region. Stratiform echoes were analyzed by 

locating the stratiform regions identified by the TRMM 2A23 convective/stratiform 

separation algorithm. The frequency distributions of the areas of stratiform echoes were 

also determined. 

 Mesoscale systems often consisted of groups of cells of various intensity 

juxtaposed with stratiform regions consisting of weakened convection. Overall, the 

convective echoes in both regions were nearly always vertically oriented rather than 

sloped, and stratiform regions appeared to consist of collapsed convective cells. The 

statistics indicate that the eastern Himalayan region tended to have greater stratiform 

areas, probably because the convection in that region was of a more maritime nature than 

the western Himalayan convection. 
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Chapter 1  

INTRODUCTION 

Orographic precipitation, particularly in conjunction with flooding events, is an 

important natural hazard and potentially very important in the global hydrological cycle. 

Several recent field campaigns have focussed on orographic precipitation and the 

enhancement of precipitation in the proximity of mountains in mid-latitude cool season 

storms. The Mesoscale Alpine Programme (MAP, Bougeault et al. 2001) and 

Improvement of Microphysical PaRameterization through Observational Verification 

Experiment II (IMPROVE II, Stoelinga et al. 2003) both employed radar observations to 

study precipitation events, and were focussed on the European Alps and the Cascades of 

Oregon, respectively. The storms observed in MAP (Houze et al. 2001; Medina and 

Houze 2003) and IMPROVE II (Houze and Medina 2005; Medina et al. 2005) were 

baroclinic systems in which the precipitation formed in stable to approximately neutral 

conditions. This thesis extends these studies of orographic precipitation to the Himalayan 

region, which is a mountainous regime characterized by highly unstable conditions 

supporting deep convection over and upstream of the mountain range. This thesis does 

not aim to map rainfall amounts. Instead, similar to the MAP and IMPROVE II studies, 

this thesis seeks to provide insight into the processes producing the precipitation in the 

Himalayan region. 

 

The Himalayas provide an ideal setting to observe orographic precipitation under 

very warm and highly unstable conditions. During the South Asian summer, or 

southwest, monsoon, warm moisture laden air from the Bay of Bengal and the Arabian 

Sea travels over the hot South Asian continent, where it encounters the world’s largest 

mountain barrier (Figures 1.1-1.3). Following the onset of the South Asian summer 

monsoon, there is a strong low-level, cross-equatorial flow from the southern Indian 

Ocean toward Asia with an intense low-level jet along the east coast of Africa and over 

the Arabian Sea (the Somali jet). Significant fluxes of moisture from the ocean surface to 

the atmosphere occur over this region, which fuel the heavy monsoon season rains over 
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India and neighbouring countries (Johnson and Houze 1987). According to Pant and 

Kumar (1997), the mountains and high plateaus of Central Asia favour the summer 

monsoon circulation not only by deflecting the upper-level westerlies northward, but also 

by constituting an important heat source in the upper troposphere.  Intense heating over 

the plateau deepens the low pressure over northern India, creating favourable conditions 

for the Asian summer monsoon to develop into a powerful circulation.   

The physical interaction between the southwesterly monsoon flow and the south 

Asian topography results in significant orographic enhancement of precipitation in the 

mountainous and adjacent regions. In many South Asian locations the majority of the 

yearly precipitation falls within the months of June through September, considered the 

summer monsoon season (Nayava 1974; Shrestha 2000). So in addition to constituting 

some of the heaviest precipitation throughout the world, the rainfall in regions adjacent 

the Himalayas (Figures 1.3-1.4) is temporally concentrated. Many studies, some dating 

back to colonial India (Hill 1881), focus on the distribution of surface rainfall amounts in 

the Himalayas and their relation to orographic features. Rather than focus on rain 

mapping, this thesis examines the three-dimensional radar reflectivity field during 

periods of intense precipitation, as shown by satellite radar measurements. By focussing 

on the vertical structure of the storms producing the precipitation, this research  

elucidates the physical mechanisms by which heavy monsoon precipitation is produced. 

The satellite-borne Precipitation Radar (PR) on board the Tropical Rainfall 

Measuring Mission (TRMM) satellite (Kummerow 2000) is an ideal instrument with 

which to assess the vertical structure and physics of storms producing precipitation in the 

mountainous regions of South Asia. Ground-based weather radars are difficult to deploy 

in mountainous regions, where the beam is blocked by mountains and ridges, and such 

radars are not generally available in the Himalayan region.  The TRMM satellite’s range 

of latitudinal coverage (36˚N and 36˚S) results in very regular overpasses above South 

Asia. As the Himalayas and associated mountain ranges are aligned in an approximate 
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east-west orientation and represent a 2400 km long orographic barrier, the TRMM 

satellite samples this mountainous region multiple times daily.  

The objective of this study is to use TRMM PR data to assess the characteristic 

vertical structures of the radar echoes of orographically influenced precipitation in the 

regions surrounding and including the Himalayas during the Southwest Monsoon in a 

way that will lead to insight into the physics of precipitation formation in this region. 

Since the PR has been in orbit since late 1997, this study examines not only specific 

examples of significant precipitation events, but further suggests an overall climatology 

of the radar echoes by allowing compilation of statistics of the observed reflectivity 

structures in relation to the underlying topography as observed during two monsoon 

seasons. These statistics provide new quantitative insights into the precipitation 

producing processes in this region. 
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Figure 1.1: 58-year (1948 – 2004) NCEP/NCAR Reanalysis winds for July and August 
over the South Asian summer monsoon season at (a) 1000 mb level and (b) 200 mb level. 
Colour shading (key at bottom of figure) indicates the approximate wind speed in m/s. 
[Images adapted from NOAA-CIRES Climate Diagnostics Center website at 
http://www.cdc.noaa.gov/cgi-bin/Composites/printpage.pl] 
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Figure 1.2: South Asian topography and geographic features.  Significance of Aravalli Range is discussed in text. Rectangular sub-
regions observed in this study, referred to as the Western, Central and Eastern Sub-regions by location, are outlined in red. 
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Figure 1.3: Primary synoptic- and sub-synoptic-scale circulation features that affect cloudiness and precipitation in the region of the 
South Asian summer monsoon. Locations of June through September rainfall exceeding 100 cm over the land west of 100°E 
associated with the southwest monsoon are indicated by hatching. Those over water and east of 100°E are omitted. Adapted from 
Johnson & Houze, 1987. 

 

 



 

 

Figure 1.4: Seven year TRMM surface precipitation climatology.  Figure shows average monsoon season rain rate in mm/h for regions 
comprised of 0.1° × 0.1° grid squares. Values represents average surface rain rate for the entire monsoon season (June through 
September) derived from TRMM overpasses from 1998 through 2004. Rain rates values above 1.4 mm/h were truncated at 1.4 mm/h. 
Contours in white show coastline, 300 m and 3000 m elevations. Note strong correlation between average seasonal rain rate and 
topography. 

7
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Chapter 2 

TRMM PRECIPITATION RADAR DATA: ACQUISITION, 

PROCESSING AND ANALYSIS 

 

2.1 Acquisition of the PR dataset  
 

The data used in this thesis were obtained during the monsoon seasons (June – 

September) of 2002 and 2003. The data products obtained for this study were the rain-

type field (2A23) and the gridded, attenuation-corrected three-dimensional reflectivity 

field (2A25). Both 2A23 and 2A25 subsets were created using the Version 5 algorithms 

(Awaka et al. 1997; Iguchi et al. 2000a,b). The rain type field includes the categorization 

of the echo as convective or stratiform. For further discussion of these TRMM products 

see Schumacher and Houze (2003a,b) and Houze et al. (2004).  

The TRMM PR dataset is freely obtainable via the NASA DAAC web-site 

(http://disc.gsfc.nasa.gov/) in the form of Hierarchical Data Format or HDF files 

(http://hdf.ncsa.uiuc.edu/) derived from individual orbits. However, in order to reduce the 

volume of data, we obtained reprocessed subsets of the 2A23 and 2A25 data from NASA 

(Erich Stocker, personal communication) that included partial orbit files containing only 

the data from our region of study. The 2A23 data, used in this study to classify the 

precipitation as stratiform, convective or other (unclassified), were corrected to eliminate 

the potential mis-classification of shallow isolated precipitation, one of the updates 

employed in the current Version 6 algorithm, which is accessible at the NASDA TRMM 

web-site (http://www.eorc.nasda.go.jp/TRMM/document/pr_manual/pr_manual_v6.pdf). Both 

2A23 and 2A25 data contain collocated geolocation data. The 2A25 data products also 

used in this study comprised the three dimensional reflectivity values and UTC time 

information for each orbital overpass.  
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2.2 Interpolation of the PR data 
 

To analyze the precipitation processes in the monsoon convection documented in 

this study, we used specialized software to display the TRMM PR data. The primary 

visualisation tool was MountainZebra (James et al. 2000), which is a specialized version 

of the NCAR Zebra software (Corbet et al. 1994). This program permits the visualization 

of the data overlaid on the detailed topography of the region. MountainZebra requires a 

Cartesian grid structure as input, thus the non-Cartesian gridded PR data (Kummerow et 

al. 1998) required interpolation to a regular latitude-longitude grid. 

In an effort to extend the lifespan of the TRMM satellite, NASA engineers 

boosted the orbit of the satellite from 350 km to 402.5 km.  The boost manoeuvres took 

place from 7-24 August 2001, during which time the instruments were off-line and no 

data were collected. All data used in this analysis are post-boost, except for the TRMM 

PR Rainfall Climatology (Figure 1.4), which incorporated both pre- and post-boost data.      

Prior to interpolation to a regular grid with 0.05º grid spacing in both latitude and 

longitude, small corrections were applied to the horizontal geo-location (latitude and 

longitude references) for upper level data. The PR has a scan angle of ±17°, resulting in a 

swath width of 247.25 km at the boosted orbital height of 402.5 km. The PR data were 

collected in 49 angle bins separated by 0.71° (Figure 2.1a). The observable vertical range 

of PR extends from the surface (with surface clutter removed by the rain profiling 

algorithm) to a height of 19.75 km above the earth ellipsoid (model geoid surface, i.e. the 

surface of an idealized ocean-covered earth). Both the 2A23 and 2A25 algorithms assign 

the latitude and longitude coordinates (geolocation data) for each ray to the position of 

the range bin at the earth ellipsoid for that ray. Thus, all range bins of the reflectivity data 

in each angle ray are referenced to the same coordinate pair at the earth ellipsoid, despite 

the angular offset (Toshio Iguchi, personal communication). At nadir, there is no offset; 

however, the offset increases as the angle from nadir increases, with those bins at the 

highest altitude have the most significant offset. The data processing involved shifting 
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the nominal latitude and longitude coordinates of the bins above the earth ellipsoid such 

that the coordinates in space correspond to the surface coordinates to which they were 

orthogonal (Figure 2.1b). As a consequence of this processing, the resulting dataset had 

range bins with appropriate geolocation data. These corrected data were subsequently 

used to interpolate the data into a regularly spaced three-dimensional Cartesian grid.  

The three-dimensional interpolation method employed emulates the “REORDER” 

method often used with aircraft borne radar systems (Oye and Case 1995), but also takes 

advantage of the regularity in the retrieved data arising from the distance from the 

satellite and the small along-beam sample depth (range bin). The method was an 

adaptation of the Cressman (1959) method, which employs a radius of influence. A  

radius of 4.25 km was chosen, as it is the radius at which gaps in the resulting gridded 

dataset were minimized while limited smoothing of the data resulted. The interpolated 

value for radar reflectivity at a grid point at a given height incorporated the data within a 

horizontal radius of 4.25 km at that height and in the height bins immediately above and 

below the level in question.  

The Cressman method employs a “first guess”, which in the case of this 

interpolation was the nearest neighbour. The nearest neighbour was “corrected” by the 

Cressman correction, 

 ( )zi ziC WE= −  

where  

 22

22

i

i

dN
dN

W
+
−

=  

is the Cressman weighting factor, where N is radius of influence and di is the distance of 

point from grid point. Ezi is the difference between the reflectivity value of the nearest 

neighbour (ZNN) and that of the other points within the 4.25 radius of influence (Zi). The 

interpolated value at the regular grid point the becomes 
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The final requirement for MountainZebra is the Cartesian gridded data be 

expressed using ‘netCDF’ file format. The ascii files created from the C-language-based 

interpolation were converted to the ‘netCDF’ format for ingestion into MountainZebra. 

 

2.3 Methods of analyzing the radar data 
 

2.3.1 Using radar echoes to indicate precipitation processes 
 

The vertical structure of precipitation can provide insight into the microphysical 

processes responsible for precipitation growth within clouds. The precipitation in tropical 

cloud systems can be subdivided into convective and stratiform components (Churchill 

and Houze 1984; Steiner et al. 1995; Houze  1997).  

Vigorous convection in its formative and mature stages exhibits intense vertically 

oriented radar echoes, with the maximum reflectivities appearing in the lowest portion of 

the echo (Figures 2.2a-b). These echo structures are associated with strong vertical 

updrafts, and these updrafts result in a significant quantity of cloud liquid water by 

condensation of vapour. The dominant precipitation growth methods involve collection 

of small water droplets by collision and coalescence of lofted liquid water droplets or, in 

the case of frozen hydrometeors, growth by riming. The strong updrafts allow the 

growing particles to be lofted high within the cloud and permit a significant residence 

time during which particles can collide with other droplets and grow (Figure 2.2a). These 

processes lead to a horizontal patterning of the radar echo in which active regions of 

convective precipitation are characterized by patterns of reflectivity with pronounced 

cellularity (Figures 2.3a-b). 
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As convection weakens, the vertical motion associated with these updrafts 

subsides and is thereby incapable of supporting high concentrations of cloud liquid water. 

In this stratiform mode, the radar echoes are much more horizontally uniform (Figures 

2.2c-d, 2.3b) with weak horizontal reflectivity gradients and radar bright bands, typical of 

echoes associated with extratropical cyclones.  The weakened updrafts tend to exist 

above the freezing level, whereas below the freezing level, weak downdrafts generally 

prevail. Though the updrafts are insufficient to support growth by riming, they are 

sufficient to encourage the growth of particles by vapour diffusion. Ice crystals grow and 

aggregate at elevations above the freezing level (Figure 2.2c). Often stratiform 

precipitation can be confirmed by the presence of the bright band in the radar echo 

(Figure 2.2d). This region of enhanced reflectivity found near the 0˚C level is a 

consequence of large aggregates melting as they descend below the freezing level. These 

large water-coated aggregates have both large dimension and a very large index of 

refraction, hence the high reflectivity. The shallow depth of this layer arises from the 

rapid acceleration of these particles as they melt below the 0˚C level. For further 

discussion of the bright band see Houze (1993). 

By subdividing radar echoes into their convective and stratiform components, we 

can infer aspects of the dominant precipitation mechanisms in a given precipitation 

system. The structure of the convective echoes (deep vs. shallow, weak vs. intense, wide 

vs. narrow, etc.) give further indications of the precipitation mechanisms involved in the 

storms. 

 

2.3.2 Definition of a 40 dBZ echo “core” 
 

 

For this study, an echo core is defined as an array of contiguous height bins in 

three-dimensional space with reflectivity greater than or equal to 40 dBZ (Figure 2.4a). 

Each height bin was 250 m thick in the vertical and approximately 5 km wide in the 

horizontal obtained from the gridded and interpolated data derived from the 2A25 
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reflectivity data (Figure 2.4b). In many cases, the echo core actually consisted of several 

echoes that had echo cores conjoined at some level, usually in the lower levels. Since 

stratiform brightband precipitation often has reflectivity values exceeding 40 dBZ, it was 

necessary to prevent stratiform precipitation from being included in the analysis of 

convective cores.  For the convective analysis, 2A23 data were used to assess the 

character of the precipitation, and those gridded data classified as stratiform were 

excluded.  

All 1,648 interpolated orbit overpasses were objectively examined, yielding 

27,691 individual echo elements. For purposes of analysis and discussion, two special 

categories of convective cores are defined: deep convective cores and wide convective 

cores. Deep convective cores are those with echo cores exceeding top heights of 10 km. 

Wide convective cores are defined as echoes with areas of reflectivity greater than or 

equal to 40 dBZ exceeding 1000 km2 at any height. The height of the areal maxima 

ranged from 1.0 km to 4.5 km MSL.   

The frequency distributions of echo-core maximum heights and echo-core 

maximum areas were computed. Those echoes with cores classified as deep or wide were 

further examined with the aid of MountainZebra. The 117 deepest and 121 widest echo 

core cases were subjected to detailed examination in which MountainZebra was used to 

generate vertical cross-sections through the data to elucidate the vertical structure of the 

precipitation reflectivity echo cores. Examples of deep and wide convective core cases 

will be described in Chapter 3. 

 

2.3.3 Analysis of stratiform echoes 
 

The essential criteria for classification of stratiform precipitation by the TRMM 

2A23 algorithm are the existence of bright band signals and/or horizontal reflectivity 

returns with an absence of intense echo cores (Awaka et al. 1997). For a given grid point 
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in the horizontal, all height bins are assigned the same convective-stratiform 

classification (Figures 2.3a-b). 

The presence and size of broad stratiform areas were determined by finding 

contiguous grid areas that were classified as stratiform precipitation. There were no 

reflectivity thresholds applied to the data. However, the PR has rather low sensitivity and 

therefore does not see portions of the echoes produced by very light precipitation. The 

combination of antenna size, radar wavelength (~2 cm), and peak power (~500 W), limit 

the TRMM PR to detection of reflectivities in excess of approximately 17 dBZ 

(Kummerow et al., 1998). The frequency distribution of stratiform areas in each sub-

region was determined for all individual stratiform areas. A broad stratiform area was 

defined as a stratiform echo region with area exceeding 50,000 km2. The broad stratiform 

areas were further analysed with MountainZebra to assess the vertical structure of these 

precipitation regions. Examples of the MountainZebra analyses are located in Chapter 3.  

 

2.4 Analysis of subsidiary datasets documenting synoptic conditions 
during Himalayan precipitation events 

 

The composite wind plots for July and August were obtained though the National 

Centers for Environmental Prediction (NCEP) – National Center for Atmospheric 

Research (NCAR) global reanalysis data set (Kalnay et al. 1996).  The maps for the 

South Asian summer monsoon region were generated through the U.S. Climate 

Diagnostics Center (CDC) website (http://cdc.noaa.gov). 

Lightning flash data from the Lightning Imaging Sensor (LIS; Christian et al. 

1999) on board the TRMM satellite was obtained through the Global Hydrology 

Resource Center (GHRC) website (http://ghrc.msfc.nasa.gov/ghrc.html) 

Visible and infrared satellite imagery from Meteosat-5 were obtained through the 

European Meteorological Satellites Organization (EUMETSAT) website 
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(http://www.eumetsat.int/). Meteosat-5 is a geostationary satellite positioned above the 

Indian Ocean at 36°E. The visible and infrared images nearest in time to the precipitation 

events were used to assess the context of the radar-observed storms. 

For interpretation of the synoptic conditions surrounding the individual cases 

under study, reanalysis data from the Indian National Centre for Medium Range Weather 

Forecasting (NCMRWF) were employed.  Wind field maps with 1.5 degree resolution at 

10 m, 850 mb, 500 mb and 200 mb were included in the analyses of the case studies. 

These data were derived from a global T-80 model which incorporated regional data 

exclusive to the NCMRWF (Rajagopal et al. 2001; Goswami and Rajagopal 2003).  

Finally, WMO Sounding data were obtained through the University of Wyoming, 

Department of Atmospheric Science website (http://weather.uwyo.edu/upperair/). 

Software available on this site was applied to derive associated sounding parameters (e.g. 

Convective Available Potential Energy, or CAPE, shear strength, etc.) useful in the 

analysis of precipitation system behaviour. 
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Figure 2.1: Approximate geometry of TRMM overpass.  (a) TRMM satellite orbit altitude 
of approximately 400 km with 17º scan width (0.71º beam width) results in 49 angle bins 
and 80 height bins in the lowest 19.75 km, indicated by near-vertical blue lines at the 
bottom of figure. (b) Inset (cf. magenta square in panel a) showing position for correction 
for off-nadir bins. Red arrows indicate the corrected reference position for the 3 outer 
beams at 3 different heights. Note that no correction is needed for nadir position, whereas 
the amount of correction increases with angle from nadir and altitude. 
 

 
Figure 2.2: Conceptual models depicting vertical cross-sections through (a)-(b) young 
vigorous precipitating convection; and (c) –(d) aged convection or stratiform 
precipitation. [Adapted from Houze 1997] 
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Figure 2.3: (a) Idealization of a horizontal map of radar reflectivity. Shading levels (light, 
dark, white, black) indicate progressively more intense levels of echo intensity; (b) 
Regions designated as convective and stratiform regions. [Adapted from Houze 1997] 
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Figure 2.4: Idealized echo core structure.  (a) Light gray volume represents outer 
boundary of detectable echo and yellow volume represents echo core with all contiguous 
height bins having reflectivity greater than or equal to 40 dBZ. (b) Detailed (zoomed) 
view of gridded structure of echo core with dark gray volume representing a single 250 m 
deep height bin, approximately 5 km × 5 km in horizontal dimension. The maximum 
height of this idealized convective core echo core would be 9.5 km and the maximum 
area would be approximately 100 km2 (4 × ~25 km2) at all levels.  
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Chapter 3 
RADAR DERIVED CHARACTERISTICS OF CONVECTION IN THE 

HIMALAYAN REGION 
 

3.1 Analysis of convective cores 
 

3.1.1 Heights of convective cores 
 

As discussed in Chapter 2, the two variables chosen for assessing vigorous 

convection were the height and width of the 40 dBZ echo core. Figure 3.1a shows the 

cumulative frequency distribution of the heights of all the identified cores for the 2002 

and 2003 monsoon seasons. From this figure it is clear that the bulk of the echoes in all 

sub-regions occur at or below the freezing level, which is generally located between 5.5 

and 6.0 km over the study region. When one considers that 40 dBZ is not the maximum 

reflectivity found in the echo cores, this is consistent with the findings of Mashuwari and 

Mathur (1968) who found that the maximum reflectivity in Indian monsoon 

thunderstorms was located at or below the 0°C level. This figure also demonstrates that 

the Eastern sub-region has more occurrences of a relatively low maximum height of the 

40 dBZ echo core (i.e., below the freezing level). This tendency decreases with distance 

westward, where cores tended to extend to greater altitudes. 

A prominent result is that the 40 dBZ echo tops reach high levels (above 10 km) 

with surprising frequency. Figure 3.1b shows only those echo cores with tops at or above 

10 km. The occurrence of these high reflectivities in the ice region are likely explained 

by the presence of ice particles too large to be in the Rayleigh scattering regime for the 2 

cm wavelength of the TRMM PR. Evidently, graupel particles on the order of 1 cm in 

diameter are lofted to high altitudes by extremely strong updrafts in these cases. In Figure 

3.1b, it is also evident that the highest frequency of very deep 40 dBZ echo cores occurs 

in the Western sub-region, with some echo core top heights extending to over 16 km. 
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This region is known for its intense convection and the high frequency of lightning 

during the monsoon months (Barros et al. 2004). The enhanced occurrence of lightning is 

consistent with the robust production of graupel in these convective cores (Figures 

3.2a-d).  

Altogether, 117 echo cores exceeding 10 km in height were observed and 

analysed in 77 overpasses on 54 different days (See Appendix B, Table B.1). These are 

referred to as deep core cases. To gain further insight into these especially deep 

convective developments, we used the Mountain Zebra visualization tool to examine the 

echo structures in all such cases. Representative example of MountainZebra output are 

illustrated in Figures 3.3-3.4. Visible and infrared satellite images of the case from 

EUMETSAT (Meteosat-5) are shown in Figures 3.5-3.6. The deep core was located in 

the region of the cloud system outlined by a red box. The satellite imagery suggests that 

this particular event was not part of a larger mesoscale convective system at this time.  

A TRMM satellite overpass sampled this case at 0859 UTC (approximately 1407 

local time) on 14 June 2002. MountainZebra displays of the deep core are in Figures 3.3-

3.4. A vertical cross section is taken along the red transect shown in Figure 3.3b. The 

cross section (Figure 3.4) shows reflectivity values of 40 dBZ reaching altitudes above 16 

km. Another notable feature is the vertical alignment (erect structure) of the echo core, as 

opposed to the more tilted structure commonly associated with robust thunderstorms and 

squall lines (Houze 1993, Chapters 8 and 9). This feature is consistent with the wind data 

from reanalysis and soundings suggesting little shear (evident in the synoptic discussion 

immediately following). The vertically upright structure of convective cells was a feature 

ubiquitous throughout the TRMM PR data. The echoes seemed rarely to show squall-

type structure or tilted echo cores. The topography of the subtending terrain shown in red 

at the bottom of Figure 3.4 also reveals that the event was clearly not triggered directly 

over the mountains. This event occurred in the lowlands associated with the Indo-

Gagnetic Plains, adjacent to the foothills of the Himalayas. 
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In order to understand this specific example more fully, we refer to the synoptic 

meteorological conditions on this day. Reanalysis fields of the synoptic conditions were 

obtained from the Indian National Centre for Medium Range Weather Forecasting 

(NCMRWF) from their global T80 model (approximately 1-degree resolution). The 

NCMRWF reanalysis winds at both 10 m and 850 mb about nine hours prior (0000 UTC) 

and three hours after the TRMM overpass (1200 UTC) show the location of the deep 

convection near the apparent terminus of the moist flow from the Arabian Sea (Figures 

3.7–3.8). The southwesterly flow converges with downslope flow from the Himalayas 

near the location of the deep convective event. The convection apparently arose on the 

moist side of this line of convergence of moist and dry flows. From these analyses, it is 

apparent that the convection broke out in a region of persistent low level moisture 

convergence. In terms of the upper level flow, no obvious features favourable to 

convection development (e.g., short-wave troughs) at this location were noted (Figures 

3.9-3.10).  However, the event did occur on the anticyclonic side of a zonal upper level 

tropospheric jet, near the entrance region of a 500 mb “jet streak” (Uccellini and Johnson 

1979).  The wind plots indicate the event is located in a region of minimal vertical wind 

shear.  

The soundings taken both nine hours prior (0000 UTC) to the TRMM overpass 

and three hours after (1200 UTC), appear to be consistent with the observed convective 

development. The relatively large CAPE (above 2700 J/kg) seen at Patiala (42101) in the 

0000 UTC sounding not only corresponds nicely to the terminus of the core of the 

southwesterly monsoon flow (Figure 3.11a), but its rapid modulation to a much lower 

value several hours later in association with appreciable low-level drying and a shift to 

deeper northwesterly lower-tropospheric flow (Figure 3.11b) suggests that the 

northwesterly flow (likely on a downslope trajectory) was converging with the 

southwesterly moist monsoon flow in a manner analogous to that observed along the 

“dryline” boundary frequently observed over the U.S. High Plains (Ziegler and Hane 

1993; Bluestein 1993). The location of Patiala (Figures 3.7-3.10, 3.11a-b) near the 
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terminus of the deeper southwesterly flow extending up to 850 mb (particularly at the 

earlier sounding time of 0000 UTC on 14 June) places this sounding in a zone of 

prolonged moisture convergence that would have been expected to further destabilize due 

to continued inflow of moisture and surface heating after the time of balloon ascent. The 

accompanying wind profile indicates that the wind shear was minimal at this location. 

Lower (sub-1000 J/kg) CAPE values for the New Delhi (42182) soundings 

(Figure 3.7-3.10, 3.12a-b), which were obtained farther away from the core of the moist 

south-westerly monsoon flow, were consistent with the kinematics in terms of the 

moisture dependency of CAPE values, at least from a larger-scale perspective. 

Intermediate (2000-2500 J/kg) CAPE values upstream at Jodhpur (42339) suggest that 

the monsoon flow was somewhat less unstable upstream than at its terminus (Figures 3.7-

3.10, 3.13a-b). 

 

3.1.2 Widths of convective cores 
 

Figure 3.14 shows the cumulative distribution function of the horizontal area of 

40 dBZ echo cores. The area for a given echo core was defined as the largest area of 

contiguous bins (at any height level) in a given echo core. This area was determined for 

all the echo cores during the 2002 and 2003 summer monsoons and compiled into 

cumulative distribution shown in Figure 3.14. The average height of the areal maximum 

was located at approximately 2.5 km, whereas the highest level at which the areal 

maximum ever occurred was 4.5 km. The wide areas of convection were all classified as 

convective precipitation by the 2A23 algorithm, thus eliminating contamination by 

stratiform bright band echoes. The areas greater than 1000 km2 (greater than 

approximately 30 km in horizontal scale) were defined as wide echo cores. The portion 

of Figure 3.14 including echoes greater than this size is re-plotted in Figure 3.15. It 

shows that, in a similar manner to the echo core height, wide areas of convection 
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exhibited a higher frequency of occurrence in the western sub-region with a tendency to 

decrease eastward.  

Altogether, 121 wide echo cores were observed in 106 overpasses on 80 different 

days (See Appendix B, Table B.2). Again, to gain further insight into the wide convective 

core cases we used the MountainZebra visualization tool to examine the echo structures 

in all the wide core cases. A representative example of a wide convective core occurred 

at approximately 1800 LST 22 July 2002. Visible and infrared images of the convection 

as seen by EUMETSAT (in the regions outlined by a red box in Figures 3.16-3.17) 

indicate that the system is isolated, i.e. not part of an especially large mesoscale 

convective system.  

The corresponding MountainZebra analysis reveals a wide region of intense 

convection (Figure 3.18). The maximum areal coverage of the 40 dBZ echo core of this 

storm was approximately 3,475 km2, at an altitude of 3.5 km. The cross-section taken 

along the red line in Figure 3.18b shows several vertically upright reflectivity maxima 

located within the contiguous 40+ dBZ core (Figure 3.19). While this analysis 

exemplifies the horizontal dimension of the storm, the 40+ dBZ core of this structure also 

extended vertically above 11 km, further qualifying this example as exhibiting a deep 

convective core, and thus demonstrating the overall intensity of the event. Of the 121 

wide convection echoes observed in this study, 20 were also classified as deep convective 

echoes. Of those 20 echoes, only six were located in the Central sub-region, while no 

echoes in the Eastern sub-region were simultaneously classified as deep and wide. 

The NCMRWF wind analysis again puts the location of the convection at a 

position where the low level southwesterly flow interacts with downslope flow from the 

Himalayas. In this case, however, at the 10 m and the 850 mb levels the strong flow 

seems to be downslope flow from the terrain interacting with the moist southwesterly 

flow (Figures 3.20-3.21).  As the event occurs after both these analyses, there is evidence 

of a trend towards more southerly lower-tropospheric winds with time.  Synoptic-scale 
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forcing associated with an upper tropospheric trough appears to have played a role in this 

event (Figures 3.22-3.23). 

Turning to the corresponding soundings, which were both obtained prior to the 

actual event, upstream conditions sampled at Jodphur (VIJO) are characteristic of a 

classic severe storm sounding (Fawbush and Miller 1954; Newton 1964; Palmen and 

Newton 1969) characterized by a strong capping inversion atop the moist boundary layer 

(Figures 3.24a-b). The capping inversion was reduced over time and evolved towards a 

sounding where vigorous convection was more likely. The Patiala (42101) sounding, 

though located southeast of the convergence zone coincident with the terminus of the 

main monsoon flow, once again shows large and increasing CAPE values consistent with 

the action of lower-tropospheric moisture convergence and lifting (Figures 3.25a-b). 

 

3.2 Analysis of stratiform regions 
 

 

As discussed in Chapter 2.3.3, the size of the stratiform area of each identified 

echo was determined based on the TRMM PR 2A23 echo-type field. Figure 3.26 shows 

the cumulative frequency distribution of the areas of all the identified stratiform regions 

for the 2002 and 2003 monsoon seasons. From this figure it is evident that stratiform 

areas tend to be larger and more frequent in the Eastern sub-region. Combined with the 

tendency for the deepest and widest convective cores to be less frequent in the Eastern 

sub-region, it appears that the nature of the convection is different in the east than in the 

west. Schumacher and Houze (2003a) found that the stratiform rain fraction tends to be 

higher over ocean and lower over land in tropical regions. This result suggests that the 

Eastern sub-region has a maritime tropical characteristic compared to the Western sub-

region. This difference is reasonable in view of the fact that the Eastern sub-region lies 

close to the Bay of Bengal, where as the convection in the Western sub-region occurs at a 

great distance from the Arabian Sea. The air approaching the Western sub-region must 

cross a hot desert before reaching the area of convection at the point where the flow 
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begins to encounter the Himalayas. The air mass modification thus would be expected to 

give the airmass and ensuing convection over the Western sub-region a more continental 

aspect. Barros et al. (2004) suggest that the Aravalli range (Figure 1.2) plays a role in 

separating the more unstable air masses arising over the Arabian Sea from the more 

stable air masses arising over the Bay of Bengal. 

Broad stratiform echoes are defined as those for which the area classified by the 

TRMM 2A23 algorithm as stratiform precipitation is greater than 50,000 km2, 

corresponding to a horizontal dimension of approximately 225 km. Altogether, 100 broad 

stratiform echoes were observed in 94 overpasses on 72 different days (See Appendix B, 

Table B.3).  

A representative case of a broad stratiform echo was detected by the TRMM PR 

at 1347 UTC (approximately 2016 local time) on 5 June 2003.  EUMETSAT visible and 

infrared imagery indicate that clouds covered the majority of the Eastern sub-region with 

extensive high cold cloud top, along with some areas of widespread but relatively low 

(i.e. midlevel) cloud tops (region outlined by red boxes in Figures 3.27-3.28). The region 

of contiguous echo with detectable precipitation designated as stratiform by the TRMM 

2A23 algorithm was approximately 88,300 km2 (Figure 3.29b). The MountainZebra 

displays show a very broad region of echo, some of which corresponds to echoes above 

the very intense 40 dBZ threshold (Figures 3.29a,c). However, when the vertical structure 

of the precipitation is analyzed, it clearly shows a different character than the previous 

examples of convection from MountainZebra. These intense regions exhibit a well-

defined bright band, indicating enhanced reflectivity due to large water-coated aggregates 

(Figure 3.30). The plan view of these regions also indicates generally smoother radar 

echo, with a greater tendency toward horizontal homogeneity than the radar echoes in the 

highly convective cases, (compare Figures 3.3b, 3.18b, and 3.29c). 

The corresponding NCMRWF wind analysis (Figure 3.31-3.34) at low levels, and 

most particularly at 850 mb (Figure 3.32), indicates an enormous moisture flux 

 



 26

associated with the southwesterly flow originating over the Bay of Bengal. The 500 and 

200 mb analyses (Figure 3.33-3.34) indicate an association with an upper level trough in 

this case, though the presence of significant synoptic features at upper levels was not a 

feature found throughout the stratiform, nor convective samples. The soundings (Figure 

3.35-3.37) show generally high relative humidity (and possibly rain water contaminated 

hygristor). 

 

3.3 Regional distribution of deep cores, wide cores and stratiform areas  
 

Figure 3.38 shows the spatial distribution of the 218 most vigorous convective 

storms (indicated by red circles) and the 100 broadest regions of stratiform precipitation 

(indicated blue discs). Vigorous convective storms are those storms that qualify as either 

deep convection (heights of 40 dBZ echo core above or equal to 10 km) or wide 

convection (width of 40 dBZ echo core greater than or equal to 1000 km2). A total of 20 

storms qualified as both deep convection and wide convection.   

 

Both convective and stratiform events are concentrated in the lowland and foothill 

regions across the entire area; however, the vigorous convection is biased toward the 

concavity of the terrain in the Western sub-region, whereas the majority of the broad 

stratiform cases were more concentrated in the in the Eastern sub-region, especially in the 

eastern concavity. The different precipitation forms found in the Western and Eastern 

sub-regions reflect the different climatologies of these two regions. The moist 

southeasterly flow in the Western sub-region travels over the extremely warm, 

topographic flat surfaces of the Thar Desert before interacting with the intense 

orography. This gives the precipitation in this region a distinctively continental character. 

This pattern is consistent with Barros et al.’s (2004) analysis of TRMM-observed 

lightning activity in the Himalayan region (Figure 3.2). The Eastern sub-region is closer 

to the moisture source over the Bay of Bengal. Thus, the Eastern sub-region has a much 

more marine character to the precipitation, dominated by stratiform precipitation. 
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Schumacher and Houze (2003a) have shown that maritime tropical precipitation has a 

greater stratiform rain fraction than continental tropical precipitation. 

 

3.4 Contoured Frequency by Altitude Diagrams 
 

The Contoured Frequency by Altitude Diagram (CFAD) introduced by Yuter and 

Houze (1995) is an efficient way to represent the vertical distribution of all the gridded 

values of a quantity in a volume of the atmosphere. These values could be those obtained 

at an instant of time in the volume or accumulated over a long time period. In this thesis, 

we represent the TRMM PR radar reflectivity values for the combined 2002 and 2003 

monsoon seasons in the three sub-regions of this study in CFAD form. These CFADs 

display the frequency of occurrence of radar reflectivity as a function of reflectivity, 

dBZ, and altitude, z. The CFADs in this study were constructed using the 2A25 data from 

the TRMM PR. For these plots, the input data were the uninterpolated reflectivity values. 

Altitudes are geopotential height (km MSL) relative to the surface of the earth ellipsoid. 

The ordinate of the CFAD is altitude (in 250 m increments, or bins) and the abscissa is 

reflectivity in dBZ (in 1 dBZ bins). The values shown on the CFADs represent the 

frequency of occurrence of a given reflectivity at a given height, f(dBZ, z). The entire 

distribution was normalized by dividing by the maximum absolute frequency of the 

samples within the region of analysis, fmax(dBZ, z). Thus, the contours are labelled in 

values of f/fmax. This method permits the comparison of CFADs between regions despite 

the different absolute frequencies. The contours selected for the CFADs were for 2.5 %, 

5.0 %, 10.0 %, 20.0 %, 30.0 %, 40.0 %, 50.0 %, 60.0%, 70.0 %, 80.0 % and 90.0 %. The 

contours are truncated at lower reflectivity values as a result of the reduced sensitivity to 

low rain rates of the TRMM PR. 

 

Figures 3.39a-c show the CFADs for each of the three sub-regions. The data in 

each CFAD are for all the TRMM PR overpasses for the 2002 and 2003 monsoon 

seasons combined. Data from 1,648 overpasses went into this single plot of radar data. 
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The CFAD shows that the most common reflectivity at low levels is ~25 dBZ 

(corresponding to a surface rain rate of about 1-2 mm/h). At upper levels, in the ice 

region, the typical values are in the low 20’s. The values cut off at about 15 dBZ because 

of the lower limit of the TRMM PR’s sensitivity (cf. discussion in Chapter 2). The 

tendency for a melting layer bright band to occur in the echoes is evident in the statistics 

in the form of a rightward shift rightward shift in the CFAD contours at approximately 

5.0 km, corresponding to the climatological 0˚C level. Subsequent CFADs show the 

breakdown of these radar echo CFAD statistics by sub-region, rainfall type, and terrain 

type. 

Figures 3.39a-c show that reflectivity values were generally higher in the Western 

sub-region and decreased eastward. Similarly, the CFAD for Western Sub-region also 

exhibited higher reflectivity values at higher altitudes, indicating a tendency for deeper 

convection in the Western Sub-region. The echo depth also decreased eastward. The 

Eastern sub-region CFAD exhibited a more pronounced rightward shift in reflectivity at 

the 0˚C level than in the Central and Western Sub-regions, consistent with a greater 

tendency for stratiform precipitation in the Eastern sub-region. 

When the regional characteristics were compared by precipitation type between 

the Western and Eastern sub-regions (Figures 3.40a-d), some of the same features 

became more evident. The convective echoes (Figures 3.40a-b) show the tendency of the 

Western sub-region to have higher overall reflectivity values and higher reflectivities at 

higher altitudes. The CFAD contours indicate the occurrence of up to 40 dBZ echo at 12 

km in the west, while 40 dBZ echoes are evident only to about 9 km in the Eastern sub-

region. The stratiform partitioning (Figures 3.40c-d) indicated enhanced reflectivity near 

the 0˚C level, however, the Eastern sub-region CFAD showed a more pronounced bright 

band signature. As noted above, this signature appears to indicate that the convection in 

the Eastern sub-region had a more maritime character than in the west.  

 

The CFADs were also analysed by subtending terrain and sub-region. The terrain 

was classified according to elevation: 0-300 m was classified as lowland, 300-3000 m 
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was classified as foothills, above 3000 m was classified as mountainous (Figure 3.41). 

Figures 3.42a-f show that the convection over the lowlands tended to be slightly deeper 

than that over the foothills in all three sub-regions. The echoes seen in the mountain 

CFADS (Figures 3.42g-i) were composed predominantly of stratiform echo, probably 

advected from the tops of the lowland and foothill convection. These results, together 

with Figure 3.38, lead to the conclusion that there is a tendency for the intense 

convection to form near and over the base of the steep barrier, but not over the higher 

terrain.  

As supported by previous CFAD comparisons, reflectivities tended to be greater 

and echoes extended to greater heights in the west compared to the east. In the Central 

and Eastern sub-regions the lowland terrain CFADs demonstrated a tendency for higher 

reflectivity values at higher altitudes than did the foothills region. In the Western sub-

region, the distribution of reflectivities with altitude were very similar for higher 

reflectivity values, but the lowland CFAD illustrates that lower reflectivity values prevail 

at higher altitudes as compared to the foothill-region CFAD.  
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Figure 3.1: (a) Normalized frequency distribution of 40 dBZ convective echo core tops 
(maximum height) for three sub-regions. (b) Inset showing normalized frequency 
distribution of 40 dBZ convective echo core tops within the layer above 10 km MSL.  
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Figure 3.2: Monthly TRMM High Resolution Lightning Climatology (flashes/km2/day) as measured by Lightning Imaging Sensor 
(LIS) for the years 1998 – 2004. (a) June; (b) July; (c) August; (d) September. 
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Figure 3.3: (a) Horizontal map of TRMM PR radar reflectivity at 4.0 km through case of 
deep convection observed at approximately 0900 UTC 14 June 2002.  Figure also shows 
sounding locations and outline of TRMM PR swath path.  (b) Inset (cf. red boxed area in 
panel a) showing sounding locations, swath path and the orientation of vertical cross-
section transect (red line) shown in Figure 3.4.  
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Figure 3.4: Vertical cross-section of TRMM PR radar reflectivity for the case of deep 
convection observed at approximately 0900 UTC 14 June 2002. Transect location shown 
in Figure 3.3b.  
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Figure 3.5: Visible satellite images from Meteosat-5. (a) 0900 UTC 14 June 2002; (b) 
Zoomed view of region outlined in (a). [http://www.eumetsat.int/] 
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Figure 3.6: Infrared satellite images from Meteosat-5. (a) 0930 UTC 14 June 2002; (b) 
Zoomed view of region outlined in (a). [http://www.eumetsat.int/] 
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Figure 3.7: Twice daily Indian NCMRWF reanalysis data showing location of deep 
convection relative to surrounding large-scale conditions on 14 June 2002. (a) 10 m 
winds at 0000 UTC. (b) 10 m winds at 1200 UTC. The large green pentagram represents 
the location of the precipitation event. Locations of pertinent sounding stations are also 
provided.  
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Figure 3.8: Same as figure 3.7 except showing (a) 850 mb winds at 0000 UTC and (b) 
850 mb winds at 1200 UTC. Solid green line indicates elevation at which the 850 mb 
level intersects terrain. 
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Figure 3.9: Same as figure 3.7 except showing (a) 500 mb winds at 0000 UTC and (b) 
500 mb winds at 1200 UTC. 
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Figure 3.10: Same as figure 3.7 except showing (a) 200 mb winds at 0000 UTC and (b) 
200 mb winds at 1200 UTC. 
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Figure 3.11: Twice daily soundings (plotted in skew T/log P format) for Patiala, India 
(42101) on 14 June 2002 at (a) 0000 UTC and (b) 1200 UTC. [Adapted from University 
of Wyoming Department of Atmospheric Science Upper Air Data website 
[http://weather.uwyo.edu/upperair/]. 
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Figure 3.12: Same as Figure 3.11 except for New Delhi, India (42182) on 14 June 2002 at 
(a) 0000 UTC and (b) 1200 UTC. 
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Figure 3.13: Same as Figure 3.11 except for Jodhpur, India (42339) on 14 June 2002 at 
(a) 0000 UTC and (b) 1200 UTC. 
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Figure 3.14: Cumulative distribution function of 40 dBZ convective areal maxima for the 
three sub-regions showing areal maxima between 25km2 and 2500km2. 

 

Figure 3.15: Same as Figure 3.14 except showing convective areal maxima between 
1000km2 and 5000km2.  
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Figure 3.16: Visible satellite images from Meteosat-5. (a) 1300 UTC 22 July 2002; (b) 
Zoomed view of region outlined in (a). [http://www.eumetsat.int/] 
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Figure 3.17: Infrared satellite images from Meteosat-5. (a) 1300 UTC 22 July 2002; (b) 
Zoomed view of region outlined in (a). [http://www.eumetsat.int/] 
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Figure 3.18: (a) Horizontal map of TRMM PR radar reflectivity at 4.0 km through case of 
wide convection observed at approximately 1300 UTC 22 July 2002.  Figure also shows 
sounding locations and swath path.  (b) Inset showing sounding locations, swath path and 
the orientation of vertical cross-section transect (red line). 
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Figure 3.19: Vertical cross-section of TRMM PR radar reflectivity for the case of wide 
convection observed at approximately 1300 UTC 22 July 2002. Transect location shown 
in Figure 3.18b. 
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Figure 3.20: Twice daily Indian NCMRWF reanalysis data showing location of wide 
convection relative to surrounding large-scale conditions on 22 July 2002. (a) 10 m winds 
at 0000 UTC. (b) 10 m winds at 1200 UTC. The large green pentagram represents the 
location of the precipitation event. Locations of pertinent sounding stations are also 
provided. 
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Figure 3.21: Same as figure 3.20 except showing (a) 850 mb winds at 0000 UTC and (b) 
850 mb winds at 1200 UTC. Solid green line indicates elevation at which the 850 mb 
level intersects terrain. 
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Figure 3.22: Same as figure 3.20 except showing (a) 500 mb winds at 0000 UTC and (b) 
500 mb winds at 1200 UTC. 
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Figure 3.23: Same as figure 3.20 except showing (a) 200 mb winds at 0000 UTC and (b) 
200 mb winds at 1200 UTC. 
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Figure 3.24: Twice daily soundings (plotted in skew T/log P format) for Jodhpur, India 
(42339) on 22 July 2002 at (a) 0000 UTC and (b) 1200 UTC. [Adapted from University 
of Wyoming Department of Atmospheric Science Upper Air Data website 
[http://weather.uwyo.edu/upperair/]. 
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Figure 3.25: Same as Figure 3.24 except for Patiala, India (42101) on 22 July 2002 at (a) 
0000 UTC and (b) 1200 UTC. 
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Figure 3.26: Cumulative distribution function showing area of stratiform precipitation for 
the three sub-regions based on TRMM 2A23 algorithm. 
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Figure 3.27: Visible satellite images from Meteosat-5. (a) 1200 UTC 5 June 2003; (b) 
Zoomed view of region outlined in (a). [http://www.eumetsat.int/] 
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Figure 3.28: Infrared satellite images from Meteosat-5. (a) 1430 UTC 5 June 2003; (b) 
Zoomed view of region outlined in (a). [http://www.eumetsat.int/] 
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Figure 3.29: (a) Horizontal map of TRMM PR radar reflectivity at 4.5 km through case of 
broad stratiform observed at approximately 1400 UTC 5 June 2003. (b) Horizontal 
distribution of stratiform precipitation as classified by the TRMM 2A23 algorithm. (c) 
Inset of Figure 3.29a showing sounding locations, swath path and the orientation of 
vertical cross-section transect (red line). Figures also show sounding locations and swath 
path. 
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Figure 3.30: Vertical cross-section of TRMM PR radar reflectivity for the case of broad 
stratiform precipitation observed at approximately 1400 UTC 5 June 2003. Transect 
location shown in Figure 3.29c. 
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Figure 3.31: Twice daily Indian NCMRWF reanalysis data showing location of broad 
stratiform precipitation relative to surrounding large-scale conditions on 5 June 2003. (a) 
10 m winds at 0000 UTC. (b) 10 m winds at 1200 UTC. The large green pentagram 
represents the location of the precipitation event. Locations of pertinent sounding stations 
are also provided. 
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Figure 3.32: Same as figure 3.31 except showing (a) 850 mb winds at 0000 UTC and (b) 
850 mb winds at 1200 UTC. Solid green line indicates elevation at which the 850 mb 
level intersects terrain. 
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Figure 3.33: Same as figure 3.31 except showing (a) 500 mb winds at 0000 UTC and (b) 
500 mb winds at 1200 UTC. 
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Figure 3.34: Same as figure 3.31 except showing (a) 200 mb winds at 0000 UTC and (b) 
200 mb winds at 1200 UTC. 
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Figure 3.35: Twice daily soundings (plotted in skew T/log P format) for Gauhati, India 
(42410) on 5 June 2003 at (a) 0000 UTC and (b) 1200 UTC. [Adapted from University of 
Wyoming Department of Atmospheric Science Upper Air Data web-site; 
http://weather.uwyo.edu/upperair/]. 
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Figure 3.36: Same as Figure 3.35 except for Agartala, India (42724) on 5 June 2003 at (a) 
0000 UTC and (b) 1200 UTC. 
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Figure 3.37: Same as Figure 3.35 except for Tengchong, China (56739) on 5 June 2003 at 
(a) 0000 UTC and (b) 1200 UTC. 

 



 

 

Figure 3.38: Regional distribution of 100 largest stratiform areas (blue discs) and 218 most vigorous convective elements (red 
circles).
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Figure 3.39: Contoured frequency by altitude diagrams (CFADs) of all TRMM 
overpasses during monsoon months (June-September) for 2002 and 2003 in (a) Western 
sub-region; (b) Central sub-region; and (c) Eastern sub-region. All CFAD contours 
represent the frequency of occurrence relative to the maximum absolute frequency for the 
specified criteria. 
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Figure 3.40: CFADs categorized by precipitation type by the TRMM 2A23 algorithm for: (a) convective precipitation for Western 
sub-region; (b) convective precipitation for Eastern sub-region; (c) stratiform precipitation for Western sub-region and (d) stratiform 
precipitation for Eastern sub-region.  
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Figure 3.41: Classification of subtending terrain based on elevation.  Green regions (lowlands) represent locations with elevations 
between 0 and 300 m, brown regions (foothills) represent locations with elevations between 300 and 3000m and white regions 
(mountains) represent locations with an elevation exceeding 3000 m.  
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Figure 3.42: CFADs based on elevation of subtending terrain for: (a) lowland terrain in Western sub-region; (b) lowland terrain in 
Central sub-region; (c) lowland terrain in Eastern sub-region; (d) foothills in Western sub-region; (e) foothills in Central sub-region; 
(f) foothills in Eastern sub-region; (g) mountainous terrain in Western sub-region; (h) mountainous terrain in Central sub-region and 
(i) mountainous terrain in Eastern sub-region. 
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Chapter 4 

CONCLUSIONS 

 
This study documents various repeatable aspects of vertical radar echo structure 

for precipitation events occurring in an unstable environment under the influence of 

strong orographic forcing.  Two years of summer monsoon season TRMM Precipitation 

Radar data were processed to analyse the vertical structure of precipitation over three 

sub-regions covering entire Himalayan region, including adjacent ranges, the lowland 

drainage systems of the Ganges and Indus Rivers (Indo-Gangetic Plains) and the 

Northern portion of India’s central highlands. The reflectivity structures of 27,691 

individual precipitation elements were incorporated into the analyses. From this, a subset 

of the most vigorous convective and broadest stratiform elements was determined, and 

each of these elements were individually analysed.  

Previous studies of orographic precipitation in the region of the Himalayas have 

determined that the heaviest precipitation is predominantly located in the lower slopes of 

the major mountain barrier and the plains adjacent the significant ranges, but not at 

higher elevations. The most significant precipitation events in this study were clustered 

near and over the lower slopes. The data suggest that effect of the orography is felt 

strongly in the lowlands adjacent to foothills as well as over the lower slopes. This 

inference is consistent with current understanding that precipitation enhancement can 

occur both directly above and upwind of the topography when moist flow impinges on a 

mountain barrier (Grossman and Durran 1984). In the case of the summer monsoon 

precipitation studied here, it appears that major precipitation systems occur at the 

terminus of the moist low-level poleward flow from the ocean, and frequently where this 

flow meets dry downslope flow descending the south-facing slope of the Himalayas. As 

found elsewhere (e.g. over the Alps, Frei and Schar 1998), large concave indentations in 
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the topography are a favourable location for both intense convective events and events 

with major stratiform precipitation areas.  

The bulk of convective cores with peak reflectivities equal to or greater than 40 

dBZ are consistently located at or below the freezing level. This behaviour is consistent 

with early studies of radar reflectivity structure in the region (Maheshwari and Mathur 

1968). Across the entire domain of the study, convective elements were consistently 

vertically oriented (i.e. not tilted). This structure suggests the absence of any systematic 

organization of the convection into squall lines of the type seen over sub-Saharan Africa 

(Hamilton and Archbold 1945; McGarry and Reed 1978; Fortune 1980; Hodges and 

Thorncroft 1997; Schumacher and Houze 2005) and over tropical oceans (Zipser 1969; 

Zipser 1977; Houze 1977; Houze and Betts 1981; Rickenbach and Rutledge 1998; Houze 

et al. 2000; Webster et al. 2002). Although the bulk of convective echo cores had tops 

below ~5 km, a substantial number of echo cores reached great altitudes. In these cases, 

40 dBZ echoes repeatedly reached heights of 10-17 km. Such high reflectivity values at 

these altitudes suggests that heavily rimed particles on the order of 1 cm were lofted to 

heights of 10-17 km. The presence of graupel/hail at these altitudes is consistent with 

TRMM observations of significant lightning activity over the Himalayas, especially in 

the Western sub-region.  

Regionally, the most frequent occurrences of vigorous convection were in the 

Western sub-region and were associated with southwesterly monsoon flow from the 

Arabian Sea colliding with steeply rising terrain after flowing a long distance over the 

very warm surface of the Thar Desert. The deepest and broadest 40 dBZ echo cores are 

located over the northwest region of the Western sub-region, where a concavity exists in 

the terrain. In all sub-regions there was a tendency for slightly deeper convection over the 

lowlands than over the foothills. 

 

The Eastern sub-region was characterized by a more maritime precipitation 

regime consisting of shallow convection and significant areas of stratiform precipitation. 

The southwesterly monsoon winds flow off the Bay of Bengal, where the sea surface 
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temperatures are higher than those of the Arabian Sea. Additionally, the flow in the 

Eastern sub-region encounters orography much nearer the moisture source when 

compared to the Western sub-region. The broader stratiform areas are more frequent and 

more extensive over the NE region of the Eastern sub-region, again where a concavity in 

the terrain channels the flow. 
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Appendix A 
 

THE TROPICAL RAINFALL MEASURING MISSION (TRMM) 
SATELLITE 

 
A.1 Satellite Instrumentation and Retrieval Principles  
 

The Tropical Rainfall Measuring Mission (TRMM) is a joint undertaking 

between the National Aeronautics and Space Administration (NASA) of the United 

States and the National Space Development Agency (NASDA) of Japan. The key 

scientific objectives of the mission are to assess important four-dimensional rain 

parameters and energy exchanges associated with precipitation processes in the tropics 

and the sub-tropics (Kummerow et al. 1998). 

The non-sun-synchronous TRMM satellite was launched on November 27, 1997. 

The original circular orbit of the satellite was originally established at an altitude of 350.0 

km, however, in an effort to extend the life of the mission, from August 7-24, 2001 a 

series of manoeuvres were performed that boosted the orbit height of the satellite to 

402.5 km. The low inclination angle of 35° and orbit period of ninety-one minutes permit 

the satellite to scan a 5° × 5° sampling region in the tropics forty to fifty times per month 

(once or twice daily).  

The TRMM satellite instrumentation suite consists of a nine-channel passive 

microwave radiometer, the TRMM Microwave Imager (TMI), an Advanced Very High 

Resolution Radiometer (AVHRR), a Visible and Infrared Radiometer System (VIRS), the 

Clouds and Earth’s Radiant Energy System (CERES) sensor, a Lightning Imaging Sensor 

(LIS) and the first ever quantitative satellite-borne weather radar, the Precipitation Radar 

(PR). 
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The mechanical structure (platform and antenna) of the PR is 2.3m × 2.3m × 0.7m 

in size with a 2.0m × 2.0m planar array antenna. The PR operates at a frequency of 

13.8GHz (2.17cm wavelength) and as such is subject to strong attenuation by rain. The 

PR has an off-nadir scan angle limit of ±17°, resulting in a swath width of 247.25km at 

the boosted height of 402.5km. The duration of each scan is 0.6s. The beam width of 

signal is 0.71° × 0.71°, corresponding to a footprint with a horizontal resolution of 

4.43km at nadir. The sampling technique obtains 64 independent samples in each of the 

49 angle bins of the cross-track scan. 32 pairs of 1.6µs pulses (each pulse of the pair 

differing in frequency by 6MHz) are transmitted at a repetition frequency of 2776Hz. The 

49 distinct rays are separated by an angle of 0.71°. The observable vertical range of PR 

extends from the surface to a height of 19.75 km with a vertical resolution of 250m at 

nadir (Kummerow et al. 1998). 

In order to gather information about the distribution and characteristics of 

precipitation throughout the tropics, a system with broad areal coverage is required. Rain 

gauge networks provide very limited global coverage and give no insight into the vertical 

structure of the storm system. Although ground-based weather radar facilities can provide 

information regarding vertical structure, a global network of ground-based weather radar 

facilities is impossible. Three-quarters of the area of the tropics is covered by oceans, 

where ground-based weather radar observations are extremely limited. Additionally, 

many of the world’s more significant mountain ranges, including the Andes and the 

Himalayas, lie within the tropics and sub-tropics. Orographic precipitation, specifically 

flooding events are an important natural hazard and potentially very important in the 

global hydrological cycle. Due to complex terrain, mountainous rainfall and flooding 

episodes are especially difficult to observe with conventional ground-based radar. 

The quasi-vertically pointing PR on the TRMM satellite provides a three-

dimensional structure of storms over lands and oceans where radar observations were 

previously unavailable. The TRMM satellite and its instrument complement are also 
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integral in assessing the differences in distribution of stratiform and convective 

precipitation in the tropics. 

The key parameter reported by the PR is the true equivalent radar reflectivity, Ze. 

The conventional method by which weather radar is employed is to determine the radar 

reflectivity by inversion of the weather radar equation and then, through various 

empirical relationships, obtain the rain rate. The weather radar equation (see Houze 1993 

for a brief derivation of the equation) may be represented by  
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C = the radar constant, given by 2
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K = dielectric factor (function of complex index of refraction) 

)(rZm = measured radar reflectivity;  
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)(rZe = true effective radar reflectivity 

])(10ln2.0exp[ 0∫− r dssk  = attenuation factor 

)(sk = specific attenuation (may be expressed in the power law form, k=αRβ, 

where R is rain rate, α and β are experimentally derived constants) 

 

If C, r and K (estimated from the complex index of refraction of precipitating 

particles) are known, Zm(r) can be calculated from the measured returned or received 

power, Pr(r). If we assume that the attenuation by rain is negligible, then Ze(r) can be 

 



 83

approximated by Zm(r) and by using an established Ze-R relationship (Ze=aRb where R is 

rain rate, a and b are empirically derived values) based on an estimated drop size 

distribution, we can obtain the rainfall rate, R. 

However, in order to use a relatively small radar antenna (a limitation imposed by 

a satellite-borne radar platform), the wavelength chosen must be relatively short in order 

to achieve sufficiently fine spatial resolution. A consequence of using a shorter 

wavelength is that the signal is strongly attenuated by rain.  

In order to overcome this problem, a relationship between the specific 

attenuation, k, and the true effective radar reflectivity, Ze, is employed and the radar 

equation is modified to  
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where the k-Ze relationship is expressed in the form of a power law relation 

(k=aZe
b, where a and b are empirically derived values). The solution for Ze can be 

determined and then a Ze-R power law relation used to obtain rainfall rate. Alternately, k-

R and Ze-R relationships, both in the form of power law relations (Ze=aRb and k=αRβ, 

where again R is rain rate and a, b, α and β are empirically derived values) may be used 

to calculate R. 

 

A.2 Satellite Detection and Retrieval Scheme 
 

The TRMM Satellite Precipitation Radar (PR) collects two raw data products: the 

received power and the range. The important radar echoes of the PR are the rain echo and 

the surface echo. The surface echo is measured in order to assess the total path integrated 

attenuation and to provide the range of the surface along the radar beam. 
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The TRMM standard algorithm that estimates the vertical profiles of attenuation-

corrected radar reflectivity and rainfall rate is designated as the 2A25 algorithm. Input 

data files into the 2A25 algorithm are 1C21, 2A21 and 2A23. The key data from the 

1C21 data files are the measured Zm profiles and height information. The 2A21 data files 

provide 2A25 algorithm with an estimate of path integrated attenuation derived from the 

apparent decrease of the surface cross-section in rain relative to that measured in rain free 

areas, a technique often referred to as the surface reference technique. The 2A23 data 

files provide rain type (convective, stratiform or other), freezing height and bright band 

height information (Iguchi et al. 2000a). The bright band is a vertical layer in stratiform 

clouds where the radar observations near and immediately below the 0°C isotherm often 

show an enhancement of the received power; this enhancement corresponds to the 

melting of frozen porous hydrometeors (graupel excluded) into rain (Meneghini and 

Kozu 1990). The bright band height and the surface atmospheric temperature are used to 

define the regions where the hydrometeors are predominately liquid, solid, or mixed 

phase, thus allowing an approximation of the dielectric factor, K. The dielectric factor is 

a function of the complex index of refraction that has a dependency on the phase of the 

hydrometeors. The 2A25 algorithm estimates the true effective reflectivity factor, Ze, at 

13.8 GHz in each radar resolution cell from the vertical profiles of the measured 

reflectivity factor, Zm. The initial values of the coefficients in the k-Ze and the Ze-R 

relationships at different altitudes are defined accordingly, and the rainfall rate is then 

calculated from the estimated Ze. 

 

A.3 Limitations 
 

Perhaps the greatest limitation of the TRMM Precipitation Radar (PR) is the rate 

and area of sampling. Due to the relative infrequency of visits to the same regions, the 

tracking or multiple sampling of individual mesoscale storms (e.g., as required to assess 
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their evolution) is impossible.  Additionally, due to the limited swath width, many of the 

storms will simply not be sampled. 

The TRMM PR calibration and validation results have been shown to be accurate 

and stable. The PR performs external calibrations with an Active Radar Calibrator (ARC) 

placed at a ground calibration site in Japan and an internal loop-back calibration which 

measures the transfer function of the PR transmitter and receiver. Calibration and 

validation results have been shown to be accurate and stable (Kummerow et al. 2000). 

The PR attenuation-corrected radar reflectivity retrievals appear to agree well 

with validation studies by the Kwajalein oceanic validation for reflectivity values that 

exceed the sensitivity limitation of 17dBZ. The sensitivity limit of the PR, due to system 

noise limits, results in an under-sampling of the light stratiform rain. The PR is, therefore, 

unable to sample rainfall rates less than 0.4mm h-1 (Schumacher and Houze 2000).  

The largest uncertainties in the TRMM PR retrievals arise from attenuation 

correction methods and sampling errors. The two key sampling errors are the detection of 

surface clutter and the non-uniform beam filling effect. Surface clutter is essentially the 

detection of a surface signal that is mistakenly treated as a precipitation signal. As 

previously described, algorithms are employed to determine the boundary between 

surface and rain echoes however, off nadir alignment of the sampling beam can result in 

a surface echo being classified as rain.  

The non-uniform beam filling effect occurs when the footprint size of the radar is 

comparable or larger than the characteristic horizontal distance over which returned 

power varies significantly, e.g. the diameter of a convective cell. In this case, due to the 

non-linearity of the Z-R relation, an averaging of the sampled area creates large 

uncertainties. 

Application of an attenuation correction can also result in appreciable 

uncertainties, particularly when the rainfall is heavy. A weak returned signal might result 
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from light rain or from very strong attenuation from rain. Although not previously 

addressed in this thesis, attenuation of the signal might also result from cloud water. 

Despite the number of difficulties associated with satellite-borne weather radar, 

the PR is certainly capable of providing a valuable and unique data set. With further 

improvements to the rainfall retrieval algorithms and techniques, the TRMM instrument 

complement, and the PR in particular, will contribute greatly to the study of tropical 

precipitation, the global hydrological cycle, and general circulation modelling. 
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26567 20020713 114500 C 13.75 22.80 85.55

   Appendix B 

TABLES 
 

Table B.1: Deep convective echo cores with tops above 10 km.  Date is given in format, 
yyyymmdd; format of time (UTC) is given as hhmmss; and sub-regions are Western (W), 
Central (C) and Eastern (E). 

Orbit 
Number Date Time (UTC) Sub-Region Height of Echo 

Core (km)
Centroid 

Latitude (°N)
Centroid 

Longitude (°E)

25928 20020602 115754 W 11.00 34.35 73.13
25928 20020602 115754 W 11.00 33.68 74.20
25928 20020602 115754 W 10.75 34.55 72.42
25928 20020602 115754 W 10.75 34.21 74.53
25929 20020602 133537 W 10.00 33.84 73.73
25941 20020603 075116 E 13.25 24.10 90.30
25945 20020603 142045 C 10.75 25.30 88.35
25959 20020604 114440 W 10.75 34.67 74.30
25960 20020604 132224 W 11.00 33.90 74.72
25960 20020604 132224 W 10.25 33.10 75.50
25975 20020605 122646 W 10.75 33.16 72.75
25976 20020605 140747 C 10.50 24.47 83.83
26004 20020607 085738 W 11.75 32.47 73.07
26035 20020609 084410 W 11.25 33.41 70.23
26035 20020609 084410 W 10.75 34.19 70.83
26036 20020609 102154 W 12.25 33.76 71.66
26036 20020609 102154 W 11.25 33.23 75.05
26036 20020609 102154 W 10.75 33.95 73.81
26052 20020610 110712 C 10.50 27.91 82.22
26065 20020611 065315 W 10.50 32.97 72.67
26066 20020611 083615 E 10.00 32.33 91.15
26067 20020611 100849 W 11.50 32.01 72.20
26067 20020611 100849 W 10.75 32.98 74.14
26067 20020611 100849 W 10.00 32.65 73.86
26113 20020614 085953 W 16.75 29.47 77.20
26128 20020615 080408 W 11.00 33.91 70.04
26128 20020615 080408 W 10.75 33.82 70.95
26144 20020616 084925 C 10.75 22.81 84.65
26159 20020617 075033 W 13.50 28.86 75.34
26248 20020623 003859 W 10.75 31.56 77.13
26293 20020625 215149 W 10.25 25.29 71.73
26447 20020705 190720 W 10.25 34.27 72.67
26448 20020705 204503 W 11.75 33.71 73.04
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31654 20030604 211305 C 12.00 25.92 84.50

Table B.1 continued 
26567 20020713 114500 C 13.25 22.78 85.55
26567 20020713 114500 C 12.25 23.60 87.75
26567 20020713 114500 C 11.75 24.60 88.80
26567 20020713 114500 C 10.75 23.50 87.21
26583 20020714 122737 C 10.75 30.55 87.57
26630 20020717 125351 W 10.75 34.30 72.70
26630 20020717 125351 W 10.25 34.52 71.96
26644 20020718 102234 C 10.75 30.42 88.90
26662 20020719 141748 W 10.50 34.29 73.74
26676 20020720 114443 W 10.50 34.25 73.36
26691 20020721 104918 W 11.25 33.77 70.08
26691 20020721 104918 W 10.75 33.56 70.59
26692 20020721 122703 W 10.50 34.85 72.72
26706 20020722 095347 W 13.00 30.95 69.44
26706 20020722 095347 W 12.25 32.80 72.41
26706 20020722 095347 W 12.25 32.45 70.64
26706 20020722 095347 W 11.75 30.24 69.71
26706 20020722 095347 W 11.50 30.43 69.58
26706 20020722 095347 W 10.25 32.04 76.37
26706 20020722 095621 C 10.75 34.68 86.72
26708 20020722 130922 W 11.00 32.22 72.82
26721 20020723 085810 W 10.00 30.13 69.82
26752 20020725 084454 W 11.25 33.79 70.60
26752 20020725 084454 W 10.50 32.48 69.86
26754 20020725 120027 W 12.25 33.00 71.86
26769 20020726 110443 W 10.25 33.57 70.68
26770 20020726 124259 W 14.50 27.03 67.20
26798 20020728 073528 W 11.50 33.03 72.57
27302 20020829 154120 W 14.50 34.32 73.21
27302 20020829 154120 W 10.25 33.99 72.93
27303 20020829 171904 W 14.25 34.39 72.38
27332 20020831 135025 W 11.00 31.35 69.93
27332 20020831 135025 W 10.50 31.66 69.91
27347 20020901 125451 W 13.75 31.16 69.67
27347 20020901 125451 W 10.50 30.26 69.23
27349 20020901 161026 W 16.00 34.32 71.80
27349 20020901 161026 W 12.25 34.35 72.11

110323 W 11.25 29.22 75.02
27377 20020903 110323 W 10.50 28.04 75.34
27411 20020905 154351 W 10.00 25.12 75.25
27455 20020908 111834 W 10.50 34.49 74.44
27456 20020908 125622 W 12.00 33.20 71.08
27456 20020908 125622 W 10.25 33.52 69.97

27377 20020903
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Table B.1 continued. 

 

 

 

31654 20030604 211305 C 11.25 25.90 84.55
31665 20030605 134503 C 16.50 21.40 86.45
31665 20030605 134503 C 13.25 20.99 85.82
31665 20030605 134503 C 13.25 22.48 87.47
31665 20030605 134503 C 11.25 21.50 87.10
31711 20030608 123626 C 15.25 22.65 86.06
31711 20030608 123626 C 12.75 22.50 86.10
31713 20030608 155027 W 16.75 33.17 73.02
31713 20030608 155027 W 14.00 34.44 72.12
31713 20030608 155027 W 11.00 34.70 72.25
31713 20030608 155027 W 10.25 34.64 71.51
31761 20030611 180252 E 11.75 22.40 89.35
31791 20030613 161118 E 10.00 26.55 89.20
31833 20030616 082634 C 10.25 21.46 85.62
31851 20030617 122238 W 10.00 34.75 73.14
31851 20030617 122238 W 10.00 34.15 72.14
31852 20030617 140022 W 12.00 32.77 71.24
31895 20030620 080103 C 10.00 30.68 87.95
31895 20030620 080342 E 10.75 31.15 90.55
31926 20030622 074805 C 10.25 34.75 88.35
31941 20030623 065232 C 10.25 34.00 88.90
31944 20030623 114332 W 10.00 29.64 72.45
32033 20030629 043200 W 11.00 31.80 74.70
32447 20030725 181203 W 11.00 33.05 74.80
32459 20030726 122755 E 10.50 25.88 90.88
32552 20030801 114242 W 11.00 30.40 67.94
32600 20030804 135426 E 11.25 25.59 92.85
32613 20030805 094001 C 10.25 34.90 84.88
32616 20030805 143413 C 13.50 23.82 81.53
32646 20030807 124526 E 11.50 23.00 92.15
32658 20030808 065549 E 10.00 31.00 94.15
32659 20030808 082835 W 10.75 31.50 73.65
32660 20030808 101124 E 11.00 31.90 94.25
32676 20030809 105406 E 10.50 29.05 91.45
32677 20030809 122656 W 10.25 27.55 73.46
32704 20030811 054722 E 10.25 31.52 91.49
32707 20030811 103543 W 14.75 31.92 71.97
32707 20030811 103543 W 10.25 31.02 69.89
32752 20030814 075416 E 11.75 31.57 91.71
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26663 20020719 155852 C 2175 24.05 80.51
26706 20020722 095347 W 1575 32.45 70.64
26708 20020722 130922 W 3475 32.22 72.82
26798 20020728 073528 W 1425 33.03 72.57
26892 20020803 083642 C 1200 23.51 79.16
26981 20020809 012232 W 1025 33.95 72.13

 

Table B.2: Wide convective echo cores with areas over 1,000 km2. Date is given in 
format, yyyymmdd; format of time (UTC) is given as hhmmss; and sub-regions are 
Western (W), Central (C) and Eastern (E). 

Orbit 
Number Date Time (UTC) Sub-Region

Convective Area 
(km2)

Centroid 
Latitude (°N)

Centroid 
Longitude (°E)

25928 20020602 115754 W 1200 34.35 73.13
25929 20020602 133537 W 1000 33.84 73.73
25929 20020602 133537 W 1000 33.81 72.67
25930 20020602 151335 W 1500 29.15 72.40
25945 20020603 142045 C 3275 26.05 88.44
25976 20020605 140747 C 2700 22.27 87.03
25976 20020605 140747 C 1250 22.06 84.56
26036 20020609 102154 W 1075 34.19 71.50
26037 20020609 120253 C 3575 22.65 86.86
26067 20020611 100849 W 2800 32.01 72.20
26067 20020611 100849 W 1700 32.98 74.14
26079 20020612 042202 C 1400 26.62 81.11
26109 20020614 023316 E 2350 25.31 91.44
26113 20020614 090241 C 1225 30.01 78.14
26113 20020614 090542 E 1000 24.15 90.70
26201 20020620 001141 C 1025 26.34 85.10
26247 20020622 230103 W 1025 24.22 77.67
26262 20020623 220738 C 1100 22.62 81.51
26277 20020624 211446 E 1025 26.74 92.59
26293 20020625 215149 W 1550 25.29 71.73
26384 20020701 175736 C 1100 23.69 82.44
26400 20020702 184013 C 2075 28.68 79.57
26431 20020704 182447 W 1100 32.00 76.16
26447 20020705 190720 W 1725 34.27 72.67
26448 20020705 204503 W 2325 33.71 73.04
26464 20020706 213313 E 1000 24.64 90.71
26525 20020710 192600 C 1700 26.43 87.45
26525 20020710 192600 C 1100 27.42 85.16
26571 20020713 181711 C 1025 26.18 87.25
26582 20020714 105152 E 1300 22.11 89.39
26602 20020715 180358 C 1175 21.99 83.46
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26995 20020809 225127 C 1725 27.05 83.23

2800 31.57 74.49

Table B.2 continued. 

32033 20030629 043200 W
 

27027 20020812 001344 W 1075 33.76 71.52
27042 20020813 231804 W 1925 33.14 73.04
27269 20020827 124050 C 1775 20.31 85.47
27269 20020827 124309 E 2150 23.54 91.46
27303 20020829 171904 W 3125 34.39 72.38
27347 20020901 125451 W 1200 31.16 69.67
27377 20020903 110610 C 1425 28.69 78.40
27453 20020908 080516 C 1650 27.99 80.60
27456 20020908 125622 W 1550 33.20 71.08
27487 20020910 124617 C 1000 25.84 83.85
27500 20020911 083207 W 1700 32.88 72.22
27500 20020911 083207 W 1050 33.05 73.09
27670 20020922 063220 C 1000 24.63 88.67
27713 20020925 002658 W 1600 30.60 74.40
27788 20020929 195418 E 1450 25.06 91.99
27792 20020930 022644 E 1125 25.48 90.53
31623 20030602 212836 E 1000 23.74 97.12
31654 20030604 211305 C 2950 25.92 84.50
31654 20030604 211305 C 1100 26.11 83.06
31665 20030605 134503 C 3075 21.58 87.28
31665 20030605 134503 C 1425 20.99 85.82
31669 20030605 201725 C 3075 26.44 87.13
31700 20030607 200444 C 1125 24.78 79.74
31711 20030608 123626 C 1550 22.65 86.06
31713 20030608 155027 W 2675 34.44 72.12
31713 20030608 155027 W 1000 33.17 73.02
31714 20030608 172810 W 1550 34.57 71.83
31715 20030608 190856 C 2500 24.61 86.97
31728 20030609 145453 W 1425 32.71 74.49
31756 20030611 095226 E 1000 19.61 96.20
31791 20030613 161118 E 1150 26.52 89.43
31792 20030613 174648 C 1075 20.73 81.03
31803 20030614 101543 W 1350 23.66 75.69
31807 20030614 165111 C 2250 22.80 82.64
31834 20030616 100520 C 1125 29.12 80.12
31850 20030617 104451 W 1125 31.03 70.37
31851 20030617 122238 W 1225 34.15 72.14
31852 20030617 140022 W 3125 32.77 71.24
31990 20030626 103447 W 1275 30.45 69.72
32001 20030627 031226 E 2175 25.39 90.72
32005 20030627 094151 C 1275 24.32 87.56
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32082 20030702 081633 W 1550 23.70 74.67
32124 20030705 003527 W 1200 29.08 77.57
32125 20030705 021343 W 1975 33.76 73.38
32127 20030705 052920 W 1525 30.75 75.24
32155 20030707 002248 W 1350 28.36 68.15
32157 20030707 034348 E 1350 28.20 96.12
32169 20030707 215425 E 1400 26.92 90.60
32169 20030707 215425 E 1400 26.74 89.33
32185 20030708 223425 C 1050 28.07 79.71
32188 20030709 032812 C 1175 26.34 86.38
32201 20030710 231420 W 1150 32.33 74.72
32203 20030710 022954 W 1400 32.42 73.07
32203 20030710 022954 W 1175 32.64 70.88
32234 20030712 021939 C 1575 25.48 84.68
32247 20030712 220533 W 1750 32.75 74.62
32249 20030713 012106 W 1650 32.19 74.30
32261 20030713 193419 C 2175 27.08 82.97
32293 20030715 205627 W 1575 34.43 72.58
32294 20030715 223410 W 1900 34.32 72.83
32310 20030716 231617 W 1175 32.81 73.79
32338 20030718 180904 W 1200 26.96 68.85
32369 20030720 175557 W 2250 33.46 73.24
32448 20030725 195313 C 1775 20.44 86.23
32459 20030726 122755 E 1075 26.43 93.89
32552 20030801 114242 W 1325 31.39 71.12
32552 20030801 114242 W 2550 30.08 69.03
32555 20030801 163631 W 2400 28.10 67.37
32583 20030803 112905 W 1475 33.51 69.97
32585 20030803 144440 W 2925 32.16 70.64
32585 20030803 144440 W 1150 30.64 69.93
32676 20030809 104844 W 1300 32.42 75.39
32844 20030820 053041 W 1400 32.71 74.35
32871 20030821 225035 E 1300 24.48 90.81
32996 20030830 233110 W 1275 34.18 72.01
32997 20030830 010859 W 2250 31.63 75.43
33073 20030903 220817 W 5025 33.40 73.01
33088 20030904 211237 W 1300 33.31 72.25
33104 20030905 215803 C 1900 26.97 80.70
33116 20030906 160841 C 1075 27.06 78.49
33226 20030913 175246 E 1100 23.61 92.07

Table B.2 continued. 

 

 

 

33390 20030924 060202 E 3225 25.64 89.98
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Table B.3: Broad stratiform echoes with areas over 50,000 km2. Date is given in format, 
yyyymmdd; format of time (UTC) is given as hhmmss; and sub-regions are Western (W), 
Central (C) and Eastern (E). 

Orbit 
Number Date Time (UTC) Sub-Region

Stratiform Area 
(km2)

Centroid 
Latitude (°N)

Centroid 
Longitude (°E)

26037 20020609 120253 C 65250 22.94 85.51
26063 20020611 034159 E 53800 21.83 90.33
26067 20020611 101426 E 69225 25.65 93.28
26098 20020613 100127 E 79525 19.36 94.14
26231 20020621 222320 E 58625 22.45 90.39
26246 20020622 212733 E 50100 19.61 90.55
26266 20020624 044238 E 65275 19.96 92.23
26388 20020702 003252 E 83950 21.27 91.32
26388 20020702 002955 C 82875 24.04 85.57
26403 20020703 233402 C 50200 28.82 80.64
26464 20020706 213313 E 50250 25.23 90.49
26495 20020708 212000 E 67675 19.14 91.52
26658 20020719 075047 E 50225 21.85 98.53
26663 20020719 155852 C 52675 24.05 80.13
26674 20020720 083350 E 82850 28.19 95.63
26689 20020721 073811 E 51975 23.70 90.30
26689 20020721 073811 E 91025 27.01 97.65
26693 20020721 140740 C 70125 26.88 86.06
26704 20020722 064224 E 95700 20.79 91.85
26723 20020723 121908 E 50475 27.58 96.43
26815 20020729 100111 E 54400 24.93 93.74
27013 20020811 025219 E 118425 27.27 97.16
27025 20020811 205954 C 77825 24.17 86.09
27025 20020811 210248 E 110450 27.02 94.13
27027 20020812 001344 W 60525 34.10 72.84
27029 20020812 033514 E 80225 21.81 91.40
27029 20020812 033213 C 139900 25.56 84.44
27040 20020812 200442 C 51875 21.40 87.86
27040 20020812 200655 E 100325 25.64 96.02
27042 20020813 231804 W 62175 33.34 74.47
27075 20020815 022541 E 97250 19.55 91.84

 

27075 20020815 022307 C 56575 22.22 86.79
27120 20020818 233748 E 53675 25.56 97.46
27121 20020818 011320 C 50800 23.34 79.32
27132 20020818 174806 E 60950 27.81 93.08
27135 20020818 224154 E 51000 29.79 92.69
27147 20020819 165232 E 74350 25.99 94.04
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Table B.3 continued. 

32459 20030726 122454 C 53175 21.62 81.82
32479 20030727 193723 W 50700 23.17 72.23
32504 20030729 094036 E 87025 19.62 96.08

 

27166 20020820 222624 C 50000 27.54 86.95
27238 20020825 125629 E 65000 20.36 95.69
27269 20020827 124050 C 53950 20.85 85.56
27376 20020903 092746 C 65350 22.29 85.08
27499 20020911 065642 C 51775 29.26 79.59
27532 20020913 095615 W 61525 33.34 75.47
27670 20020922 063220 C 53325 25.97 85.69
27700 20020924 044328 E 96250 26.91 96.45
27712 20020924 225409 E 60750 26.55 90.49
27761 20020928 023934 E 62975 27.12 97.10
31654 20030604 211305 C 56675 26.88 82.14
31665 20030605 134755 E 88300 26.17 97.23
31741 20030610 104745 E 102025 20.86 94.21
31853 20030617 154138 C 51225 21.06 80.24
31868 20030618 144310 W 82950 26.97 74.01
31894 20030620 062221 C 89250 20.99 85.92
31909 20030621 052936 E 87600 21.00 91.37
31929 20030622 124213 C 50375 24.89 80.36
31944 20030623 114624 C 64225 25.29 84.80
32001 20030627 031226 E 76175 26.00 91.27
32005 20030627 094151 C 77675 25.87 84.74
32047 20030630 020322 E 76175 27.44 92.14
32051 20030630 083533 E 86550 19.75 92.35
32081 20030702 064344 E 53050 23.27 98.53
32096 20030703 054741 E 73700 26.90 96.38
32108 20030704 235810 E 54800 28.48 95.04
32124 20030705 003527 W 51425 27.98 75.35
32127 20030705 053206 C 55525 27.08 86.39
32157 20030707 034348 E 76150 27.67 96.21
32169 20030707 215425 E 113925 27.72 94.31
32186 20030709 000951 W 54225 33.51 74.09
32188 20030709 032812 C 126900 27.21 85.62
32230 20030711 195013 E 51325 26.67 93.58
32249 20030713 012649 E 62125 25.71 90.76
32371 20030720 211133 W 76525 31.93 75.54
32398 20030722 142908 C 56625 21.56 80.40
32417 20030723 200855 E 67675 21.49 97.57
32417 20030723 200554 C 68000 28.21 83.21
32432 20030724 191308 E 87275 26.16 92.66
32448 20030725 195313 C 57625 20.95 86.39
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Table B.3 continued 

 

32508 20030729 161248 E 79175 27.78 96.76
32520 20030730 102011 C 57850 23.66 87.53
32524 20030730 165239 C 92650 25.86 84.59
32570 20030802 154331 C 71175 24.88 81.42
32677 20030809 122656 W 65175 26.30 75.37
32707 20030811 104130 E 51500 21.17 98.53
32718 20030812 031313 E 70275 20.74 91.08
32738 20030813 102806 E 73250 19.18 90.49
32795 20030817 015136 E 61100 29.41 95.34
32798 20030817 064520 E 60150 28.16 96.01
32810 20030818 005545 E 72850 27.55 95.09
32814 20030818 072509 C 119525 26.41 83.87
32825 20030818 235946 E 61550 25.02 96.33
32826 20030819 013530 C 60200 28.44 80.97
32978 20030828 193508 C 81000 21.56 80.23
33028 20030901 005845 C 50525 20.86 87.31
33039 20030901 173020 C 84625 21.30 81.38
33135 20030907 214537 C 65775 23.13 80.56
33360 20030922 075021 C 63800 26.24 81.54
33390 20030924 060202 E 61900 25.00 90.51
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