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Abstract

The present study investigates the statistical distribution of slopes in radar reflectivity [S-Ze] in the
lower troposphere at the west coast of India using the C-band radar during pre-monsoon months to
monsoon months, which spans the different meteorological conditions, including from a drier
atmosphere to moist atmosphere. To investigate the S-Ze, we calculated the difference in Ze between
4 to 2 km altitudes in the lower troposphere. For positive [negative] S-Ze, the Ze decreases [increases]
towards the surface. The differences in 5-Ze in the lower troposphere during pre-monsoon, monsoon
onset and monsoon months reveals the precipitation variability. Among all the months, a higher
fraction of +ve 5-Ze are observed during March and April months compared to other months, and
showed that in drier atmosphere the for most of the time Ze tends to decrease towards the surface.
However, the average S-Ze shows the highest -ve average -ve S5-Ze, during March and April months
near the coastal boundaries and associates with the lesser number of profiles. May and June months
have a higher fraction of -ve S-Ze [>60%] is observed over the northern latitudes of the study periods,
whereas southern AS has a higher fraction of +ve S-Ze. August has the highest fraction of -ve 5-Ze,
over land and topographic features. September has the highest fraction of +ve S-Ze at the southern
latitudes, and at the same time, the study regions are characterized by the drier atmosphere with less
updraft. During the pre-monsoon months thermodynamic conditions are more important, where in
the drier atmosphere Ze tends to decrease towards the surface. During the monsoon months the
dynamics of convective and stratiform precipitation, and either evaporation during the stratiform
precipitation along with the convective outburst may increase the lower level RH. Monsoonal months
have the less increase or decrease in the hydrometeors size compared to pre-monsoon months,
whereas precipitation is more of a convective nature. The results presented here would be an
extension of the study from the satellite based observations, and reveals the extension climatology of
inclusion of stratiform precipitation.

Keywords: C-band radar; radar reflectivity slopes; monsoon; relative humidity; vertical velocity

1. Introduction

Estimating the near-surface rainfall rate [RR] is one of the most difficult challenges [1,2] because
of variations in raindrops’ mass led by variation in the microphysical processes such as evaporation,
fragmentation, accumulation, and collision-coalescence in the lower troposphere [2-8]. This also
alters the total rainwater arriving at the surface from several kilometers above the ground [2,9]. When
a low cloud base exists and raindrops descend through the clouds, the RR rises because of the
aggregation of cloud droplets [10]. In this context, changes in RR are seen as either a loss or an increase
in the masses of raindrops from evaporation, breakup, or collision-coalescence influenced by varying
meteorological conditions [11]. The differences in raindrops are influenced by different types of
precipitation [convective/stratiform], their intensity, geographical locations [land, ocean, and
terrain], as well as meteorological conditions [11-13]. For example, vertical wind shear and vertically
tilted clouds also increase the differences in the precipitation reaching to the surface and several
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kilometers above it [14,15]. The change in radar reflectivity in the lower troposphere is also affected
by the various stages in the life cycles of cloud systems [16-19]. Terrestrial and marine regions also
exhibit different trends in RR below the freezing height [FZH; [20]]. Therefore, grasping the vertical
changes of RR in the lower troposphere is crucial for examining surface rainfall.

Using the attenuated corrected radar reflectivity factor [Ze] measured from the Tropical Rainfall
Measuring Mission [TRMM] based precipitation radar [PR, [21,22]] observed the vertical gradient in
RR below 4 km altitude [taking the difference between the RR at 3.5 and 2 km altitude] and showed
the different characteristics over different tropical weather regimes [12]. Both the studies showed the
monthly and regional variation in the changes in the Ze below the FZH, and were associated with
the meteorological condition and top height of the precipitation. Liu and Zipser [2] used the linear
regression approach to calculate the Ze variation below the 4 km for the nadir profile obtained from
the TRMM PR and showed that Ze increases [decreases] towards the surface over ocean [land]
[Kumar 2023;2024]. Kumar [2024] shows that convective precipitation has a higher fraction of
negative slopes over the ocean, whereas over land has a similar fraction of positive and negative
slopes. Stratiform precipitation has a nearly equal fraction of positive and negative slopes over the
ocean, whereas land has a slightly higher fraction of positive slopes. TRMM based observations
revealed that stratiform precipitation has less land-ocean contrast compared to convective
precipitation [13] especially near the coastal boundaries.

During the shift from the pre-monsoon to monsoon months, the variations in the thermal and
mechanical properties in the atmosphere are more vividly expressed in the boundary layer [23]. The
convective atmosphere across the Indian subcontinent differs significantly during hot and dry pre-
monsoon conditions in contrast to the monsoon season. Liu and Zipser [2] demonstrated that deep
profiles with echo tops exceeding the freezing level exhibit both positive and negative slopes beneath
4 km. They also showed that during the monsoonal months, the majority of convective areas with
echo tops exceeding 4.5 km show a reduction in maximum reflectivity in Southeast Asia, and, nearly
~50% profiles with bright-band [BB] tend to increase towards the surface. During the pre-monsoon
months, deep convection is intermittent and moistens the middle troposphere. Hirose and Nakamura
[21] showed that Ze slopes variations depend on the seasons and monsoon progression over the
Indian land and ocean. A northward propagation from negative reflectivity slopes to positive slopes
are observed during the monsoon progression. The continuous observations [day and night] of the
precipitation will provide the variability in lower troposphere from all the phases of the cloud
systems compared to TRMM and GPM, which only provides the snap shots and corresponds to
mostly mature phase [17,24]. Ground-based radar can measure the Ze very close to the surface and
provide the vertical gradient of the Ze factor in the same weather regions. The main aim of the present
study is to investigate the differences in the radar reflectivity slopes in the lower troposphere, which
is important for the pre-monsoon and monsoonal variability in the precipitation in lower
troposphere. The location of our radar consists of land, ocean and topographic features and the study
regions consist of mostly shallow and intense precipitation during the monsoon seasons [Kumar and
Bhat 2017].

2. Data and Methods

The current research utilizes the 3D volumetric gridded Ze data provided by the C-band
polarimetric Doppler weather radar [DWR, wavelength: 5.33 cm; frequency: 5.625 GHz; antenna gain
of 45 dB] set up at THUMBA, Trivandrum, India, positioned along the Arabian Sea coast and
bordered by the Western Ghats to the east [Figure 1aa]. The radar is positioned in Kerala, a state in
India recognized as the entrance to the Indian Summer Monsoon [ISM], and is depicted in Figure 1
along with the surrounding topographical features. The Ze information is adjusted for clutter by
employing a blend of spatial continuity filtering and a fuzzy-logic derived echo classification
algorithm [25]. The data is organized in a grid format of [81x481x481] featuring a horizontal
resolution of [1 km x 1 km] and a vertical resolution of [250 m]. The highest altitude taken into account
during gridding is 20.0 km. In this study, a total of 273 days of continuous DWR-based observations
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are analyzed from March to September 2024 [each file has a size of 400 MB]. Comprehensive details
regarding the C-band DWR can be found in [26,27]. We also utilized the low-level humidity [RH], u
and v components and Omega [Pa-s] data from the NCEP [28] throughout the study periods.
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Figure 1. [aa] Study regions used in the present study. Violet color shows the location of C-band radar. The
colorbar shows the topographic altitude of Western Ghats included in the present study. Top row and bottom
row [a-n]: number of c-band based radar reflectivity profiles used in the present study for pre-monsoon and
monsoon months. Top row [a-g] corresponds to positive slopes [Ze decreases towards the surface], whereas
bottom row [h-n] corresponds to negative slopes [Ze increases towards the surface] for pre-monsoon and

monsoon months.

Previously ground based radar Ze information was used to estimate the Ze variations over the
land areas [1,29,30]. Cifelli et al. [20], Johnson et al. [31], and Yuter et al. [32] demonstrated an increase
in Ze near the sea surface during convective precipitation. Conversely, Zipser and Lutz [33] showed
that reflectivity profiles diminished towards the surface for continental storms, whereas they
continued to rise towards the surface for oceanic storms from a land-based radar in Darwin,
Australia. However, numerous other terrestrial areas exhibit profiles where reflectivity rises as one
approaches the surface. Kumar and Bhat [17] used the Ze variation in the lower troposphere to
distinguish the life cycle properties of cloud systems over the different tropical oceanic areas. They
showed that in convective precipitation Ze [higher stratiform precipitation] tends to decrease
towards the surface. whereas for lesser stratiform precipitation, Ze tends to increase towards the
surface. Li et al. [34] observed the Ze slopes below the FZH for the precipitation having the BB using
the C/Ka band radar, and showed that RH and strong updrafts affect the Ze at the lower altitudes.
Utilizing the previous methods in the lower troposphere, slopes in Ze [S-Ze] for distinct vertical
profiles are observed by utilizing the Ze variations at altitudes of 4 and 2 km. To estimate the S-Ze we
estimated the differences between the Ze at 4 and 2 km altitude [S-Ze=Zeum-Zexnm] [21,22]. S-Ze
exceeding zero [positive] suggests that Ze decreases towards the surface, while S-Ze below zero
[negative] implies that Ze increases towards the surface. Only vertical profiles that extend to an
altitude of 1 km are utilized to eliminate shallow clouds. Additionally, the Ze must exceed 5 dBZ
between altitudes of 1 to 5 km. The vertical gradient is the influence of time-averaged length of
raindrops held in the atmosphere [35].
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3. Results
3.1. Number Distribution of Ze Profiles Used in the Present Study

Figure-1 shows the numbers of vertical profiles of Ze used in the present study, and it is observed
that March and April months have the least number of profiles followed by the September months.
During March the land and topographic areas have a lesser number of profiles with +ve and -ve S-
Ze, whereas the oceanic areas have higher numbers of -ve and +ve S-Ze. At the same time, southern
latitudes have less number of profiles compared to northern latitudes of the study areas
[2,12,13,21,22]. Importantly, the number of profiles are very less near the coastal boundaries. April
month has the different characteristics, and, now land dominated areas have higher fraction so +ve
and -ve 5-Ze, and, there is an increase in the number of profiles at the southern latitudes, and coastal
boundaries. In May month, the northern latitudes have a much higher number of profiles having
both +ve and -ve 5-Ze compared to southern latitudes. Also, the number of profiles with -ve and +ve
S-Ze are highest over land and topographic areas are comparable in oceanic areas. It is observed that
pre-monsoon months have higher north-south gradients compared to land-ocean, and there is an
increase observed in the number of Ze profiles.

June month is showing different features compared the pre-monsoon months, and a higher
numbers of Ze profiles are observed both at northern and southern latitudes, coastal boundaries,
topographic regimes and both land and oceanic areas. The oceanic areas have higher numbers of Ze
profiles with +ve S-Ze. During July month the higher numbers of +ve and -ve S-Ze are observed only
over the land dominated areas, and, that too at the northern latitudes. Also, the coastal boundaries
have a higher number of Ze profiles with with +ve S-Ze. The north-south gradient is higher during
the withdrawal of the monsoon month e.g., in August and September months. Again during both the
months northern latitudes as well as land dominated areas have higher fraction of -ve and +ve 5-Ze.
During the monsoon months except, June months, all the months have higher number of Ze profiles
observed over northern and topographic regimes. The tendency of the -ve S-Ze increases towards the
southern latitudes from May to July months. Spatially the ocean and coastal boundary has a higher
fraction on negative S-Ze since May to July months, and Ze increases towards the surface. These
monthly variations are somewhat similar to TRMM based observations, which also showed that
topographic regions [Figure la] consist of a higher fraction of positive S-Ze [2,12,13,21,22]. The
regional differences in the number of profiles having +ve and -ve S-Ze are associated with the
background meteorological conditions and dynamics behaviour during convective and stratiform
precipitation and discussed later [2,21,22].

3.2. Characteristics of Radar Reflectivity Slopes

Figure 2b and 2c show the boxplot and frequency distribution of monthly S-Ze and monthly
variations are observed in S-Ze [2,13,21,22]. Among all the months, a higher fraction of +ve 5-Ze are
observed during March and April months compared to other months. May, and June months have
the least S-Ze range compared to other months. Only June and July months have a higher fraction of
-ve S-Ze compared to other months. Figure 2d-2j [middle row] shows the normalized [relative] spatial
distribution of +ve S-Ze in each 0.1° x 0.1° grid box over the study areas whereas Figure 2d1-j1 [bottom
row] shows the normalized [relative] spatial distribution of -ve S-Ze. The normalization is done based
on the total number of profiles in each 0.1° x 0.1° grid box. The normalized variations show some
different features compared to Figure-1. The monthly variations are observed in the spatial
distributions of S-Ze from the pre-monsoon to monsoon month below the FZH [21,22]. The location
of maxima and minima changes and majority of the differences are observed near the coastal
boundaries, which may be associated with the meteorological conditions.
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Figure 2. [a] Study regions used in the present study. Violet color shows the location of C-band radar. The
colorbar shows the topographic altitude of Western Ghats included in the present study. [b] Boxplot of the
monthly radar reflectivity slopes used in the present study. [c] Cumulative frequency distribution of radar
reflectivity slopes for pre-monsoon and monsoon months. [d-j] Spatial distribution of positive radar reflectivity
slopes [Ze is decreasing towards the surface] in each 0.1° x 0.1° grid boxes for pre-monsoon and monsoon
months. [d1-j1] Spatial distribution of negative radar reflectivity slopes [Ze is increasing towards the surface] in

each 0.1° x 0.1° grid boxes for pre-monsoon and monsoon months.

In March month a higher fraction of -ve S-Ze [>65%)] are observed over both over land and
oceanic dominated areas, and at the edge of observations but near the coastal boundary, a higher
fraction of -ve S-Ze [>60%] are observed, and Ze increases towards the surface [12,13]. The land-ocean
contrast is not that visible, but the north-south gradient is observed and northern WGs have higher
fraction of +ve 5-Ze, whereas oceanic areas have also a higher fraction of +ve 5-Ze and opposite to
TRMM based observations [12,13]. April month has a different spatial distribution compared to
March month. For example, at the coastal boundaries, both over land and ocean, a higher fraction of
-ve 5-Ze [>70%] are observed. Importantly, the land-ocean contrast is not observable during the April
months, and the north-south gradient is higher in -ve S-Ze compared to +ve S-Ze. The relative
occurrences of S-Ze shows that March and April months have a higher fraction of -ve S-Ze spatial
areas all over land, oceanic and , coastal boundary during both the months.

In May month, S-Ze are showing somewhat different geographical distributions compared to
earlier months. For example, the whole of the study areas consist of a nearly similar fraction of -ve
and +ve S-Ze. However, near the coastal inland areas a little higher fraction [>60%] of -ve S-Ze are
observed. The oceanic areas consist of a higher fraction of +ve S-Ze and opposite characteristics are
observed compared to satellite-based observations. Both +ve and -ve S-Ze have strong land-ocean
contrast, and land has less fraction of +ve S-Ze compared to oceanic areas. This is monsoon onset
month and a lot of moisture being transported from the ocean towards the land and one of the
possible reasons behind it [Figure 3; 36]. At the same the RH is higher at high pressure levels [550
hPa], and, nearly comparable with the monsoon months at low pressure levels [850 hPa].

As the monsoon season starts, the spatial distribution of S-Ze alters, and contrast is not
significant near the coastal boundary, and north-south gradient is observed in the -ve S-Ze. It is
observed that a higher fraction of -ve S-Ze [>60%] is observed over the northern latitudes of the study
periods, whereas southern AS has a higher fraction of +ve S-Ze. This could be related with the change
in the wind reversal as well as the updraft changes during the monsoon seasons [37]. During the July
months, similar S-Ze spatial distributions are observed as June month has and most of the time all the
spatial areas have higher fraction of +ve S-Ze, both over land and oceanic dominated areas. The land-
ocean contrast as well as the north-south gradient contrast are not observable compared to the
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previous months. June and July months have less fraction of -ve S-Ze compared to pre-monsoon
months.
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Figure 3. [Top row] Spatial distribution of average of positive radar reflectivity slopes [Ze is decreasing towards
the surface] in each 0.1° x 0.1° grid box for pre-monsoon and monsoon months. [Bottom row] Spatial distribution
of negative radar reflectivity slopes [Ze is increasing towards the surface] in each 0.1° x 0.1° grid box for pre-

monsoon and monsoon months.

The August month has completely different spatial geographical distributions compared to
previous months, and land-ocean contrast is more visible both at the northern and southern latitudes
over ocean and land respectively. For example, higher spatial regions of the southern latitudes ocean
have +ve 5-Ze [>90%] whereas a higher fraction of -ve S-Ze [>70%] near the topographic regimes and
northern latitudes of study areas. The S-Ze variations near the coastal boundary have distinct
characteristics over land and ocean similar to TRMM based observations [2,12,13]. August months
show a sharp increase in -ve S-Ze [increasing Ze at lower altitudes] over the land and oceanic areas
and may be associated with the higher Ze at the lower altitude, which was previously observed by
Subhramanyam and Kishore [38] in the deep convective cores [36,38]. The monsoon withdrawal
month e.g., September month is showing completely different geographical distributions compared
to previous months, and strongest north-south gradient and land-ocean contrast are observed. For
example, oceanic areas and southern land latitudes have the highest fraction of +ve S-Ze [>80%]
compared to earlier months. Hirose and Nakamura [21] showed that S-Ze variations depends on the
seasons and monsoon progression over the Indian land and ocean which is also observed here.

3.2. Characteristics of Average Radar Reflectivity Slopes

Figure 3 shows the spatial average of the S-Ze in each 0.1° x 0.1° grid box for each month. The
top row shows the spatial average of the S-Ze>0, whereas the bottom row shows the spatial average
for S-Ze<0 in each 0.1° x 0.1° grid box. March and April months have the higher spatial average of S-
Ze [>3 dBZ-Km] compared to other months, and for the profiles having S-Ze the reduction in the
hydrometeors size is highest [higher Ze differences] compared to other months. However near the
coastal boundaries, a higher average -ve S-Ze [<-4 dBZ-Km'] are observed, which shows that near the
coastal boundary the hydrometeor sizes increases irrespective of drier atmosphere for the profile
having the -ve S-Ze. During the monsoon onset month e.g., May has less average +ve and -ve S-Ze
magnitude and shows that the increase and decrease in the hydrometeors are less compared to
previous months. The major differences are again observed near the coastal boundary [>2 dBZ-Km!
and <-2 dBZ-Km]. June has the similar spatial average as May has. In July month, the areas of less
+ve S-Ze increases [spatial area of >2 dBZ-Km-1] near the coastal boundary increase compared to June
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month, and nearly similar +ve and -ve average S-Ze [~2 dBZ-Km™], and the hydrometeors increases
and decreases in same order of magnitude. August month has different spatial average
characteristics, and just near the coastal boundary the decrease in the hydrometeors size is least <0.5
dBZ-Km, whereas near the east of the topographic map, a highest increase in the hydrometeors are
observed with Ze <4 dBZ-Km-. The areal areas of spatial average of +ve S-Ze increase and showed
the hydrometeors sized reduces near the coastal boundary. During the study periods, early pre-
monsoon months [March & April], then monsoon onset months [May and June], and then July to
September months have nearly similar slope characteristics. Also for all the months, the observations
at the edge have different observed characteristics compared to nearby distance from the radar site.

4. Discussions

Romatschke and Houze [37] demonstrated that In the monsoon seasons, increased moisture is
advected from the Arabian Sea near and towards the coastal regions, which can lead to severe storms
as they move inland, causing strong orographic convection over the study areas [36]. Trenberth [39]
also explored the connections between the wind, atmospheric water vapor and rainfall and found
that during the monsoon onset period, precipitation is linked to transported water vapor, whereas in
the late or postmonsoon season, precipitation is related to evaporated and recycled water vapor
prevails. The precipitation variations are also associated with wet and dry environments, and for that
knowledge of moisture content would be helpful. We hypothesize that these regional variations are
primarily attributed to varying low-level RH and vertical velocity [Figure 4]. The Ze variations are
the result of the moisture content and vertical velocity [2,40]. For example, the moist atmosphere and
less updraught at lower levels can lead to accretion or collision of raindrops and increase the size,
especially over the ocean [41] in shallow cumulus regions. However, in a dry atmosphere, raindrops
either evaporate or break into small raindrops [2,41,42] and lead a decrease in Ze towards the surface.
Over the land and topographic areas, higher updraught speed and strong evaporation play a vital
role in deciding the Ze near the surface [18,43]. The coastal boundary has both moisture and arid
areas that affect the Ze variation [2,21,22]. Whenever the land is dry near the coastal boundary Ze
decreases towards the surface. A key element causing reduction in Ze might be evaporation in arid,
unsaturated areas beneath cloud cover. At the monsoon withdrawal the Ze increases and is associated
with the decreased altitudes of maximum echoes and observed in the C-band observations [38].
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Figure 4. Top row: A joint histogram between the relative humidity and vertical velocity [‘w’<0 [updraft] and
w’>0 [downdraft]] at 550 hPa for pre-monsoon and monsoon months. Middle row: A joint histogram between
the relative humidity and vertical velocity [‘w’<0 [updraft] and ‘w’>0 [downdraft]] at at 850 hP for pre-monsoon
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and monsoon months. [c] Bottom row: vertical zonal variations of transported moisture [=4.v] during pre-

monsoon to monsoon months for pre-monsoon and monsoon months.

Figure 4 shows the joint histogram between the vertical velocity [w] and RH at 550 hPa [upper
panel] and 850 hPa [middle panel] in different months. The histogram reveals the combined effect of
dynamics and microphysics of the atmosphere. Histogram also shows the similar behaviour around
positive and negative ‘w” and is responsible for the less differences. This could be the possible region
where spatial differences are observed over land and ocean, and only orographic features are
showing some differences. From the histogram it is clear that March and April months are drier
compared to the remaining months, with less updraft and downdraft. March and April months have
the least RH, both at lower and middle atmosphere, and that could be the possible regions for the
highest fraction of +ve S-Ze, and Ze decreases towards the surface and breakup may reduce the
hydrometeors size [2,12,13,21,22]. The higher -ve average S-Ze [<2.5 dBZ-Km™] near the coastal
boundaries are associated with the lesser number of profiles. It also shows that the local advected
moisture plays a vital role compared to large scale weather conditions. During the monsoon onset
months [May month], the build up of low-level RH with both higher updraft and downdraft reduces
the probability of evaporation and breakup and higher probability of -ve S-Ze where Ze increases
towards the surface compared to previous months. Importantly, pre-monsoon months [April and
May] a dip is observed in RH at the windward side of the WGs, whereas we observe an upslope
increase of RH in June and July months.

During the monsoon months, a higher RH is observed at the lower levels [850 hPa; middle row],
but at the higher pressure level [850 hPa] the contour of maximum RH is less compared to pre-
monsoon months. The differences are also higher at higher altitudes [850 hPa], with strong updraft
and downdraft probability. Vertically, June and July months have the highest RH and the main
differences are observed in June and July months where a higher RH with downdraft. This could be
related with the two effects, one a convective outburst produces the higher RH at low level, and
cognitive for the future convection. A second possibility also exists, where the evaporation of
stratiform precipitation with less rain rate could evaporate during their downward journey and
contribute to low level RH [44,45]. After the July month, the reduction in RH again affects the slopes
and an increase in the +ve S-Ze are observed in the drier atmosphere. During the withdrawal of the
monsoon seasons e.g., August and September months, again we see a dip in RH near the topographic
altitudes. August and September months have less RH compared to previous months. The effect of
drier atmosphere is more visible and possibility of breakup is high. However under the higher RH
condition still we have a higher fraction of positive slopes and may be related with the evaporation
of smaller sized hydrometeors in stratiform or convective outburst and during the monsoon seasons.
As the monsoon widthdrawn the September months become drier and there is an increase of +ve S-
Ze are observed.

The observed differences in the present and earlier study are based on the TRMM and GPM data
because of the temporal and spatial differences in measurement. First, C-band provides the
continuous observations of precipitation and thus it captures the observations during initial, mature
and dissipating phases compared to TRMM/GPM based observations, which most of time provides
the observations mostly during mature phases [17,24,46]. The present study is dominated by the
stratiform precipitation and thus showing the more +ve S-Ze compared to TRMM based observations
[12,13]. Since the mature and dissipating phases are dominated by the stratiform precipitation
[greater than ~70-80%] and thus present study basically provides the variation of Ze in stratiform
precipitation [12,13]. The highest Ze are observed at ~4km altitude during the stratiform precipitation
and may affect the results presented in the study [2,12,13,21,22,47,48]. The second regions behind the
contrasting feature between the current and previous satellite based observations are because of the
sensitivity [minimum detectable dBZ] of the both the radar. TRMM has much higher sensitivity [~17
dBZ] compared to C-band [~5 dBZ]. Uma and Sama [36] showed that 60% of storms are congested
over THUMBA during the monsoon seasons.
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4. Conclusions

The main conclusions from the present study are listed below:

1. The differences in S-Ze during the pre-monsoon and monsoon months are observed and land-
ocean contrasts are higher during the pre-monsoon months. The north-south differences in the S-Ze
are higher compared to land-ocean contrast, and higher in monsoon months.

2. Changes in the S-Ze near the coastal boundaries are significant during the monsoon months
compared to pre-monsoon months. It reflected the role of the advected moisture from the Arabian
Sea to the study periods.

3. The average S-Ze shows the highest -ve S-Ze, during March and April months near the coastal
boundaries and associates with the lesser number of profiles.

4. Monsoonal months have the less increase or decrease in the hydrometeors size compared to
pre-monsoon months, whereas precipitation is more of a convective nature.

5. During the earlier pre-monsoon months thermodynamic conditions are more important,
where in the drier atmosphere Ze tends to decrease towards the surface. Whereas during the
monsoon months the dynamics of convective and stratiform precipitation, and either evaporation
during the stratiform precipitation along with the convective outburst may increase the lower level
RH.

The differences in S-Ze allow for a deeper comprehension of precipitation microphysics and offer
practical guidance for enhancing radar rainfall estimation in operational meteorology. Moreover,
heavy rainfall can lead to attenuation in the C-band radar, influencing the calculation of S-Ze. This
research indicates that exploring the mechanisms behind the occurrence of S-Ze patterns in the pre-
monsoon and monsoon months could enhance the understanding of monsoon variability. The slopes
presented here provide the combined effect of monsoon onset wind and moisture characteristics.
However a detailed analysis is required with more ground based observations to understand the pre-
monsoon to monsoon variability in the lower atmosphere. The results presented here would be an
extension of the study from the satellite based observations, and reveals the extension climatology of
inclusion of stratiform precipitation.
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