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Information of vertical rain structure is important for accurate quantitative precipitation estimation from
weather radars and space-borne radars. In this paper, some characteristics of the vertical rain structure
observed using a Ka band Micro Rain Radar at three tropical locations in India are presented. The average
vertical structure is studied in terms of drop size distribution (DSD), fall velocity, rain rate, liquid water
content and radar reflectivity profile. The changes in vertical rain structure with rain rate is observed to
be significant only above 20 mm/h in Ahmedabad and Trivandrum, although, in Shillong, significant vari-
ation is observed starting from 2 mm/h. Results show a significant negative slope of the fall velocity of
rain drops and Ka band radar reflectivity up to melting layer height for rain rate above 20 mm/h indicat-
ing a shift in the drop size distribution (DSD) toward lower size at all sites. The near ground measure-
ments show strong variation of rain structure for all rain rates. The mean DSD near ground (<1 km)
indicates the dominance of smaller drops during rain rates below 2 mm/h, but significant increase in drop
size in rain rate above 20 mm/h. The findings suggest using different retrieval techniques for near ground
rain estimation than the rest of the height profile as well for high rain rate events.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Radar provides a unique tool to measure the precipitation with
a large aerial coverage. However, the space borne-radars as well
ground based weather radars do not always represent the surface
rain characteristic accurately (Peters et al., 2005; Thurai et al.,
2003; Kirstetter et al., 2013). The major source of this inaccuracy
is due to vertical variation of radar reflectivity, especially near
the melting layer. The bias in the vertical profile of reflectivity
(VPR) also arises due to the assumptions of constant reflectivity
up to melting layer height from the surface. The evolution of rain
drops via melting, coalescence, break up and evaporation are pri-
marily responsible for this variation of VPR. The change in drop
size distribution (DSD) along the vertical direction may have a sig-
nificant effect in the estimated rain rate profile. Studies using
radars have been performed in the past to address this issue, nota-
bly in relation to the Tropical Rainfall Measuring Mission (TRMM)
(Peters et al., 2005; Thurai et al., 2003; Cluckie et al., 2000).
However, due to lack of experimental measurements of actual
VPR, most studies concentrated on adjusting bias in the ground
precipitation estimation of radar data by using ground based
instruments (Koistinen and Michelson, 2002; Bellon et al., 2007;
Seo et al., 2000).

A very limited number of radar observations are reported which
studied the variation of VPR in connection with the change in DSD
spectrum over the height and how this variation influence the rain
retrieval (Kirstetter et al., 2013; Cluckie et al., 2000). Peters et al.
(2005) showed a significant shape transformation of DSD and Z-R
relation from the ground to the melting layer for strong rain
around the Baltic Sea in temperate regions. Strong variation of
VPR in convective rain was also observed by Thurai et al. (2003)
during radar campaign in Singapore in equatorial region. Similar
observations are also reported by Das et al. (2010a,b) from Ahmed-
abad in tropical region. Zipser and Lutz (1994) reported contrasting
features of VPR in mid-latitude and tropical continental locations
with that of the tropical oceanic region. The seasonal variation of
Z-R using ground based DSD measurements are also studied by
various researchers (Rao et al., 2001; Kozu et al., 2006). Seasonal
variations of vertical Z-R relation are also observed to be significant
over Kolkata in tropical region (Das et al., 2011a,b). The character-
istic difference of VPR between convective and stratiform rain was
also reported by many researchers from these regions (Das et al.,
2010a,b; Rudolph and Friedrich, 2013; Thurai et al., 2003).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2015.12.053&domain=pdf
http://dx.doi.org/10.1016/j.jhydrol.2015.12.053
mailto:das.saurabh01@gmail.com
mailto:animesh.maitra@gmail.com
mailto:animesh.maitra@gmail.com
mailto:am.rpe@caluniv.ac.in
http://dx.doi.org/10.1016/j.jhydrol.2015.12.053
http://www.sciencedirect.com/science/journal/00221694
http://www.elsevier.com/locate/jhydrol


32 S. Das, A. Maitra / Journal of Hydrology 534 (2016) 31–41
The previous results highlight significant vertical variation of
the reflectivity profile during various phases of the precipitation
(Bellon et al., 2005) as well as between different regions. The most
significant variation is observed due to presence of melting layer in
stratiform rain. The regions below the melting layer are assumed to
be uniform. Most of the results suggest that the No adjustment
technique (Thurai et al., 2003) is generally acceptable for rain rate
estimation from radar data during stratiform precipitation below
melting layer. However, for convective systems, these assumptions
are no longer valid and multi-frequency measurements are sug-
gested. The Global Precipitation Mission (GPM) satellite are having
dual frequency radar in Ku and Ka band to improve the rain fall
estimation from space.

In view of GPM satellite, further investigation on this topic is
expected, especially from the regions where very limited or no
information of VPR is available. In addition, rain observations in
the Ka-band are also an important consideration due to heavy rain
attenuation in this frequency band. Moreover, the variation of VPR
near ground (<1 km) and above up to the melting layer is usually
assumed to be similar which may need a closer examination since
the instantaneous ground rain rate is more important for flood
warning and other related early warning systems.
Fig. 1. Climatology of the experimental sites (a) average convective rain rates (mm/h), (
information is obtained from TRMM and water vapor data is obtained from AQUA-MOD
In this paper, we report some statistical observations of vertical
rain structure obtained using a vertical looking Micro Rain Radar
(MRR) in Ka band frequency at three tropical locations in India,
namely, Trivundrum (8�290N, 76�570E), Ahmedabad (23�040,
73�380), and, Shillong (25�340N, 91�530E,), during 3 years (2006–
2008) of the measurement period. The VPR and associated rain
DSD are investigated for different rain rate regimes with a special
emphasize on the lowest 1 km region to address these questions.

2. Instrument description and data

2.1. Site specifications

MRR data has been collected from three locations in the Indian
region during the year 2006–2008. These three locations have dif-
ferent rain climatology. Trivundrum is situated in the southern
peninsular region of India. Annual rainfall in this location is
�1800 mm and received rainfall during both south-west (SW)
and north-east (NE) monsoon. According to Köppen–Geiger classi-
fication (Peel et al., 2007), Trivandrum has tropical wet and dry
savanna climate. On the other hand, Ahmedabad is situated in
the relatively dry location in western India with approximately
b) average stratiform rain rates (mm/h) and (c) average water vapor (cm). Rain rate
IS satellite.



Table 1
MRR specifications.

Frequency 24.1 GHz
Power 50 mW
Operation mode FM-CW
Beam width 2�
Antenna type Offset parabolic
Height resolution 200 m (minimum 10 m)
Temporal resolution 30 s (minimum 10 s)
Number of range gates 30
Spectral velocity resolution 0.191 m s�1
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800 mm annual rainfall. Rainfall in this location is mainly carried
by the SW monsoon. Ahmedabad has a hot semi-arid climate. Shil-
long, which receives �2400 mm annual rainfall, is a hilly moun-
tainous region (�1.5 km above msl) on the Himalaya in north-
eastern India. Both SW and NE monsoon plays important role in
the rain formation in this region. In addition, orographic rain due
to the topography of this region is also important. It has a subtrop-
ical highland climate as per Köppen–Geiger classification.

Fig. 1 represents the climatic conditions of these locations for a
typical year (2013). TRMM observed annual average convective
and stratiform rain rates are shown in Fig 1(a) and (b) respectively.
The average water vapor is also indicated in Fig. 1(c) as seen by
MODIS instrument onboard AQUA satellite for the same year. It
can be seen that the water vapor availability is high in both Shil-
long and Trivandrum than Ahmedabad throughout the year. The
rain rate of both convective and stratiform type is highest in
Shillong.

2.2. Micro rain radar

The Micro Rain Radar (MRR) is a Frequency Modulated Contin-
uous Wave (FM-CW) Doppler radar at 24.1 GHz. This radar oper-
ates only in the zenith direction mode and, thus, can provide
time series of various rain parameters measured using the Doppler
principle. The specifications of MRR are given in Table 1. The retrie-
val of Doppler spectra and different rain parameters are well doc-
umented by many researchers (Atlas et al., 1973; Peters et al.,
2005; Das et al., 2010a,b, 2011a,b). The basic principle is to mea-
sure the fall velocity of the falling rain drops and then using the
Gunn and Kinzer (1949) relationship DSD is estimated. Once the
DSD is estimated, other parameters can be calculated based on
DSD.

MRR receives unavoidable noise with the echo signal at its input
which must be estimated and removed before processing. MRR sig-
nal processing software includes a noise estimation module which
assumed the noise signal as an Additive White Gaussian Noise
(AWGN). The noise level is estimated by iteratively removing the
spectral lines having power above the mean power of the spectrum
until they are equal or less than the mean power. This final mean
power is designated as the noise power and is subtracted from
each spectral line before further processing. In standard mode of
operation, at least 150 single power spectra are utilized in this
procedure.

Doppler spectra received by MRR is related to the DSD and
given by,

NðD; zÞDD ¼ gðD; zÞ
rðDÞ DD ð1Þ

where N(D,z) is the spectral drop density at a height z and g(D,z) is
the spectral volume scattering cross section. The single particle
back scattering cross section, r(D), of a sphere with diameter, D,
is calculated using Mie scattering theory. Under zero vertical wind
assumption, terminal fall velocity of a raindrop, v, can be related
to the diameter of falling drops by Gunn and Kinzer (1949) as,
Dðv ; zÞ ¼ 1
0:6

ln
10:3

9:65� v=dðzÞ ð2Þ

The height dependence of the terminal fall velocity due to
change in air density, d(z), is approximated as a second-order poly-
nomial (Foote and Du Toit, 1969) given by,

dðzÞ ¼ 1þ 3:68� 10�5zþ 1:71� 10�9z2
� �

ð3Þ

Therefore, the spectral volume scattering cross section can be
obtained in the Doppler velocity domain as

gðD; zÞ ¼ gðv; zÞ @Dðv ; zÞ
@v ð4Þ

where g(v,z) is directly obtained from the measured Doppler spec-
trum. Other rain integral parameters, like rain rate, radar reflectivity
and liquid water content can be obtained using a standard formula-
tion involving the calculated DSD.

The mean fall Velocity, vm, is calculated directly from the Spec-
tral power, p(f), related to the Doppler frequency (f) using the first
moment as,

vm ¼ k
2

R1
0 f � pðf ÞdfR1
0 pðf Þdf ð5Þ

At 24.1 GHz, rain attenuation is very severe, especially at high
rain rate. Gaseous attenuation, on the other hand, can be negligible
at this frequency due to small path length in lower troposphere.
Therefore, the rain attenuation correction is applied using a recur-
sive algorithm of Kunz (1998). In this technique, all the parameters
in the lowest range gate are assumed to have zero rain attenuation.
The number density obtained in the lowest range gate is then used
to estimate the rain attenuation coefficient (kr) for the next range
gate. The correction term for two way attenuation (A) in next range
gate will be,

Aðz2Þ ¼ exp �2krðz1ÞDz½ � ð6Þ
Range dependent error is another important consideration in

radar remote sensing. Sampling uncertainties due to the beam
broadening, weakening of signal strength with increase in distance
and change in the volume with increase in height are the primary
reasons for such error (Berenguer and Zawadzki, 2008, 2009). This
kind of error leads to significant underestimation of radar rainfall
(Kitchen and Jackson, 1993) in conventional radars measuring
the power of received and transmitted signal. In case of MRR, since
Doppler principle is used to detect primarily the fall velocity, the
effect of range-dependent errors will be less pronounced than
the conventional radar. The radar calibration constant of MRR is
determined from comparison of MRR observed values with in-
situ rain rate measurements in varying environmental conditions
by the manufacturer and its uncertainty is said to be within ±10%.

The relation between terminal fall velocity and drop size men-
tioned in Eq. (2) is the key parameter in MRR retrieval of rain prop-
erties. The equation is valid only for stagnant air which is not
always a good representation of natural environment. Since the fall
velocity is related with vertical wind motion, any non-zero value of
the vertical wind will introduce a bias in the retrieved product. The
down wind increases the fall velocity of rain drops leads to an arti-
ficial overestimation of the drop size as well scattering cross-
section which will ultimately cause an underestimation of the drop
density. The rain IRPs like rain rate and LWC will also be underes-
timated in such scenario due to low number of drops. The Doppler
retrieval under strong turbulence will, therefore, also be erroneous.
A detailed analysis of the errors caused by such assumption is
given by Peters et al. (2005). It was, however, noted that the impro-
per vertical wind correction would further deteriorate the quality
of estimated parameters in comparison to the original retrieved
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Fig. 2. Rain rate observed during 2020 IST-2120 IST using Disdrometer at ground
and MRR at 200 m height at Ahmedabad on 30 August, 2007.
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data. Therefore, in this study, the zero vertical wind assumption is
used.

The MRR can measure the Doppler spectrum with a minimum
time resolution of 10 s and 35 m height resolution. However, the
radar electronics take almost 6 s for data processing during which
no measurements are possible. So to enhance the reliability of data,
in this study, MRR time resolution is set to be 30 s. Further, since
the first few range gates in 35 m height resolution can be contam-
inated by ground echo, the height resolution is fixed at 200 m to
cover up to 6 km in 30 steps. In tropical regions like Ahmedabad
and Trivundrum, the zero degree isotherm is �4–5 km, so this con-
figuration can essentially able to capture the complete rain region
in most of the cases except for a few high convective systems
which can go beyond 6 km. For Shillong, the melting layer usually
occurs at 3–4 km region above ground since it is a hilly region.
With 200 m vertical resolution, finer rain structure may not be
adequately captured, but the mean trend can be captured with
good accuracy.

2.3. Data pre-processing

The MRR was operated at Ahmedabad during year 2006–2008.
For Shillong and Trivandrum, MRR data were obtained for 2007–
2008 only. To study the mean vertical profile of the rain, following
the methodology of Peters et al. (2005), we first categories the rain
in four rain rate region, namely 0.02–0.2 mm/h, 0.2–2 mm/h, 2–
20 mm/h and 20–200 mm/h. This methodology is adopted since
rain structure is strongly dependent on the rain type, namely con-
vective and stratiform rain. There are numbers of methodologies
available to distinguish between stratiform and convective rain.
Use of rain rate for classification of rain type is commonly used.
Another approach is using the radar bright band signature for iden-
tifying stratiform rain (Fabry and Zawadzki, 1995). We use the rain
rate ranges for this present study for its simplicity. Previous obser-
vations with MRR and Disdrometer at these locations also showed
that the ground rain rate can be a good indicator for rain type (Das
et al., 2009; Rao et al., 2001).

Since we are mainly interested to study the mean profile of
these rain classes, the seasonal variations are also not taken into
account. The South-West (SW) and North-East (NE) monsoon
may have different rain structure (Kozu et al., 2006), but the differ-
ence is primarily originated from the rain type. Further, algorithms
usually used in ground-based radars and also in space-borne radars
like TRMM to retrieve the rain profile based on rain types and does
not consider the seasonal behavior. The seasonal variability and
effect of orographic rain on vertical profile will be a subject matter
of future investigation and not considered in the present study.

The validity of the MRR data is reported by many researchers
from different rain regions (Tokay et al., 2009; Peters et al., 2005;
Das et al., 2010a,b, 2011a,b) with satisfactory results. To ensure
the robustness of the present study, this data set is further checked
on the basis of a few criteria to minimize the instrumental and
other unaccounted errors. First, we ascertain that the observed
individual profile is complete and no discontinuity is there. This
limits the error due to sudden reflection arises due to insect or
non-hydrometeors. Secondly, we randomly test the radar data with
collocated Disdrometer data to see if there is any discrepancy in
the rain pattern. We used rain rate values obtained from the lowest
height range (200 m) of the MRR for comparison purpose (Das
et al., 2010a,b). One such example is shown in Fig. 2, which indi-
cates a very good matching of ground rain rate and that at 200 m
for low rain rate.

The Disdrometer shows a little higher value than MRR for high
rain rates as shown in Fig. 2. The underestimation of rain rate in
MRR may be due to the considerable rain attenuation at high rain
rates for which no attenuation correction is applied at the lowest
range gate. This is an important consideration in MRR data pro-
cessing as at 24.1 GHz rain attenuation is very significant for high
rain rate and thus limiting the capability of the instrument. How-
ever, this primarily underestimates the derived DSD and other rain
parameters, but not severely affects the mean fall velocity of the
drops which are calculated directly from the Doppler spectrum.
So for high rain rates, the interpretations of the results are sup-
ported by the fall velocity spectrum to avoid this pitfall in this
study.

In this study we have also not considered the virga rain type,
which may occur in these locations. But since this type of rain does
not contribute to the ground rain, we exclude this type of rain from
our study. For this purpose, we include in the statistics only the
rain profiles which reach to the lowest range gate of MRR nearest
to the ground. The number of valid profiles that falls in the speci-
fied rain rate range is given in Table 2. In averaging the data set,
there are still some possibilities of suppression of information.
Peters et al. (2005) showed that this suppression of information
is not very serious and the mean dataset can still efficiently serve
the purpose of the study.
3. Results

3.1. Stratiform and convective rain

Examples of a stratiform event and a convective event, as
observed by MRR at Ahmedabad, are shown in Fig. 3(a) and (b),
respectively. The upper subplot shows the reflectivity and lower
subplot shows the fall velocity. The ground rain rate for the strat-
iform type is mostly within 2–5 mm/h whereas in convective case



Table 2
Number of valid profiles at each rain rate range.

Locations/rain rate range 0.02–0.2 mm/h 0.2–2 mm/h 2–20 mm/h 20–200 mm/h

Trivundrum 18,735 21,059 10,112 2023
Ahmedabad 27,585 31,726 17,754 2877
Shillong 20,592 23,841 11,972 2134
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Fig. 3. (a) Stratiform rain observed by MRR on 3 July, 2006 and (b) convective rain observed by MRR on 3 July, 2006. Upper subplot shows the reflectivity profile and lower
subplot shows the fall velocity profile.
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Fig. 4. Average vertical profiles of radar reflectivity at (a) Trivandrum, (b)
Ahmedabad and (c) Shillong.
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the rain rate has a peak value of 25 mm/h with a majority of the
rain rates in the range of 8–12 mm/h.

The stratiform rain event shows a clear bright band around
4.6–5 km in reflectivity profile, whereas the fall velocity shows a
sharp negative gradient (dvm/dz < 0) around that height. The melt-
ing of ice crystals to rain increases the fall velocity. Both fall veloc-
ity and radar reflectivity show somewhat uniformity up to the
melting layer in stratiform rain. However, we can also note that
the radar reflectivity profile is a little bit tilted in the lowest height
ranges.

In contrast, the convective rain has no such bright band due to
the strong wind motion characterized by the convective activity.
The fall velocity and radar reflectivity also show significantly var-
ied vertical profile.

These observations clearly indicate that the radar retrieval will
largely be affected by the rain type, especially in the melting layer
region. Although this fact is already included in the TRMM rain
retrieval algorithms, however, the variation in the lower portion
of the spectrum is still ignored.

In order to ascertain the actual characteristics, we, therefore,
investigate the mean profile of radar reflectivity and fall velocity.
In addition, we also study the mean profile of rain rate and liquid
water content to understand the vertical variability of rain. Finally
the mean DSD profiles are examined to identify the physical pro-
cesses which are responsible for such a varied rain structure during
the different rain rate regime.

3.2. Mean profile of rain rate, liquid water content, fall velocity and
radar reflectivity

To understand the variability of the rain structure under differ-
ent rain types, we study the profiles of rain rate (R), liquid water
content (LWC), fall speed (vm) and radar reflectivity (Z) for different
rain classes as discussed in the following subsections.

3.2.1. Mean profile of radar reflectivity
Mean profile of radar reflectivity for different rain rate classes

for different regions are shown in Fig. 4. Melting layer signature
in Z-profile is obtained around 5 km in rain rate ranges 0.2–
20 mm/h in Ahmedabad and indicates that most of the rain is of
stratiform type. However, in 2–20 mm/h rain class, relatively small
peak of radar reflectivity at the melting layer height indicates that
some of the rain events still have melting layer structure although
most of the rain is of convective type. Essentially, this type of
‘Mixed rain’ occurs during transition period of stratiform and con-
vective rain and in the cases when local convective systems are
part of the large stratiform system. However, in the 20–200 mm/
h rain class does not show such bright band and essentially repre-
sents the convective rain structure. Rain fall in Ahmedabad is
mostly occurs during South-West monsoon season (June–Septem-
ber). The ground temperature stay relatively uniform throughout
the season and, therefore, no significant variations of melting layer
height is expected.

Similar nature of Z-profiles can be seen for Trivandrum and
Shillong. However, in case of Trivandrum, the bright band signa-
ture is strong between 4.4 and 4.6 km. Shillong, on the other hand,
does not have very well defined melting layer structure in the aver-
age profile due to the seasonal and diurnal variations of melting
layer height (Das et al., 2011a,b) and is distributed in the height
ranges between 3 and 4.5 km. The melting layer height is strongly
dependent upon the ground temperature. Although, unlike
Ahmedabad, Trivandrum encounters rain during both SW and NE
monsoon, being located near the equator, has limited seasonal
and diurnal variations of ground temperature. On the other hand,
Shillong, being a high altitude location, has significant seasonal
and diurnal temperature variation, which is responsible for varying
melting layer height. Thus for Shillong, the melting layer signature
is distributed as small peaks between 3 and 4.5 km in radar reflec-
tivity profiles.

The radar reflectivity profiles for all the locations mostly show
negative slopes with height, but the magnitude of the slopes
increase with increasing rain rates However, the Z-profile in lowest
rain rate range indicates a positive gradient (dZ/dz > 0) up to 1 km
height in case of Ahmedabad and Shillong. The positive gradient is
extended further up to 1.6 km in case of Trivandrum. Evaporation
is the possible reason of such behavior. In very low rain condition,
due to evaporation, all the rain drops form aloft can’t reach ground,
particularly the smaller drops. This phenomena is most prominent
in boundary layer region near the ground and hence, the radar
reflectivity shows a positive gradient only up to a limited extent.
The availability of moisture and temperature actually controls



S. Das, A. Maitra / Journal of Hydrology 534 (2016) 31–41 37
the evaporation rate and the extent up to which its effect can be
seen on radar profiles. The availability of water vapor is maximum
in Trivandrum and Shillong due to their climatic conditions. How-
ever, throughout the year, temperature at Trivandrum is much
higher than Shillong. The evaporation effect is thus maximum at
Trivandrum as evident from the Z profile for the 0.02–0.2 mm/h
rain rate class.

The convective regime with rain rate above 20 mm/h has the
maximum negative gradient of radar reflectivity, although the
absolute magnitude varies significantly in different regions. Shil-
long shows the maximum negative gradient of radar reflectivity
whereas Ahmedabad shows the minimum gradient in case of con-
vective rain. Such steep gradients can be due to mixing of ice with
water in cloud. Particularly in case of Shillong, being located in the
Fig. 5. Average vertical profiles of fall velocity at (a) Trivandrum, (b) Ahmedabad
and (c) Shillong.
mountainous region, orographic effect can also lead to a mixture of
ice with water in convective rain which can induce a steep gradient
of Z. Another possibility for such steep gradient is due to inade-
quate retrieval of radar reflectivity in MRR at rain rate due to large
amount of rain attenuation.

3.2.2. Mean profile of fall velocity
In contrast to other integral rain parameters (IRP), the mean fall

velocity is not susceptible to attenuation or radar calibration.
Therefore the mean fall velocities are studied next. Mean fall veloc-
ity profiles are also very useful to indicate the melting layer height
as shown in Fig. 5. The fall velocity profile show a steep negative
gradient above melting layer height in stratiform rain indicate
the presence of slow moving ice crystals. We can note that the
average melting layer height is very clearly indicated by the fall
velocity profile for all these locations.

The fall velocity shows large negative gradient (dvm/dz < 0) just
below the melting layer due to conversion of melting ice to water
drops. Thus, it gives a good indication of the average rain region
where the retrieved IRPs, using the conventional radar retrievals,
are valid. We can note that the average rain region for Trivandrum
is �4 km, for Ahmedabad �4.5 km and for Shillong �3 km above
ground.

The mean fall velocities for all these regions indicate a negative
slope (dvm/dz < 0) as well. However, we can also note that the mag-
nitudes of slope of these curves significantly differ among different
regions as well as for different rain classes. Rain rate classes 0.02–
0.2 mm/h and 0.2–2 mm/h show almost uniform fall velocities of
the hydrometeor up to melting layer height for Trivandrum and
Ahmedabad. But for Shillong, the negative slope is significant for
these two classes also. The observed change in the vertical profiles
of fall velocity in Shillong from that of other locations may be due
to several reasons. A considerable change in the vertical DSD may
occur for the stratiform type of rain in Shillong, which are not
observed for Ahmedabad and Trivandrum. Further, varying melting
layer height at Shillong can also influence the average fall velocity
profiles at the height ranges above 2 km. The convective cases have
the highest negative slopes of the fall velocities, which are also
supported by the observations from other regions (Thurai et al.,
2003; Peters et al., 2005). As already mentioned, a height depen-
dent mixture of ice and water can also leads to strong negative gra-
dient of fall velocity profiles. However, this point cannot be
ascertained with the present data set and needs further
investigation.

3.2.3. Mean profile of liquid water content
Liquid water content, which is derived based on the DSD, shows

some interesting features for these locations as shown in Fig. 6. The
lower few km shows a positive gradient (dLWC/dz > 0) for the low-
est rain rate range at all the places. However, this positive gradient
is still significant for higher rain rate classes in Shillong, negative or
slightly positive gradients are observed in other locations at high
rain rate ranges. The negative slope is expected as revealed by
the radar reflectivity and fall velocity profiles and slight positive
gradients can be due to errors introduced by overcompensation
of the rain attenuation at high rain rate. The positive gradient in
lowest rain rate range, however, cannot be ignored since the pos-
sible error due to rain attenuation is very less at this rain rate
range. The possible reason for such behavior may be due to the
shift of DSD peak toward smaller drops with increasing height.
Since the lowest rain rate range usually associated with drizzle,
which is closely related to the lower shallow clouds, the fall veloc-
ity is less at that height. The fall velocity profile also indicates a
negative gradient in velocity at higher altitudes which may be
due to smaller drops (Peters et al., 2005; Prat and Barros, 2010).
Another factor is that the evaporation, which can be significant



Fig. 6. Average vertical profiles of liquid water content at (a) Trivandrum, (b)
Ahmedabad and (c) Shillong.

Fig. 7. Average vertical profiles of rain rate at (a) Trivandrum, (b) Ahmedabad and
(c) Shillong.
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at the very low rain rates and at lower heights, alters the DSD, par-
ticularly affecting the small drops concentration. This can also lead
to a positive gradient of the LWC profile.
3.2.4. Mean profile of rain rate
The rain rate profile in Fig. 7 indeed show a positive slope in 20–

200 mm/h rain class with height above 2 km similar to liquid water
profile. This may not be realistic considering the high amount of
rain attenuation in this frequency. The positive slope of the rain
rate at the lowest rain rate range, however, is not an artefact as
already discussed. In general, observations indicate a near uniform
or negative trend of the rain rate with height and in accordance
with the radar observations from other locations (Thurai et al.,
2003; Prat and Barros, 2010; Peters et al., 2005; Tokay et al., 2009).

The rain rate classes 0.2–2 mm/h and 2–20 mm/h show almost
uniform behaviors with height for Shillong and a little negative
gradient for Ahmedabad, however, Trivandrum shows a significant
negative gradient. This indicates that the change in DSD evolution
in height are significantly differ among different regions with dif-
ferent climatic conditions. Shillong, being a high altitude location,
have difference in drop evolution mechanism with that of Trivan-
drum, although both have prominent SW and NE monsoon season.
This is an important consideration for proper retrieval of rain infor-
mation from radar observations.



Fig. 8. Average vertical DSD profiles at (a) Trivandrum, (b) Ahmedabad and (c) Shillong. Different DSD figures in each panel corresponds to the rain rates ranges as indicated in
previous figures. The top most figures correspond to the lowest rain rate range (0.02–0.2 mm/h) and bottommost figures indicate the highest rain rate range (20–200 mm/h).
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3.3. Mean drop size distribution and drop evolution mechanism

Drop size distribution holds the key to understand the charac-
teristic difference observed in different regions and important to
characterize the tropical rain. Ground based DSD measurements
are reported by many researchers (Kozu et al., 2006; Rao et al.,
2009; Das et al., 2010a,b) indicating the change due to stratiform
and convective rain. However, this is the first such attempt from
the Indian region to study the growth and evolution of vertical
DSD structure in relation with the mean VPR.

The mean drop size of these rain classes measured at different
locations are shown in Fig. 8. One should note that the DSD profiles
are valid only in the rain region, i.e., below the melting layer height
and our discussion is limited to that region only.

The lowest rain class shows a significant decrease in bigger
drops with decreasing height (dD/dZ > 0) at near ground region
(boundary layer region) and can indicate the occurrence of drop
break-up mechanism. The total number of small drops is also
reduced with decreasing height. This effect is more prominent in
case of Trivandrum and Shillong. As already pointed out, the evap-
oration of smaller drops could be the possible reason for such.
Above the boundary layer region and up to melting layer height,
the DSD is almost uniform for Ahmedabad. This indicate that the
drop break up, coalescence and evaporation are just in balance to
maintain the DSD throughout the height. However, a negative
slope (dD/dz < 0) for the drops of large size and a positive slope
of small drop concentration (dN/dz > 0) can be noticed in case of
Shillong and Trivandrum, which is particularly significant for Shil-
long. Sufficient availability of moisture in both these cases may be
responsible for counter balance the evaporation effect at these
heights and favor the drop coalecence. In case of Shillong, in addi-
tion to the moisture availability, the orographic enhancement can
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lead to strong upward wind motion, which will further favor the
drop coalescence process. Thus we get more number of large drops
at lower heights at the expense of large number of smaller drops at
higher heights in case of Shillong.

For the 0.2–2 mm/h rain class, the vertical profiles for all the
locations indicate dominance of drop coalescence process as more
large drops are more abundant just above the boundary layer than
at higher heights. The concentration of very small drops also
decreases with decrease in heights (dN/dz > 0) above boundary
layer region. However, in boundary layer region the drop break
up dominates. In boundary layer region, the decrease in small drop
number (dN/dz > 0) without any significant increase in large drop
(dD/dz < 0) still indicate role of evaporation. We can actually note
that a small but noticeable increase in drop concentration (dN/
dz) of medium drop sizes in terms of broadening of drop concen-
tration peak in the lower side of the DSD.

For the 2–20 mm/h rain class, more changes of DSD are
observed. Evaporation is no longer a factor for any of these loca-
tions. The largest drop size shows strong negative gradient (dD/
dz < 0). For Trivandrum and Ahmedabad, the largest drop size
reaches up to 4 mm at ground level whereas it can go up to
4.5 mm in case of Shillong. However, the drop size gradient is
smaller in Ahmedabad compared to that in Shillong. The large gra-
dient is due to drop coalescence process which further indicate a
strong convective or orographic enhancement in Shillong. Smaller
drop concentration, although, shows a positive gradient (dN/
dz > 0), however, the DSD peak has become wider at 0.5–1.4 mm
range at the ground. Drop coalescence seems to be stronger mech-
anism in Shillong, than for Ahmedabad and Trivandrum. This result
indicate that since this rain rate class represent both stratiform and
convective rain, both the drop evolution mechanisms, namely coa-
lescence and break up, are effective.

The convective rains in the 20–200 mm/h rain class show com-
pletely different rain drop evolution mechanism responsible for
different regions. Trivandrum and Shillong are characterized by a
uniform DSD variation at higher heights and drop coalescence
seems to be strong in lower heights. But for Ahmedabad, the drop
coalescence is the dominant mechanism throughout the height
ranges. The large drop up to 5 mm has a significant concentration
at near ground level in case of Shillong, which is not observed for
other two places. It is to be noted that the interpretation of the ver-
tical profiles in 20–200 mm/h rain rate range is rather complex due
to significant rain attenuation at these rain rates. We also have
implicitly assumed that the profiles correspond this rain rate range
is due to water drop. However, mixture of ice and water is a possi-
bility in convective conditions as well due to orographic enhance-
ment, as already mentioned. This may lead to inadequate
interpretation of the drop evolution mechanism. A better charac-
terization of this kind of rain is therefore needed further investiga-
tion in a comprehensive manner, particularly with dual
polarization observations to separate the ice from water.
4. Conclusions

Vertical structure of reflectivity and drop size distributions are
important considerations for accurate estimation of rain informa-
tion from radar observation. The vertical evolution of DSD is also
important to study and characterize the rain. The vertical structure
of rain measured using MRR at three locations reveal some features
of tropical rain which may have important consequences in space
based radar retrieval of precipitation. The results support the fact
that the vertical profile of reflectivity has a very sharp gradient
due to melting layer. However a strong variation of VPR is also
observed in high rain rates above 20 mm/h for all the locations.
This variation exists at even low rain rate in Shillong, a high alti-
tude location. The DSD is found to be responsible for such in
VPR. The VPR and retrieved rain parameters indicate a significant
change of DSD during various rain rate regimes and for different
locations. Consequently, the drop evolution mechanism through-
out the height range is studied by MRR and it is found, in general,
that the drop break-up mechanism is dominant in stratiform rain
and drop coalescence in convective rain. Convective rain is found
to have larger drop size at ground level than that of stratiform rain.
Further, different locations also show dominance of different drop
evolution mechanism at different height ranges. The study high-
lights the characteristic difference of varied rain type and effects
of local climatic conditions in controlling the rain structure.
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