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Abstract

Microphysical evolution of tropical clouds in the core monsoon region of India is examined for the first time using ground-
based cloud radar measurements. Combining high-resolution radar reflectivity (Z) profiles with empirical relations, cloud
microphysical profiles in terms of cloud ice/liquid water content IWC/LWC) during Indian summer monsoon (ISM) season
are retrieved. Though the study is carried out using a point observation, it is shown that it represents the large-scale monsoon
flow over the radar site. Cloud radar measurements during ISM period are classified into active and break ISM days. Radar-
derived IWC profiles are validated against CloudSat, whereas LWC profiles are validated using the collocated microwave
radiometer and microphysical observations from in situ aircraft measurements. The validated IWC and LWC profiles show
significant differences between active and break ISM phases including their diurnal evolution. Larger (smaller) IWC values
observed during active (break) days reveal the microphysical activity associated with the contrasting cloud vertical structure
in the respective ISM phases. Observed discontinuity in the cloud vertical structure during break ISM days is attributed to the
lack of moist convection. The significance of the present study lies in reporting the first ground-based radar measurements
of cloud microphysical properties during active and break ISM period and discussing their distinctiveness.

1 Introduction of cloud water content or its change of phase. Similar to
the vertical structure of atmosphere, cloud vertical structure

Clouds play a crucial role in climate change and the general ~ can also be defined as the height distribution of cloud water

circulation of the atmosphere through radiative transfer and
precipitation. These radiative properties and precipitation
efficiency of clouds are determined by their several micro-
physical properties, for instance the liquid water content
(LWC), ice water content IWC), droplet size distribution
(DSD) and the phase of cloud particles (Liou 1992; Sassen
et al. 1999; Protat et al. 2007; Khain et al. 2008; Ellis and
Vivekanandan 2011; Nair et al. 2012). Cloud microphysi-
cal properties are basically related to the growth or decay
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mass with respect to changing temperature. Either for cloud-
resolving simulations or radiative transfer model, detailed
high-resolution (e.g., order of a few tens of meters and hour
or less; Sui et al. 2005) cloud vertical structure or vertical
profiles of cloud physical parameters are required to know
the precipitation efficiency or radiative influence of clouds.

There are usually two distinct phases in typical Indian
summer monsoon (ISM): active and break phases, which
are characterized by high and low rainfall, respectively.
This contrast in rainfall between these phases is one of the
sources of intraseasonal variability in monsoon season of
India (June—September). Active ISM phase is character-
ized by persistent large cloud cover, frequent rain spells,
condition favorable for convective activity, large-scale
low-level convergence and cloud development due to sus-
tained rich moisture influx by the continuous strong low-
level westerly wind from Arabian Sea (e.g., Kalapureddy
et al. 2007). During break ISM phase, the weak low-level
westerly, scant moisture influx and meager vertical velocity
result in the weaker convective conditions that could be the
reason for either no or only shallow convective clouds and
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scanty rainfall implying dry conditions (Raghavan 1973).
Break ISM phase is favorable for high solar insolation due
to less or broken cloud cover, that leads to the formation of
local isolated deep convective clouds which is the source of
widely spread thin cirrus cloud that exists for longer time
at high altitudes.

The active and break cycles are generally linked to the
northward-propagating intraseasonal oscillation (ISO, e.g.,
Goswami and Ajaya Mohan 2001) and act as primary build-
ing block of ISM (e.g., Abhik et al. 2013). During the ISM
period, India receives more than 70% of its annual rainfall.
Therefore, ISM performance has profound implication
directly for the agriculture production and thus the socio-
economic growth of India. Further, contrasting behaviors in
the formation of weather systems and large-scale instability
during active and break ISM periods are well established
(e.g., Goswami et al. 2003; Ravikiran et al. 2009; Devasthale
and Grassl 2009). Earlier studies on the ISM phases were
mostly confined to rainfall, circulation pattern and mesoscale
convection (Webster et al. 1998; Goswami and Ajaya Mohan
2001; Gadgil 2003; Rajeevan et al. 2010). Due to the lack of
cloud measurements with better spatial and temporal resolu-
tions during ISM spells, some of the previous studies real-
ized the importance of cloud vertical structure but are unable
to utilize it for better accountability of monsoon rainfall vari-
ability. It is now possible to access the global cloud vertical
structure information from the space-borne cloud profiling
radar (CPR) with the CloudSat. Renewed interest on cloud
vertical structure using CPR measurements confining to ISM
region has been found in the recent studies (Das et al. 2013;
Rajeevan et al. 2013). Therefore, it is now established that
high-resolution vertical profile of cloud microphysics is a
key parameter in understanding the dynamical and physical
mechanisms of clouds pertinent to active and break spells of
ISM rainfall (Konwar et al. 2014; Hazra et al. 2017).

Still, due to the absence of continuous high temporal
resolution cloud observations, a complete understand-
ing of diurnal evolution of clouds and their role in driv-
ing the mean monsoon circulation is lacking. This gap
can be bridged now by using ground-based cloud radar
measurements, which have a much better resolution with
respect to both space and time compared to direct aircraft-
or balloon-based cloud sampling techniques (Matrosov
1997; Kollias et al. 2007). Recently, radars have been rec-
ognized for their potential to quantitatively measure the
microphysical properties of clouds (Matrosov 1997; Das
et al. 2013; Rajeevan et al. 2013). Both cloud microphys-
ics and dynamics influence structural evolution of ISM
clouds that is further related to rainfall (Sengupta et al.
2013). So the estimation of IWC or LWC profiles is help-
ful to understand the underlying cloud microphysical pro-
cesses involved in the formation and maintenance of ISM
cloud systems. These profiles also assist the representation
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of clouds in numerical and general circulation models.
In recent times, one of the largest errors in weather and
climate models is attributed to the lack of knowledge
of the interaction between cloud microphysics and the
environment.

A number of procedures have been developed recently
to estimate the microphysical features of clouds from mil-
limeter-wavelength radar observations (Frisch et al. 2000).
Sassen and Liao (1996) and Khain et al. (2008) employed
a numerical cloud model to obtain a useful relationship
between radar reflectivity and LWC. Attempts have been
made to find the relationships between radar reflectivity and
LWC for stratocumulus and cumulus clouds (Atlas 1954,
Sauvageot and Omar 1987; Fox and Illingworth 1997).
Frisch et al. (1995) developed radar-radiometer technique
for retrieving microphysical features of liquid—water clouds,
such as stratus. In contrast to long-wavelength radar sig-
nals, short-wavelength radar signals are attenuated by cloud
liquid water. Leveraging this fact, spatial distribution of
cloud liquid water can be estimated using dual-wavelength
radar (Vivekanandan et al. 1999, 2001; Gaussiat et al. 2003;
Hogan et al. 2005; Ellis and Vivekanandan 2011). Gossard
et al. (1997) used the full spectrum of the radar-measured
Doppler vertical velocities in estimating LWC. With estimat-
ing LWC, a number of attempts have been made to retrieve
ice cloud in recent years, using reflectivity alone (Sassen
2002; Heymsfield et al. 2005; Sayres et al. 2008) and adding
temperature as an additional constraint (Liu and Illingworth
2000; Hogan et al. 2006). Many of these studies prescribed
direct reflectivity—ice water content relations, usually in the
form of an empirical power-law relation, allowing the use
of reflectivity values to estimate the ice water content accu-
rately (Matrosov 1997, 1999; Mace et al. 1998; Intrieri et al.
1993; Donovan and Lammeren 2001; Donovan et al. 2001;
Wang and Sassen 2001; Tinel et al. 2005; Sekelsky et al.
1999; Gaussiat et al. 2003).

The key objective of the current work is to decipher the
cloud microphysical process pertinent to ISM active and
break ISM phases. This study of the cloud microphysical
processes is carried out by contrasting the vertical distri-
bution of cloud water content in active and break phases.
Section 2 briefly describes the cloud radar system, data and
methodologies followed in this work. Results and discus-
sions are provided in Sect. 3, which starts with the retrieval
of IWC and LWC profiles using ground-based cloud radar
and comparison of IWC profiles with CloudSat CPR obser-
vations. That section further discusses the radar-derived
LWC profiles along with those derived using the aircraft
and microwave radiometer (MWR) observations over Man-
dhardev region. Diurnal evolution of microphysical profiles
in active and break ISM phases is covered at the end of this
section. Summary of the work and the concluding remarks
are provided in Sect. 4.
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2 System, data and methodology

This study uses reflectivity profiles of vertically pointing
Indian Institute of Tropical Meteorology’s Ka-band scanning
polarimetric radar (KaSPR) operating at 35 GHz. KaSPR
has been providing high-resolution (25 m and 1 s.) measure-
ments of cloud and precipitation over Mandhardev (18.04°N,
73.87°E, ~1.3 km AMSL) in Western Ghats region on a
mobile platform since June 2013. KaSPR operates under
a hybrid scan strategy (cyclic volume scan, Range Height
Indicator scan and vertical looking) to study 3-D cloud
structures, and vertical pointing observations for 5 min for
every 15 min are available. KaSPR possesses sensitivity of
~—45 dBZ at 5 km and is therefore sensitive to the cloud
droplet. Cloud radar, especially 35 GHz, is not only sensitive
to hydrometeors (cloud particles and raindrops) but also to
airborne biological targets called biota. In order to segre-
gate the biota contribution from the radar reflectivity (Z)
measurements, an indigenously developed algorithm (TEST,
Kalapureddy et al. 2018) is used to filter the KaSPR data. In
brief, the TEST algorithm uses theoretical noise equivalent
curves (Fig. 1a) to filter out receiver noise floor. Based on
a four-point running average and standard deviation of Z at
each height level, it is able to distinguish biota and cloud
droplet depending on their small and long correlation period
(i.e., larger and smaller standard deviation), respectively.
Height—time—intensity (HTI) map of Z, depicted in Fig. 1b,
shows isolated point targets mostly confined below 3.2 km,
which can be mistaken as low-level clouds. Figure 1c shows
the potential of the TEST algorithm in screening out only
the pure meteorological liquid bodies as cloud reflectivity
seen at ~3.2 to 4.4 km. Therefore, to confirm the usage of
pure cloud information and unbiased study of cloud water

Fig.1 a Vertical-looking cloud 20140819-0946

content, cloud measurements screened out by the TEST
algorithm are only used.

The main purpose of the study is to estimate the verti-
cal profiles of IWC and LWC. Similar to traditional power
law relation between radar reflectivity factor and rainfall
rate, relation between Z and the required parameter is used.
Protat et al. (2007) experimented over tropical and midlati-
tude regions using a large statistical microphysical database
from cloud radar, lidar and aircraft observations for accurate
retrieval of IWC. Their works assessed the statistical signifi-
cance of the IWC—Z and IWC—Z-T relationships. These two
relations as given below are used here

IWC = 0.103 x 209 )]

log MWC) = 0.000185 * z * T + 0.0735 % z — 0.0091 % T — 1.31

@)
where IWC unit is gm m~>. Z and z are the reflectivity fac-
tors in mm® m~* and dBZ, respectively. T is temperature
in K. For LWC estimation, in general, three different radar
remote sensing retrieval methods are possible. These entail
using (1) empirical relation between Z and LWC, (2) Z and
liquid water path (LWP) from the observations of multi-
wavelength microwave radiometer (MWR) and (3) Z and
cloud droplet number concentration and diameter. This paper
uses the above-mentioned first two methods.

In case of empirically estimated LWC, three radar-based
Z-LWC relations are adopted in this work depending on
precipitation condition. Note that there is no consistent
(i.e., applied to all types of clouds or to the entire Z range;
irrespective of non-precipitating or drizzle cloud) relation-
ship between Z and LWC due to the different size distribu-
tions and physical mechanisms (Khain et al. 2008). This
is the main reason for no single empirical relation capable

(a)

radar-measured reflectivity 16prrrrrrrrrrrrrprrrTrrTT
mean height profile on August B =rrr— ]
19 2014 during 0946-0948 14 | = -Filtered

UTC. The theoretical noise [ [~ NER(-60)

equivalent reflectivity (NER) 12F

curve with the respective
threshold values of —60 dBZ
is shown in the bracket. HTI
plot of b the reflectivity profile
for the duration of 180 s. ¢
TEST screened out pure cloud

-
o
T T

Height (km)
(=]
1

reflectivity profile by filtering iy

out the receiver noise floor and

the biota (mean of the screened 4

cloud reflectivity profile can

be seen in panel a with dashed 2F

red line) [ &

paalaa gl

Z (dBZ)

SRR EEEN AEENE SEEEE AR R R i
-070 60 -50 -40 -30

-20-15 50 100 150 50 100 150
Time (sec) Time (sec)

@ Springer



1726

P. Sukanya, M. C. R. Kalapureddy

of estimating LWC irrespective of changing precipitation
conditions. A detailed discussion has been made to find
out reflectivity values and range of different rain rates.
Earlier studies show that a threshold reflectivity value in
the range — 20 to — 18 dBZ indicates a non-precipitating
cloud, whereas values in the range of — 15 to — 16 dBZ are
the minimum values of Z required for drizzling (Sauva-
geot and Omar 1987; Frisch et al. 1995; Mace and Sassen
2000; Baedi et al. 2002). Depending on the geographi-
cal location, the threshold value deviates in the range of
1-2 dBZ. Various case studies are performed to investigate
this threshold value over the present location of interest.
For this purpose, besides KaSPR’s Z measurements cor-
responding to its first range bin (~ 1 km) height above the
surface, the ground-based rainfall measurements from rain
gauge are also employed to categorize precipitation events
into non-precipitating (< ~— 10 dBZ and 0 mm h™!), light
drizzling (— 10 to 10 dBZ and <1 mm h~!) and heavy
drizzling (> 10 dBZ and 1-5 mm h™!).

For non-precipitating or no rain cases, the relation-
ship in Atlas (1954), which is based on different drop size
distributions, is used where simple Z measurements of
KaSPR are utilized to estimate LWC.

LWC = 1/Z/0.048 3)

Retrieval of LWC for light drizzling with stratocumu-
lus cloud is adopted from Baedi et al. (2000) that used Z
and LWC from aircraft observations (FSSP and 2D cloud
probe) to find out the relationship between these two param-
eters with constrained threshold values of Z and LWC as
—35dBZ and 0.01 gm m~>, respectively.

LWC = (2/57.54)1/>1D 4)
For heavy drizzling, the relationship in Krasnov and Russ-
chenberg (2002) is employed for estimating the LWC by
using a new trajectory ensemble model of the cloud-topped
boundary layer.

LWC = (Z/323.59)//13%) 5)
In Egs. (3), (4) and (5), Z is in mm® m™3 and LWC is in
gm m~>. These three relationships for Z-LWC used here are
not continuous (see Fig. A3).

Temperature profiles from radiosonde over the radar
site or the presence of bright band from reflectivity shows
0 °C isotherms around 4.5 km AMSL. So, the presence
of ice particles within clouds can be predicted above this
altitude. For IWC, profiles above 5 km altitude are consid-
ered, whereas for LWC, profiles below 4 km altitude (for
non-precipitating cloud) are considered. But for light and
heavy drizzling, since the liquid water contribution can
come from the supercooled liquid droplets as well which
exist above zero-degree isotherm, altitude profiles up to
~8 km are considered.
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IMD-declared monsoon spells are mostly suitable for
central India region but according to Rajeeven et al. (2010;
its Figs. 4 and 7) and Pai et al. (2016; its Figs. 5 and 7), it
can be seen that the west coast region of India also shares
near-similar mean monsoon seasonal as well as active and
break ISM features with that of central India. In this con-
text, point radar measurements around the Western Ghats
region essentially can be considered as sample of large-scale
spread of ISM that is mainly confined to the central and
west coast part of India. The IWC/LWC composite diurnal
evolution and comparison cases of profiles of IWC with CPR
observation chosen in this work are also closely linked to
the ISM phases. For this purpose, the core ISM active and
break spells are chosen according to the Indian Meteoro-
logical Department (IMD) (monsoon report 2014; monsoon
report 2015; monsoon report 2016 at www.imd.gov.in/secti
on/nhac/). The identification of ISM active and break spells
are based on Rajeevan et al. (2010) and a Pai et al. (2016)
criterion that uses daily area weighted rainfall and its long
term (1951-2000) average. Whichever days exceed (deficit)
the rainfall climatology mean by + 1o (standard deviation)
define it as active (break) days.

Active (July 14-16; August 3-5; and August 25-31)
and break (July 3-5; August 8—10; and August 12-17) ISM
phases are chosen during 2014. In order to maintain uniform
dataset of near-homogeneous cloud type for each ISM phase
category, 11 days from each category are selected. The num-
ber of reflectivity profiles associated with the above selected
active (246,225) and break (173,784) ISM phases has been
utilized for bringing out mean composite diurnal cycle to
understand the role of local solar heating and normalized (to
substantiate the number of profiles difference) contoured fre-
quency by altitude diagram (CFAD) for statistically reliable
characterization of the cloud vertical structure (Houze et al.
2007). Further, the break (active) data statistics for non-pre-
cipitating, light-drizzling and heavy-drizzling conditions are
found to be around 39 (31)%, 11 (32)% and 2 (14)%, respec-
tively. The non-precipitating clouds are most dominantly seen
irrespective of break or active ISM phase but heavy-drizzling
precipitating cloud is seldom seen during break ISM phase.

Near-simultaneous along-track observations from space-
based CloudSat’s CPR over the radar site are used to obtain
IWC profiles pertinent to ISM phases. For the comparison in
the study, Release 4 2B-CWC-RO data are used. In brief, sepa-
rate ice and liquid cloud water content retrieval methods in
CloudSat use forward model which assumes a lognormal size
distribution of cloud particles and active and passive remote
sensing data together with a priori data to estimate the param-
eters of the particle size distribution in each bin containing
cloud. CPR measurements provide vertical profile of cloud
backscatter; a measured backscatter value and cloud mask
(indicate the likelihood that a particular radar bin contains
cloud) are obtained from 2B-GEOPROF. Further details, on
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Releases 4 of the CloudSat 2B-CWC-RO/RVOD Standard
Data Products, can be found in Wood (2008) and Austin et al.
(2009). These CPR-retrieved CWC profiles taking into con-
sideration of minimum detectable reflectivity of CPR above
—26 dBZ only are used to validate the KaSPR-retrieved micro-
physical profiles. However, due to the differences in platforms,
time resolution, operation strategy, frequency, antenna size and
other salient features, exact matching cannot be expected. We
only need to confirm the near similarities between simultane-
ous nadir-looking CPR and zenith-looking KaSPR measure-
ments from the same cloud system. Since CPR has a vertical
resolution of 500 m and an along-track resolution is 1.7 km, it
takes 15 days to come back to the same location on the globe.
That means, in a month two profiles can be gained for a par-
ticular location on globe with the narrow swath of CloudSat
measurements. Moreover, for comparison, it is necessary to
detect the same cloud by both the ground-based KaSPR and
space-borne moving CPR. These are the reasons to have very
few number of simultaneous cloud microphysical profiles from
KaSPR and CPR and hence for the comparison.

During the ISM active (break) period, the maximum cloud
zone (ITCZ) of much uniform/homogeneous (isolated) cloud
exists over Indian zonal region that ensures to assume that
clouds of nearly same type exist along the latitude (Sikka and
Gadgil. 1980). Depending on this fact, where CPR data were
not available within 30 km (+0.3°) vicinity of KaSPR obser-
vation, the CPR premises has been extended up to 1° (max
74.7°E) along the longitude from the radar location but the
latitude is fixed for 18.03°N (+-.04). Due to the homogeneous
cloud-type distribution of monsoon clouds, especially over
the Indian west coast region (72-76°E long and 15-19°N lat),
the same cloud structure can be seen by KaSPR and CPR
observations even though they are 100 km apart. Moreover,
the chosen IWC profile of CPR is closest best matched profile
representing the radar location. This could be the probable
reason leading to have good comparison between the KaSPR-
and CPR-retrieved IWC profiles. But during some of the break
monsoon periods due to the isolated type of cloud cluster
presence, the inhomogeneous cloud distribution causes dif-
ficulties in comparison between the two observations. Those
cases have been not considered for this study.

Along with IWC and LWC, median volume diameter
(MVD) can also be retrieved in the same way using empiri-
cal relation from earlier studies (Vivekanandan et al. 1999).
The droplet size distribution N(D) can be specified using a
modified Gamma distribution

N(D) = NyD « exp(—ADy) (62)
where a, y, A and N, are the parameters that define the dis-
tribution and D is the droplet diameter. For a given LWC, as
the MVD increases, so does the corresponding reflectivity.
In the case of a modified Gamma DSD, reflectivity depends
on too many parameters of the size distribution and MVD

cannot be retrieved from a reflectivity measurement alone.
For the special case of a— 0 and y — 0, the DSD becomes
an exponential function and can be used to estimate MVD as

1/3

MVD = {2.16 x 107 X (Z/LWC) } (6b)

where MVD is in mm, Z is in mm® m~3, and LWC is in
gm m=>.

Validation of LWC profiles has been attempted using vari-
ous observational data. These include aircraft observation
collected during Cloud Aerosol Interaction and Precipitation
Enhancement Experiment (CAIPEEX) campaign over the
radar site and other ground-based complementary observa-
tions like microwave radiometer. Aircraft observation helps by
directly comparing radar-estimated profiles of LWC and MVD
with aircraft-estimated profiles. Since aircraft observation are
limited to lower altitude (max 4 km), this indirectly offers vali-
dation for LWC profiles only. Like CloudSat, availability of
aircraft observations is also very limited.

The ground-based MWR used in this work is a MP-3000A
(Radiometrics Corp., USA), 35-channel temperature, water
vapor and liquid water profiler. LWP values are estimated
using physical iterative method (Han and Westwater 1995;
Liljegren et al. 2001). The technique for determining LWC
from radar reflectivity and integrated LWP retrieved from
microwave radiometer measurements was first presented by
Frisch et al. (1995). It was developed further by Frisch et al.
(1998) to show that retrieval of the LWC profile does not
depend on a lognormal droplet distribution assumption and
that the method is independent of radar calibration errors. This
retrieval is based on the assumptions that both cloud droplet
concentration and the width of the particle size distribution are
constant with height. Using these assumptions, it is possible to
write the relationship between LWP and Z as

Z(h)
LWC(h) = LWP——M )

= (AnvZ)

Here, i is the index of vertical layer, 1 and M indicate the
lowest and the highest vertical range bin, respectively, Z is
in mm® m=3, LWP is in gm m~2 and LWC is in gm m™.
LWP profile from MWR is converted into LWC profile using

Eq. (7) and is compared to have multi-instrument validation.

3 Results and discussion

3.1 Retrieval of IWC profile and its validation
with the CPR

Figure 2a shows the vertical profiles of cloud radar reflec-
tivity on June 6, 2015 during 1003-1005 UTC where the

@ Springer



1728

P. Sukanya, M. C. R. Kalapureddy

thin cirrus clouds of thickness ~ 1 km centered at ~ 13 km
altitude are present. The Z profiles (six) of every 20 s inter-
val exhibit inconsistency in trend which reflects the high
degree of variability of the cloud microphysics. Figure 2b
corresponds to IWC profiles estimated using Eqgs. (1) and
2, i.e., without (solid lines) and with (dotted lines) tem-
perature correction in estimating IWC. Further, the verti-
cal velocity and spectral width measurements (~0.3 m s~
not shown here) show the presence of turbulence within
cirrus cloud during the observational period. It might be
due to the dynamical interaction of cloud with the sur-
roundings through entrainment or turbulence processes
which results in the vigorous temporal variability in the
Z profiles. The other case, observed on July 8, 2016 at
0531 UTC, shown in Fig. 2¢, d, depicts homogenous cloud
which is also confirmed from vertical velocity measure-
ments. So, spectral width values within the observed cir-
rus are less (~0.1 m s™') and its the thickness is ~3 km
centered at an altitude of ~ 10 km. Relatively thicker cirrus
cloud of higher reflectivity values (Fig. 2¢) will be sustain-
able against the environmental interactions. Therefore, the
Z and IWC profiles are consistent with each other as seen
in Fig. 2d. The temperature-corrected IWC profiles can
be seen as dotted profiles in Fig. 2b, d which are more
for reflectivity < —25 dBZ, whereas for high reflectivity
(> —-20 dBZ) they are less than those of IWC retrieved
from IWC-Z relationship. According to Protat et al.
(2007), due to different formation mechanisms for larger Z
values (> —15 dBZ), different relationship should be used
rather than Z-IWC relationship. To reduce both the sys-
tematic overestimation and RMS differences of the small
IWCs (0.01 gm m™3), Protat et al. (2007) emphasized the

use of temperature as an additional constraint in retrieving
IWC. However, Fig. 2 shows that the maximum difference
between these two retrieved profiles at the center of cirrus
cloud in both cases is ~2 mg m~>. Thus, henceforth, for
simplicity the temperature correction to IWC is not used
and is inferred using the Z value.

IWC profiles retrieved from KaSPR are validated with
CPR’s IWC profiles confined around the radar site as
described in Sect. 2. Further, the cross-comparison between
KaSPR- and CPR-measured Z and IWC profiles is done
pertinent to ISM active and break spells to understand the
difference between the two phases through the ice micro-
physical processes. Figure 3a shows the cross-comparison of
height profiles of Z from ground-based KaSPR (solid black
line) and space-based CPR (dashed red and gray lines; red
line is after applying cloud mask threshold of —26 dBZ,
i.e., the minimum detectable reflectivity of CPR) taken on
August 17, 2015 around 0840 UTC. Figure 3b is the cor-
responding IWC profiles comparison between KaSPR and
CPR. Both cloud radars (KaSPR and CPR) are able to cap-
ture significantly the peak regions of the cirrus cloud with
near-similar reflectivity (~—20 dBZ). Due to the coarse ver-
tical resolution, the finer fluctuations in IWC profiles are
missed out by CPR that can be seen with KaSPR (Fig. 3a).
These finer fluctuations in Z explain the corresponding dif-
ferences in IWC profiles shown in Fig. 3b. Both time and
location considered in this case for both KaSPR and CPR
are given in the box. Albeit the differences between the two
radars as mentioned earlier, their near-simultaneous cloud
measurements are able to show similar gross features of
IWC. It confirms the observation of the same cloud by the
two radars. Another three cases are studied to bring out the
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Fig.3 Four comparison cases between space-based cloud profiling
radar (CPR) and ground-based KaSPR are on a, b August 17, ¢, d
July 20, 2014, e, f July 16 and g, h June 30, 2015. Two left (right)-

general differences pertinent to the active and break phases
of ISM besides the comparison of the KaSPR and CPR pro-
files. Wide (narrow) IWC slab thickness is seen during active
(break) phase. This result is consistent with that of Das et al.
(2013), which showed that the sub-visible cirrus and thin
cirrus are more frequent during the break periods. However,
thick and dense cirrus clouds are more frequent during the
active periods of monsoon. Mainly, time and location differ-
ences involved between KaSPR and CPR observations may
cause the difference within the IWC profiles of Fig. 3g. All
cases, except August 17, 2015, show overestimation by CPR.
One plausible reason could be that the CPR samples over a
relatively larger area in short span of time around the radar
site. Further, the close agreement (disagreement) of profile
trends infers that the observed cloud is possibly a homoge-
neous (inhomogeneous) cirrus cloud with a prominent peak

side cases representing active (break) ISM period. For each case, left
panel shows reflectivity profile comparisons with the noise equivalent
reflectivity curves and IWC profile comparison seen in the right panel

confined either at center or bottom of a region favoring the
growth of ice.

Figure 4 shows the comprehensive picture of comparison
of collocated mean Z and IWC colocated profiles obtained
from KaSPR and CPR observed during 2013-2016, in the
height region of 5-15 km. The eight Z and corresponding
IWC profiles of CPR corroborated with KaSPR measure-
ments over the radar site are used to compute the mean and
the standard deviation. The mean Z profiles of KaSPR and
CPR are well within the variability of one another. How-
ever, the mean IWC profile comparison is good above ~7 km
where it shows exponential IWC decay with increasing alti-
tude. The difference of IWC profiles between KaSPR and
CPR is mainly due to differences pertinent to the method
of IWC estimation between two cloud radars discussed in
Sect. 2. However, KaSPR used empirical relation applied to
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Fig.4 a Comparison of collocated CPR with the KaSPR mean and
standard deviation of reflectivity and b IWC profiles for the period
2013-2016

the CPR-measured Z to have empirical IWC profiles (CPRp)
that can be seen in Fig. 4b. It is noted that both IWC growth
and LWC growth are much vigorous during active days and
thus are quantitatively higher than the break days.

3.2 Liquid water content profile cross-validation
with local aircraft and with other
complementary surface observations

To validate the empirically estimated LWC profiles from
KaSPR, aircraft observations over radar site during the
CAIPEEX have been utilized. Figure 5 shows an event on
July 9, 2015, when CAIPEEX aircraft observations were col-
lected over the radar site during 0737-0834 UTC. Figure 5a
represents mean vertical profile of reflectivity at 0740 and
0810 UTC each with 150 s duration. The profile at 0740
UTC (red line) has mean reflectivity values below — 30 dBZ,
which indicates a non-precipitating cloud, whereas the suc-
ceeding profile (green dashed line), which has reflectivity
value ~—10 dBZ, implies light drizzling. Equations (3) and
(4) are employed for the non-precipitating and light-drizzle
case, respectively, to retrieve LWC profiles from KaSPR
and are shown in Fig. 5. LWC measured by two different
instruments with the aircraft observation, namely hotwire
probe and cloud droplet probe (CDP), is depicted in Fig. 5b
along with the KaSPR-retrieved LWC profiles. CAIPEEX
flight path observations were limited to 4 km, and hence,
comparison of the whole LWC profile is not possible here.
Figure 5b shows a good agreement between aircraft-based
LWC measurements and KaSPR-retrieved LWC for the
non-precipitating case. It could be due to the cloud droplet
probe’s ability to detect smaller sizes. Radar-derived LWC
profile for non-precipitating cloud shows good agreement

@ Springer

Fig.5 Mean vertical profile of a radar reflectivity with different
colors for different times, vertical mean profile of b LWC from CDP
and hotwire observations of CAIPEEX aircraft (dash dotted line); the
red and green colors lines are for different time means of LWC esti-
mated from radar Z

with LWC profile retrieved from these two instruments. But
in case of hotwire (Fig. 5b) which is sensitive to drizzling
cloud drops as well, LWC profile during a light-drizzling
episode is comparable with the LWC profile retrieved from
KaSPR.

Figure 6 shows another example of the radar-derived
LWC and aircraft CDP and hotwire probe LWC observa-
tions confined around the radar site during 0938—0953 UTC
on November 12, 2014. Area covered by the aircraft around
the radar is extended from 17.85 to 19.11°N latitudes and
72.74 to 73.96°E longitudes. Figure 6a shows the mean with
a spread of instantaneous reflectivity profiles around it. For
non-precipitating case, Eq. (3) is used to retrieve LWC.
CAIPEEX aircraft observations during 2014 are limited to
only CDP and hotwire measurement for LWC profile. How-
ever, the main purpose of this comparison is to show that the
mean of the radar-estimated LWC profile is well within the
range of LWC values from the aircraft measurement. With
the help of the KaSPR reflectivity and LWC (non-drizzling
condition), MVD has been computed using Eq. (6b). This
is compared with the MVD obtained from CDP. Figure 7a
shows that the MVD size profiles estimated from KaSPR
on July 9, 2015 are comparably in the same range with
near-similar trend as that of the CAIPEEX observation.
Another comparison of MVD profile has been made during
0938—0953 UT on November 12, 2014 around radar location
as shown in Fig. 7b. Radar-estimated MVD values mostly
agree with minimum values of MVD observed by aircraft.
This infers that clouds over radar location have relatively
less LWC than other regions of the flight path.

Complementary local LWP measurements from MWR
collocated with KaSPR observations are used in com-
bination with radar reflectivity for estimating LWC by
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Fig.6 Vertical profile of a KaSPR reflectivity (bold blue line is mean
that passes center to the spread of Z values, b LWC profile compari-
son between CDP, hotwire and KaSPR. KaSPR-estimated LWC mean
(blue line) and standard deviation (red error bars) are on November
12,2014

Eq. (7). The LWC profiles retrieved by two methods
are cross-compared in Fig. 8. Figure 8a, b shows two
non-precipitating episodes, on July 8, 2016 at 0658 and
at 1242 UTC. Figure 8c, d shows two light-drizzling
episodes, on July 9, 2016 at 0140 and at 1349 UTC.
Figure 8e, f shows two heavy-drizzling episodes, on July
9, 2016 at 0841 and July 10, 2016 at 0528 UTC. Even
though good agreement is found among the two non-
precipitating LWC profiles (e.g., Fig. 8a), the empiri-
cally retrieved KaSPR LWC profile yields higher values
than the other two. Higher LWC values from KaSPR
are justified with its better height and time sampling
(i.e., 25 m) MWR (500 m). Finer resolutions actually
help to capture more detailed variations of LWC/LWP
pertinent to the microphysical process inside the clouds.
Systematic degradation of LWC values from KaSPR to
MWR seen in Fig. 8a is attributed mainly due to the
resolution differences and different evaluation methods.
This affects the path-integrated water content meas-
urements. The radar-retrieved LWC is dominant until
droplet size enters into Mie scattering region of KaSPR
(i.e., 0.8 mm) where cloud radar suffers from attenua-
tion, which can be seen in Fig. 8c, d below 2.8 km and
significantly below ~5 km in Fig. 8e, f where at lower

Fig.7 Vertical profile of MVD 20150709
estimated from radar (blue line), s ! ! ! ! ' ! 4
MVD from CAIPEEX (black [ (a) MVD from Radar (07:40-07:42) ]
dotted line) and mean diameter ! « GAIPEEX Modien Volume Diamerer O7:3700:54] 1
(red line) from CAIPEEX on a 3.5 . :ean o:g:::::i :"‘“ag.""'“'“ Diameter -1
July 9, 2015 and b November | o Dameter ]
12,2014 5 [ ]
% 3 * R 7]
o ledeas 0 & T, J
T O[T e e ]
25 0 = e =
"""""""" Mk Wk K ook
ol o . "
4 20141112-(0938-0953) —_— .
o e 5 ” ! L ! % CAIPEEX
Mean from Radar
[ ( ) X o | il SD from Radar
- & ‘ * *x k X x * * x
._ s ‘ *x x _.
3.5 ey R, = an ;t\‘“ ” * x *
[ it 1 *¥ . _— 1
. i = i * * * ‘*‘ * o
£ e N =E0 e *H*‘*w - ]
% T ‘ = * L !*.” ok g %k X ]
> = ol IR | * ¥
T = ¥ * |[*% =, M y ¥ ]
- ¥ % U ~ = » x 1
25k * L s ¥ =t ":}SEN% ﬂ‘ x g - -
L . * & 'E‘tj‘, T i ‘ r
Fmvwmn oy A% %
PR T R T T ST ST T T N TR T T T [T SR TR ST S S T T T N T ST S NN N T S T
0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

Median Volume Diameter (mm)

@ Springer



1732

P. Sukanya, M. C. R. Kalapureddy

4

[ 20160708-0658
3.8

3.6

3.4

Height (km)

F20160708-1242

Radar+MWR

==== Radar (Empirical)

20160709-0140 }; '

2.2 (a) (b) (©)
2.........l.........l......... 'EEEEEEENE RN RN FENEN AT B A B
0 0.5 1 150 0.5 1 0 0.2 0.4 0.6
4 6 e T Y -
- 20160709-1349 1 20160709-0841 ] 20160710-0528 ]
3.8} - 1 ]
| 155 - -
3.6 - : ]
- 16§ - .
3.4 - ] .
a [ 145 3 .
g3 ] 5 :
£ 3 1 ¢ . ;
2 i iy ] ]
£ 28 738 5 3
2.6 - 3 ]
i 1 3 = .
2.4'— -1 ] ]
[ 125 = 3
22r @ ] €
2....I....I....I....I.- 2....[....]....]..‘ ]
0 01 02 03 04 0 0.2 0.4 06 0 01 02 03 04 05 06
LWC (gm m™3) LWC (gm m’) LWC (gm m?)

Fig.8 Comparison of Z and LWC profiles during a, b non-precipitating, ¢, d light-drizzling and e, f heavy-drizzling conditions

height region reflectivity values (above 10 dBZ; not
shown) are inferring drizzle. This is much more evident
in the heavy-drizzling condition where radar attenua-
tion by raindrops is mainly confined below ~5 km alti-
tude (Fig. 8e, f). However, in this study we have not
attempted rain attenuation correction to KaSPR. It is to
be noted that MWR can provide liquid water content but
it is incapable of distinguishing the LWC contribution
from cloud and rain which is another reason for domi-
nant LWC from MWR during rain condition. Thus, finer
resolution radar-retrieved cloud LWC is more accurate
and less biased. The exception is during precipitation
where rain attenuation correction needs to be applied.
If this is not done, raindrop-affected reflectivity meas-
urements show apparent lower LWC values. The differ-
ence mentioned above might also be originated from the
imperfect Z-LWC relationships, other than resolution
and attenuation.
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3.3 Composite diurnal evolution for topical vertical
structures of cloud IWC pertinent to active
and break ISM spells

Hourly average KaSPR data analysis has been done to bring
out the composite diurnal cycle to see the cloud evolution
with respect to the local solar heating response. In fact,
according to Stull (1990), hourly timescale is the response
of atmospheric boundary layer, the lowest layer of turbu-
lent atmosphere which is directly influenced by the solar
radiation. Thus, the composite diurnal analyses associated
with IWC and LWC are prepared by considering hourly
averaged KaSPR vertical profiles for the present study.
Even half-hourly averages have also been computed, and
it has been found that the gross features are not much sig-
nificantly different from hourly average data. Further, the
composite has been taken for the active and break days fol-
lowed by IMD. In Fig. 9a, the composite diurnal of IWC
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profile during active ISM period shows higher IWC values
exist below 8 km and weak IWC concentrations are seen at
higher level cirrus (above 10 km). It ultimately results in five
times higher (~0.15 gm m~>) IWC than the upper level IWC
(0.05 gm m~?) which settles down around the time (1014
UTC, the local time in this region=UTC+5 h.) when sur-
face heating gets maxima due to solar insolation. On the
other hand, discontinuous cloud vertical structure during
break monsoon days shows existence of two layers where
the upper layer (> 10 km) cirrus presence is similar to that
of the active phase. But unlike active days, break days lack
the interaction between the two levels which limits the IWC
value below 0.02 gm m~> and also its duration by the pres-
ence of solar radiation. Das et al. (2013) showed near-similar
IWC features during active and break ISM phases over the
Central India using CPR but their IWC values were at least
four times smaller. The strong diurnal variation seen with
higher IWC values indicates the role of lower level convec-
tive activity that is more vigorous during active period than
the break period. Vertical velocity observations below 10 km
show downdraft velocities more than 1.5 m s™! are always
present throughout the day, which increase up to —4.5 m s
below 6 km during active time as shown in Fig. A1(b). In
contrast, during break period, downward vertical velocities
never exceed — 1.5 m s™!, signifying the presence of the

small particles in this time (Fig. A2(b)). The small particle
size is confirmed from reflectivity value in Fig. A1(a) which
is below — 24 dBZ most of the time. On the other hand,
the distribution of domination of big-sized particles during
active days is evident from the reflectivity values which are
ascending gradually at the lower level.

3.4 Composite diurnal evolution of vertical
structures of cloud LWC pertinent to ISM active
and break spells

Figure 10 shows the hourly mean composite diurnal of LWC
profile associated with the active and break ISM phases.
This diurnal is composed on the basis of mean Z measure-
ments of the lowest three range bins that follow the defined
class of cloud (non-precipitating, light drizzling and heavy
drizzling) discussed in Sect. 2. The independent diurnal
prepared for non-precipitating, light- and heavy-drizzling
condition has been further composited to bring out a single-
composite diurnal for LWC. The higher LWC values are
mostly confined below 2.8 km during both the ISM phases.
LWC values greater than 0.24 gm m~> are mostly missing
during break ISM, whereas those values are predominant
in the warm cloud region during active ISM days. At local
14-22 h, a convective activity can be seen during active days

Fig. 9 HTI plot of comppsite Active 2014 IWC (gm ?-3)
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Fig. 10 Composite diurnal of

LWC for a active and b break Active 2014
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where LWC value more than 0.28 gm m™> is observed at
the height of 4 km or more which is missing in the break
days. This strong LWC column response is mostly attrib-
uted to the local solar heating. Unlike break days, amount of
LWC during active days can reach up to 0.4 gm m~> or more
especially before local late evening hours (15 UTC). The
secondary peaks in LWC values at higher heights are mostly
contributed by non-precipitating clouds in both active and
break periods. It infers that this typical local diurnal feature
might be arising due to the fall of temperatures during late
evening hours that favors the slightly improved LWC values
by the water vapor saturation with non-precipitating clouds.
Further, radar-measured downward velocity (>4 ms~!) asso-
ciated with active days (not shown) infers the fall of rela-
tively big-sized particle toward surface which is unlikely
during break days. Further, KaSPR measurement on cloud
tops, during the break ISM period, rarely exceeds 4 km alti-
tude and most of the time it is below ~3 km AMSL which
infers that the break ISM period clouds generation is due
to weak convection. Another important feature which has
been noted is the high spectral width (with non-precipitating
clouds) values during active phase (>1 m s~!) indicating
the dominance of higher turbulence activity associated with
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warm- or low-level cloud that favors the collision and coa-
lescence processes.

From the above composite diurnal analysis on IWC and
LWC, an attempt is made here on linking the complete cloud
water content IWC +LWC) profile that allows to access the
complete cloud vertical structure. It helps to understand the
role of ice and liquid microphysical growth process which
is involved in the initiation of consequent ISM precipita-
tion process. The maximum IWC growth is seen during the
diurnal maximum solar insolation period around 9-13 UTC,
and closely around similar period, there exist maxima in
LWC during the light drizzling and heavy drizzling. Light
drizzling picks up around 8 UTC, and later it transforms
into heavy drizzling after 9 UTC. Further, such favorable
microphysical profile diurnal feature is not expected during
ISM break phase due to two reasons (1) weak or complete
absence of clouds in between 8 and 10 km and (2) missing
of sharp increase in ice microphysical process (IWC growth)
feature below 8 km. Peak IWC values during ISM active
phase exhibit five times higher values than the ISM break.
Moreover, the rain accumulation at radar site during all cho-
sen active (161.6 mm) days is more than three times higher
than the break (46.7 mm) days in 2014. The lidar obser-
vations of cirrus clouds presented by Grund et al. (2001)
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also discussed the fallout/escape of bigger ice crystals from
cirrus base that can act as seeding agent for the underly-
ing warm clouds to invigorate. Thus, it can be concluded
that ice microphysics plays an important role for the warm
cloud invigoration and initiation of ISM precipitation lying
beneath the lower level cloud.

3.5 Evaluation of IWC and LWC obtained
from reanalysis data with respect to KaSPR

In order to evaluate the model-retrieved microphysical
properties, European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis data (ERA-Interim; Dee
etal. 2011) at 0.125°x0.125° resolution has been utilized
to obtain IWC and LWC profiles for same active and break
ISM days considered in this study, as shown in Fig. 11a—d,
respectively. Figure 11 indicates there is an overestimation

of IWC during active days, whereas for break days, reanal-
ysis data underestimate the value compared to the KaSPR
but are able to show cloud vertical structure discontinuity
during break period. For LWC, model-retrieved values are
much smaller than KaSPR (Fig. 11c, d), and it is unable
to show any contrast between active and break days below
2 km where KaSPR measurements are absent. This could
be due to the huge area coverage of model-retrieved pro-
files, trading off the ability to capture small-scale details.
The reanalysis data are also derived in an interval of 6 h,
thus lacking the high-resolution timescale facility neces-
sary to study cloud microphysical properties. KaSPR and
ERA-Interim show different diurnal variations.

- W (gm mY) Break 2014 IWC (gm m.S% 10°
05 16 T T T T f
045 | (b) 7
04 M1
6
0.35
E 5
<
Z 4
o
g 3
2
1
Active 2014 LWC (gm m®) Break 2014 LWC gm )
5 0.18
(d) 0.16
0.15 o
R 0.12
£
< 0.1
- 0.1
o)
2 0.08
I
0.06
0.05 0.04
0.02
0 0 L ’ k L L 0

9 12 15 18 21 24

6 9 12 15 18 21 24

Time (hh:mm; UTC)

Fig. 11 Contour plot of composite diurnal of a, b IWC ¢, d LWC for ISM active and break days, respectively, using ECMWEF reanalysis
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3.6 CFAD analysis of cloud IWC and LWC profiles
pertinent to ISM active and break spells

Contoured frequency by altitude diagram (CFAD) involves
histogram analysis of required parameter for every height
level in the vertical profile. Normalized CFAD analyses
adopted here permit the comparison of CFADs between
different altitude regions/layers within the composed cloud
vertical structure despite the different absolute frequencies
(Houze et al. 2007). In fact, this allows further connection
between the active and break ISM CFADs as well. CFAD for
cloud LWC and IWC for 11 active and break ISM days have
been obtained. There exist more than 1000 profiles per hour
measurement of KaSPR. Figure 12 shows the CFAD analy-
sis during active and break ISM phases, for IWC as well
for LWC. For active days, maximum occurrence of IWC is
confined around 10-16 km or above (Fig. 12a) but in break
days it is limited within 12—13 km (Fig. 12b). One order
difference in magnitude of IWC values between active and
break ISM phases is evident. Significant contrast is found
out in the maximum occurrence of LWC value in these two
ISM phases (Fig. 12¢c, d). Due to the presence of convective
activity in the active days, up to 50% of cloud occurrence
can be found above 4 km (Fig. 12c¢) which is blocked at
3.2 km for break days (Fig. 12d). The highest cloud water
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Fig. 12 Normalized contour frequency by altitude diagram: (a, b)
IWC, (¢, d) LWC for ISM active and break days, respectively, during
2014
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content values show widespread distribution with either
falling/sloping down (near uniform; see Fig. 12a, c), with
increasing height (see Fig. 12¢) or confined flat as cirrus
layer (see Fig. 12b). Peculiar behavior of LWC during active
ISM (below 0.4 gm m~>) may be due to the involvement of
the non-precipitating with precipitating cloud that needs to
be understood further.

4 Summary and conclusions

A first attempt is made to understand the microphysical
vertical structure and evolution in clouds during different
phases of monsoon over the monsoon region of India using
ground-based cloud radar. Earlier studies on monsoon cloud
microphysical structures are carried out using space-based
radar which is able to detect only the gross large-scale
microphysical properties during ISM phases. High-resolu-
tion, vertical-looking radar observation helps to capture the
microscale changes associated with monsoon cloud systems.
IWC and LWC are estimated mainly using KaSPR reflectiv-
ity. Empirical relations between radar reflectivity and cloud
IWC/LWC (single relationship for Z-IWC and three differ-
ent relationships for Z-LWC, depending on the condition
of rain) are used. Radar-derived IWC profiles are validated
against CloudSat CPR data, whereas LWC profiles are vali-
dated using the collocated complementary measurements
of microwave radiometer and in situ aircraft observations.
Active and break ISM days have been adopted from Indian
Meteorological Department (IMD) report. During break
period, cloud top heights in the warm regions are limited
below 2-3 km (maximum 6 km) signifying the fact that
their generation is limited to local convection. Break period
lacks the sufficient water content required for the growth
and sustenance of deep clouds. The effect of diurnal heat-
ing on convection and consequent precipitation results in an
afternoon and late-night maxima in the composite diurnal
evolution of radar-retrieved liquid water content. This study
also shows that variations in IWC, thickness, etc., of ice
clouds act as key factors to depict the contrast between the
two phases of monsoon. Despite being a point observation,
the uniqueness of this study is that it captures the associated
large-scale monsoon features over the site in terms of radar-
measured variables.
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