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Abstract The important radiative properties of clouds such as cloud optical depth (COD) and droplet
effective radii (R.) are retrieved from the simultaneous measurements by ground-based multifilter rotating
shadowband radiometer (MFRSR) and microwave radiometric profiler (MWRP), colocated at Mahabubnagar, a
rain shadow region in southern Indian peninsula. Min and Harisson’s (1996) retrieval algorithm is used for the
first time to derive monsoon cloud properties in India. COD and liquid water path (LWP) retrieved from
two independent instruments of MFRSR and MWRP showed reasonably good correlation. During monsoon
(July to September) and postmonsoon (October) months, the maximum probability of occurrence of COD for
overcast sky is 20. The maximum probability of occurrence of LWP is 100 gm ™2 for water clouds during
monsoon months, while October showed maximum occurrence at a lower value of 50 gm~2, where most of
the times the cloud bases are above freezing level indicating mixed phase clouds. Maximum R, varied from
14-16 um (10-12%) to 12 um (9%) during monsoon to postmonsoon transition with very less probability of
occurrence indicating the characteristic feature of this region. A case study showed that the mean R, from
ground-based and aircraft measurements are 12.0 + 3.7 um and 8.14 + 1.4 um, respectively, indicating a fairly
good agreement within the experimental constraints. Intercomparison of ground-based and Moderate
Resolution Imaging Spectroradiometer (MODIS)-Terra and MODIS-Aqua-derived COD, LWP and R, over the
observational site for overcast and warm clouds indicates that on an average, MODIS-retrieved mean COD
and LWP are underestimated, while mean R, is overestimated as compared to ground retrievals.

1. Introduction

Clouds are the dominant modulators of the Earth'’s radiation budget because of their scattering and
absorption of solar and infrared radiation. Small changes in their properties will alter radiation budget much
more than greenhouse gases and aerosols [Norris and Wild, 2007]. Over the Indian subcontinent, it was
observed that the rate of solar dimming is twice as large during cloudy days as compared to clear-sky days
[Padma Kumari and Goswami, 2010]. The variability in incoming radiation is largely dependent on cloud
thickness, cloud base height, horizontal extent, and microphysical characteristics. It is challenging to retrieve
cloud properties because of their high variability in time and space. Efforts have been made to retrieve cloud
properties from in situ, satellite, and ground-based observations. Cloud microphysical and macrophysical
properties were studied with aircraft [Slingo et al., 1982; Brenguier et al., 2000; Pawlowska et al., 2006; Morwal
et al., 2012; Pandithurai et al., 2012; Konwar et al., 2012] and satellite measurements [Roebeling et al., 2006;
Kubar et al., 2009; Christensen and Stephens, 2011; Min et al., 2012], while ground-based retrievals are limited.
Retrieval of cloud microphysical properties from satellite measurements still has large uncertainties, and
most of the retrieval algorithms for satellite measurements were first tested with ground-based remote
sensing measurements. From the ground-based remote sensing, retrieval algorithms have been developed
to infer COD, which is vital for any cloud-radiation parameterization, using direct and diffuse radiation
measurements from a broadband radiometer such as pyranometer [Leontieva and Stamnes, 1996; Dong et al.,
1997; Barker et al., 1998] and also from a narrow band radiometer such as MFRSR for overcast cloudy
conditions [Min and Harrison, 1996a; Min et al., 2004a; Wang and Min, 2008; Madhavan et al., 2012]. Cloud
droplet effective radii Re, which is one of the most fundamental cloud properties for understanding aerosol-
cloud interactions, is also retrieved from the combined ground-based shortwave flux and microwave
radiometer observations [Min and Harrison, 1996a; Kim et al., 2003; Min and Duan, 2005; Feingold et al., 2006].
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Some other retrieval methods are
based on cloud radar and microwave
radiometer measurements [Liao and
Sassen, 1994; Wang et al., 2004] and
L_D‘fu also from single instruments using
- el zenith radiance measured at visible
and near-infrared wavelengths [Kikuchi
et al., 2006; McBride et al., 2011; Chiu
et al., 2012]. However, due to high
spatial and temporal variability of
clouds, it is challenging to retrieve
cloud properties accurately.

& Mahabubnagar

India is mostly dependent on south
west monsoon which occurs during
June to September and accounts for
over 70% of rainfall in the country [Rao,
1976]. Apart from large-scale monsoon
Moist air; circulation, local convective activities
— —> 7 also contribute in the formation of
/ clouds and precipitation during the
monsoon season. Atmospheric
aerosols play an important role in

Figure 1. Map of southern India showing the observational location modulating the cloud macrophysical
Mahabubnagar, which is 100 km to the south west of Hyderabad.

Below figure represents a schematic showing the rainfall pattern along and mICroph?/s.lcaI. prqpemes and
west coast. thereby precipitation in the monsoon

environment. To understand aerosol-

cloud interactions during south west
monsoon, a national experiment called CAIPEEX (Cloud Aerosol Interaction and Precipitation Enhancement
Experiment) was conducted with an instrumented aircraft from 2009 to 2011 (http://www.tropmet.res.in/
~caipeex/). Ground-based observations of cloud properties over the Indian monsoon region do not exist. This
study presents for the first time the ground-based retrievals of cloud optical properties such as COD, LWP, and
R over a rain shadow region.

2. Area of Observations

Over a large part of the Indian subcontinent, most of the rainfall occurs in the months of June to
September during the summer monsoon. July and August are the peak monsoon months, and monsoon
withdrawal starts in September. It is well known that the monsoon rainfall is dependent on the position
and intensity of the monsoon trough formed in the northern India [Rao, 1976]. When the axis of the trough
moves north of its normal position and lies close to the foot hills of the Himalayas, rainfall weakens over
most of the plains of northern India (a condition characteristic of the so-called “break” in the monsoon).
Another feature of a “break” is the westward passage of low-pressure systems across the Indian peninsula.
Parts of the peninsula, which lie in the rain shadow of the Western Ghats, obtain much of their monsoon
rainfall during break situations [Das, 1995]. When the trough moves to the south of its normal position,
the monsoon becomes active.

The instruments multifilter rotating shadowband radiometer (MFRSR) and microwave radiometric profiler
(MWRP) were operated simultaneously during the Integrated Ground Observational Campaign (IGOC), which
was conducted at Mahabubnagar (16°46'N and 77°56'E; 440 m above mean sea level (AMSL)) in southern
India from July to October 2011. Mahabubnagar is a town situated 100 km to the southwest of a highly
populated and polluted city, Hyderabad, in the southern peninsula (Figure 1). This location is situated to the
east of the leeward side of the Western Ghats and falls under rain shadow region which is mostly drought
prone area. Precipitable water content (PWC) and winds obtained from NCEP reanalysis data at 850 hPa

for the monsoon months July-September and postmonsoon month October 2011 are shown in Figure 2.
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All the months showed less PWC over
the rain shadow region (marked by a
box) as compared to west coast of India,
and among the four months, August
showed more PWC over the rain
shadow region. The subdivisions to the
leeward side of the Western Ghats
receive rainfall of about 20% of that
over the windward side, and this known
feature of steep decrease in the rainfall
over the lee side of the Ghats is unique
and not found elsewhere in India [Rao,
1976]. Clouds in the rain shadow region
are mostly nonprecipitating in nature
and are influenced by the underlying
polluted aerosols [Konwar et al., 2010].
Hence, this region is highly suitable for
the ground-based retrievals of cloud
properties, and the measurements
reported over this region are first of

its kind.

Latitude

3. Data and Methodology

3.1. Ground-Based Instrumentation
The radiometers MFRSR and MWRP
were operated continuously over the

region at a high temporal resolution of
1 min. MFRSR is a seven-channel

0 50 60 70 80 90 100 . . .
Longitude pyranometer with a hemispheric field

of view and a rotating shadowband. It

Figure 2. Precipitable water content (PWC) and surface winds at 850hPa  measures irradiances at six narrow
obtained from NCEP reanalysis data for the months (a) July, (b) August, (c)  spectral bands centered at 415, 500,
September, and (d) October. Color bar represents PWC in millimeter; the 615, 673, 870, and 940 nm and at one

rectangle in each figure represents the rain shadow region. broadband (0.3-1.1 um). The basic

outputs are direct normal, diffuse
horizontal, and total horizontal solar irradiances collected under different sky conditions [Harrison and
Michalsky, 1994]. Among various measurement techniques for surface radiation, shadowband technique
has proven robust for its accurate determination of atmospheric transmittances without requiring
absolute calibration for long term deployment [Harrison et al., 1994].

The MWRP (MP-3000A) provided the profiles of temperature, humidity, and cloud liquid water content as a
function of height or pressure by measuring microwave radiance or brightness temperature at 21
frequencies near the water vapor resonance centered at 22.235 GHz and 14 frequencies in the

band of oxygen resonances between 51 and 59 GHz and works for almost all weather conditions [Liljegren
et al., 2001]. The beam width varies from 6.1° at 22 GHz to 2.2° at 59 GHz. The cloud base height (CBH) was
estimated from a zenith-pointing infrared radiometer mounted in MWRP which measures downwelling
infrared radiation (IR) in the 9.6-11.5 um band which is converted into cloud base temperature and in
turn CBH estimates. The accuracy of IR temperature measurements is 0.5 + 0.007 AT °C where

AT =Tambient — Tcloud- As CBH is a derived parameter from cloud base temperature, the uncertainty can
be 200 m. In the data, rain contamination is identified by a flag that is activated when the rain sensor
mounted on the radiometer detects water drops. The typical uncertainty in the retrievals of LWP is ~20
gm ™2 for LWP < 200 gm ™2 and ~10% for LWP > 200 gm ™2 [Dong et al., 2000; Liljegren et al., 2001]. However,
the unaccounted biases in the LWP retrievals would affect the estimation of R.. To evaluate the presence of
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a biases, LWP distribution under clear-
1.00+ sky conditions [Min et al., 2003; Liu
et al., 2013] was plotted and the
< 991 observed mean is 4.9 gm™2 with a
-% g standard deviation of 7.6 gm~2. This
S 0.90 S confirms that there were no
3 ' l appreciable biases in the retrievals.
8 0.85 - In the present analysis, LWP values
o 22Aug l less than 20 gm ™2 and during rain
0801 o4 25aug ; (> 700 gm~?) are discarded.
—A—120ct Total Sky Imager (TSI) was also operated
O o0 1000 1200 1900 1600 18:00 at the same location, which gives the
Time (IST) hemispheric day time sky image at every
b 1 min time interval. Sky images were

browsed to identify the sky conditions
during the analysis of cloud properties.

3.2. Airborne, Satellite, and Other
Data Sets

A\ 1// CAIPEEX was conducted using a

12 Oct, 09:16 research aircraft from the base

. ] ' ) ) ) Hyderabad toward the southwestern
Figure 3. (a) Tlme serlc_—zs pf cloud fraction and (b) sky images on differ- sector from the middle of September to
ent days at different timings to show the cloud coverage over the he fi K of htto:
observational site. the first week of November 2011 (http://

www.tropmet.res.in/~caipeex/). The

aircraft was equipped with standard instrumentations for state parameters (such as temperature, pressure,
humidity, and winds), aerosol, and clouds. Forward Scattering Spectrometer Probe (FSSP) was used for cloud
droplet size distribution in the size range of 3-47 um. Cloud droplet effective radius (R.) is derived from FSSP
drop size distribution [Stephens, 1978b]. Data were collected at an interval of 1s (~100 m). More details about
the experiment and the instrumentation are given in Kulkarni et al. [2012].

/'

22 Aug, 10:30

Terra and Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) level 2 data sets at 1 km resolution
are also utilized. From MODIS level 2 cloud products, data are processed using two flag information such as
cloud_Phase_Optical Properties and Cloud_Multilayer to segregate single-layer warm clouds at each pixel
[Menzel and Frey, 2013]. PWC and wind data at 850 hPa are obtained from National Center for Environmental
Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalyses [Kalnay et al., 1996].

4. Retrieval Technique

In the present study, COD is retrieved from the surface measurements of narrowband spectral irradiance
obtained from MFRSR, by using an iterative algorithm developed by Min and Harrison [1996a, 1996b], in which a
radiative transfer model based on discrete ordinate radiative transfer is incorporated. The discrete ordinate
model [Stamnes et al., 1988] includes all orders of multiple scattering and is valid for vertically inhomogeneous,
nonisothermal, and plane-parallel media. As COD is a measure of the attenuation of light passing through the
atmosphere due to scattering and absorption by cloud droplets, it is derived using the observed atmospheric
transmittance (rather than irradiance) and surface albedo for solar zenith angles less than 75°. Both the quantities
are accurately obtained from MFRSR, as it measures both total horizontal and direct normal irradiance using the
same detector by a shadowband technique. The instrument’s response to the top of the atmosphere (TOA),
obtained by extrapolating the Langley regression of the direct normal irradiance under clear-sky conditions, can
be applied to the total horizontal irradiance. Transmittance under both clear-sky or cloudy conditions is evaluated
as the ratio of measured signal at the surface to the extrapolated TOA value, which is insensitive to the absolute
calibration of MFRSR. Surface albedo is obtained from the ratio of direct to diffuse irradiances on cloud free
days. The wavelength of 415 nm is chosen for cloud retrievals, to avoid gaseous absorption and to have small
surface albedo. COD is retrieved by a nonlinear least square method described by Bevington [1969].
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Several retrieval algorithms have been

6 - developed to infer optical depths for
different cloud types from MFRSR
measurements. Measurements of
transmission of diffuse solar radiation,
in case of thick clouds [Min and
Harrison, 1996al, and transmission of
direct solar radiation, in case of thin
clouds [Min et al., 2004a, 2004b], were
Rain used to retrieve COD. These retrieval
algorithms, which were used in the
present study, were extensively tested
and validated with in situ

CBH (Km)

08:00 10:00 12:00 14:00 16:00 18:00

40 400 measurements [Min et al., 2003,
e COD b 2004a]. The uncertainty in the
354 o Lwp 1350 retrieved COD comes from the
1300 uncertainties in zenith radiance
__measurements and surface albedo.
8 4250 ‘\"E A 5% uncertainty in zenith radiance
o] f measurements would result in 6.7%
1200 = error in COD retrievals [Harrison and
1o~ Michalsky, 1994]. Similarly 0.5% (50%)
8 uncertainty in surface albedo (aerosol
-4 100 loading) would result in 3.6% (0.5%)
. s error in COD retrievals [Min and

08:00 10:00 12:00 14:00 16-00 18:00 Harrison, 1996a, 1996b]. Cloud fraction
Time (IST) is also derived from this code using
transmittance ratio at two selected
Figure 4. Time series of (a) cloud base height (CBH) and (b) cloud optical  wavelengths 415 nm and 870 nm
depth (COD) and liquid water path (LWP) for 22 August 2011. (procedure described in Min et al.
[2008]), and the uncertainty observed
is less than 10%. In the statistical analysis, only overcast period is considered which is defined as COD > 5

for at least 1 h [Liu et al., 2013] and cloud fraction equal to one.

The retrieval algorithm also uses LWP measured by MWRP to obtain R, of the cloud droplets. R, is estimated
from COD and LWP as

Re = (3*LWP)/(2*COD*p,,)

where p,, represents density of water [Stephens, 1978al. R, obtained by this method represents the vertically
integrated quantity governing the radiative transfer of the cloud, as both COD from MFRSR and LWP from
MWRP come from vertically integrated retrievals [Min et al., 2003; Kim et al., 2003]. Any error in the derivation of
Re may come mostly due to the biases and errors that may arise in the measurements of LWP, especially at small
optical depths and at low LWPs [Min et al., 2003]. R, retrieved by this inversion algorithm was also validated
with in situ aircraft measurements during the Atmospheric Radiation Measurement (ARM) field campaign at
South Great Plains site [Min et al., 2003]. In the analysis, R, > 20 um is not considered, as the high values might
correspond to conditions with possible light drizzle; the other possibility could be due to enhanced
transmittance, which could occur due to three-dimensional effects in non-plane-parallel conditions, thus
leading to an overestimation of the retrieved R, [Matamoros et al., 2011].

5. Results and Discussion
5.1. Case Studies
Investigations of few case studies on 22 August, 25 August, and 12 October 2011 are presented in this section.

These cases represent different cloud types and their variability with time over the observational region.
Figure 3 shows the temporal variability of cloud fraction for the above 3 days, estimated from the broadband
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7 a shortwave radiometry [Min et al., 2008].
6 On these days, the sky was mostly
overcast throughout the day showing
5 100% cloud fraction with some periods
E 4 of broken clouds.
& 3. 1. Case 1 (22 August)
© The monsoon trough shifted
21 toward the foothills of the
14 Himalayas on 22 and 23 August.
W‘Rain During this period, the central part
O o0 1000 1200 1400 1600 18:00 of India received deficit amount of
200 rainfall. Time series of CBH on 22
b o LWP o COD 41400 August is shown in Figure 4a. Over
14200 the observational site, the CBH
150 - varied from 0.5 to 1 km up to 08:00 h
{1000 _ IST (Indian Standard Time), started
a 800 e to increase up to 11:00 h IST, and
Q 100 4 1 2
o o then decreased to 1 km toward
{600 % noon time. It rained after 13:00 h
50 4 1400 IST. Later, the CBH again rose to
2 km. Figure 4b shows the time
1290 series of COD and LWP at 1 min time
0 . . . . . 0 resolution. COD varied from 10 to
08:00 10:00 12:00 14:00 16:00 18:00 30, indicating that the clouds are
20 4 not very thick. Two hours before
> o % ¢ rain, COD was only 10 and LWP was
18 4 ° -] also less. Later with increase in LWP,
16 4 COD also increased indicating the
) 9 o .
g 1] ° growth of cloud .and evolution of
= precipitation which has been
E 12 0&0 &'0 ° confirmed by the rainfall recorded
10 00 ;0%0 after 13:00 h. Even though COD is
o ° derived from transmittance data,
8+ 2909 intrinsically, it is dependent upon
LWP. During the time period 08:30

Figure 5. Time series of (a) cloud base height (CBH) and (b) cloud optical
depth (COD) and liquid water path (LWP) and (c) droplet effective radius

(Re)

08:00 10:00 12:00 14:00  16:00  18:00
Time (IST)

to 10:00 h IST, COD is more but LWP
is low. This may be due to the
presence of mixed phase clouds, as
the CBH also lifted to 3 km and their
tops might have extended beyond
the freezing level. MFRSR retrieves
total optical depth for both phases
of clouds [see Wang and Min, 2008 for more details], while MWRP mainly detects liquid water of clouds
and retrievals are unreliable during precipitating periods and ice cloud cases [/llingworth et al., 2007]. This
explains the poor correlation observed in the presence of mixed phase clouds. From 10:00 to 11:00 IST, the
CBHs are even higher indicating mixed phase clouds, but COD is less compared to previous timings. In this
case the cloud tops might not have extended much higher as before. On this day, LWP values were very
low and COD values were also less comparatively. This might be due to less moisture incursion in a weak
southwesterly flow, normally observed during weak monsoon conditions prevailing when the monsoon
trough shifts to the north of its normal position.

for 25 August 2011.

. Case 2 (25 August)

During this period, the monsoon trough shifted to the south of its normal position and stayed almost
more than 3 weeks at this position resulting in good rainfall activity over different parts of the country. On
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CBH (Km)

coD

Figure 6. Time series of (a) cloud base height (CBH) and (b) cloud optical ) )
depth (COD) and liquid water path (LWP) for 12 October 2011. 12 um. Though R is much higher

25 August, convective clouds
6 dominated during the entire day

rll over the observational site and the

cloud fraction was 100% for most of

4] the time. From Figure 53, it is noted
that the CBH was very low and varied
3 1 from 0.5 to 1 km with occasional
lifting of the cloud base. From
09:00 h to 09:30 h IST, sparse spells of
1 - rain occurred. On this day, COD and
LWP values were very high

08:00  10:00  12:00  14:00  16:00  18:00 (Figure 5b) as compared to earlier
case, indicating optically thick clouds

40 400 with low CBHs. They showed high
b o LWP @ COD 8

1350 temporal variability due to
continuous movement of clouds
over the region. Drizzle occurred for
a short period between 1500 h and
1515 h IST with very small droplets.
After that, clouds were scattered. R.
retrievals for low CBHs, averaged for
5min (Figure 5c¢), also showed high
variability. Before the rain spell,
150 between 09:00 h and 09:30 h IST, R,
i i i i i 0 crossed 12 um (threshold for warm
08:00  10:00  12:00  14:00  16:00  18:00 rain initiation) [Kulkarni et al., 2012].
Time (IST) After rain it decreased to a minimum
of about 7 pm and again crossed

-4300

4250

4200

LWP (gm?3)

4150

4100

than the threshold value between
14:00 and 15:00 h IST, it drizzled only for a short duration of 15 min. After noon time the CBHs increased
and the height at which rain initiation takes place in the cloud also would have increased. As a result, the
precipitation reaching the ground is reduced and only drizzle realized with smaller droplets.

. Case 3 (12 October)

During this period, northeast monsoon was set over south India and the airmass flow was from the
east and northeast (as seen in Figure 2d). On this day, up to 08:30 h in the morning, there existed easterly
flow up to midlevels, while after 08:30 h, only the lower level airmass was from the land (northeast)
bringing in the continental pollutants. Over the site, homogeneous clouds were observed from the sky
images. From Figure 63, it is noted that the CBH was at about 1 km up to 08:30 h IST; later it varied in
between 3 and 5 km. Most of the time, homogeneous middle level clouds were observed with almost
100% cloud fraction throughout the day. No rain was recorded and the clouds seem to be highly
nonprecipitating. The time series of COD and LWP are shown in Figure 6b. The observed COD and LWP
values were very small and showed similar variability except in the time period 09:30 to 11:30 h IST. During
this period, the CBH increased to 3-3.5 km and remained homogeneous for nearly 2 h, where COD and
LWP showed almost constant values of ~ 25 and ~ 100 gm ™2, respectively. At some time periods (12:30 h
and 15:30 h IST), COD was less than 10 where the CBH was lifted above 4 km, indicating the presence of
very thin clouds.

5.2, Statistics of Monsoon Cloud Properties

5.2.1. Variability of CF and CBH

The frequency of occurrence of cloud fraction (CF) and CBH from July to October over the observational
site is shown in Figures 7a and 7b. Data are processed at every 5 min interval. One hundred percent CF

with highest percentage of occurrence (55%) is observed in the month of August followed by July (30%),
September (20%), and October (10%), as the availability of PWC is more in August as compared to other
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Probability of occurrence (%)

Probability of occurrence (%)
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Clouds with LWP >100 gm 2

CF

Figure 7. Ground-based retrievals of (a) CF and (b) CBH. The numbers in
the bracket represent the number of data points used in the statistics. (c)
Relationship between CF and CBH, where each data point represents
daily average.

months (as seen in Figure 2). The
occurrence of clouds with low CBHs 1-
1.5 km is observed more in August
followed by July, September, and
October, as July and August are the
peak monsoon months and low cloud
bases are expected, while the
occurrence of CBH > 7 km is more in
October followed by September. From
September onward, withdrawal phase
of monsoon starts and gradually
moisture influx reduces over the
peninsula, wind reversal takes place
(as seen in Figures 2c and 2d), and
clouds with higher bases are observed.
Large variability in CBH is observed at
<3 km and >6 km, while very less
variability is observed between 3 and
6 km indicating the presence of
midlevel clouds during all the months.

Figure 7c shows the relationship
between the daily averages of CF and
CBH. In all the months, lower CBH

(< 2km) showed CF greater than 85%.
On few days, higher CBHs also showed
100% CF. As the average height of the
freezing level over this region varied
from 5 to 5.5 km (Figure S1), it is noticed
that during July and August, most of the
time the cloud bases are well below the
freezing level indicating the dominance
of water phase clouds. In September,
cloud bases are below as well as above
the freezing level indicating the
dominance of water phase clouds as well
as mixed phase clouds. While in October,
most of the time the cloud bases are
above the freezing level indicating
mixed phase or ice phase clouds and of
convective origin.

5.2.2. Variability of LWP and COD

The monthly frequency distributions of
LWP and COD for overcast and
nonprecipitating clouds, processed at
every 5min interval, are shown in
Figures 8a and 8b. LWP showed the

maximum probability of occurrence at 100 gm™2 for the monsoon months, while October showed
maximum at a lower value of 50 gm™2. July and August also showed the second maximum at 150 gm
are also observed but with less probability of occurrence. Clouds with
LWP < 100 gm~2 are usually considered to be optically thin water clouds [Marchand et al., 2003]. Month-to-month
variability in LWP is in concurrence with CF and CBH in those months. The frequency of occurrence of COD
showed no wide variability from month to month. All the months showed maximum probability of
occurrence at 20.

-2
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1 % a —Q— Jul (2280) In Figure 9, daily averages for overcast
< 404 — 0= Aug (3639) conditions having at least 1 h continuous
E; 35 — A — Sept (3628) data are considered. Reasonably good
£ —%= Oct (3938) correlation is observed between COD
’g 301 0 and LWP though they are derived from
§ 25 two different remote sensing techniques
S 20- N (Figure 9a). Occurrence of higher COD is
2 A found to be associated with higher LWP
% 121 *\A and vice versa. During July and August,
'§ 10 4 \ \O\ daily average LWP varied up to 400 gm 2
& 5 * A\E§2‘0 with simultaneous COD variation of up

0 . . . . ’:“:\': = ; — to 35 and 55 in July and August,

0 50 100 150 200 250 300 350 400 450 500 respectively. While during September
LWP (gm?) and October, most of the population of
50 LWP and COD values falls below 300
° b —a— Jul (1727) gm~2 and 40, respectively. Month-wise

g wl * —0— Aug (2645) varlaF)lllty 9f LWF" |n.assoaat|on. with
g —A— Sept (2079) CBH is depicted in Figure 9b. Higher
g A —k=— Oct (1272) LWPs with lower CBHs during peak
S 30 monsoon months is due to the
§ availability of more moisture from
S surface to midlevels. During September
2 201 and October, CBHs are higher with lower
k) \ LWPs due to lack of moisture and influx
'E 10 *\ of continental airmass.
o §Q 5.2.3.4Var|ab|I|ty of R. o

0 . . . : — . =*_‘. P R. retrieved from the combination of

0 10 20 30 40 50 60 70 80 90 100 ground-based radiometers at a time
cob resolution of 1 min is shown in Figure 10. In
this analysis, apart from the criterion used

Figure 8. Ground-based retrievals of (a) LWP and (b) COD for overcast s
for overcast sky, nonprecipitating clouds,

and nonprecipitating clouds. The numbers in the bracket represent
the number of data points used in the statistics. and LWP between 20 and 700 gm 2,
another criterion used is CBH < 2 km for
July, August, and September months (as
CBHs are very low in these months) and CBH < 3 km for October month (as CBHs are higher than other months)
to represent warm cloud. The monsoon months show nearly similar variability with maximum at 14-16 pm. This
indicates that during monsoon there is influx of moisture from the southwesterly oceanic flow representing
cleaner clouds, while the postmonsoon month shows entirely different feature from the other months. R, shows
a maximum at 12 um and then falls and fluctuates thereafter. The probability of occurrence of clouds with R. less
than 12 um is slightly higher in October as compared to other months. In this month, wind reversal takes place
from southwesterly (maritime) to northwesterly/northeasterly (continental) (as seen in Figure 2) and dry airmass
prevail over the region with less PWC and humidity which inhibit the cloud droplet growth. Also, the continental
airmass laddened with aerosols might lead to the formation of polluted clouds having more number of smaller
cloud droplets in the available liquid water content resulting in less R, indicating aerosol indirect effect.
Occurrence of convective clouds with higher cloud bases is usually observed during this period. As a result,
droplets grow much faster due to the presence of updrafts and reach the critical drop size of 12 pm. From in situ
measurements over the Indian subcontinent, it is learnt that the critical R for warm rain initiation is between 10
and 12 pm in the polluted clouds and it is between 12 and 14 pm in cleaner monsoon clouds [Kulkarni et al.,
2012]. Though the statistics show the maximum R, around 14-16 um, the probability of occurrence is very less
(10-12%) which might be the characteristic feature of the study region falling under the rain shadow belt.
5.2.4. Comparison With Aircraft Measurements
Airborne measurements were made from the base Hyderabad toward its southwestern sector as a part of
CAIPEEX program. In the present study, one case observed on 16 September is considered, where the aircraft

HARIKISHAN ET AL.

©2014. American Geophysical Union. All Rights Reserved. 9



@ AG U Journal of Geophysical Research: Atmospheres 10.1002/2013JD020872

) (o} A *
July Aug Sept Oct profiled warm convective cumuli available

%0 toward east, 10 km away from the
experimental site between 1330 h and
50 = 1530 h IST. Clouds were profiled vertically
from the cloud top (3.8 km) to the cloud
base. Figure 11 depicts the vertical
407 distribution of R. from FSSP. R, increasing
with height illustrates a growing cloud
8 30+ but not reaching the threshold for warm
o rain initiation [Kulkarni et al., 2012].
Mean R, from ground-based
20 radiometers (12.0+3.7 um) and from
aircraft (8.14 + 1.4 um) averaged for the
10 - flight duration is also depicted in the
same figure. Ground-retrieved R, is larger
than aircraft-retrieved R.. This difference
0L . T T T might be due to different observational
0 100 200 300 400 500  |ocations representing different cloud
. sampling volumes. It is interesting to note
that R, retrieved from different
b A measurement techniques still fall within
61 * their standard deviations illustrating a
fairly good agreement within the
5 A . .
*QD A experimental constraints.
. * 5.2.5. Comparison With MODIS
E 4 - * o * Intercomparison of ground-based and
I } [0) MODIS-Terra and MODIS-Aqua-derived
8 3 - yo COD, LWP and R, over the observational
" site is shown in Figure 12. Care has been
0‘% taken to match the temporal and spatial
27 scales between the two measurements.
dD L0 One hour average of ground-based
14 AC% 38 measurements has been considered
centering at the time of MODIS overpass
0 T T T T over the region to maximize the number of
o 100 200 300 400 500  ground-based sample points and to
LWP (gm?) minimize the number of satellite pixels

[Dong et al., 2008; Liu et al., 2013]. MODIS
products at 1 km resolution which falls
within 2 km of the observational site were
chosen. For this analysis, nonprecipitating
warm cloud retrievals only are considered.
During the four months of observational period, in total there were about 14 and 12 cases which were
collocated with MODIS-Terra and MODIS-Aqua overpasses, respectively, and satisfying the above
criterion. Intercomparisons with MODIS-Terra (overpass time 05:00 GMT, 10:30 IST) are shown in
Figures 12a-12c. and MODIS-Aqua (over pass time 8:00 GMT, 13:30 IST) are shown in Figures 12d-12f.
The horizontal bars represent the standard deviation of the ground retrievals made within 1h centered
around the satellite over pass time, and the vertical bars are the uncertainty in the MODIS mean retrieval.
It is observed that on an average, MODIS-retrieved mean COD and LWP are underestimated, while mean
R. is overestimated as compared to ground retrievals. These results are similar to that reported over
midlatitudes [Dong et al., 2008; Liu et al., 2013]. MODIS-Terra COD and LWP are underestimated by 12.8
and 195 gm 2, respectively, and Re overestimated by 0.33 um, while MODIS-Aqua COD and LWP are
underestimated by 11.8 and 233 gm ™2, respectively, and R. overestimated by 1.58 um. Liquid cloud
droplets grow from cloud base to cloud top, as generally seen from in situ measurements [Morwal et al.,

Figure 9. Relationship between the ground-based retrievals of (a)
LWP and COD and (b) LWP and CBH. Each data point represents
daily average.
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Figure 10. Ground-based radiometers derived cloud droplet effective
radii (Re) for overcast nonprecipitating clouds with CBH <2 km for July,
August, and September months and CBH < 3 km for October month over
Mahabubnagar. The numbers in the bracket represent the number of data
points used in the statistics.

2012; Min et al., 2012]. Satellite-
retrieved R, typically represents cloud
droplets near the top of optically thick
clouds [Chang and Li, 2003], while
ground-retrieved R, represents the
layer mean cloud droplets [Min et al,
2003]. This could explain why R, from
satellite-based retrievals is higher than
ground-based retrievals.

Relative differences between the

two techniques are estimated as
[(MODIS-surface) / surface] x 100%).
For MODIS-Terra, the relative
differences are —65.6%, —77.0%, and
2.5% for COD, LWP, and R,
respectively. For MODIS-Aqua, the
relative differences are —56.5%,
—72.4%, and 11.6% for COD, LWP, and
Re, respectively. More bias is observed
between MWRP measured and
MODIS-retrieved LWP compared to

ground-retrieved and MODIS-retrieved COD and R.. The observed biases are found to be more over the
tropical region (the present study) as compared to midlatitudes reported so far, which needs

further investigation.

The biases between the ground- and satellite-based retrievals are due to the information obtained from
different levels within the cloud layer. For satellite-based retrievals, radiative contribution mainly comes
from the upper portion of the cloud layer, while for ground-based retrievals, it comes from different levels
within the cloud layer [Min and Harrison, 1996a, 1996b; Chiu et al., 2012]. Satellite sensor looks at 1 km
region where in cloud cover variability may not be homogeneous. Apart from this, mismatching in terms of
the sampled cloud volume, viewing, and illumination angles of the satellite [Min et al., 2004b; Dong et al.,

2008] also influence the comparison between the retrievals.
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Figure 11. Vertical profile of aircraft-retrieved Re. Also shown are simple
averages of aircraft Re and ground-retrieved R, with standard deviation
bars (SD). The shaded portions show the regions of SDs of ground- and
aircraft-retrieved Re.

6. Summary and Conclusions

The retrievals of cloud optical
properties such as COD, LWP, and R,
from the ground-based radiometers
over a rain shadow region in India,
which experiences a complex and a
wide variety of cloud types, is very
challenging. Here an attempt is made
for the first time to retrieve the
monsoon cloud optical properties
over Mahabubnagar in southern
Indian peninsula.

Min and Harrison's [1996a, 1996b]
retrieval algorithm is used to derive the
monsoon cloud properties from solar
irradiance measured by MFRSR and
LWP measured by MWRP during July to
October 2011. Over this region, low,
medium, and high clouds with varying
CBHs were observed during the
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Figure 12. Comparison of retrievals from ground measurements and (left) MODIS-Terra and (right) MODIS-Aqua of COD,
LWP, and Re. The horizontal bars in each plot are the standard deviations of surface measurements during 1 h time win-
dow centered at the MODIS overpass time, and vertical bars represent the MODIS mean retrieval uncertainty.

observational period. COD and LWP retrieved from two independent measurements of MFRSR and MWRP
showed reasonably good correlation for most of the time. However, during the presence of mixed phase
clouds, the correlation weakened. Daily average LWP varied up to 400 gm™2 during the peak monsoon
months of July and August with simultaneous COD variation of 35 (July) to 55 (August), while during
monsoon withdrawal phase in September and postmonsoon in October, most of the population of LWP and
COD values falls below 300 gm™~2 and 40, respectively. Lower CODs and lower LWPs in September and
October are associated with less moisture influx and higher CBHs.

During monsoon (July to September) and postmonsoon (October) months, the maximum probability of
occurrence of COD is 20 under overcast conditions. During monsoon months the maximum probability of
occurrence of LWP is 100 gm™2, where most of the times the cloud bases are well below the freezing
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level indicating the dominant presence of water clouds. While October showed maximum occurrence at a
lower value of 50 gm™2, where most of the times the cloud bases are above freezing level indicating the
presence of mixed phase clouds.

Re is retrieved from the ground radiometers under the criterion of overcast sky and warm cloud. From
monsoon to postmonsoon transition, the maximum probability of occurrence of R, varied from 14-16 um to
12 um, respectively. This indicates that during monsoon there is continuous influx of moisture from the
southwesterly oceanic flow representing cleaner clouds. While during October, due to reversal in wind
direction from marine to continental, there is influx of dry continental airmass with less water vapor content,
which inhibit the droplet growth. Also, the dry airmass laddened with aerosols might lead to reduction in R,
in the available liquid water content, which is known as aerosol indirect effect. Though the monsoon statistics
show the maximum R, around 14-16 um, the probability of occurrence is very less (10-12 %) which might
be the characteristic feature of the study region falling under the rain shadow belt. Comparison with aircraft
measurements show that R, retrieved from different measurement techniques fall within their standard
deviations illustrating a fairly good agreement within the experimental constraints.

Intercomparison of ground-based and MODIS-Terra and MODIS-Aqua-derived COD, LWP and R, over the
observational site for overcast and warm clouds indicates that on an average, MODIS-retrieved mean COD
and LWP are underestimated, while mean R, is overestimated as compared to ground retrievals. Based on
14 MODIS-Terra overpasses, relative to surface measurements, the mean biases are 12.8 (—65.6%), 195 gm >
(—77.0%), and 0.33 pm (2.5%) for COD, LWP, and R, respectively, while the mean biases are 11.8 (—56.5%),
233 gm™2 (—=72.4%), and 1.58 um (11.6%) for COD, LWP and R., respectively, based on 12 MODIS-Aqua
overpasses. The observed biases are found to be more over the tropical region (the present study) as
compared to midlatitudes reported so far.

The continuous ground-based retrievals are much useful to understand the temporal and diurnal variability
of cloud properties over a region, which cannot be achieved with satellite and in situ measurements.
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