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Abstract. Spatial and temporal variability in the convective
boundary layer (CBL) height for the Cloud Aerosol Interac-
tion and Precipitation Enhancement Experiment (CAIPEEX)
study period are examined using the data collected from
high-resolution radiosondes during May—September 2009
over the Indian monsoon region. In total, 57 radiosonde
launchings were carried out at ~ 11:00-17:00IST over six
different stations covering a large geographical region, rang-
ing from latitude ~ 13 to 32° N and longitude 73 to 92° E.
Of the total 57 launchings, 17 were made during cloudy con-
ditions during which relative humidity (RH) was found to
be greater than 83 % for an ~ 1.0km layer at various alti-
tudes below 6 km. Within the layer the difference between
saturated equivalent potential temperature and equivalent po-
tential temperature is small, and it satisfies the condition
that RH > 83 % for about 1km is considered as the cloudy
layer. There are eight cases when the cloud-topped bound-
ary layer (CTBL) and 19 cases when fair-weather bound-
ary layer (FWBL) is observed. The CBL heights are ob-
tained using thermodynamic profiles, which vary from ~ 0.4
to 2.5kma.g.1. The formation of the cloud layers above the
boundary layer generally lowers the CBL height and is re-
sponsible for its day-to-day variability. The development of
the cloud beneath the boundary layer generally elevates the
CBL, which is also responsible for the large day-to-day vari-
ability in the CBL. The FWBL identified using relative in-
variance of the thermodynamic profiles varies from ~ 2.0 to
5.5 km, which is clearly marked by a local minimum in the
refractivity gradient. During cloudy days, the CBL is found
to be shallow and the surface temperature lower when com-
pared to clear-sky days. The CBL and the lifting condensa-

tion level (LCL) heights are randomly related and are found
to be at a lower height during cloudy days when compared
to clear-sky days. Finally, the typical comparison between
the CBL height obtained using thermodynamic profiles and
backscattering profiles using Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation (CALIPSO) is exam-
ined.

Keywords. Atmospheric composition and structure
(biosphere—atmosphere interactions; cloud physics and
chemistry; troposphere — composition and chemistry)

1 Introduction

The atmospheric boundary layer (ABL) plays an important
role in the transportation of pollutants and anthropogenic
emissions, moisture, heat, and momentum fluxes to the free
atmosphere. The structure of the ABL is maintained by the
strength of the turbulence-mixing (generated due to thermals
during daytime and wind shear during night-time) processes.
The ABL contains mainly four regimes: (i) the surface layer
observed during both day and night, which forms adjacent
to the ground where the temperature decreases super adia-
batically; (ii) the convective boundary layer (CBL), which
evolves during daytime; (iii) the stable (nocturnal) bound-
ary layer (SBL/NBL) observed mainly at night-time, which,
however, can also occur occasionally during daytime (Mehta
et al., 2017); (iv) and the residual layer (RL), which is ob-
served during night-time as a neutral layer. The evolution
of the ABL is locally influenced by the surface character-
istics and prevailing meteorological conditions (Stull, 1988;
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Garratt, 1992; Medeiros et al., 2005). The ABL has strong
seasonal characteristics; however, it changes even within the
season (Seidel et al., 2010; Bianco et al., 2011; Chan and
Wood, 2013; Guo et al.,, 2016) and is mainly related to
thermodynamic conditions of the atmosphere. Hence, under-
standing of the day-to-day weather conditions and their in-
fluence on the ABL variability is essential for air quality as-
sessment and numerical weather simulations.

In clear-sky conditions, the growth of the CBL is mainly
driven by the solar heating of the ground starting about half
an hour after the sunrise. The thermals of the warm air (con-
vective turbulence) rising from the ground create statistically
unstable situations that cause intense mixing throughout the
CBL. With the increase in the surface temperature, the CBL
grows and reaches its maximum height in the late afternoon
(~ 14:001IST). The convective turbulence tends to mix, heat,
moisture, and momentum uniformly in the vertical direction.
The rising thermals cool while mixing and sink back down,
forming a stable layer at the top of the CBL that is gener-
ally referred to as the entrainment zone (EZ). It is known
that the presence of clouds has a large impact on the bound-
ary layer structure as well as on the surface weather (Garratt,
1992; Medeiros et al., 2005; Miao et al., 2017). However, the
growth of the CBL in cloudy conditions occurring at various
levels (within, near, or above the CBL) is not well under-
stood. The CBL evolution in the presence of clouds is rela-
tively complex in nature due to the important role played by
radiative fluxes and phase changes when compared to a clear-
sky (cloud free) CBL. Mainly three types of clouds, namely
shallow cumulus, stratocumulus, and stratus, occur at the top
boundary layer (Garratt, 1992; Medeiros et al., 2005). In the
presence of CTBL, the CBL is nearly a mixed layer formed
due to heat transfer from the warm ground surface and ra-
diative cooling from the top of the cloud layer (Stull, 1988).
Generally, the CTBL occurs beneath the CBL and is fully
coupled to turbulent mixing. However, there are occasions
when the cloud or sub-cloud layer may occur well below the
inversion layer and the CBL is generally assigned as the top
of the lowest cloud layer. Sometimes, the radiatively driven
elevated mixed layer contains the cloud layer that is decou-
pled from the surface.

Generally, the boundary layer clouds tend to occur over
the ocean where the low-level moisture sources from the sea
surface evaporation are easily available (Stull, 1988). How-
ever, over the land the boundary layer clouds can occur due
to cold air outbreaks over the sea, the development of anticy-
clonic regions over the ocean, onshore flow, and trade winds
(Stull, 1988; Garratt, 1992; Bianco et al., 2011; Zhang et al.,
2011; Zhou and Geerts, 2013). The Indian summer monsoon
is dominated by synoptic-scale cloudiness and precipitations
associated with a cycle of active and break spells (Webster
et al., 1998; Goswami, 2005). There have been several stud-
ies on the ABL characteristics over the Indian region during
summer monsoon season (Holt and Raman, 1987; Parasnis
and Goyal, 1990; Raman et al., 1990; Kusuma et al., 1991;
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Joseph and Sijikumar, 2004; Roja Raman et al., 2011; Satya-
narayana Mohan and Narayana Rao, 2012; Sandeep et al.,
2014, 2015; Mehta et al., 2017). In general, the CBL is
shallower during the active monsoon conditions when com-
pared to break monsoon conditions (Satyanarayana Mohan
and Narayana Rao, 2012; Sandeep et al., 2014). In the active
monsoon situations, the evolution of the CBL is delayed by
~ 1-4h when compared to weak episodes (Sandeep et al.,
2014). The diurnal variation in the ABL is weak during the
summer monsoon season when compared to the winter sea-
son (Mehta et al., 2017). There is a close association between
the diurnal evolution of the low-level jet (LLJ) streams and
the CBL (Sandeep et al., 2014). It was observed that both
the LLJ and CBL were elevated during afternoon hours on
the non-rainy (dry episode) days over Gadanki (13.45°N,
79.2°E). The lower tropospheric temperature inversions at
about 2-3 km (generally representing the CBL) are observed
to be weak during the break phase due to weakening of the
LLJ (Muraleedharan et al., 2013). Raman et al. (1990) re-
ported the distinct thermal structure of the ABL during pre-
monsoon and monsoon months. Since the total net radiative
input to the surface during the active monsoon is about 3
times less compared to the break monsoon phase, resulting
in low-level air temperature differences in the boundary layer
over the land surfaces (May et al., 2012), a shallower ABL is
expected during the active monsoon. These studies indicate
that the Indian summer monsoon plays a significant role in
the evolution of the boundary layer within the season. How-
ever, the possible cause for such variations in the ABL char-
acteristics and their thermodynamic structure in the presence
of synoptic-scale weather systems prevailing during Indian
summer monsoon season is not well understood (Holt and
Raman, 1987).

During Indian summer monsoon season the intertropical
convergence zone (ITCZ) shifts to 20-25° N latitude over
the Indo-Gangetic plain, which is generally called a mon-
soon trough. The ITCZ is formed due to convergence of
the northeasterly and southwesterly trade winds. The south-
easterly trade wind from the southern Indian Ocean after
crossing the Equator gets deflected by the Earth’s rotation,
which then becomes a southwesterly trade wind on the south
side of the ITCZ over the Indian landmass. On the north
side of the ITCZ, northeasterly trade winds prevail. Cloudi-
ness and rainfall are generally associated with the monsoon
trough. Over the ocean the trade wind inversions are a per-
manent feature and have been observed over the Atlantic
(Augstein, 1978; Schubert et al., 1995), tropical eastern Pa-
cific (Schubert et al., 1995; Johnson et al., 1996), and In-
dian oceans (Ramana et al., 2004), the Arabian Sea (Sub-
rahamanyam and Ramachandran, 2003; Alappattu and Kun-
hikrishnan, 2010), and the Bay of Bengal (Alappattu and
Kunhikrishnan, 2010), which is one of the characteristics
of the marine boundary layer. In close analogy to the trade
wind inversion layer over the ocean, the fair-weather bound-
ary layer (FWBL) with a CBL below shallow cumulus is gen-
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erally observed over land (Medeiros et al., 2005). The forma-
tion mechanism of the FWBL is similar to that of the trade
wind inversion layer (TWIL). The prevailing southwesterly
trade winds bring moist air from the Arabian Sea and pre-
vailing northeasterly trade winds bring dry warm air from
the northern heated landmass. These trade wind regimes are
capped from becoming deeper by the TWIL, which is caused
by the descending limb of the Hadley cell circulation that
brings cooler air aloft from the subtropical ridge. Shallow
cumulus clouds are generally found within the trade wind
regimes. These shallow cumulus clouds are frequently seen
during the monsoon and pre-monsoon seasons over the In-
dian region above the CBL. In the CBL, the dry static en-
ergy and water vapour mixing ratio tend to remain constant
with height, whereas the TWIL or FWBL is a stably stratified
region that impedes vertical movement of air, where static
energy increases sharply and mixing ratio decreases sharply
with height. Thus, over the tropics, the layer between the
TWIL and the surface is usually called the tropical bound-
ary layer (Sengupta and Ramachandran, 1998).

High-resolution GPS radiosonde observations at about
11:00-16:00IST for several days were made in campaign
mode (for the Cloud Aerosol Interaction and Precipitation
Enhancement Experiment (CAIPEEX) campaign) over the
six stations in the Indian monsoon region during May—
September (southwest monsoon season) 2009. Making use
of this dataset, the thermodynamic structure of the CBL and
its day-to-day variations during the clear-sky and cloudy con-
ditions are examined and the results are presented in this pa-
per. The objectives of the present study are to (i) describe
the nature of the CBL evolution in the presence of the clouds
at different levels such as the cloud-top boundary layer and
cloud with large vertical extent; (ii) examine the behaviour of
the refractivity gradient with thermodynamic profiles, which
will be useful in demarking the occurrence of the FWBL,;
and (iii) provide typical comparison of the CBL height de-
tected using radiosonde and Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation (CALIPSO).

2 Data and methods
2.1 GPS radiosonde data

As part of the CAIPEEX campaigns (Kulkarni et al., 2012),
high-resolution GPS radiosonde (Vaisala RS-80) balloon
launchings were conducted to obtain the thermodynamic
structure of the CBL over six stations: Bangalore (12.98° N,
77.59°E, 922 m), Hyderabad (17.48°N, 78.52°E, 552 m),
Pune (18.53°N, 73.80°E, 583 m), Guwahati (26.10°N,
91.59°E, 74 m), Bareilly (28.42° N, 79.45°E, 153 m), and
Pathankot (32.26° N, 75.63°E, 299 m) in the Indian mon-
soon region. The radiosondes were launched mostly at mid-
day (12:00-14:00IST (GMT + 05:30)) and sometimes at
~11:00 and ~ 17:00IST during each spell of the campaign,
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which lasted between 3 to 12 days continuously during May—
September 2009, covering the pre-onset to withdrawal of
the Indian summer monsoon (May—September). Figure 1
shows the Indian map indicating the launching periods over
different stations. The experiment above was conducted by
the team members located at the base station Hyderabad.
The experiment was conducted in three rounds as indicated
in Fig. 1. In the first round, launchings were carried out
at Pune, Pathankot, Bangalore, and Hyderabad during 13—
19 May, 23-28 May, 2—4 June, and 11-22 June, respectively.
In the second round, launchings were carried out at Banga-
lore, Bareilly, and Hyderabad during 27 June-7 July, 17—
22 July, and 12-16 August, respectively. In the third and last
round, launchings were performed at Guwahati, Pune, and
Hyderabad during 2-9 September, 19-23 September, and
27-30 September, respectively. In total 57 launchings were
carried out as listed in Table 1. Vertical profiles of temper-
ature (T), pressure (P), relative humidity (RH), zonal (U)
and meridional (V) winds, latitude, longitude, and altitude
were collected with a height resolution of 25-30 m (sampled
at 5s intervals). The ascent rate of the balloon is about 4—
5ms™~!. In this study, we have used ascending profiles of the
atmospheric parameters. All the atmospheric parameters col-
lected are uniformly gridded to 30 m height resolution. Qual-
ity checks are then applied to remove any further outliers
arising due to various reasons to ensure high-quality data
(Mehta et al., 2011). The uncertainties in the pressure, tem-
perature, RH, wind speed, and wind direction measurements
are 1.0hPa, 0.5K, 5%, 1ms~!, and 5°, respectively, in the
troposphere. The averaged vertical profiles of the tempera-
ture, RH, zonal wind, and meridional wind from the surface
up to 25 km for three different rounds are shown in Fig. S1.

2.2 CAIPEEX aircraft experiment

CAIPEEX aircraft experiments are conducted to understand
aerosol—cloud interaction and precipitation enhancement po-
tential during May—September 2009. The measurements of
the vertical profiles of the clouds and aerosol up to about 6—
7km from the surface were carried out using airborne instru-
ments during CAIPEEX. The data can be obtained upon re-
quest from the website http://www.tropmet.res.in/~caipeex/.
Out of more than 30 aircraft observations (~ 120h of fly-
ing was performed during the period) (Kulkarni et al., 2012),
16 observations over Hyderabad (16-22 June and 15-16 Au-
gust 2009), Pune (19-20 May 2009), and Pathankot (23—
24 May 2009) used in this study are available online. The
measurements of the aerosol and clouds were carried out us-
ing instrumented Piper Cheyenne aircraft whose descriptions
are detailed in Kulkarni et al. (2012). The observations were
collected during the isolated growing cumulus clouds. These
data are obtained at intervals of 1s. In this study, we have
used liquid water content (LWC) to verify the cloud layer
identification using RH profiles. Whenever LWC is found to
be greater than zero and the total of cloud droplets is greater
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Table 1. List of sites where radiosonde launchings were conducted under the CAIPEEX campaign during May-September 2009 with the
latitude, longitude, and altitude of the launching sites above mean sea level; periods of observation; and numbers of launchings. The dates of
monsoon onset and withdrawal and of the simultaneous CALIPSO and radiosonde observations are also listed.

Sites Latitude Longitude Altitude Periods Onset/ No.of CALIPSO
°N) (°E) (m) withdrawal launchings  passes
Bangalore 12.98 77.59 922 2-4Jun 25-31May/24 Oct 12 29 Jun
27 Jun-5 Jul
Hyderabad 17.48 78.52 552 11-22Jun 21-23 Jun/24 Oct 21 15 Jun, 28 Sep
12-16 Aug
27-30 Sep
Pune 18.53 73.80 583  13-16 May 21-23 Jun/11-23 Oct 9 None
19-23 Sep
Guwahati 26.10 91.59 74 2-7 Sep 8-10 Jun/11-12 Oct 5 4 Sep, 6 Sep
Bareilly 28.42 79.45 153 17-22 Jul 29 Jun/26-27 Sep 5 None
Pathankot 32.26 75.63 299  23-28 May 30 Jun/23-25 Sep 5 23 May
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Figure 1. Map showing high-resolution GPS radiosonde launchings
in three rounds during May—September 2009 over the Indian mon-
soon region. The first round (blue), second round (red), and third
round (cyan) were conducted during May—June, July—August, and
September, respectively.

than 20 cm™3 for a duration of at least 3's, the presence of
clouds is indicated (Morwal et al., 2012).

2.3 Infrared brightness temperature (TBB) data

During the Indian summer season, clouds and rain often
prevail over the Indian region. In order to understand the
role of clouds in the formation and maintenance of the
CBL, we have used infrared (IR) brightness temperature
(TBB) values obtained from the Climate Prediction Cen-
ter, NOAA, available at a time resolution of 1h and spatial
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resolution of 0.03° x 0.03°. This is globally merged, full-
resolution (~4km) IR data formed from the ~ 11 um IR
channels aboard the GMS-5, GOES-8, Goes-10, Meteosat-7,
and Meteosat-5 geostationary satellites. The data have been
corrected for zenith angle dependence to reduce discontinu-
ities between adjacent geostationary satellites. For this study,
we averaged the TBB data into a 0.1° latitude x 0.1° longi-
tude grid around each of the stations listed in Table 1 and col-
lected for each launching. The brightness temperature height
(BTH) is obtained from the radiosonde temperature profiles
as the altitude corresponding to the averaged TBB.

2.4 CALIPSO total attenuated backscatter data

As mentioned earlier, the radiosonde launchings were mostly
carried out during midday, which provides an opportunity to
compare and validate the CBL evolution using CALIPSO
measurements over wide spatial and temporal scales in
the Indian monsoon region. CALIPSO is the part of the
Afternoon (A-Train) Constellation of satellites, which has
an Equator crossing time of about 13:30 local solar time
and a 16-day repeat cycle (Winker et al., 2007, 2009).
For the present study, we have used version 2 Level 1B
(CAL_LID_L1) data. CALIPSO provides data at a horizon-
tal resolution of 333 m, vertical resolution of 30 m, and time
resolution of 0.05 s below 8 km. We have searched CALIPSO
passes within +0.5° latitude and +1° longitude of each sta-
tion and collected the data for the nearest proximity. Out
of 57 profiles, we have observed only six simultaneous ra-
diosonde and CALIPSO observations as listed in the Table 1.

2.5 Method of analysis

We have calculated the vertical profiles of the potential tem-
perature (6), virtual potential temperature (6 ), equivalent po-
tential temperature (6.), saturated equivalent potential tem-
perature (6g), specific humidity (¢), and radio refractivity
(N) using the observed T, P, and RH data over the six
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Figure 2. Topographical features surrounding the locations of radiosonde launch over the six sites: (a) Bangalore, (b) Hyderabad, (c) Pune,
(d) Guwahati, (d) Bareilly, and (e) Pathankot in the Indian monsoon region, along with profiles of balloon trajectories from the surface up to

3 km.

stations. The radio refractivity or simply refractivity in the
neutral atmosphere is given by N = 77.6% +3.73%x 107> %,
where P, is water vapour pressure. These thermodynamic
profiles are obtained in order to understand the behaviour
of the CBL in the clear-sky and cloudy atmospheres. The
knowledge of the boundary layer in the presence of cloud
is limited when compared to a cloud-free CBL, which is
mainly driven by surface heating (Garratt, 1992). In the clear-
sky conditions or dry atmosphere the estimation of the CBL
height is relatively easy and can be identified using either the
altitude of maximum in the temperature gradients or mini-
mum in the moisture gradients (Mehta et al., 2017). In the
cloudy atmosphere, the boundary layers are identified using
the relative invariance of 6, 6y, 0., 6es, and g (Betts and Al-
brecht,1987). The presence of the moist air and the phase
changes are generally studied by use of the 6, and 6. pro-
files. The CTBL often corresponds to a layer well mixed
with regards to 6. and g (Deardorff, 1981). Below the cloud
base, a well-mixed layer may exist with constant 6 and 6, but
not in the cloud layer where they are not conserved. Within
the cloud layer, 6, varies moist adiabatically. The altitude of
maximum backscatter coefficient in the mean signal repre-
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sents the sharp decrease in the aerosol content above and is
generally taken as the CBL top (Melfi et al., 1985; Jordan
et al., 2010; McGrath-Spangler and Denning, 2012, 2013). In
this study, the CBL height from CALIPSO data is identified
as the local maxima in the logarithm of the total attenuated
backscatter ratio (Zhang et al., 2016).

The lifting condensation level (LCL) is defined as the
height at which an unsaturated air parcel becomes saturated
(RH > 100 %) when it is cooled by dry adiabatic lifting (Wal-
lace and Hobbs, 2006). It provides an empirical estimate of
the cloud base height. If the LCL lies beneath the capping
inversion, then the CTBL is assumed to exist, with cloud
usually coinciding with the inversion base. The temperature
(TicL) and height (Zycr1) of the LCL is obtained using the
following equations (Bolton, 1980; Mehta et al., 2017):

_ 2840 .
T 3.510(T30m) — In(Pasom) — 4.805
ZicL = Z3om — (Tuer — T30m) /Tds ()

TicL 55 (D
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Figure 3. Contour plots of the zonal wind (U) along with wind directions over (a) Bangalore, (b) Hyderabad, (c) Pune, (d) Guwahati,
(e) Bareilly, and (f) Pathankot as listed in Table 1 in the increasing order of latitude over the Indian monsoon region during May to Septem-

ber 2009.

where T30 and Py3om are temperature and water vapour
pressure at 30 m height, respectively, and tq4 is dry adiabatic
lapse rate.

3 Results

3.1 Topography, balloon trajectory, and background
meteorological conditions over six sites

Figure 2 shows the topography and vertical profiles of the
balloon’s trajectory from the surface up to 3km observed
over the six sites in the Indian monsoon region as listed in
Table 1 for the period during May—September 2009. The ver-
tical profiles of the latitude and longitude were not recorded
over Pathankot (Fig. 2f) and hence the balloon’s trajecto-
ries are not shown. These trajectories show that the bal-
loon over these sites flew almost vertically and drifted only
about 0.1° and 0.1° latitude and longitude, respectively, be-
low 3 km. Bangalore, Hyderabad, and Bareilly are located at
922, 552, and 153 m above the mean sea level (a.m.s.l.), re-
spectively, and the landscape is nearly uniform surrounding
the launching site (Fig. 2a, b, and e). Whereas Pune, Guwa-
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hati, and Pathankot are located at 583, 74, and 299 m a.m.s.1.,
respectively, they are surrounded by complex hills (Fig. 2c,
d, and f). Pune is located on the lee side of the Western Ghats,
which have complex hills (e.g. Vetal Hill) with an altitude of
about 700-900m in the southeastern part of the launching
site (Fig. 2b). Guwahati is surrounded by Bharalu tributaries
of the Brahmaputra River and hills (e.g. Nilanchal hill) with
a height of about 300—600 m to the west of the launching site
(Fig. 2d). Pathankot is surrounded by the Ravi and Chakki
rivers and Siwalik foothills with a height of about 400-600 m
in the east (Fig. 2f).

During the Indian summer monsoon season the LLJ pre-
vails over the Indian subcontinent with a jet core at ~ 1.5 km.
However, the LLJ core speed and its vertical extent vary with
the active and break episodes of the monsoon. The zonal
wind speed (U) and wind direction from the surface up to
6 km over the six different stations are shown in Fig. 3. Over
Bangalore (Fig. 3a), the wind is westerly to northwesterly
with a maximum zonal wind of ~10-15ms~! at ~3km
during 2—4 June 2009. The LLJ core is observed to be at
~ 1.0km on 27 June 2009, which becomes weaker during
28-29 June 2009 and gradually intensified to ~15ms~!

www.ann-geophys.net/35/1361/2017/
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at 1.5km during 30 June-5 July 2009. Over Hyderabad
(Fig. 3b), zonal winds were northwesterly to northerly be-
low 1.0km, with a LLJ core speed of about 5-10ms~' dur-
ing 12-14 June 2009, which became weaker during 15—
21 June 2009. During 13-16 August 2009, westerly and
northwesterly winds prevailed up to an altitude of ~3.0km
with a wind core at ~ 1.5km. Northeasterly and easterly
winds prevailed above the westerly wind. During Septem-
ber as the southwest monsoon withdrew, northeasterly trade
winds prevailed during 28-30 September 2009. Similarly,
over Pune (Fig. 3c), weak westerly wind up to ~3.0km
is observed during 13—-16 May 2009 prior to the onset of
the summer monsoon. During 16-19 September 2009 (as
the summer monsoon withdrew), easterly winds prevailed as
expected. As Guwahati, Bareilly and Pathankot (Fig. 3d—e)
lie in the northern part of the ITCZ, northeasterly or east-
erly wind is expected to dominate. Over Guwahati, easter-
lies prevailed during 2—-6 September 2009. Similarly, over
Bareilly, weak easterlies prevailed. However, over Pathankot,
the westerlies dominated during 23-27 May 2009 before the
onset of the summer monsoon, which is a well-known wind
pattern in the northern part of India during the pre-monsoon
season.

3.2 Evolution of the CBL in clear-sky conditions

The typical vertical profiles of 8, 6y, Oc, Oes, g, N, and N’
(gradient of N) over Bangalore, Hyderabad, Pune, Guwahati,
Bareilly, and Pathankot for the case of the dry ABL during
11:00-15:00IST up to 6 km altitude are shown in Fig. 4a—f,
respectively. Over Bangalore, the convectively mixed layer
through which vertical gradients of 6, 6y, ¢, and g are nearly
zero (adiabatically stratified) up to ~ 1.0km is observed at
11:121IST during 4 June 2009 (Fig. 4a). At the top of the
CBL, the refractivity sharply decreases forming minima in
N’, which is generally used to identify the CBL height es-
pecially using GPS radio occultation data, and it is preferred
over the use of  and g (Basha and Ratnam, 2009). However,
it should be noted that the multiple local minima can be seen
in N’ and the one that is at a minimum most below 3.5 km
is identified as the CBL (Chan and Wood, 2013). Fixing the
height criterion of 3.5 km as the upper limit is generally done
to avoid mid-level inversions, if any. In cases in which more
than one minimum is found below 3.5 km, the lowest mini-
mum with a value greater than 80 % of the main minimum
is considered as the CBL top (Mehta et al., 2017). Here, we
have also avoided the minimum forming very near to the sur-
face, which does not characterize the CBL. Within the CBL,
the RH at the surface is about 50 %, which characterizes a dry
boundary layer in which the temperature decreases nearly as
much as the dry adiabatic lapse rate. The top of the CBL is
capped by an inversion layer or EZ with a thickness of about
0.17 km, which is evident in all the thermodynamic param-
eters. Above the CBL, both 6 and 6, increase (stably strati-
fied) with environmental lapse rate, whereas both 6. and G
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decrease with height up to ~ 3.15 km, indicating a condition-
ally unstable atmosphere (Ramana et al., 2004). The top of
the conditionally unstable layer is capped by an another in-
version layer in which 6, 6,, and 65 increase but 8, and g de-
crease more (Betts and Albrecht, 1987). This inversion layer
is generally characterized as the TWIL over the ocean and
is marked by a maximum in 6 with a corresponding mini-
mum in 6, (Betts and Albrecht, 1987). As mentioned earlier,
over land the TWIL is referred to as the FWBL, which is ob-
served at ~ 3.15 km and is also identified using local minima
in N'. Note that there is no temperature inversion (AT > 0)
observed at the FWBL (See Fig. S2a).

Figure 4b shows the typical evolution of the CBL through
which vertical gradients of 0, 6y, 6., Oes, g, and N are zero
(adiabatically stratified) up to ~0.96 km over Hyderabad at
14:20 IST during 16 August 2009. Within the CBL, although
the RH from the surface to the CBL is about 60 %, the tem-
perature decreases dry adiabatically indicating a dry ABL.
Above the CBL, both 6, and 6.5 decrease slowly with height
and the difference between them also decreases with height.
The RH is about 75 %, indicating a moist adiabatic layer up
to ~4.50km. It can be seen that the 0, is ~ 349 K at the sur-
face and ~ 340K above the CBL, and there is a very weak
transition layer from the CBL to above indicating the pres-
ence of the moist layer. The top of the moist layer is capped
by the FWBL in which 0, 6,, and 6¢s increase but 6., RH,
g, and N decrease more with a local minimum in N’. In
this case we observed the temperature inversion at about the
freezing height (Johnson et al., 1996) (see Fig. S2b).

Figure 4c shows the typical evolution of the CBL through
which vertical gradients of 6, 6y, and 6 are nearly zero (adia-
batically stratified) in the shallow layer up to ~ 0.45 km over
Pune at 11:00IST during 15 May 2009. The CBL is capped
by a strong EZ with a thickness of 0.40 km. Above the CBL,
both 6 and 6, are again nearly constant (adiabatically strat-
ified) with a height up to ~3.50km, indicating a dry adia-
batic layer. Though 6. is also nearly constant in this layer,
it does not represent the moist layer as RH is extremely low
~30%. 6. strongly decreases with height above the CBL
up to ~3.50km, indicating that this layer is a convectively
unstable layer. The top of this layer is capped by the FWBL
in which 6, 6,, and 65 increase but 6., RH, ¢, and N de-
crease more with a local minimum in N'. Similar to Fig. S4a,
there is no temperature inversion observed at the FWBL (See
Fig. S2¢).

Unlike previous cases, Fig. 4d shows the typical evolu-
tion of the CBL in which 6 and 6, increase (stably strati-
fied), whereas 6., Oes, ¢, and N decrease with height up to
~ 1.45 km, which is defined based on the minimum gradient
in N” over Guwabhati at 14:58 IST during 2 September 2009.
CBL height is also identified as the altitude of the maximum
gradients in 6 and 6, and minimum gradients in RH and ¢
(figure not shown) (Mehta et al., 2017). Within the CBL,
the air is not completely mixed and is conditionally unstable.
Above the CBL, 6 and 6, continue to increase while g and N
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Figure 4. The vertical profiles of potential temperature (6), virtual potential temperature (6y), equivalent potential temperature (6 ), saturated
equivalent potential temperature (0es), relative humidity (RH), specific humidity (g), refractivity (N), and refractivity gradient observed over
(a) Bangalore, (b) Hyderabad, (c) Pune, (d) Guwahati, (e) Bareilly, and (f) Pathankot indicating the convective boundary layer (CBL) and
the fair-weather boundary layer (FWBL) during the Indian summer monsoon season (JJAS) in 2009. Solid and dashed-dotted lines represent
the bottom and top of the CBL, respectively, and dashed and dotted lines represent the bottom and top of the FWBL, respectively.

continue to decrease and 6, and 05 are almost constant with
a height up to 4.50km. As the difference between 6. and G
decreases with height and RH is ~ 75 % throughout the layer,
a moist layer (temperature lapse rate about 4—6 Kkm™'; see
Supplement Fig. S1d) above the CBL is indicated, as shown
in Fig. 4b. The top of this layer is capped by the FWBL in
which 6, 6, and 6, increase but 6., RH, ¢, and N decrease
more and have a local minimum in N’. In this case we ob-
served the temperature inversion at the FWBL, which corre-
sponds to the altitude of the freezing height similar to Fig. 4b
(see Supplement Fig. S2d).

Similar to Fig. 4d, Fig. 4e shows the typical evolution
of the CBL in which 6 and 6, increase, whereas 6., Oes, ¢,
and N decrease with height up to ~ 1.50km over Bareilly
at 14:181IST during 18 July 2009. Above the CBL, the
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difference between 6. and 6. decrease with height up to
4.0km and RH is ~ 66 % throughout the layer, indicating
the moist layer (temperature lapse rate about 4—6 Kkm™!;
see Fig. Sle) above the CBL. Similarly, the top of this layer
is capped by the FWBL and has a local minimum in N’. Sim-
ilar to Fig. 4b and d, the top of the FWBL is also marked by
the temperature inversion at freezing height (See Supplement
Fig. S2e).

Figure 4f shows the typical evolution of the CBL through
which vertical gradients of 6 and 6, are nearly zero (adiabati-
cally stratified) up to ~ 1.50km over Pathankot at 13:00 IST
during 26 May 2009. Within the CBL the temperature de-
creases dry adiabatically, indicating a dry CBL. Above the
CBL, 6. is nearly constant and 6, strongly decreases with
height up to 4.50 km. Though % =0 in this layer, it does
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Figure 5. (a) Liquid water content (LWC) and (b) relative humidity (RH) observed over Hyderabad on 16 June 2009. Black and blue colours
indicate ascending and descending flights, respectively. An ascending profile of RH using radiosonde observation is shown in magenta.
Panels (c¢) and (d) are the same as (b) and (d) but observed over Pune during 19 May 2009.

not represent the moist layer as RH is only ~ 30 %. Thus,
the layer above the CBL is convectively unstable. The top of
this layer is capped by the FWBL in which 6, 6,, and 6 in-
crease but 6., RH, ¢, and N decrease more and have a local
minimum in N’. In this case there is no temperature inversion
observed at the top of the FWBL (see Supplement Fig. S2f).
Thus, from the examples above, it appears that the top of the
FWBL is not always marked by the temperature inversion at
the altitude of the freezing point.

3.3 Evolution of the CBL in the presence of clouds

Before evaluating the ABL behaviour in the presence of
clouds, we first document the criteria to identify the cloud
layer using the RH profile and its validation with the LWC
vertical profile as shown in Fig. 5. Figure 5 shows the LWC
and RH profiles using aircraft in situ instruments observed
over Hyderabad on 16 June 2009 and Pune on 19 May 2009.
The profile of the RH using radiosonde over Hyderabad
is also shown. The cloud is observed at a height of about
2.1-2.7km at the boundary layer, with RH values ranging
between 83 % and 93 %. At this level the airborne RH is
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~ 85 % and LWC is found to be about ~ 0.003—0.006 gm—3
The smaller difference between equivalent potential tempera-
ture and saturated equivalent potential temperature also indi-
cates the presence of clouds, which will be discussed later in
Sect. 3.4. The airborne measurements of RH and LWC indi-
cate the presence of the cloud layer between 2.0 and 6.0 km.
The trajectories of the flight and balloon show that the sam-
pling region of the flight is mostly about 50 km away from
the radiosonde sampling region (see Supplement Fig. S5).
The clouds at 2.5km detected by both radiosonde and air-
craft observation appear to have large spatial coverage. Note
that the both flight observation (~ 13:30-15:30IST) and ra-
diosonde observation (~ 14:00IST) are taken at about the
same time. Over Pune, LWC > 0 and RH > 83 %, indicat-
ing cloud layers between 2.0 and 4.0 km. However, in sev-
eral cases we have observed that the LWC > 0 even when
RH > 50% (Supplement Fig. S6). We have calculated the
frequency of occurrence of the LWC > 0 vs. RH in the inter-
val 5 % bins (of RH; Supplement Fig. S6), which shows that
although the most of the clouds occur with RH > 80 % there
are cases when clouds occur even with RH > 50 %. How-
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ever, in the present study when RH > 50 % the difference be-
tween saturated equivalent potential temperature and equiv-
alent potential temperature is larger and hence indicates un-
saturated air (Fig. 4). Thus, we have followed Wang and Ras-
sow (1995) to obtain the cloud layer considering RH > 83 %
for ~ 1.0km, along with the condition that the difference be-
tween 6, and O 1s small (Ramana et al., 2004).

Figure 6 shows the vertical profiles of 0, 6y, Oe, es, ¢,
N, and N’ (gradient of N) observed at 13:26IST on 4 July,
13:401IST on 12 August, 16:45 IST on 22 September, and
12:221IST on 6 September, respectively, over Bangalore, Hy-
derabad, Pune, and Guwahati up to 6 km above the surface
during the Indian summer monsoon season in 2009 in the
presence of a cloud layer. In all these profiles the CBL is
identified based on any one variable either as the maximum
gradient in the temperature variables or moisture variables
(Mehta et al., 2017). An absence of an inversion layer near
the boundary layer top in the presence of the cloud layer can
be seen. Note that the identification of the boundary layer
top becomes difficult in the presence of deep clouds (Stull,
1988; Garratt, 1992). At all these stations 0, and 0.5 values
are nearly constant and the difference between them is nearly
zero in the cloud layer, indicated by the shaded box. These
grey boxes represent an altitude region where RH is greater
than 90 %, indicating the deep convective clouds (Wang and
Rassow, 1995; Wang et al., 1999). In these cases, the FWBL
is not observed, unlike the cases shown in Fig. 4a—f. It is in-
teresting to note that the N’ fluctuations are almost steady in
the vicinity of the cloud layers. For the cases when the cloud
layer occurs above the CBL, it is well identified from N’ pro-
files observed over Bangalore (Fig. 6a) and Pune (Fig. 6¢).
However, for cases when the cloud layer extends into the
CBL, identification of the CBL from N’ profiles becomes
difficult as there is no well-defined minima observed over
Hyderabad (Fig. 6b) and Guwahati (Fig. 6d). In these cases,
the CBL is identified using the relative behaviour of 6, Ocg,
and q.

3.4 Observation of the cloud-top boundary layer
(CTBL)

Figure 7 shows the vertical profiles of 8, 6y, 6., 6cs, g, N, and
N’ up to 6 km above the surface in the presence of the CTBL
where clouds are observed beneath the capping inversion.
Figure 7a shows the typical evolution of the CTBL in which
vertical gradients of 6 and 6, are nearly zero up to ~ 1.0km
(adiabatically stratified) over Bangalore at 13:30IST dur-
ing 5 July 2009. The stratocumulus cloud is trapped under-
neath the inversion base (at ~ 1.65 km) and is marked by the
shaded box with a RH exceeding 83 % (Wang et al., 1999).
Within the cloud layer, the difference between 6, and Oeg is
very small. The cloud base (~ 1.0km) is interestingly also
marked by the kink in ¢ and a local minimum in N’ pro-
files that shows a change in the temperature lapse rate from
a nearly dry-adiabatic (~ 9.2 Kkm™!, a well-mixed ABL) to
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Figure 6. Same as Fig. 4 but observed over (a) Bangalore on
4 July 2009, (b) Hyderabad on 12 August 2009, (¢) Pune on
22 September 2009, and (d) Guwahati on 6 June 2009, indicating
the CBL and the cloud layer. The grey rectangular box indicates the
cloud layer representing the location with RH > 83 %.

a saturated-adiabatic lapse rate (~ 4.8 Kkm™!; see Supple-
ment Fig. S3a) inside the cloud. The stratocumulus cloud ob-
served here is coupled with the mixed layer below and indi-
cates a fully coupled system due to turbulent mixing (Garratt,
1994). The LCL (~ 1.0km) coincided with the cloud base.
The TBB (~ 282 K) and the corresponding BTH (~ 2.75 km)
do not represent the top of the CTBL and interestingly coin-
cided with kink in the N. A mid-level cloud can also be seen
with a cloud base marked by a kink in g and a local minimum
in N’ at 4.35km, with a small difference in 0, and 6. inside
the cloud layer.

Figure 7b shows the typical evolution of the CTBL
through which vertical gradients of € and 6, are nearly zero
up to ~ 2.0km (adiabatically stratified) over Hyderabad at
14:801IST during 16 June 2009. The cloud forms at the top of
the mixing layer and within the EZ. The stratocumulus cloud
with a width of ~ 0.3 km represents the coupled system and
it is formed due to turbulence generated by surface forcings.
The LCL (~ 1.14 km) forms below the cloud base. However,
the TBB (~ 292 K) and the corresponding BTH (~ 2.15 km)
nearly represent the top of the CTBL.

Figure 7c shows the typical evolution of the CBL through
which vertical gradients of 6 and 6, are nearly zero up to
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Figure 7. Same as Fig. 4 but observed over (a) Bangalore on
5 July 2009, (b) Hyderabad on 16 June 2009, and (c) Pune on
19 September 2009, indicating the CTBL. The grey rectangular box
indicates the cloud layer representing RH > 83 %.

~ 0.7 km over Pune at 17:14IST during 19 September 2009.
However, there is no well-defined inversion layer at the top
of the CBL. The stratocumulus cloud is trapped underneath
the inversion base (at ~ 3.6 km) and is marked by the shaded
box with RH exceeding 83 %. Within the cloud layer, the dif-
ference between 6, and 0. is very small. The stratocumulus
cloud with a width of ~ 0.3km represents the de-coupled
system and it has not formed due to turbulence generated
by surface forcings. This cloud would have formed due to
trade wind inversion. In this case, the LCL (~ 1.0km) and
the BTH (~ 0.9km) corresponding to TBB (~ 292 K) are
found to be far below the cloud base.

3.5 Day-to-day variation in the CBL

Figure 8 shows the time series of the day-to-day variation
in the CBL height, EZ, FWBL top and bottom whenever ob-
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Table 2. Mean, SD, and coefficient of variation of the CBL at each
station and for clear and cloudy conditions.

Mean (km) SD (km) CV (%)
Bangalore 1.09 0.45 243
Hyderabad 0.937 0.4 2.34
Pune 0.643 0.29 2.24
Guwahati 1.074 0.29 3.74
Bareilly 1.02 0.42 2.42
Pathankot 1.704 0.81 2.1
Overall
Clear 1.08 0.55 1.97
Cloudy 0.83 0.26 3.18

served, LCL height, and BTH over the six stations during dif-
ferent periods in the Indian summer monsoon season of the
year 2009 as listed in Table 1. We have only one sounding
per day launched mostly between 12:00 and 14:00IST, ex-
cept a few that were launched at 11:00, 16:00, and 17:00 IST.
Thus, Fig. 8 represents the day-to-day variation after noon-
time. Figure 8a shows the CBL variations for 3 days during
2—4 June 2009 and 8 days during 28 June—5 July 2009 in
the summer monsoon season over Bangalore. At this station,
all radiosondes are launched at 12:00-14:00IST except one
at 16:00IST. It is observed that the CBL height varies be-
tween 1.0 and 2.0 km. The mean, standard deviation (SD),
and coefficient of variation (CV) of the CBL is listed in the
Table 2. The mean and SD of the CBL height over Ban-
galore is 0.93£0.4km. In all the 11 cases, the CBL over
Bangalore is well defined and was identified using all the
moisture and temperature variables. Thus, the EZ has been
observed for all the cases over Bangalore. Out of 11 cases,
five cases represent the top of the CTBL, and two cases rep-
resent when mid-level cloud layers were observed. Cloud
layers are identified based on the RH > 83 % criterion (see
Supplement Fig. S4a). It is observed that the growth of the
vertical extent of the cloud is ~ 0.09 km on 29 June 2009 to
~ 0.5km on 2 July 2009, with a monotonic increase in the
CBL height. On 3 July 2009, the CBL descended by 0.8 km
with the formation of the cloud layer at ~ 4.0-6.0km. The
next day on 4 July 2009, the CBL remained at the height
of ~ 1.0km with a cloud layer at ~ 3.5-5.0km. The CBL
height then increased by 0.7 km and is observed at ~ 1.74 km
with the formation of stratocumulus cloud beneath the CBL
along with mid-level cloud on 5 July 2009. Five cases show
that the FWBL are observed far above the CBL in the altitude
range of ~ 2-5km. The FWBL is determined using the rela-
tive variance in the 6. and 6. It can be seen that the FWBL
increases with an increase in the CBL. Over Bangalore, BTH
is found to be at a lower height than the CBL, indicating
a clear sky, or mostly fair-weather conditions. Similarly, LCL
occurs just above the CBL for most cases. The LCL repre-
sents the base of the CTBL observed on 2 and 5 July 2009.
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Guwabhati, (e) Bareilly, and (f) Pathankot during the Indian summer monsoon season as listed in Table 1. The grey rectangular box indicates

the cloud layer representing the location with RH > 83 %.

There are two cases when mid-level clouds (3—4 July 2009)
are observed, for which the CBL is found to be at a lower
level and both the BTH and LCL are found to be near the
CBL.

Figure 8b shows the CBL variations for 11 days during
June (12-22 June), 5 days during August (12-16 August),
and 4 days during September (27-30 September) in the sum-
mer monsoon season over Hyderabad. At this station, all ra-
diosondes were launched at 12:00-14:00IST except one at
11:00IST. It is observed that the day to day variation in the
CBL height varies as low as ~ 0.3 km to as high as ~ 2.5 km.
The mean and SD of the CBL height over Hyderabad is
0.93 £0.4 km (Table 2). Note that the monsoon onset date is
21 June over Hyderabad during 2009. The CBL is found to
be higher, warmer, and drier pre-monsoon (11-21 June 2009)
when compared to during the monsoon (22 June, 12—-16 Au-
gust, 28-30 September) months (Bera et al., 2016). Out of
20 cases, in seven cases the CBL over Hyderabad is well de-
fined, for which the EZ is observed and identified using both
the moisture and temperature variables. The other 11 cases
are identified using the moisture, temperature, or refractiv-
ity gradient. For these cases the EZ is not formed. Out of
20 days, five cases represent the top of the CTBL and in
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two cases mid-level cloud layers are observed. It is seen that
the CBL height increases by ~ 1.0km and 0.2 km from the
previous day with the development of the cloud beneath the
inversion as evident on 16 June 2009 and 22 June 2009, re-
spectively. On 30 September 2009, cloud has formed within
the entire boundary layer topped with a weak inversion layer.
In this case the CBL does not increase and is different from
the earlier two cases in which they have well-defined EZ.
As mentioned earlier (Fig. 8a), the increase in CBL depth
depends upon the vertical extent of the cloud. On 21 June,
12 and 15 August, and 27 and 29 September 2009 mid-level
clouds are observed at ~ 4.5-6.0, 1.0-4.0, 4.0-6.0, 1.8-3.3,
and 1.0-0.75km above the CBL, respectively (see Supple-
ment Fig. S4b). During these occasions the CBL forms at
lower heights when compared to clear-sky days. In total there
were 6 days, 12, 16, 18, and 19 June 2009 and 14 and 16 Au-
gust 2009, when the FWBL formed at an altitude of 5.3, 4.6,
3.1, 5.0, 4.4, and 4.7 km, respectively. Over Hyderabad BTH
mostly occurred near the CBL or just above it, with the LCL
below them. The LCL represents the cloud base and the BTH
is the cloud top of the CTBL observed on 16 June 2009.
Figure 8c shows the CBL variations for 4 days during May
(13-22 May 2009) in the pre-monsoon season and 5 days
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during September (19-23 September 2009) in the summer
monsoon season over Pune. At this station, all radiosondes
in May were launched at ~ 11:00 IST while during Septem-
ber they were launched at ~ 17:00IST. Thus, over Pune,
the day-to-day variability during May and September is sep-
arately discussed. It is observed that the day-to-day varia-
tion in the CBL height is very small and the CBL varies
between 0.3 and 1.2km in both the pre- and post-monsoon
seasons (Table 2). During May 2009 (4 days), the CBL was
well defined and was identified using both the moisture and
temperature variables, while during September (5 days) the
CBL was identified using the moisture, temperature, or re-
fractivity gradient. Out of 9 days, two cases with mid-level
cloud layers were observed (see Supplement Fig. S4c). On
15 May 2009 a CTBL with decoupled stratocumulus cloud
is observed as mentioned earlier in Fig. 6¢ and it is not con-
sidered as mid-level cloud. On 21-22 September 2009 mid-
level clouds are observed at altitude ranges of ~ 2.3—4.6 and
1.8-6.0 km above the CBL, respectively. In total, there were
2 days, 15 May 2009 and 21 September 2009, when FW-
BLs formed at altitudes of ~ 3.5 and ~ 4.0 km, respectively.
Over Pune, BTH mostly occurred near the CBL or just above
it with LCLs below them.

Figure 8d shows the CBL variations for 5 days during
September (2-7 September 2009) in the summer monsoon
season over Guwabhati, observed mostly during cloudy condi-
tions with cloud in various altitude ranges. At this station, all
radiosondes were launched between ~ 12:00 and 15:00 IST.
CBL height varies from 0.78 to 1.7 km as shown in Table 2.
Out of 5 days, mid-level clouds were observed for 3 days dur-
ing 4-6 September 2009 at altitude ranges of ~ 3.7-5.5, 1.5—
6.0, and 0-6.0 km, respectively. The FWBL is only observed
at ~4.5km for 1 day on 2 September when the atmosphere
was relatively clear. Over Guwabhati, the LCL forms well be-
low the CBL. The BTH is found to be above the CBL and
indicates cloudy conditions. On 7 September, though BTH
occurred at ~ 3.0 km indicating cloudiness, the RH never ex-
ceeded 77 % (see Supplement Fig. S4d).

Figure 8e shows the CBL variations for 5 days during
July (17-22 July) in the summer monsoon season 2009 over
Bareilly. At this station, all radiosondes were launched be-
tween ~ 14:00 and 16:00IST. The TBB (281-288 K) and
RH~80% indicate the presence of low-level cloud (see
Supplement Fig. S4e). The CBL heights over Bareilly are
identified based on the local minimum in the N’ profile.
CBL height varies from 0.6 to 1.8 km as shown in Table 2.
The FWBLs are observed at ~ 2.8, 4.2, and 2.2km on 17—
20 July 2009, respectively. Over Bareilly, the LCL mostly
occurs below the CBL, and BTH either occurs near or above
the CBL.

Figure 8f shows the CBL variations for 5 days during
May (23-28 May) in the pre-monsoon season in 2009 over
Pathankot. At this station all radiosondes were launched be-
tween ~ 13:00 and 15:00IST. These observations are made
during clear-sky conditions (RH < 30 %; see Supplement
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Fig. S4f). Supplement Fig. S4f shows that there is a large
variation in RH at 4.0km on 27 May 2009, which indi-
cates a layering structure associated with horizontal advec-
tion rather than a moisture source from the boundary layer,
which was dry (Prabha et al., 2012). However, TBB shows
that cloud-top height at ~2-3km closely matches LCL
height, but occurrence of these clouds is not indicated by
RH observations. This disparity in cloud observation based
on the BTH and RH is difficult to explain here. Over this
site, the CBL varies from 0.4 to ~ 2.0 km within 5 days. The
FWBL is observed to be at 4.5 km on 26 May 2009, consis-
tent with the elevated layer reported by Prabha et al. (2012).
It is observed that the overall CBL is higher during clear-
sky (1.08 £0.55km) conditions when compared to cloudy
(0.83 +0.26 km) conditions. The CV indicates that the CBL
height is more variable during cloudy (3.18 %) days when
compared to clear-sky (1.97 %) days. It is also evident from
Table 2 that the CBL height over Guwahati (mostly cloudy
cases) is more variable than at the rest of the stations.

3.6 Correlation analysis

In order to examine the influence of the surface forcing and
the effect of clouds on the evolution of the CBL, correla-
tion between the CBL heights and the surface temperature,
the relative humidity, LCL height, and BTH is obtained,
as shown in Fig. 9. We have observed 17 cases when the
clouds had a vertical extent of more than 1.0km (based on
RH > 83 % criterion), during which the CBL is found to be
lower than when compared to clear-sky conditions. Here,
we have not considered the cases of cloud occurring just
below the CBL with limited vertical extent (< 0.5km; e.g.
CTBL cases), as during these cases the CBL height gen-
erally increases (Fig. 7). It is evident from Fig. 9a and b
that during cloudy days the surface temperature is generally
lower (< 300K) and RH at the surface is generally higher
(> 50 %), respectively, as expected. The correlation between
the surface temperature and the CBL height indicates that
with the increase in the surface temperature, CBL height in-
creases and vice versa. This, however, does not hold in all
cases and hence we observe a large scatter (Fig. 8a). Dur-
ing cloudy days, CBL height also increases with an increase
in the surface temperature, but it remains lower than that of
the rest of the observations, indicating the effect from both
the surface temperature and clouds. They play a prominent
role in the evolution of the CBL during cloudy days. In gen-
eral, CBL decreases with the increase in surface moisture
(Fig. 9b). That is, during clear-sky conditions the CBL is
higher than on cloudy days. However, surface moisture con-
tent does not always determine the growth of the CBL as
there are cases in which the CBL is higher during totally
moist conditions when compared to semi-moist conditions.
During cloudy days, as mentioned earlier, the CBL occurs at
a lower height, and interestingly LCL also mostly occurs at
lower heights (Fig. 9¢). It is well known that the LCL height
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Figure 9. Scatter plot between the CBL height, (a) surface temperature, (b) relative humidity, (¢) LCL height, and (d) BTH observed over
six stations. Open circles indicate the cases during clear-sky conditions, which also include FWBL and CTBL cases. Solid circles indicate
cloudy conditions based on RH > 83 % criteria with cloud having a vertical extent of more than 1 km. Dashed and solid lines represent the

regression lines for clear-sky and cloudy conditions, respectively.

and the CBL are not always related (Mehta et al., 2017).
However, there are cases when CBL increases with the in-
crease in the LCL and vice versa. When LCL occurs below
the CBL the presence of thin clouds within the CBL is pos-
sibly indicated (Balaji et al., 2017). Similarly, overall CBL
height and BTH are not always related. However, for the
majority of the cases the CBL height remains lower during
cloudy conditions (based on RH > 83 % for about more than
1.0km) when BTH has increased. The cloudy cases identi-
fied using the RH criterion do not always correspond to the
cloud-top temperature using satellite data, which needs to be
investigated in detail.

3.7 Comparison between CBL heights obtained using
CALIPSO and radiosonde

As we have a good number of radiosonde launchings about
the timings of the CALIPSO passes over these stations, an
effort has also been made to compare the CBL height ob-
tained from the backscatter coefficient and radiosonde tem-
perature and moisture profiles. Six simultaneous observa-
tions of the radiosonde and CALIPSO are listed in Table 1.
Figure 10 shows the comparison of the CBL height ob-
tained from aerosol backscatter profiles using CALIPSO ob-
servation and refractivity profiles derived using radiosonde
observation above mean sea level. The corresponding ther-
modynamic profiles of 0, 0y, 6, 6es, g, N, and N’ over
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the ground level of these sites are shown in Supplement
Fig. S7. Typical plots of the backscattering ratio and N’
observed over Bangalore on 29 June 2009, Hyderabad on
15 June 2009, Guwahati on 4 September 2009, and Pathankot
on 23 May 2009 are shown in Fig. 10a—d, respectively.
Over Bangalore, CALIPSO passes about 1.5° west of the ra-
diosonde launch site. The surface elevation around Bangalore
is ~ 1.0 km a.m.s.1. The CBL is well marked as a strong peak
in the log;( B as well as in mean log;,8 averaged over 1° lat-
itude centred at Bangalore. The CBL height identified from
the mean log;yB profile is ~2.5kmam.s.l. It is ~0.5km
higher than the CBL height identified using the N’ profile
(Fig. 10a, third panel). However, the CBL heights from both
log;oB and N’ match well at the closest proximity to Banga-
lore (12.98° N). It is observed that the comparison between
CBL heights is better when it is calculated from the profile
with the closest proximity rather than from the averaged pro-
file over 1° latitude. As the CBL height varies between 2.0
and 2.5 km, comparison of the CBL using radiosonde and
CALIPSO may not be suitable using mean log;,8 averaged
over 1°, which needs to be taken into account. It also in-
dicates that the CBL has high spatial variability. Over Hy-
derabad (174.48° N), CALIPSO passes about 0.5° west of
the radiosonde launch site. Using CALIPSO, the CBL is
poorly defined at ~ 3.0km a.m.s.1., where a local minimum
in N’ is also present. However, as the radiosonde data are
not available below 1.2kma.m.s.l. (Fig. 10b, third panel),
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Figure 10. Typical comparison of the CBL obtained using the CALIPSO backscattering coefficients collected within +0.5° latitude centred
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and radiosonde refractivity profiles (third column panels) observed over (a) Bangalore on 29 June 2009, (b) Hyderabad on 15 June 2009,

(¢) Guwahati on 4 September 2009, and (d) Pathankot on 23 May 2009.

it is a little inconvenient to define the CBL height in this
case. For this case, the meteorological parameters over Hy-
derabad and Bangalore appear nearly similar and thus we
identify the CBL height over Hyderabad as ~ 1.5 kma.m.s.I.
(~1.0kma.g.l.) (see Supplement Fig. S7a and b). Similarly,
over Guwahati (26.10° N), where CALIPSO passes about
1.5° east of the radiosonde launch site, the CBL is poorly de-
fined from both of the independent observations. In this case,
as cloud layer is seen above ~ 4.0 km, the lidar signal may
have become weak and hence we are unable to detect the
CBL height. In general, the detection of the ABL becomes
difficult during cloudy conditions. Over Pathankot (32.26° N
75.63° E) CALIPSO passes about 0.5° west of launching site
over the Siwalik Hills. Using radiosonde, we can see that the
CBL (as a mixed layer) formed at a height of ~ 0.4kma.g.1.
and nearly the same level of the top of the Siwalik Hills as
indicated by the height of the topography using CALIPSO
data (Fig. 10d). Over the hills, the CBL is not detectable in
the backscattering ratio profile.
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4 Discussion and conclusions

An effort has been made to collect the high-resolution ra-
diosonde data during 11:00—17:00IST over the six stations
in the Indian monsoon region during the period from May to
September (covering the period from onset to withdrawal) of
the Indian summer monsoon in 2009. These stations cover
a large geographical region, ranging from latitude ~ 13 to
32° N to longitude 73 to 92° E. Using routine radiosonde (at
05:30 and 17:301ST), the CBL has been extensively stud-
ied (Seidel et al., 2010). The thermodynamic structure of
the CBL is still poorly known, especially over land in the
Indian monsoon region (Parasnis and Goyal, 1990). Over
the adjoining sea, extensive studies have been conducted
to understand the thermodynamic structure of the marine
ABL (Subrahamanyam and Ramachandran, 2003; Ramana
et al., 2004; Alappattu and Kunhikrishnan, 2010). Since rou-
tine radiosonde basically covers the morning (05:301ST)
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and evening (17:301ST) transition phase, the well-developed
CBL cannot be studied using these observations.

The CBL is not only driven by surface forcings but is also
affected by the processes above the CBL, such as the pres-
ence of the clouds, horizontal advection of the air masses,
etc. One of the important thermodynamic structures is the
prevalence of fair-weather clouds, especially during the mon-
soon season, over the Indian region. These FWBLs are char-
acterized by a sharp decrease in the humidity (RH and ¢q)
and 6, and an increase in the 6.5, similar to trade wind inver-
sions over the ocean (Subrahamanyam and Ramachandran,
2003; Ramana et al., 2004; Alappattu and Kunhikrishnan,
2010). We have shown that the FWBL can also be identi-
fied by the local minimum in the N’. Note that these FWBLs
do not always represent the mid-level temperature inversions
or temperature inversion at the freezing point (Johnson et al.,
1996). At the FWBL, there is an increase in the temperature
but they need not represent the temperature inversion always
and hence for most of the cases the local minimum in the N’
is mainly caused by the sharp decrease in humidity. As the
occurrence of the FWBL is small (19 out 57 cases), statis-
tical analysis of data is not possible. However, in general, it
is observed that the FWBL increases with an increase in the
CBL and vice versa.

We have examined the thermodynamic structure of the
CBL evolution during the cases of dry and cloudy atmo-
sphere. It is known that the CBL does not always represent
the well-mixed layer and hence is generally referred to as
the “mixing layer” (Seibert et al., 2000). During clear-sky
condition, when the CBL is well mixed both thermodynamic
profiles as well as the N’ profiles identify the CBL height
well, with some exception. However, when the CBL is not
adiabatically stratified, its identification from the thermody-
namic profiles becomes difficult. For these stably stratified
cases the top of the CBL is found to be well marked by N’.
Hence N’ serves as better indicator of the CBL when com-
pared to 0, and g (Basha and Ratnam, 2009) because it takes
into account the variation in temperature and moisture to-
gether, however, not always especially during cloudy condi-
tions. Just above the CBL, the moisture generally decreases
by 6 times its value at the CBL (Mehta et al., 2017). However,
on some occasions if there is a sharp increase in the mois-
ture just above the CBL (which indicates either presence of
clouds or occurrence of horizontal advection), the CBL iden-
tified using the local minimum in N’ will be higher than that
obtained using local maxima in the temperature gradient.

Low-level clouds (mainly stratus or stratocumulus clouds)
occur either below, near, or above the CBL. In most of the
cases the cloud layers (RH > 83 %) are represented by a rel-
atively high BTH value, whereas the BTH values are low
for the cases of the clear-sky conditions with some dispar-
ity. On some occasions when RH is between about 60 and
80 % as well as on other occasions during dry atmosphere
(RH ~20-30%), BTH is found to be higher. The dispar-
ity in identification of the cloud layer from the RH-based
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method and BTH is not possible to explain here with the
limited dataset and will be carried out using a more exten-
sive dataset in a separate study. In this study, we have used
RH > 83 % criteria to mark the presence of the cloud layer.
Similar to our previous findings (Mehta et al., 2017), we ob-
served that whenever cloud occurs above the CBL, it is found
to be at a lower height when compared to clear-sky days.
During cloudy (clouds occurring above the CBL) days, the
surface temperature is also lower when compared to clear-
sky days. This indicates that the convective turbulence be-
comes weak during cloudy days and hence CBL forms at a
lower height when compared to clear-sky conditions. How-
ever, when the CTBL occurs, the CBL is found to be higher
when compared to other days. The CTBL is generally cou-
pled to the turbulent mixing (Garratt, 1992) and hence the
CBL top increases with an increase in the surface forcings.
Finally, the typical comparison between the CBL evolutions
using CALIPSO and radiosonde is evaluated. The compari-
son of the CBL depends upon how closely CALIPSO passes
to the radiosonde launching site. For the well-defined case,
the CBL tops identified using CALIPSO at the closest prox-
imity to the radiosonde launching sites match well.

The following are the main findings on the thermodynamic
structure of the CBL:

1. N’ serves as a better indicator of the CBL when com-
pared to 6, and g but not always, especially during
cloudy conditions. Within cloud, N’ generally remains
steady. However, at the top and bottom of the CTBL, the
magnitude of the minimum N’ becomes comparatively
larger and is well detected as a minimum in N’. The top
of the FWBL is also marked by a local minimum N’.
However, N’ at either the CBL or FWBL is not always
marked by the temperature inversion.

2. The CBL varies between ~ 0.4 and 2.5kma.g.l. over
the different stations in the Indian monsoon region.
The CBL shows large spatial and temporal variations.
The occurrence of the clouds at various levels plays an
important role in the day-to-day variation in the CBL
height. It is observed that the occurrence of the cloud at
the boundary layer (i.e. the formation of the CTBL) el-
evates its height, whereas, the occurrence of the clouds
above the CBL generally decreases its height.

3. The CBL during cloudy days is shallow when compared
to the clear-sky days. Within monsoon season, both sur-
face temperature and the CBL are lower during cloudy
conditions when compared to clear-sky condition. In
general, the LCL height and CBL are not always related.
Sometimes the LCL occurs below the CBL, sometimes
above it. The CBL is randomly related with the BTH.

Data availability. The radiosonde data used in this study can
be provided upon request to Sanjay Kumar Mehta (ksan-
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jaym@gmail.com). TBB data can be obtained from the NASA God-
dard Earth Sciences Data and Information Services Center (GES
DISC). CALIPSO data were obtained from Atmospheric Science
Data Center at NASA Langley Research Center. Global 30 arcsec
gridded topography data are provided by the National Centre for
Environmental Information, USA. CAIPEEX flight data can be ob-
tained upon request from the website http://www.tropmet.res.in/
~caipeex/.
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