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Abstract

Atmospheric cold pools generated from convective downdrafts can significantly modulate
air-sea interaction processes, though their variability is not yet documented in the Bay of Bengal
(BoB). In this study, the seasonal and diurnal variability of cold pool events (defined as a drop in
air temperature greater than 1°C within 30 minutes) in the BoB is examined using moored buoy
measurements with 10-min temporal resolution at 8°N, 12°N, and 15°N along 90°E. The analysis
shows that cold pools are plentiful and frequent during summer (May-September) and fall
(October-November) compared to winter (December-February) and spring (March-April). Results
also indicate a significant diurnal variability at 15°N and 12°N (but not 8°N) during summer, with
more frequent and intense cold pool events in the afternoon. Cold pools lead to an intensification
of turbulent heat exchange between the ocean and atmosphere, with latent heat loss (~80 Wm™)
through both an increase in wind speed and reduction in air specific humidity and sensible heat
loss (~40 Wm™) due primarily to air temperature drops. There is also a significant diurnal
variability in these air-sea exchanges during the summer, with a twofold enhancement in latent
and sensible heat fluxes associated with afternoon vs nighttime cold pools events. Finally, we
establish the connection between the enhancement of afternoon cold pool events and
southeastward propagating synoptic-scale rainfall activity on diurnal time scales from the western

BoB.

1. Introduction
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To improve coupled model simulations of Indian Summer Monsoon rainfall, it is important
to document and understand the variability that occurs at the ocean and atmosphere interface. Air-
sea interaction processes vary across a wide range of space scales and temporally from diurnal to
interannual time scales in the tropics (Bhat et al. 2001; Webster et al. 2002; Sengupta et al. 2001a,
2001b; Bernie et al. 2005, Bernie et al. 2007; Seo et al. 2007; 2014; Rao and Sivakumar 2000;
Shenoi et al. 2002, 2009; Praveen Kumar et al. 2012; Weller et al. 2016; Thangaprakash et al.
2016; Bhat and Fernando 2016; Cyriac et al. 2016; Girishkumar et al. 2017). Air-sea interactions
at sub-daily time scales are moreover an important but relatively poorly understood component in
the climate system. Considering the importance of diurnal time scale variability and its influence
on seasonal to intraseasonal variations (Bernie et al. 2005; Kawai and Wada, 2007; Mujumdar et
al. 2011; Seo et al. 2014), it is imperative to observe and document the variability of near-surface
meteorological and oceanographic parameters at sub-daily time scales. Such efforts will help
accurately represent air-sea interaction processes in climate prediction models and may eventually
lead to better representation of intraseasonal and seasonal variations in coupled models being used
for short, medium and extended range weather forecasts of the Indian Summer Monsoon (Bernie

et al. 2005; Seo et al. 2007, 2014; Mujumdar et al. 2011; Li et al. 2013a).

The Bay of Bengal (BoB) is one of the regions where unique energetic air-sea interaction
processes take place during the summer monsoon season (Thangaprakash et al. 2016; Girishkumar
et al. 2017). For example, the dependence of latent heat flux (LHF) on wind speed during the
summer monsoon is relatively small over the BoB compared to other tropical basins due to high
surface humidity (Bhat and Fernando 2016; Thangaprash et al. 2016). Also, air temperature is
relatively high compared to sea surface temperature (SS7) during the summer monsoon leading to

the sensible heat flux (SHF) into the ocean (Bhat and Fernando 20165 Thangaprash et al. 2016).
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Moreover, because of the presence of persistent strong haloclines near the surface in the BoB due
to large freshwater flux from river run-off and monsoon precipitation, the near-surface density
stratification is primarily determined by salinity (Thadathil et al. 2007; Girishkumar et al. 2011).
However, the coupling between the ocean and atmosphere at sub-daily time scales is not well
explored in detail in the BoB due to a lack of high-temporal resolution near-surface meteorological

and oceanographic data (Weller et al. 2016).

In the downdraft region of convective systems, rain-filled air falling into the unsaturated
sub-cloud layer causes raindrops to evaporate. This evaporation cools the air and generates a cold
unsaturated downdraft. When this cold-unsaturated downdraft reaches the surface, it spreads out
horizontally leading to the formation of cold pool (Stull 2011; Zuidema et al. 2017). The presence
of dense cold air in proximity to less dense surrounding air increases surface horizontal pressure
gradients to spread the cold pool horizontally 10-200 km outwards as density current (Stull 2011;
Zuidema et al. 2017 and references therein). Earlier studies have shown that the generation of
atmospheric cold pools due to downdrafts from convective systems can significantly modulate air-
sea interactions on sub-daily time scales (Gaynor and Ropelewski 1979; Johnson and Nicholls
1983; Young et al. 1992; Esbensen and McPhaden 1996; Saxen and Rutledge 1998; Chuda et al.

2008; Yokoi et al. 2014; De Szoeke et al. 2017).

Past studies in the BoB show an offshore propagation of rainfall and an afternoon rainfall
peak in the central BoB (Mohamad et al., 2004; Basu, 2007; Figure 6a and 6b of Sahany et al.,
2010; Figure 8 of Varikodan et al., 2012; Kilpatrick et al., 2017). Kilpatrick et al. (2017) find that
the diurnal variability of rainfall in the BoB is modulated by offshore propagation of gravity waves
due to diurnal heating over India. Thus, it is likely that the off-shore propagation of rainfall can

modulate cold pool activity and associated air-sea interaction processes in the BoB on diurnal time

4
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scales. Motivated by these earlier studies, our purpose is to document the diurnal variability of
cold pool activity in the BoB and its role in the diurnal modulation of air-sea interaction process.
For this purpose, we use high temporal resolution (~10 min) near-surface meteorological and
oceanographic data from the Research Moored Array for African-Asian-Australian Monsoon
Analysis and Prediction (RAMA) moored buoys at 15°N, 12°N, and 8°N along 90°E (Figure 1) in

the central BoB (McPhaden et al. 2009).

The paper is organized as follows. In Section 2, we describe the data sets and methodology.
In Section 3, we investigate the characteristics (time of occurrence, intensity, and duration) of cold
pool events in the BoB and the impact cold pools have on air-sea interaction processes. We also
compare our results to those from other regions in the tropics based on earlier observational studies
(Saxen and Rutledge 1998; Yokoi et al. 2014). Finally, we examine whether the diurnal variability
of cold pool events reported in this study are related to synoptic conditions associated with diurnal

rainfall activity in the BoB. We then summarize and discuss major results in section 4.

2. Data and Methods

We use near-surface meteorological and oceanographic data available from RAMA
moorings at 15°N, 12°N, and 8°N along 90°E in the BoB (Figures 1 and 2). The RAMA buoys
provide air temperature and relative humidity at a height of 3 m, wind speed and direction at a
height of 4 m, and downwelling shortwave radiation and downwelling longwave radiation at a
height of 3.5 m (McPhaden et al. 2009). The water temperature obtained from RAMA moorings
at a depth of 1 m is considered as SST. Downwelling shortwave radiation and downwelling

longwave radiation data are available at 2-min temporal resolution and all other parameters
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sampled at 10-min temporal resolution. Hence, downwelling shortwave and downwelling
longwave radiation data are averaged to 10-min to facilitate the analysis. In this study, we adopt
the convention that a positive value of heat flux indicates heat gain by the ocean from the
atmosphere, and the negative value indicates heat loss from the ocean to the atmosphere. The
seasons in this study are defined as summer (May-September), fall (October-November), winter

(December-February), and spring (March-April).

SHF and LHF are estimated using mooring SS7, air temperature (7%), relative humidity,
downwelling shortwave, and downwelling longwave radiation from the Coupled Ocean-
Atmosphere Response Experiment (COARE 3.6) bulk flux algorithm (Fairall et al. 2003; Edson
et al. 2013). The diurnal warm-layer and cool-skin temperature corrections were applied to the
temperature measurements at 1 m depth for the computation of LHF and SHF (Fairall et al.

1996). The bulk formula for SHF and LHF can be written as

SHF = pC,C,UAT (1)

LHF = pLC.UAg  (2)

In this equation, p is the surface air density, Cp is the specific heat of moist air at constant
pressure, L is the latent heat of vaporization, AT is the temperature difference between sea and air,
Aq is the specific humidity difference between sea and air, U is wind speed and Cr and C. are

transfer coefficients for SHF and LHF respectively.

RAMA moorings at 12°N and 8°N do not have a longwave radiation sensor. Hence,
Clouds and the Earth's Radiant Energy System (CERES) hourly downwelling longwave radiation

data with 1°x1° spatial resolution (Wielicki et al. 1996) are used to estimate LHF and SHF at 12°N
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and 8°N. In this study, we use edition-4.1 of Terra/Aqua CERES surface downwelling longwave
radiation data adjusted to all-sky conditions. These two data sets show very good temporal
correspondence with a correlation coefficient of 0.92. The Root Mean Square Difference (RMSD)
and bias (CERES-RAMA) between CERES and RAMA downwelling longwave radiation data at
15°N are 10.4 Wm and -2.6 Wm, respectively. These differences are generally small relative
to the standard deviations of long-time series of high-resolution RAMA (~26 Wm™) and CERES

(~24 Wm?) downwelling longwave radiation data.

We assessed the sensitivity of LHF and SHF estimates to the use of hourly CERES (defined
as RAMA_ CERES analysis) data instead of 10-min RAMA (RAMA analysis) downwelling
longwave measurements at 15°N during summer. For this purpose, we interpolated hourly
downwelling longwave data to 10-min temporal resolution. The standard deviation of LHF (46.2
Wm?) and SHF (10.5 Wm™) between these two analyses is negligibly small. In addition, the
RMSD between these two estimates during the summer is approximately 0.5 Wm™, and 0.1 Wm"
2 for LHF and SHF, respectively, values that are very small compared to the standard deviation
these fluxes during summer. Also, the correlation between these two estimates is higher than 0.99
for both the LHF and SHF'. The temporal evolution of LHF and SHF from RAMA analysis (black
line) and RAMA_CERES (green line) analysis at 15°N, 90°E for the period 14-30 July 2009 are
presented to show the excellent agreement between these two analyses (Figure 3). Thus, the above
analysis indicates that the LHF and SHF estimation is not very sensitive to the choice of
downwelling longwave radiation data from CERES and RAMA. Thus, for consistency we will use

results from the RAMA CERES analysis at 15°N, 12°N, and 8°N in the discussion that follows.

The high-resolution RAMA data have an adequate temporal resolution to characterize cold

pool properties (Figure 3), so they provide a unique opportunity to document the sub-daily time

7
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scale variability of near-surface oceanographic and meteorological parameters associated with
cold pools in the BoB. For example, time series of high temporal resolution of air temperature (7%),
air specific humidity (q.), LHF and SHF obtained from RAMA mooring at 15°N, 90°E for the
period 14-22 July 2009 show the existence of pronounced sub-daily variations with substantial
reductions in air temperature (~ -4°C) and specific humidity (~ -3 g Kg!) resulting in a significant
enhancement in LHF and SHF across the air-sea interface, particularly in the afternoon (Figure 3).
These variations are the primary focus of our study. Note that SHF' is generally directed from
atmosphere to the ocean because air temperature is higher than SST except during cold pool events
(Figure 3). This particular characteristic in the BoB results from entrainment of warm air from
above the atmospheric to the surface layer due to strong wind shear during summer (Bhat and

Fernando, 2016) and is distinct from most open-ocean conditions in the tropics.

The impact of cold pool events is apparent in multiple parameters such as air temperature
and specific humidity (Figure 3). Following Yokoi et al. (2014), we identified cold pools when the
air temperature drops by more than 1°C within 30 min. The primary advantage of this criterion is
that the response of air-temperature due to the cold pool is well-differentiated from the background
variability compared to other parameters such as specific humidity (Figure 3). Note that the cold
pool identification criterion used in this study neglects weaker events with air temperature drop
less than 1°C. The main advantage of our criterion is that it only identifies those events that can
significantly influence air-sea interaction processes in the BoB. For instance, during the weak cold
pool event with an air temperature drop of 0.5°C on 19 July 2009 (Figure 3b), the response of
LHF, air specific humidity, and SHF cannot be differentiated from the background variations . The
primary objective of this study is to understand the air-sea interaction processes associated with

cold pool activity in the BoB, so we restrict ourselves to those cold pool events that can
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significantly modulate air-sea interactions as defined by the 1°C air temperature threshold

criterion.

A schematic of a typical cold pool event is depicted in Figure 4. The cold pool duration is
defined as the period between the start of the air temperature decrease (7inia/) and the time it
reaches its minimum value (7jnar). The difference in air temperature (47%) at Tintiai and Tfinar is used
to quantify cold pool intensity. The cold pool recovery time is defined in terms of an e-folding
(1/e) recovery time (7eoid), such as the air temperature at Tfinar (Ta_final) increases by 63 % of AT,
(T4_finart0.634T,). The responses of other parameters (e.g. 4SHF) to the cold pool event are

estimated as the difference between the Tfinaw minus Tiniar values.

In this study, cold pool events are categorized into single, double and multiple according
to their frequency of occurrence. Cold pool events separated by 4 hours prior are considered as
single events. If the gap between 2 events is less than 4-hours, it is considered as a double event;
if more than two events occur consecutively with less than four-hour gap, they are considered
multiple events. Single events exhibit a distinct drop and recovery. It is not always evident that
double and multiple cold pool events recover to their e-folding values due to the close temporal

proximity of these events.

The availability of air temperature data at each mooring location in the BoB (Figure 2)
indicates that air temperature is available during October 2008 to December 2011 and December
2012 to May 2016 at 15°N; November 2009 to August 2011 and September 2012 to March 2016
at 12°N; and December 2006 to March 2010, October 2010 to May 2012, and March 2016 to
December 2016 at 8°N (Figure 2). We present the statistics of cold pool, such as number, intensity,

and recovery time, based on these air-temperature data.
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LHF and SHF are available less often than air temperature because they depend on the
simultaneous availability of multiple data sets (Figure 2). For example, at 15°N the LHF and SHF
data are not available from November 2009 to October 2010 and August-October 2013 due to the
lack of SST and wind data. Similarly, net surface heat flux data is not available during October
2013 at 12°N and during May-September 2007, May 2009 to March 2010, and March-December
2016 at 8°N. However, during summer (May-September), which is the primary season we focus
on in this study, LHF and SHF data available for four (2009, 2013, 2014 and 2015), six (2010,
2011, 2012, 2013, 2014 and 2015) and two (2008 and 2011) years at 15°N, 12°N, and 8°N,

respectively (Figure 2).

In this study, all the data are presented in Local Sidereal Time (LST; 5 hr 30 min ahead of
UTC). The daily anomaly of a parameter is computed by removing the daily average from the
respective day (defined as 24 hours from 0600 LST). Following Cronin and McPhaden (1999) and
Clayson and Weitlich (2007) the diurnal amplitude of a parameter is defined as the difference
between the maximum and minimum value in a day. For ease of interpretation, the composite
evolution of meteorological parameters due to cold pool events is presented in the study. The
standard error of mean for each variable is estimated through bootstrap methods (Thomson and
Emery, 2014). The main advantage of these methods is that they do not require assumptions about
the data distribution and they can be applied to small data samples to estimate uncertainties

(Thomson and Emery 2014).

Three hourly precipitation data from the Tropical Rainfall Measuring Mission (TRMM) Multi-
Satellite Precipitation Analysis (TMPA) are utilized to analyze the spatiotemporal evolution of
large scale synoptic conditions associated with the diurnal variability of cold pool activity in the
BoB (Huffman et al. 2007). In this study, we use version-7 of TMPA 3B42 dataset, also known as

10
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TRMM 3B42 V7, which uses an improved algorithm over the earlier version-6. The TMPA 3B42
algorithm combines precipitation estimates from microwave sensors onboard low-earth orbiting
satellites and infrared sensors onboard geostationary satellites and also uses available rain gauge
data over the land to produce precipitation rate. The TRMM3B42 V7 precipitation data with
0.25°x0.25° spatial resolution is available between in the latitude band 50°S to 50°N. The 3-hourly
averaged TRMM3B42 V7 rain rate values are centered at the middle of each 3-hour period. The
one hourly TRMM 3G68 precipitation data is another product useful for investigating the diurnal
variation of rainfall; however, its spatial resolution is coarser (0.5°x0.5°) compared to

TRMM3B42 data. For the sake of brevity, we define TRMM3B42 V7 as TRMM in the rest of the

paper.

3. Results

3.1. Seasonality of cold pool events

The monthly evolution of the average number of cold pool events and the percentage of
days they occur at each mooring location in the BoB (Figure 5) indicates a significant seasonality
at 15°N and 12°N. Relatively low values prevail at the beginning of the year followed by a sudden
enhancement in the activity during May, reaching peak intensity during June-August and falling
off from October onwards. The monthly average of cold pool events is low (< 7) and relatively
infrequent (~16 % of days) during winter (December-February) and spring (March-April) at 15°N
and 12°N (Figure 5). Conversely, the cold pool events are plentiful during summer (May-
September) and fall (October-November), with monthly average of cold pool events being ~25
during summer and 20-25 during fall at 15°N and 12°N. Cold pool events were also reported on
approximately 60 % of the days during summer and 40-50 % days during fall (October-November)

at 15°N and 12°N (Figure 5b).
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The seasonal variability of the cold pool event is relatively weak at 8°N, but there is an
apparent semi-annual cycle with peak intensity during April-May and October-December at 8°N
(Figure 5). The semiannual cycle may be associated with the position of intertropical convergence
zone in the southern BoB and its seasonal northward and southward migration (Figure 1). Tropical
cyclones in the BoB also show a bi-model structure, occurring more frequently in April-June and
October—December (Girishkumar and Ravichandran, 2012; Li et al. 2013b), so that the existence
of semi-annual variability in cold pool event may partially be associated with this seasonality of

tropical cyclones.

During the summer, cold pool events are fewer at 8°N compared to the northern mooring
locations, likely related to the seasonal distribution of rainfall during the summer in the BoB, which
decreases towards the south (Figure 1a). Conversely, the cold pool events are relatively more
frequent at 8°N during the fall (October-November) compared to 12°N and 15°N associated with

a southward rainfall shift in the BoB (Figure 1b).

In summary, cold pool events are plentiful and frequent during the summer (May-
September) and fall (October-November) compared to other seasons in the BoB, particularly, at
15°N and 12°N. Thus, we will not consider winter (December-February) and spring (March-May)
in the subsequent analysis, since the relatively small number of cold pool events during these
seasons may not contribute significantly to air-sea interaction processes in the BoB. In the next
section, we examine the diurnal variability of cold pool events during summer (May-September)

and fall (October-December).

3.2. Diurnal variability of cold pool events

12



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

The diurnal cycle of cold pool events during summer at each mooring shows a sudden
enhancement in activity at 1000 LST, reaching peak intensity between 1200-1800 LST and falling
off between 1800 LST-2400 LST at 15°N and 12°N (Figure 6a). The afternoon peak in the cold
pool activity during summer is also evident in the Figure 3a. However, an afternoon peak in cold
pool events is not evident at 8°N during the summer (Figure 6a). In contrast, there is no evidence
of diurnal variability of cold pool events in the BoB during fall (October-November); instead, cold

pool events are distributed roughly equally in each two-hour bin (Figure 6b).

The frequency distribution of the cold pool events in different six-hour bins (0000-0600
LST, 0600-1200 LST, 1200-1800 LST, and 1800-2400 LST) during summer (Table 2) indicates
that cold pool activity has a well-defined afternoon peak between 1200-1800 LST, with 38 % of
all events at 15°N and 34% of all events at 12°N occurring during this time. The presence of a
well-defined afternoon peak (1200-1800 LST) in cold pool activity is evident in both single and
double events at 15°N and 12°N (Table 2). However, such an afternoon peak is not evident at 8°N

and cold pool events are distributed almost equally in each six-hour bin (Table 2).

Of all the cold pool events identified during the summer (May-September) and fall
(October-November), 66-73 % events were single events, 18-21 % events were double events, and
9-13 % events were multiple events (Table 1). Moreover, these percentages are roughly the same
at all the mooring locations (Table 1). Hence, for the sake of brevity in subsequent analyses, our
discussion will focus on single events unless stated otherwise. Moreover, given the relatively small
number of multiple and double cold pool events, it is difficult to form composites of these events
separately with any degree of statistical reliability. Also, since cold pool activity shows a well-

defined diurnal variation, we focus only on summer in the subsequent sections.
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3.3. Diurnal variability of cold pool intensity

The composite evolution of air temperature four hours before and after single cold pool
events for the six-hour bins (0000-0600 LST, 0600-1200 LST, 1200-1800 LST, and 1800-2400
LST) is shown in Figure 7a. The air-temperature (7,) during a cold pool event shows a sudden
reduction in half an hour and recovers gradually (Figure 7a). The percentage of occurrence of
different magnitudes of the air temperature drop (474) during cold pool events shows that the bulk
(~55-65%) of the reduction ranges from -1°C to -2 °C (Figure 8a-8c). Note that at 15°N and 12°N,
approximately 45% of cold pool events have 47, magnitude of more than -2°C (Figure 8a and 8b).
The AT, associated with individual cold pool events reaches as high as -5°C with an average drop

around -2°C (Figures 8a-8c).

The frequency of cold pool recovery times (e-folding recovery time of air temperature)
shows that around 26 % (at 15°N and 12°N) and 34 % (at 8°N) of cold pool events recover within
30 min and a roughly similar percentage of events recover within 1 hr (Figure 8d-8f). Note also
that at 15°N and 12°N, approximately 50 % of cold pool events has recovery time more than 1 hr
(Figure 8d-8e). The e-folding recovery time of the individual cold pool events reaches as high as

4 hrs (~3 % events), with an average recovery time around 1 hrs 20 min (Figure 8d-8f).

The existence of diurnal variability of cold pool intensity at the mooring locations is
evaluated through a composite evolution of A7 (Figure 9a). The A7 associated with the cold pool
event shows a clear diurnal cycle at 15°N and 12°N (Figure 9a). At 15°N and 12°N, the AT, values
progressively increase from 0800-1000 LST and reach maximum value (-2.5 °C) around 1400-

1600 LST. They then decrease afterwards, reaching a minimum value (-1.9 °C) around 0400 LST

14
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(Figure 9a). However, an afternoon peak in the cold pool intensity is not evident at 8°N in that 474
does not show any diurnal variability (Figure 9a). Note also that the e-folding recovery time of the
cold pool does not show any diurnal variability (Figure not shown). In summary, the cold pool
events are more frequent and intense in the afternoon during summer at 15°N and 12°N (Figure

9a).
3.4. Diurnal variability of atmospheric parameters associated with cold pools

Similar to the air-temperature, composite evolution of specific humidity of air (g.) four
hours before and after single cold pool events for the six-hour bins also shows a sudden decreasing
tendency in association with cold pool (Figure 7e). The percentage of occurrence of different
magnitudes of the air specific humidity drop (4¢g«) during cold pool events shows that the bulk
(~60-65%) of the reduction ranges from -1 gKg™! to -3 gKg™! (Figures 10a-10c). The average value
of Aga is around -1.8 g Kg! (Figures 7e and 10a-10c) but becomes as large as -4.5 g Kg! in
response to some individual cold pool events (Figures 10a-10c). Note that at 15°N and 12°N,
approximately 11% of cold pool events have Ag. magnitude of more than -3 gKg'!, and
approximately 5% events have magnitude of less than -0.5 gKg!' (Figure 9a-9b). Like AT., the
composite evolution of Aq. also shows diurnal variability at 15°N, with 4q. showing a maximum
drop (-2 g Kg!) in the afternoon and a minimum drop (-1.3 g Kg'!) in the early morning (Figure
9b). Diurnal variability in 4q. is also observed at 12°N, though its amplitude is small compared to
15°N (Figure 9b). However, diurnal variability in 4q. is not evident at 8°N (Figure 9b).

The evolution of wind speed during the cold pool events shows sudden enhancement with
an average value is around (~2.5 m s™), though its maximum intensity is reached approximately
10-20 min before air temperature reaches its peak value (Figure 7d). The frequency distribution of
wind speed enhancement (4WS) during cold pool events shows that the bulk (~60-65%) of the
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enhancements range from 1 ms™! to 5 ms™! (Figure 10d-10f). For some individual cold pool events,
AWS due to cold pool reaches as high as 8-10 m s (Figure 10d-10e). Note that, in contrast to Aqa,
approximately 20-30% of cold pool events have a weak wind speed response of < 1 ms™ (Figure
10d-10f). Moreover, AWS associated with cold pool events do not show diurnal variation (Figure
9¢).

A sudden enhancement in SHF loss from the ocean is observed during cold pool events
(Figures7c). The frequency distribution of enhanced SHF (4SHF) during cold pool events shows
that the bulk (~50 %) of the reduction ranges from -10 Wm™ to -30 Wm™ (Figures 10g-10i). The
average value of ASHF is around -30 Wm™ (Figure 10g-10h) but it becomes as large as -80 Wm™
in response to some individual cold pool events (Figure 10g-10h). Note that, at 15°N and 12°N,
approximately 40% of cold pool events have ASHF magnitude of more than -30 Wm™ and
approximately 10% events have magnitude of less than -10 Wm™ (Figure 10g-101).

In response to cold pool events, LHF loss from the ocean shows an enhancement of -80
Wm? (Figures 7g), with individual events reaching -240 Wm™ (Figure 3e and 10j-101). The
frequency distribution of latent heat loss (4LHF) enhancement shows approximately 40% of cold
pool events have ALHF magnitude of between -40 Wm™ and -100 Wm™, with approximately 30%

of events having a magnitude greater than -100 Wm™ (Figures 10j-101).

As expected, the composite evolution of enhanced SHF loss (ASHF) due to cold pool
events shows a clear diurnal cycle at 15°N and 12°N with the largest value of ~-40 W m™ during
1400-1600 LST and a minimum enhancement of -20 W m™ during 0200-0400 LST (Figure 9c¢).
The composite evolution of enhanced LHF loss (ALHF) during cold pool events also shows a clear
diurnal cycle at 15°N and 12°N with a maximum enhancement of -100 Wm™ during 1400-1800

LST and a minimum of -60 W m during 0200-0600 LST (Figure 9d). These results indicate an
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approximate two-fold enhancement in LHF and SHF associated with cold pool events in the
afternoon compared the night at 15°N and 12°N during summer. These features suggest that air-
sea interaction processes are very strong during the afternoon when the BoB experiences well-
defined cold pool events during summer. However, such a diurnal variability is not apparent at

8°N.

3.5. Relative contribution of wind speed, specific humidity, and air temperature to turbulent

fluxes

Wind speed and sea-air temperature difference (47) are the primary parameters governing
the modulation of SHF, while wind speed and sea-air specific humidity difference (4¢q) determine
the modulation of LHF (equations 1 and 2). Note that air temperature response (7z; 2°C) during
cold pool events is much higher than SST (~0.1°C), which indicates that the reduction in air
temperature (7) largely determines the enhancement of AT (Figures 7a and 7b). Similarly, the
specific humidity response (ga; ~2 gKg™') during the cold pool events is much higher than specific
humidity at the sea surface (gs; ~0.1 gkg™), indicating that the reduction in g« primarily determines

the enhancement of 4q (Figures 7e and 7f).

The relative contribution of wind speed and g (72) on LHF (SHF) during cold pool events
is examined by isolating their response from one another. For this purpose, SHF'is determined
independently by two methods: one by retaining only the enhancement of wind speed (SHF_WS)
and other by retaining only the reduction of air temperature (SHF 7). Similarly, LHF is estimated
separately by keeping only the response of wind speed (defined as LHF WS) or the air-specific

humidity (defined as LHF qa) due to cold pool events. A 24-hr running mean is applied to the
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wind speed and 74 (ga) to illustrate their effects on SHF (LHF) intensification (Figures Sla, S1b

and S1d).

The composite evolution of SHF (LHF) four hours before and after single cold pool events
is compared with SHF (LHF) values computed from the aforesaid methods (Figure 11). Note that
the sum of SHF T, and SHF WS (LHF gaoand LHF WS) captures the bulk (90-93 %) of the
actual SHF (LHF) variability due to the cold pool events (Figure 11; compare black and cyan
lines), which gives us confidence in the validity of this approach. From this procedure we can also
infer that variability in the transfer coefficients (Cr and C. in equations 1 and 2) plays a relatively
minor role in modulating SHF and LHF during cold pool events, it is consistent with Yokoi et al.

(2014).

Our analysis shows that SHF Ta captures the bulk (~86-90 %) of the intensification
observed in the SHF compared to SHF WS (5-10 %) during cold pool events (Figures 11a-11c).
This characteristic of SHF variability is evident at all the mooring locations in the BoB (Figures
11a-11c). The analysis suggests the dominant role of 7, in determining the SHF enhancement

during cold pool events.

A similar analysis on LHF shows a significant contribution (~60%) by LHF _gqa, though the
contribution of LHF WSis also notable (~40%; Figures 11d-11e). This characteristic
of LHF variability due to the cold pool is evident at 15°N and 12°N in the BoB (Figures 11d-11e).
However, at 8°N, wind speed shows a slightly higher contribution (60 %) than g« (50 %) to
determine the increased LHF . These characteristics suggest that the variability of LHF is
primarily determined by ¢g. and wind speed in contrast to SHF for which wind speed was less

important (Figure 11). We note that the relative contribution of wind speed and 7. to SHF and
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wind speed and g. to LHF reported here is consistent with previous studies in the equatorial Indian

Ocean (Yokoi et al. 2014) and in the tropical Pacific (Saxen and Rutledge 1998).

3.6. Large scale synoptic conditions associated with cold pool event

Six-hour composites of TRMM rainfall (Figures 12a-12d) and rainfall anomaly (Figure
S2a-S2b) are examined to understand the diurnal evolution of synoptic conditions responsible for
the cold pool events in the BoB. A Hovmoller diagram of rainfall and rainfall anomaly averaged
over a longitude band 85°E-95°E and a latitude band 12°N-15°N in the BoB are also analyzed to
identify any propagation characteristics in diurnal variability of rainfall (Figures 12e, 12f, S2e and
S2f). The composite of rainfall anomaly constructed here is based on all those days with single
cold pool events occurred. There is a persistent occurrence of rainfall maxima in the northeastern
BoB with a maximum intensity during 0000-0600 LST (Figures 12a and S2a). The RAMA
moorings at 15°N and 12°N are located at the outer periphery of these rainfall maxima (Figures

12a and 12b).

As reported by earlier studies and as evident in Figures 12e and 12f, southeastward
propagation of a coherent band of rainfall maxima from the western BoB on diurnal time scale is
also apparent (Sahany et al. 2010, Varikodan et al. 2012, Kilpatrick et al. 2017). During 0600-
1200 LST, a band of well-defined positive rainfall anomaly exists in the western BoB aligned
parallel to the coast (Figure 12b and S1b) and it moves further southeastward during 1200-1800
LST (Figure 12¢ and S2c¢). During 1800-2400 LST, the intensity of the rainfall anomaly declines
and moves further southeastward (Figure 12d and S2d). The RAMA moorings at 15°N and 12°N
come under the influence of this southeastward propagating rainfall band between 1300 LST-1500

LST (Figures 12e, 12f, S2e and S2f). Note that the RAMA mooring at 8°N does not come under
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the influence of this southeastward propagating rainfall band (Figures 12a-12d, Figures S2a-S2d),
which explains why the frequent and intense cold pool events at 15°N and 12°N during the
afternoon are not observed at 8°N in the BoB (Figure 6a). The strong temporal correspondence
between the arrival of the southeastward propagating rainfall band and occurrence of cold pool
events in the afternoon is also clearly evident in the continuous-time series observations during
14-30 July 2009 at the 15°N RAMA mooring location (Figure 3a and 3b).

The phase speed estimated from the slope of the propagating rainfall features in the BoB
is approximately 23 m s™' (Figures 12e and S2e) and, it is consistent with gravity wave speed as
reported in earlier BoB studies (Kilpatrick et al. 2017). These features suggest that the
southeastward propagation of diurnally-evolving rainfall controls sub-daily variability in cold pool

events and associated air-sea interaction processes in the BoB.

4. Summary and conclusion

Atmospheric cold pools generated through downdrafts from convective systems can
significantly modulate air-sea interaction processes over the ocean. Earlier studies have shown the
existence of an afternoon peak in the rainfall activity during the summer (May-September) in the
BoB suggesting that cold pools may also be prevalent then. Motivated by these studies, we
examine the diurnal variability of atmospheric cold pools in the BoB and their role in the
modulation of air-sea interaction processes using moored buoy data with a 10-min temporal
resolution at 8°N, 12°N, and 15°N along 90°E.

On seasonal time scales, cold pool activity at 15°N and 12°N shows a peak intensity during
summer (May-September) and fall (October-November). On the other hand, cold pool events are

scarce during winter (December-February) and spring (March-April) at 15°N and 12°N. Seasonal
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variability in cold pool events is relatively weak at 8°N, with an apparent semi-annual cycle
exhibiting peak intensity during April-May and October-December at 8°N. This semiannual cycle
may be associated with the position of intertropical convergence zone in the southern BoB and the
semi-annual cycle in the formation of tropical cyclones in the BoB.

A well-defined diurnal variability in the cold pool activity with an afternoon peak in
occurrence is noted during summer (May-September) at 15°N and 12°N. We also find diurnal
variability in the intensity of cold pool events, with more intense events tending to occur during
the afternoon. In addition, though cold pool events are plentiful in the fall (October-November) in

the BoB, our analysis finds no diurnal variability of these events during this season.

Our analysis shows that diurnal variability in air-sea interaction processes, with an
afternoon peak, in response to cold pool events in the BoB during summer (May-September).
Specifically, LHF and SHF loss from the ocean is enhanced by a factor of two in association with
cold pool events during the afternoon compared the night. Our analysis shows further that during
cold pool events, LHF is modulated through the combined influence of both wind speed and 4q.
In contrast, AT primarily determines the variation of the SHF during cold pool events. The relative
contribution of wind speed and 4g on LHF and wind speed and AT on SHF reported here is
consistent with similar studies in the equatorial Indian Ocean (Yokoi et al. 2014) and in the tropical
Pacific (Saxen and Rutledge 1998).

Our analysis further shows that sub-daily scale variability in cold pool activity and
associated air-sea interaction processes are linked to southeastward propagation of synoptic-scale
rainfall activity on diurnal time scales from the western BoB. While our discussion is primarily
focused on just single cold pool events, we note that the propagating pattern in rainfall is evident

in composite field of rainfall anomalies based on all the cold pool events (Figure S3). During 1200
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LST-1800 LST, when the BoB experiences a well-defined afternoon peak in intense cold pool
events, the core of rainfall maximum covers approximately half of the basin in the meridional
direction (10°N-18°N and 86°E-92°E) (Figure 12c). This suggests that the diurnal variation of cold
pool activity has a significant role in modulating air-sea interaction processes in the BoB during
summer.

Cronin et al. (2019) suggest that better representation of cloud formation processes can
improve the simulation of radiative and turbulent heat fluxes in numerical weather prediction
models. Hence, it is essential to accurately simulate the sub-daily cold pool variability due to
convective systems and associated air-sea interaction processes for better representation of
turbulent heat flux in the BoB. Failure to represent this cold pool activity may lead to an inaccurate
representation of net surface heat flux, which may generate errors in the simulation of upper ocean
temperatures. For instance, the inability of coupled models to reproduce this diurnal variability in
cold pool events in the BoB may lead to accumulated errors in net surface heat flux and associated
ocean-atmosphere feedback mechanisms, potentially affecting the accuracy of subseasonal,
seasonal and interannual time scale simulations.

Past studies have shown that cold pool events can modulate SST (Anderson, and Riser, 2014;
Pei et al. 2018). However, the impact of cold pool events on SST in the BoB has not been examined
to date. Detailed analysis on the diurnal variability of cold pool events and their influence on the

SST will be the subject of a separate study.
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Figures captions

Figure 1. The seasonal average (1998-2017) of TRMM rainfall (mm day') during (a) summer
(May-September), (b) fall (October-November), (c) winter (December-February), and (d)
spring (March-April) in the BoB. The RAMA mooring locations in the BoB are marked in

pink circles.
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Figure 2. The availability of air temperature (black) and turbulent heat fluxes (red; LHF and SHF)

from the RAMA mooring at 15°N, 90°E, 12°N, 90°E and 8°N, 90°E.

Figure 3. (a) The hovmoller diagram of TRMM rainfall (mm hr!) averaged over a latitude band
13°N-17°N. The temporal evolution of (b) air temperature (°C; Tz) (c) sensible heat flux
(W m%; SHF), (d) air specific humidity (g Kg™" g4) and (e) latent heat flux (W m'* LHF)
from RAMA mooring at 15°N, 90°E during 14-30 July 2009. The tilted black lines in the
panel (a) depict the offshore propagation of rainfall band. The pink horizontal line in the
panel (a) represents the RAMA mooring location at 90°E. The cold pool events at the
mooring locations are highlighted in the grey transparent shading. In the panels (c) and (e)
the black line represents RAMA analysis and green line represents RAMA CERES

analysis.

Figure 4. A schematic of a typical cold pool event based on air temperature drop and its e-folding
recovery time. The cold pool active duration is defined as the period between when air
temperature starts to decrease (7inia/) and when it reaches the minimum value (7finar). The
difference in air temperature (474) at Tiniarand Tjinal is used to quantify cold pool intensity
The cold pool recovery time is defined in terms of an e-folding (1/e) recovery time (7e-oia),
such as the air temperature at 7finai (Ta_finat) increases by 63 % of ATu (Ta_finai+0.634Ta).
The responses of other parameters (e.g. ASHF) to the cold pool event are estimated as the

difference between Tfinas minus and Tinsias values.

Figure 5. The monthly evolution of (a) average number of cold pool events (b) percentage of days
cold pool events were reported at 15°N, 90°E, (black) 12°N, 90°E (red) and 8°N, 90°E

(green) in the BoB. The seasons in this study are defined as summer (May-September), fall
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(October-November), winter (December-February), and spring (March-April). Shading
represents the one-standard error and it is estimated based on year-to-year deviations from

the mean seasonal cycle using bootstrap method.

. Figure 6. The average number of cold pool events observed in two-hour bins at 15°N, 90°E,

(black) 12°N, 90°E (red) and 8°N, 90°E (green) in the BoB during (a) summer (May-
September) and (b) fall (October-November). The pink vertical shading demarcate periods
used for six-hour composites (0000-0600 LST, 0600-1200 LST, 1200-1800LST and 1800-
2400LST). The 2-hourly averaged values are cantered in the middle of each two hours; for
instance, the number of cold pool events corresponding to 0300 LST represents the number
of events between 0200 LST and 0359 LST. Note that for the calculation we considered
only those years with a minimum of 70 % data availability in a season (table-S1). Shading
represents the one-standard error and it is estimated based on year-to-year deviations from

the mean diurnal cycle using bootstrap method.

Figure 7. Composite evolution of anomaly of meteorological parameters 4-hr before and after the

single cold pool events which occurred during 0000-0600 LST (red), 0600-1200 LST
(green), 1200-1800 LST (blue) and 1800-2400LST (cyan) at (left) 15°N, 90°E, (middle)
12°N, 90°E and (right) 8°N, 90°E in summer (May-September). (a) air temperature (°C;
T,) (b) difference in sea surface temperature and air temperature (°C; A7), (c) sensible heat
flux (W m?; SHF) (d) wind speed (m s'), (e) air specific humidity (g Kg'; ga), (f)
difference in specific humidity between sea surface and air (g Kg''; 4¢9), (g) latent heat flux

(W m%; LHF).
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Figure 8. The frequency (a, b and ¢) of air temperature drop (°C; 47%) in 0.5°C bins (e.g. -2°C 4Tx

corresponds to percentage of events with air temperature drop between -2 to -2.5°C) and
(d, e and f) e-folding recovery time (hours) in 30 min bins (e.g. 1-hour corresponds to
percentage of events with recovery time between 30-min to 1-hours) due to the single cold
pool events at (left) 15°N, 90°E, (middle) 12°N, 90°E and (right) 8°N, 90°E during summer
(May-September). The numbers in the top and bottom panels represent the mean of air
temperature drop (°C) and e-folding recovery time (hours), respectively. Note that, we
considered only those cold pool events with air temperature drop more than 1°C, hence, in

the panels (a)-(c) the minimum drop restricted 1°C.

Figure 9. The diurnal variability of maximum response of surface meteorological parameters due

to single cold pool events with respect to pre-cold pool conditions averaged over two-hour
bins during summer (May-September). (a) reduction in air temperature (°C; 474), (b)
reduction in specific humidity (g Kg™'; 4¢4) (c) enhancement in sensible heat flux loss (W
m2; ASHF) (d) enhancements in latent heat flux loss (W m?; ALHF), (¢) enhancement in
wind speed (m s!; AWS) at (left) 15°N, 90°E, (middle) 12°N, 90°E and (right) 8°N, 90°E.
The 2-hourly averaged values are centered at the middle of each two-hour period; for
instance, 47, corresponding to 0300 LST represents the average value between 0200 LST
and 0339 LST. Shading represents the one-standard error and it is estimated based on the
deviations of data from the mean in each two-hour bins using bootstrap method. Time in
LST hours. Note that response of surface meteorological parameters shows a sudden
enhancement around 1000 LST and reach peak values around 1600 LST. This is primarily
due to increase in cold pool activity at 1000 LST, reaching peak intensity between 1200-

1800 LST as depicted in the Figure 6a.
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Figure 10. The frequency (a, b and c) of air specific humidity drop (4q.; gKg™!) in 0.5 gKg™! bins

(e.g. -2 gKg'4qa corresponds to percentage of events with air specific humidity drop
between -2 to -2.5 gKg™), (d, e and f) enhancement of wind speed (4WS; ms™) in every 1
ms™! bins, (g, h, i) enhancement in SHF (ASHF; Wm™) in every 10 Wm™ bins, and (j, k,
and 1) enhancement in LHF (ALHF; Wm) in every 20 Wm™ bins due to the single cold
pool events at (left) 15°N, 90°E, (middle) 12°N, 90°E and (right) 8°N, 90°E during summer
(May-September). The numbers in the top and bottom panels represent the mean of

atmospheric parameters.

Figure 11. Composite evolution of (a, b and ¢) SHF anomaly (Wm™) and (d, e, and f) LHF anomaly

(Wm) 4-hr before and after the single cold pool events at (a and d) 15°N, 90°E, (b and e)
12°N, 90°E and (c and f) 8°N, 90°E. SHF (black line), SHF estimation retaining only the
enhancement of wind speed (SHF_WS; green line), and only the reduction of 7, (SHF Tu;
green line) are presented in the top panels. LHF (black line), LHF estimation retaining only
the enhancement of wind speed (LHF WS, green line) and only the reduction of ga
(LHF _qa; green line) are presented in the bottom panels. The cyan line represents the (top
panels) sum of SHF T, and SHF WS and (bottom panels) sum of LHF q. and LHF WS.
The numbers in the top and bottom panels represent the mean value of enhancement of

SHF (Wm) and LHF (Wm™) during the cold pool, respectively.

Figure 12. The composite evolution of diurnal variability of TRMM rainfall (mm hr!") during those

days with single cold pool events during (a) 0000-0600 LST, (b) 0600-1200 LST, (c¢) 1200-
1800 LST and (d) 1800-2400 LST. The Hovmoller diagram of composite of TRMM
rainfall (mm hr!) averaged over (e) a longitude band 85°E-95°E and (f) a latitude band

12°N-15°N. The black dashed arrows in the panel (e) and (f) are presented to depict the

35



771 propagating nature of rainfall. Time in LST hours. The pink circles in the panels (a) to (d)

772 represent mooring locations at 15°N, 12°N and 8°N.

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788  Figures with captions

36



789

790

791

792

793

794

795

(b)

20
20°N

18

16°N | 16

12°N | 14

] 12

8°N 10

4°N 9

(d) 8

] v

20°N | 6

16°N | 5

] 4

12°N | ° 3

BoN 1 > 2

1 1

4°N 0

80°E 88°E 96°E 80°E 88°E 96°E

Figure 1. The seasonal average (1998-2017) of TRMM rainfall (mm day') during (a) summer
(May-September), (b) fall (October-November), (c) winter (December-February), and (d) spring

(March-April) in the BoB. The RAMA mooring locations in the BoB are marked in pink circles.
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Figure 3. (a) The hovmoller diagram of TRMM rainfall (mm hr!) averaged over a latitude band
13°N-17°N. The temporal evolution of (b) air temperature (°C; T.) (c) sensible heat flux (W m?;
SHF), (d) air specific humidity (g Kg'" g«) and (e) latent heat flux (W m'* LHF) from RAMA
mooring at 15°N, 90°E during 14-30 July 2009. The tilted black lines in the panel (a) depict the
offshore propagation of rainfall band. The pink horizontal line in the panel (a) represents the
RAMA mooring location at 90°E. The cold pool events at the mooring locations are highlighted
in the grey transparent shading. In the panels (c) and (e) the black line represents RAMA analysis

and green line represents RAMA CERES analysis.
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Figure 4. A schematic of a typical cold pool event based on air temperature drop and its e-folding
recovery time. The cold pool active duration is defined as the period between when air temperature
starts to decrease (7iniar) and when it reaches the minimum value (7jna). The difference in air
temperature (A7) at Tintia and Trnar is used to quantify cold pool intensity The cold pool recovery
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ASHF) to the cold pool event are estimated as the difference between Tfinas minus and Tinsiar values.
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the BoB. The seasons in this study are defined as summer (May-September), fall (October-
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of one-standard error based on year-to-year deviations from the mean seasonal cycle using

bootstrap methods.
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Figure 6. The average number of cold pool events observed in two-hour bins at 15°N, 90°E, (black)
12°N, 90°E (red) and 8°N, 90°E (green) in the BoB during (a) summer (May-September) and (b)
fall (October-November). The pink vertical shading demarcates periods used for six-hour
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averaged values are cantered in the middle of each two hours; for instance, the number of cold
pool events corresponding to 0300 LST represents the number of events between 0200 LST and
0359 LST. Note that for the calculation we considered only those years with a minimum of 70 %
data availability in a season (table-S1). Shading represents estimates of one-standard error based

on year-to-year deviations from the mean seasonal cycle using bootstrap methods.
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Figure 7. Composite evolution of anomaly of meteorological parameters 4-hr before and after the
single cold pool events which occurred during 0000-0600 LST (red), 0600-1200 LST (green),
1200-1800 LST (blue) and 1800-2400LST (cyan) at (left) 15°N, 90°E, (middle) 12°N, 90°E and
(right) 8°N, 90°E in summer (May-September). (a) air temperature (°C; 7x) (b) difference in sea

surface temperature and air temperature (°C; A7), (c) sensible heat flux (W m?2; SHF) (d) wind
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Figure 8. The frequency (a, b and ¢) of air temperature drop (°C; 47%) in 0.5°C bins (e.g. -2°C 4T,
corresponds to percentage of events with air temperature drop between -2 to -2.5°C) and (d, e and
f) e-folding recovery time (hours) in 30 min bins (e.g. 1-hour corresponds to percentage of events
with recovery time between 30-min to 1-hours) due to the single cold pool events at (left) 15°N,
90°E, (middle) 12°N, 90°E and (right) 8°N, 90°E during summer (May-September). The numbers
in the top and bottom panels represent the mean of air temperature drop (°C) and e-folding recovery
time (hours), respectively. Note that, we considered only those cold pool events with air

temperature drop more than 1°C, hence, in the panels (a)-(c) the minimum drop restricted 1°C.
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represents the average value between 0200 LST and 0339 LST. Shading represents estimates of
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methods. Time in LST hours. Note that response of surface meteorological parameters shows a



860  sudden enhancement around 1000 LST and reach peak values around 1600 LST. This is primarily
861  due to increase in cold pool activity at 1000 LST, reaching peak intensity between 1200-1800 LST

862  as depicted in the Figure 6a.
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Figure 10. The frequency (a, b and c) of air specific humidity drop (4g«; gKg™!) in 0.5 gKg™! bins
(e.g. -2 gKg'4ga corresponds to percentage of events with air specific humidity drop between -2
to -2.5 gKg™'), (d, e and f) enhancement of wind speed (AWS; ms™) in every 1 ms™ bins, (g, h and
i) enhancement in SHF (ASHF; Wm™) in every 10 Wm™ bins, and (j, k, and 1) enhancement in
LHF (ALHF; Wm™) in every 20 Wm™ bins due to the single cold pool events at (left) 15°N, 90°E,
(middle) 12°N, 90°E and (right) 8°N, 90°E during summer (May-September). The numbers in the

top and bottom panels represent the mean of atmospheric parameters.
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Figure 11. Composite evolution of (a, b and ¢c) SHF anomaly (Wm™) and (d, e, and f) LHF anomaly
(Wm) 4-hr before and after the single cold pool events at (a and d) 15°N, 90°E, (b and e) 12°N,
90°E and (c and f) 8°N, 90°E. SHF (black line), SHF estimation retaining only the enhancement
of wind speed (SHF WS; green line), and only the reduction of 7 (SHF Ta; green line) are
presented in the top panels. LHF (black line), LHF estimation retaining only the enhancement of
wind speed (LHF _WS; green line) and only the reduction of g« (LHF _qa; green line) are presented
in the bottom panels. The cyan line represents the (top panels) sum of SHF T, and SHF WS and
(bottom panels) sum of LHF goand LHF WS. The numbers in the top and bottom panels
represent the mean value of enhancement of SHF (Wm) and LHF (Wm) during the cold pool,

respectively.
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Figure 12. The composite evolution of diurnal variability of TRMM rainfall (mm hr!") during those
days with single cold pool events during (a) 0000-0600 LST, (b) 0600-1200 LST, (c) 1200-1800
LST and (d) 1800-2400 LST. The Hovmoller diagram of composite of TRMM rainfall (mm hr")
averaged over (e) a longitude band 85°E-95°E and (f) a latitude band 12°N-15°N. The black dashed
arrows in the panel (e) and (f) are presented to depict the propagating nature of rainfall. Time in
LST hours. The pink circles in the panels (a) to (d) represent mooring locations at 15°N, 12°N and

8°N.
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906 Tables
Coldpool events | 15°N \ 12°N 8°N
Summer
Total 651 634 491
Single 436 (67 %) 418 (66 %) 347 (70 %)
Double 139 (21 %) 129 (20 %) 88 (18 %)
Multiple 76 (11 %) 87 (13 %) 59 (12 %)
Fall
Total 224 256 303
Single 164 (73%) 175 (68%) 219 (72%)
Double 40 (18%) 53 (21%) 54 (18 %)
Multiple 20 (9%) 28 (11 %) 30 (10%)

907 Table 1. The number of total, single, double and multiple cold pool events observed at different
908  mooring locations (15°N, 12°N, and 8°N) in the BoB during the summer (May-September) and
909 fall (October-December). The numbers in the brackets (rows 3-5) indicate the percentage of

910 occurrence of each category based on the total events observed at respective mooring locations.
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15°N 12°N 8°N

Hour All Single | Double | Multiple All Single | Double | Multiple All Single | Double | Multiple
bin
0-6 135 94 23 18 140 102 24 14 122 87 17 18
20.7) | 2L.6) | (165 | (23.7) | @2.1) | (24.4) | (18.6) (16.1) | 4.8) | (25.1) | (193) | (32.1)
6-12 144 82 37 25 127 81 25 21 131 86 30 15
Q2.1) | (188) | (26.6) | (32.9) | (20.0) | (19.4) | (19.4) Q4.1) | (26.7) | 48) | (34.1) | (26.8)
12-18 247 159 63 25 216 134 46 36 123 89 20 14
(37.9) | (36.5) (45.3) (32.9) 34.1) | (32.1) (35.7) (41.4) (25.1) | (25.6) (22.7) (25.0)
18-24 125 101 16 8 151 101 34 16 115 85 21 9
(19.2) | (232) | (11.5) | (10.5) | (23.8) | (24.2) | (26.9) (184) | (234) | (245) | (23.9) | (@16.1)
920 Table 2. The number of different categories of the cold pool events (all the events, single events,
921  double events, and multiple events) is identified at different mooring locations (15°N, 12°N, and
922  8°N) in the BoB during summer (May-September) in 6-hour bins (0000-0600 LST, 0600-1200
923  LST, 1200-1800 LST, and 1800-2400 LST). The number in the bracket indicates the percentage
924  of occurrence of cold pool event in every 6-hour bins based on the respective category of events
925  observed at each mooring location.
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