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ABSTRACT: Atmospheric cold pools, generated by evaporative downdrafts from precipitating clouds, are ubiquitous in the
Bay of Bengal. We use data from three moorings near 18°N to characterize a total of 465 cold pools. The cold pools are all dry,
with a typical temperature drop of 2°C (maximum 5°C) and specific humidity drop of 1 g kg™ (maximum = 6 g kg™ ). Most
cold pools last 1.5-3.5 h (maximum = 14 h). Cold pools occur almost every day in the north bay from April to November, princi-
pally in the late morning, associated with intense precipitation that accounts for 80% of total rain. They increase the latent heat flux
to the atmosphere by about 32 W m ™2 (median), although the instantaneous enhancement of latent heat flux for individual cold
pools reaches 150 W m ™2, During the rainiest month (July), the cold pools occur 21% of the time and contribute nearly 14% to the
mean evaporation. A composite analysis of all cold pools shows that the temperature and specific humidity anomalies are responsi-
ble for ~90% of the enhancement of sensible and latent heat flux, while variations in wind speed are responsible for the remainder.
Depending on their gust-front speed, the estimated height of the cold pools primarily ranges from 850 to 3200 m, with taller fronts
more likely to occur during the summer monsoon season (June-September). Our results indicate that the realistic representation of
cold pools in climate models is likely to be important for improved simulation of air-sea fluxes and monsoon rainfall.

SIGNIFICANCE STATEMENT: Atmospheric cold pools form over the ocean when falling rain evaporates, leading
to a dense cold air mass spreading over the surface. They impact air-sea heat exchanges over tropical regions and give
rise to new rainstorms. We analyze data from three fixed, closely spaced buoys to describe cold pools and investigate
their role in rainfall and air-sea interactions in the northern Bay of Bengal (Indian Ocean). We find that cold pools are
associated with about 80% of all rain and are important for ocean—atmosphere heat and moisture exchange, especially
from April to November. We estimate the speed of cold pools and derive their heights (850-3200 m) using theory.

KEYWORDS: Atmosphere; Ocean; Atmosphere-ocean interaction; Cold pools; Surface fluxes

1. Introduction thermodynamic forcing reduces the inhibition parcels experi-
ence before reaching free convection (Torri et al. 2015).

Cold pools can be very strong despite being transient (few
hours) and considerably smaller than their parent mesoscale
storms. A remarkable example of one such event was seen on
26 August 2015, during the first leg of the Air-Sea Interaction
Research Initiative (ASIRI) cruise. The R/V Roger Revelle
scientific party was crossing the Bay of Bengal at 13°N when
they felt the air temperature suddenly drop more than 5°C in
10 min, followed by gusty winds with fluctuating direction. Mas-
sive clouds blocked most of the sunlight at this time, accompa-
nied by an intense rainfall (maximum value ~ 16 mm h™') that
lasted for hours. The meteorological station data of the ship
confirm the passage through an atmospheric cold pool (Fig. 1).

Numerical simulations have shown that the specific humid-
ity of land-based cold pools strongly depends on the soil mois-
ture, with taller moist cold pools forming over dry soils and
Corresponding author: Amit Tandon, atandon@umassd.edu shorter dry cold pools forming over wet soils (Drager et al. 2020),

Atmospheric cold pools are cold pockets of air formed in
downdrafts by the evaporative cooling of clouds or raindrops
(Charba 1974; Goff 1976; Zipser 1977; Black 1978). These
cold downdrafts expand horizontally upon reaching the sur-
face, lasting for a few hours while forming gust fronts that reini-
tiate convective processes, resulting in more rain. Mechanical
lifting of warm moist air at the edges of the cold pool fronts
triggers new precipitating convective cells (see Fig. 2 from Goff
1976). In addition, other evidence has proposed that the accu-
mulated water vapor at the edge of cold pools can provide
enough buoyancy to trigger new convection (Tompkins 2001).
More recently, numerical simulations have suggested that the
mechanical lifting elevates parcels from the surface, while
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26 August, 2015

(Courtesy of San Nguyen)
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FIG. 1. (a) Storm clouds seen from R/V Roger Revelle. Four days
of 1-min measurements from shipboard meteorological station for
(b) incident shortwave radiation (W m™?), (c) air temperature
(°C), (d) rainfall (mm h™'), and (e) wind direction (degrees; red)
and wind speed (m s~ '; gray). Early on 26 Aug 2015, air tempera-
ture fell by more than 5°C in 10 min. Photo courtesy: San Nguyen.

although convective cloud organization could also play a role in
the moisture content of the cold pools (de Szoeke et al. 2017).
Over the ocean, cold pools are usually dry and substantially affect
the air-sea fluxes (de Szoeke et al. 2017; Joseph et al. 2021). An-
other interesting aspect is that modeled dry cold pools fre-
quently present a moist ring at the leading edge, which could
be explained by either the expanding cold pool at the center of
the moist air from the parent storm, or by the enhanced evapo-
ration at the cold pool front (Tompkins 2001; Langhans and
Romps 2015; Drager et al. 2020).

Cold pools are important for the air-sea fluxes. For in-
stance, de Szoeke et al. (2017) show that equatorial oceanic
cold pools are considerably dry, enhancing latent heat flux
by 25 W m™2 (20% of the mean) and sensible heat flux by
9 W m™2 (100%). In the Bay of Bengal, cold pools enhance
surface fluxes even more. Joseph et al. (2021) show that cold
pools south of 15°N in the Bay of Bengal enhance the latent
heat flux by 70 W m~2 and the sensible heat flux by 28 W m™>
on average, with an important latitudinal variability. Cold
pools are also important for the wind-driven mixing of diurnal
warm layers and sea surface temperature in the Bay of Bengal
(Girishkumar et al. 2021).

Alongside their frequency of occurrence, the distribution of
the size of cold pools is also essential for understanding their
role in weather and climate predictions. Unfortunately, cold
pools are difficult and expensive to survey—especially over
the ocean—due to their transience and small scale. So far, few
researchers have addressed the problem of the estimation of
cold pools’ size and height using observations (Terai and
Wood 2013; Zuidema et al. 2017; de Szoeke et al. 2017;
van den Heever et al. 2021). Most of the works employ numeri-
cal simulations and focus on land-based cold pools (Dawson
et al. 2010; Li et al. 2014; Jeevanjee 2017; Mallinson and
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Lasher-Trapp 2019; Drager et al. 2020). However, Grant
and van den Heever (2016) show that for experiments with
different grid spacing, the same initial cold pocket of air af-
fects the surface heat flux differently, which consequently
expands to different of length scales. Their study suggests
that at least a 100 m horizontal resolution is needed to simu-
late cold pools correctly.

Different studies have explored different data sampling ap-
proaches and aspects of cold pools over the ocean. For instance,
Terai and Wood (2013) observed cold pools by aircraft mea-
surement, Zuidema et al. (2017) by satellite, and de Szoeke et al.
(2017) by oceanographic and meteorological cruises. More re-
cently, van den Heever et al. (2021) observed land-based cold
pools using drones, and Wills et al. (2021) observed ocean-based
cold pools using saildrones. To our knowledge, until now, there is
no study that estimates the height and propagation of cold pool
fronts in the north Bay of Bengal, an important region for genesis
of monsoon tropical depressions (e.g., Goswami et al. 2016).

The main goal of this study is to investigate the atmospheric
cold pools in the north Bay of Bengal. To address this objec-
tive, we formulate the following specific questions:

e What are the characteristics of the atmospheric cold pools?

e What is their contribution to the air—sea fluxes and associa-
tion with total rain?

e What is their temporal variability, and what is their height
distribution?

In section 2, we describe the study region and the dataset.
Section 3 details the method of identification of cold pools
from mooring data and section 4 describes the basic statistics
of the cold pool events in the Bay of Bengal. In section 5,
we discuss the impact of the cold pools on the air-sea fluxes,
present composites in section 6. In section 7, we describe how
we estimate the height of the cold pools by matching propagat-
ing fronts observed at three different moorings, and conclude
with section 8.

2. The dataset

The study region of our analyses is the northern Bay of
Bengal (Indian Ocean), where three different moorings—BDOS,
BD09, and WHOI—sampled atmospheric and oceanographic
data simultaneously in 2015 (Fig. 2a). The Indian National
Institute of Ocean Technology (NIOT) collected and provided
the data from BDO08 and BD(09 moorings and the Woods Hole
Oceanographic Institution installed the WHOI mooring and
provided the data. The three moorings are located approxi-
mately at 18°N, 89.6°E. The BD08 and BD09 are 34 km apart
from each other (29 km between WHOI and BDO0S, and
31 km between WHOI and BD09). We uniquely capture the
propagation of cold pools’ fronts, for those larger than the dis-
tance between moorings.

The 1-min time series of the air temperature is very similar
between different moorings (Figs. 2b—d): all show remarkable
sharp drops of more than 1°C h™! (red) from the 30-day
running-average series (gray). These sharp drops happen
frequently from late April to November, and as expected by
their proximity, the sharp drops seem to be almost simultaneous
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FIG. 2. (a) Map with the location of the moorings. Air tempera-
ture (°C) time series for (b) BD08, (c) BD09, and (d) WHOI moor-
ings. The red lines are for =1°C h™! of temperature drop, and the
gray lines represent the 30-day running average. Map based on
Cherian et al. (2020).

at the three moorings. Most of the events happen during the
summer monsoon season. Moreover, the zoomed panels show
that temperature drops of different durations are usually stacked
into multiple events at the same time of the day.

So far, we have described some of the characteristics of
sharp temperature drops possibly related to cold pools from
the visible patterns in the time series. We next consider the
automatic identification of cold pools.

3. Identifying cold pools from mooring data

We characterize cold pools by their sharp air temperature
drops, usually greater than 1°C h™! (de Szoeke et al. 2017). Based
on this threshold from observations and previous work, we
choose a method that uses both the air temperature and its time
derivative to identify cold pool events in the mooring data.
We define prominence for air temperature as the range
(in °C) between the local minimum' and the highest local
maximum that does not enclose deeper negative peaks (Fig. 3,
right panels). The detection method is described below:

! Local minimum: T;_; > T; < T,y Local maximum: 7;_; <
T;> Tivs-
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1) remove the 30-day running average from air temperature
data (gray line from Figs. 2b-d),

2) find all negative peaks with prominence =0.5°C, and

3) keep only peaks with a =1°C h™' temperature drop over 1 h.

This method is based on the definition for topographic prom-
inence, commonly used in geography (Llobera 2001). The clos-
est local maximum that satisfies this criterion is then used to
define the duration of a cold pool event. This method identifies
cold pools without needing any previous assumptions about the
duration or interval between different peaks. We note that the
temperature drops occur very close to each other many times,
and last for different periods in the mooring time series (Fig. 2).
The last step of the algorithm distinguishes cold pools from reg-
ular nighttime cooling.

All identified cold pools are marked in red for each mooring
presented in Fig. 3. Despite missing a few events—identified
by visual inspection—the method correctly identifies the cold
pool events. To test the sensitivity of this method, we vary the
minimum required prominence from 0.2° to 0.8°C, which
varies the number of cold pools from 471 to 443, and hence is
relatively insensitive. We also vary the minimum temperature
drop and time threshold from 0.5° to 1.5°C h™! (hours for the
time threshold), which varies the number of cold pools from
477 to 432. The number of cold pools is also very similar
between the moorings for all the values tested. Therefore, we
characterize the identified cold pools using a 0.5°C prominence
and a 1°C h™! temperature drop for the remainder of this

paper.

4. The duration of cold pools

Cold pool temperature drops are usually not symmetrical
in time, with a leading front marked by a sharp temperature
drop in the beginning and slower recovery time, and most of
the previous studies have characterized cold pool recovery
time (de Szoeke et al. 2017; Joseph et al. 2021). There are dif-
ferent definitions of recovery time in the literature. However,
in theory, the recovery time is the time it takes for the mini-
mum temperature to recover to the background temperature
before the front. Mixing and advecting processes usually
change the background temperature, and most of the observa-
tions show that the recovered temperature is colder than the
prefront temperature (de Szoeke et al. 2017; Wills et al. 2021).
Similar to the occurrence and the total number of cold pools,
the distribution of cold pools’ recovery time is also very simi-
lar between different moorings (Fig. 4).

The positively skewed cumulative density function (CDF)
highlights that cold pool events typically spanned 1.5-3.5 h
(60%), but some events lasted up to 10 h. Their distribution is
approximately lognormal (see gray line, Fig. 4) with a median
of ~2 h and skewness of ~2.0. That means that the cold pools
we identify in the north Bay of Bengal last substantially lon-
ger than equatorial cold pools (~0.5 h of median recovery
time; de Szoeke et al. 2017). Joseph et al. (2021) have shown
that cold pools last shorter closer to the equator, with ~1.0 h
of median recovery time at 8°N and ~1.3 h of median recov-
ery time at 15°N. Our analyses suggest longer recovery time
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F1G. 3. (left) Time series of the air temperature anomaly from (a) BD09, (b) BD08, and (c) WHOI. The red dots
represent the negative peak of the identified cold pools. (right) Zoomed-in time series with cold pools’ prominence

(numbers) for 6 Jul 2015 (18 h from 0500 to 1100 local time).

for cold pools at 18°N. Note that this result also reaffirms the
choice of our detection method, which does not make any as-
sumptions about the duration of events.

5. Air-sea fluxes and rain during cold pools

We demonstrate the association of cold pools with air-sea
fluxes and rain by choosing a 10-day time range during the
rainiest season as an example (Fig. 5a). Most of the striking
peaks in the rain rate occur within cold pools, supporting the
strong relationship between cold pools and rain events (shared
area, Fig. 5a). In fact, this pattern occurs even beyond the selected
time range, and ~80% of the total rain in the whole time series
occurs within cold pools, pointing out the major importance of
cold pools for rainfall in the Bay of Bengal.

It is also impressive that the patterns of the precipitation
from 30-min Integrated Multi-satellitE Retrievals for GPM
(IMERG) data smoothly follow the cold pool events (red
line, Fig. 5a). The Pearson’s correlation coefficient between
IMERG and WHOI is 87%, for the total daily rain, which
suggests that IMERG correctly represents most of the daily
rain variability from the mooring data. Despite missing the
amplitude of the rain events, sometimes by an order of magni-
tude, the IMERG total rain in the whole time series is 23%
higher than in mooring data. This result may be related to the
analysis presented by Thakur et al. (2020), which suggests that
IMERG overestimates the rain rate during extreme storms,
missing the smaller-scale variability (<1/4°). While the rain
patterns may not follow the cold pool boundaries, the IMERG
product seems appropriate for tracking the rain associated
with cold pools in the Bay of Bengal.

Brought to you by University of Maryland,

In addition to the remarkable signature in the rain-rate
patterns, the cold pools also strongly influence the latent
and sensible heat fluxes in the Bay of Bengal (Figs. 5b,c) as
computed using the Coupled Ocean-Atmosphere Response
Experiment bulk parameterization model version 3.5 (hereafter
COARE 3.5; Fairall et al. 1996, 2003; Edson et al. 2013). For
the chosen time range, cold pools can enhance the sensible sea
surface heat loss by 25-50 W m~2, and latent heat flux due to
evaporation by 50-100 W m™ 2. In July, the average enhancement
in latent flux due to evaporation by cold pools is 32 W m ™2 above
the monthly mean and cold pools occur during ~21% of
the time.

Above a viscous interfacial sublayer, the sensible (Qsen)
and latent (Qya) heat fluxes between the ocean and atmo-
sphere are turbulent processes. The turbulent air-sea fluxes
depend on the wind speed relative to ocean surface (S), ex-
pressed according to a bulk aerodynamic formula as

Qsen = pacpaChS(Ta - Ts) (13)

and

Qlat = paLeCeS(qa - qs)’ (]‘b)
where p, is the air density, c,, is the specific heat of air, L, is
the latent heat of evaporation, C;, and C, are the transfer co-
efficients of sensible and latent heat flux, g, is the saturated
specific humidity at 7, the sea surface temperature, and ¢,
and T, are, respectively, the specific humidity and tempera-
ture of the air at a few meters above the air-sea interface
(Fairall et al. 1996; Cronin and Sprintall 2001). We used the
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FIG. 4. Cumulative density function (CDF) for detected cold
pools from (a) BD09, (b) BD08, and (c) WHOL The dark gray
dashed line represents the median, and the shaded gray area repre-
sents the 20-80th-percentile range. The dark gray solid line repre-
sents the lognormal fit for all moorings.

sign convention that negative fluxes tend to cool and/or evap-
orate water from the ocean surface.

The latent and sensible (Figs. 5b,c) fluxes are enhanced
mainly due to the anomalous thermodynamic interfacial differ-
ences of humidity (g, — ¢y, Fig. 5¢) and temperature (7, — Ty,
Fig. 5f). Some cold pools even reached 4°C colder than the Ty
and 7 g kg~ ! drier than the saturated specific humidity at g.
We also investigate how much of this heat flux enhancement is
driven by wind anomalies. The cold pools clearly intensify the
wind direction and speed variability but, after the front, do not
necessarily increase the mean wind speed. Some of the cold
pools show an increase and others even show a decrease in
wind speed (Fig. 5d).

The near-surface air temperature outside cold pools is usually
higher than the sea surface temperature in July. The resulting
reversed (warming the ocean) air—sea heat flux is probably an
effect of horizontal heat advection and entrainment-derived
heat flux from continental air above the atmospheric boundary
layer, even in stable conditions where shear instabilities are not
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expected to occur. This process was reported and explored in
detail by Bhat and Fernando (2016) during Indian summer
monsoon.

The occurrence of cold pools in the north bay has a strong
seasonal and diurnal variability (Fig. 6a). Most of the cold
pools occur in the summer monsoon. They also preferentially
occur in the daytime, specifically in the late morning. To ex-
plore their occurrence with rain, we also present a joint histo-
gram of cold pools and total rain (Fig. 6b). The most intense
rain events happen in the early summer monsoon (June-
July), usually from midnight to sunset, and winter monsoon
rainfall is weaker and restricted to daytime. Except for the
winter monsoon, the joint histograms for the rain and cold
pool events present practically the same pattern (Fig. 6),
showing a strong relationship between the occurrence of cold
pools and the rainfall in the Bay of Bengal.

One possible explanation for the diurnal cycle in the cold
pools occurrence is the southward propagating monsoon
storms reaching different latitudes at different times in the
Bay of Bengal (Zuidema 2003). Joseph et al. (2021) observed
that most of the cold pools occur in the afternoon for a moor-
ing located at 15°N, which explains the earlier peak in the
cold pools and rain events in the data we are analyzing, as the
moorings are approximately 3° north of the northernmost
mooring they investigate. Our results match the rain vari-
ability described by Sahany et al. (2010), Jain et al. (2018),
and Webster et al. (2002) of these southward propagating
storms, peaking in the late morning (1130 local time) for
the north bay. Furthermore, the moorings we analyzed
could also be affected by the land-sea breeze circulations
(Kilpatrick et al. 2017).

6. Composites of cold pools

Some of the analyses presented in the last section are sam-
ple case studies, and to statistically investigate the role of the
wind and other characteristics of cold pools, we present cold
pool composites (median and range of 20th-80th percentiles)
and prominence scatterplots for different anomalous physical
properties (Figs. 7 and 8).

As cold pools can substantially vary in duration (Fig. 4),
we normalized the time axis by the recovery time, where ¢,
is the maximum of temperature before the cold pool front,
t4 is the time of the negative peak of temperature and 1 is ¢4
plus the recovery time. Hence, all cold pools are stretched
in time, comprising from #, to 1 (Fig. 7).

The composite for air temperature shows that 80% of all
cold pools reach at least 1°C temperature drop and at least
50% of the cold pools reach at least 2°C temperature drop
with a wide spread, as many events could reach >3°C, mostly
during the summer (Fig. 8a). Figures 8b and 8c show the sen-
sible and latent heat fluxes and the fluxes computed with a
low-pass wind and low-pass temperature and humidity. We
computed the low-pass series by a 3-day running average,
considering that some of the stacked cold pools—complexes
of multiple cold pools—can last a whole day. Thus, the low-
pass composites aim to remove the variability related to cold
pools in the wind or in the temperature and humidity.
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As reported by Joseph et al. (2021), our analysis suggests
that the wind is responsible for only 10% of the cold pool
sensible heat flux enhancement in the Bay of Bengal, with at
least 50% of events peaking at 16 W m™2 below base level
(Fig. 7b). The summer events can enhance the sensible and la-
tent heat fluxes higher than 25 and 50 W m™ 2, respectively
(Figs. 8b,c). Contrasting with the results presented by Joseph
et al. (2021), our cold pool composite for the latent heat flux
suggests that the wind is only responsible for 9% of the en-
hancement in the evaporation (Fig. 7c). While this is
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FIG. 6. Joint histogram of (a) cold pools’ occurrence and (b) total
rain. The x axis represents hours of the day and the y axis repre-
sents months.
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considerably smaller than the result from the previous study
(40%-60%; Joseph et al. 2021), their study has also shown
that the wind contribution tends to decrease with increasing
latitude. Indeed, the wind speed distribution is very wide and
variable, and just as expected from the study cases (Fig. 5)
and the surface flux composites, it increases for some events
and decreases for others. Even so, the wind speed seems to
increase more often than decrease, as at least half of the
events peak at 0.8 m s~ ! close to the air temperature drop
(Fig. 7d). On the other hand, the 3-h running standard devi-
ation of the wind speed and direction clearly depict the gust
front at the edge of cold pools (Figs. 7e,f). In particular, the
wind direction varies at least 6° for half of cold pools and
more than 18° for 20% of cold pools. In other words, the
wind stress becomes more variable, but not necessarily
stronger during cold pools in the north bay. Nevertheless,
cold pools in the north of the Bay of Bengal are colder, but
less windy than the equatorial cold pools analyzed by
de Szoeke et al. (2017), consistent with the latitudinal vari-
ability presented in Joseph et al. (2021).

Reinforcing the discussion from previous sections, the rain
is clearly correlated with cold pools, with 50% of the events
peaking above 3 mm h™!, and 20% of stronger events peaking
above 12 mm h~! (Fig. 7g). Summer events can reach more
than 40 mm h™' (Fig. 8g). However, there is no rain for 20%
of identified cold pools, indicating its high variability. One
possible explanation for this variability is that the rain can
evaporate completely before reaching the ocean surface and
still generate a cold pool. Another explanation is that some
cold pools may spread out beyond the rain shower and down-
draft that generates them.

Both sea surface temperature (SST) and sea surface salinity
(SSS) gently follow the drop of air temperature with a larger
spread in their distribution (Figs. 7h,i). In particular, the SSS
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may be strongly influenced by precipitation, with a strong
negative skewness and more than 20% of the events dropping
more than 0.1 g kg~ !. Interestingly, the SST and SSS drops
are higher from September to November, when the cold pools
are less cold and gusty, reaching >0.2°C and >0.5 g kg™
(Figs. 8h,i). Though some of this variability is likely due to
salinity changes associated with river water advection (Sree
Lekha et al. 2018, 2020), most of SSS drop is probably due
to rain-formed fresh lenses (Wijesekera et al. 1999; Asher
et al. 2014). These fresh lenses can persist for hours and ex-
tend 40 m below—depending on the wind stress—and are
usually related to critical Richardson numbers, suggesting
shear instability generates turbulent mixing in the lenses
(Wijesekera et al. 1999; Iyer and Drushka 2021). Recently,
Girishkumar et al. (2021) investigated the role of atmospheric
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cold pools on the SST in the Bay of Bengal. Their study de-
scribes that most of the cooling occurs due to the wind-driven
mixing of the diurnal warm layer during the afternoon. The
SST drops we observe in the north bay are smaller than those
observed from 8° to 15°N (Girishkumar et al. 2021), this latitu-
dinal difference could be explained by the fact that cold pools
are less gusty and occur earlier in the north, when the diurnal
warm layer is not fully developed.

The shortwave radiation during cold pool events presents
a wide distribution (Fig. 7j), probably due to the variability
shown by the precipitation composite, but it still drops at least
100 W m ™2 from the mean at the peak of precipitation for
half of the cold pools, probably due to higher cloud coverage.
Indeed, summer events can decrease the shortwave radiation
600 W m 2 (Fig. 8). The positive peak in the relative
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FIG. 8. Scatterplot of prominence for the anomaly (¢, — #y) of each of the variables: (a) air temperature, (b) sensible
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running standard deviation, (g) rain rate, (h) sea surface temperature, (i) sea surface salinity, (j) shortwave radiation,

(k) relative humidity, and (1) specific humidity.

humidity occurs due to the air temperature drop. The specific
humidity indicates all detected cold pools are drier than their
surroundings (Figs. 7k,1). For half of the events, the specific
humidity drops at least 1 g kg™*, and more than 20% drop at
least 2 g kg~'. The specific humidity rises right before the
drop for some of the cold pools, which is probably related to
the moist ring that has been observed in numerical simula-
tions (Tompkins 2001; Langhans and Romps 2015; Drager
et al. 2020).

The humidity of land-based cold pools depends on soil
moisture, with relatively dry cold pools forming over wet soils
and moist cold pools over dry soils (Drager et al. 2020). In
other words, since cold pool anomalies are relative to the sur-
face background air, we expect moister cold pools if the envi-
ronment is relatively dry at the surface. We have not
identified a single moist cold pool in the observations here.
Over the central equatorial Indian Ocean, de Szoeke et al.
(2017) also found most of the cold pools are dry. A possible
explanation is that the downdrafts that are the source of
the thermodynamic properties of the cold pools originate
from evaporation into colder and drier air higher in the
troposphere.
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7. The height of cold pools

The sharp fronts with the temperature drops associated
with cold pools occur in quick succession at the three different
moorings. With no significant differences in the total number
and distribution of recovery time between moorings, we be-
lieve that most of the cold pools were observed by all three
moorings. Recent observations have shown that cold pools
move at 1020 m s~ ! (van den Heever et al. 2021; Wills et al.
2021), with no significant difference in the temperature drop
for 20 km (Wills et al. 2021). Taking 34 km as the maximum
distance between the analyzed moorings, a cold pool that
moves at 10 m s~! would take at maximum about an hour to
reach another mooring (depending on the direction of front’s
propagation), which is shorter than the recovery time of 80%
of the identified cold pools.

To estimate the propagation and height of the fronts, we
first match the fronts of cold pools observed at all three moor-
ings to estimate their propagation (Fig. 9). We found 83
matching events that represent about ~53% of all cold pools.
In our conservative approach, a cold pool that happens at all
three moorings at almost the same time is considered to be
the same event. However, if a cold pool is observed at one

McKeldin Library | Unauthenticated | Downloaded 07/27/23 08:16 PM UTC



JANUARY 2023

a) BD09

|
&N o
P

|
@

Air Temperature Anomaly [ C]
Labeio & ANo

|
o

not matching matching
T T

.
3 42 frs 72 7 7 12
July

T T

.
oo

&

2015

FI1G. 9. Cold pool events detected by matching the air tempera-
ture anomaly at (a) BD09, (b) BD0S, and (c¢) WHOI. Matching
cold pools are marked in red.

mooring and then another one is observed at the next moor-
ing after the first event recovers, they are taken to be two dis-
tinct events.

After matching the temperature drops at different moor-
ings, we estimate the depth H of each cold pool just behind
the front. We assume that the orientation and velocity are the
same as the front crosses the moorings (frozen-field assump-
tion), which is equivalent to a straight front that propagates
along its gradient. We here define propagation as the combi-
nation of advection and phase (gust-front) components. We
then approximate the gust-front speed to the linear nondis-
persive wave speed in shallow water ¢ = \/g(AT/T)H (e.g.,
chapter 5 in Gill 1982), where g is the acceleration due to
gravity (9.82 m s~ 2), AT is the maximum temperature drop
among the moorings, 7 is the reference temperature (before
the temperature drop), and H is the height of the gravity
plume. From the gust-front speed ¢, we thus estimate H. Cold
pools do not always satisfy the conditions of shallow-water
linear gravity currents (Ross et al. 2004; Romps and Jeevanjee
2016; Borque et al. 2020). Despite the nonlinearity of the hy-
draulic jump, we assume the gust-front speed c is set by the
speed of linear gravity waves propagating behind the nose.

We solve for the propagation velocity vector by using the
time delay of matching fronts and the mooring geometry
(Fig. 10a). We first estimate the angle of propagation 6 by

[(tz - t())Dlx B (11 B ZO)DZX]

tanf = R 2
[(t, = 1)D,, — (1, = 15)Dy,] @
then from 6 to obtain
D, cos® + D, sin6 D, cos® + D, sinf
v, = > = - )]

=t L~ 1,

Here ¢; is the time of the temperature drop at mooring i, D,
is the zonal distance, and D;, is the meridional distance be-
tween mooring i and mooring zero—the first the front crosses.
To minimize the error associated with matching the cold
pools, we only kept the cold pools that lasted at least twice
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the time it took to cross the maximum distance between the
moorings (40 events). Next, we estimate the gust-front speed
¢ by subtracting the background wind velocity from the front
propagation velocity (Fig. 10b). Finally, we obtain the height
of the plume by H = ¢/(gAT/T).

Most of the fronts propagate south and southeastward at
820 ms ' (Fig. 10c), which is consistent with the southeast-
ward propagation of diurnally evolving rainfall that generates
cold pools in the Bay of Bengal (Joseph et al. 2021). That
means that fronts propagate in the same direction of the cloud
layer as described by previous observations (Wilbanks et al.
2015).

With most cold pools occurring during the summer under
northeastward winds, some of the gravity currents go south-
westward (Fig. 10d). The distribution of the maximum tem-
perature drop of the matching cold pools is predominantly
lognormal (Fig. 11a), with a median of around 1.5 K and
60% of the data between 0.9 and 2.7 K (20th—80th percen-
tiles). The gust-front speed is more Gaussian, with a median of
around 11 m s~! and 60% of the data between 7 and 15.5 m s~
(Fig. 11b). The gust-front speed is lower than the propagation
speed of the cold pools’ parent storm (23 m s~ '; Joseph et al.
2021).

The estimated cold pools’ height has a median of around
1500 m, and 60% of the data between 700 and 3100 m
(Fig. 11c). There is no correlation between the gust-front
speed and temperature drop (Fig. 11d). We also investigate
the seasonality of the occurrence of the distribution of cold
pools’ height (Fig. 11e). The group of shortest cold pools
(<850 m) does not present any particular seasonality, but the
tallest cold pool fronts occur primarily during the summer
(May-July) and September. The lifting condensation level is
the level by which the air parcel becomes saturated by the wa-
ter vapor and is often used to estimate the cloud-base height.
Most of the observed cold pools are taller and unrelated to the
lifting condensation level (90-500 m, Fig. 11f) estimated right
before each front (method described by Romps 2017), which
means that they can mechanically lift the surrounding air
higher than the cloud-base level, reinitiating convection.

Next, we decompose the average wind anomaly at the
temperature drop into along- and cross-front directions
(Figs. 12a,b). As expected by the cold pool’s short duration
and spatial scale, the cold pool front is not geostrophically
adjusted and hence the alongfront wind anomaly does not
correlate with the gust-front speed. The cross-front wind
anomaly, on the other hand, correlates with gust-front speed
despite being substantially weaker. The linear slope of the
surface wind speed U to the gust-front speed is U/c ~ 0.2. In
other words, stress at the surface and at the top of the grav-
ity plume appears to slow down the wind. This frictional
slowing of the surface wind is also observed for land-based
cold pools (van den Heever et al. 2021).

As explained in the introduction, cold pools are problem-
atic and expensive to survey, especially over the ocean. Un-
fortunately, only a few studies have addressed the height of
cold pools, mostly over short time ranges of land-based events
(Table 1). The values described by the present study reveal
that the cold pools in the Bay of Bengal captured by this set
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FI1G. 10. (a) Schematic diagram showing method for obtaining the propagation velocity of the
front. (b) Gust-front velocity is obtained by subtracting the wind velocity (V,,) from the propaga-
tion velocity (V,,). Polar stacked histogram for (c) V,, and (d) V,, — V,,.

of closely spaced moorings could be as tall as land-based cold
pools (van den Heever et al. 2021; Borque et al. 2020). Do we
expect taller cold pools in larger cloud shields? Roca et al.
(2017, see Fig. 14) show that the size of the cloud shield for
long-lived mesoscale convective systems is unusually large in
the summertime Bay of Bengal.

Our results depend on several caveats. While frozen-field
assumption is not necessarily true, the time delay between
matched cold pools is mostly shorter than the temperature
drop duration. The matching of the cold pools is a crucial as-
sumption for their height estimation. We note that the correla-
tion for the temperature drop and recovery time between
matching events is 0.72 and 0.74, respectively, which means we
are matching not only cold pools that occur simultaneously,
but with the similar characteristics. In addition, the fact that
most of the fronts propagate in the same direction as the par-
ent storm (Joseph et al. 2021) is also a good indication that we
are matching the same cold pools.

8. Conclusions

In this study, we characterize a total of 465 cold pools in an
array of three closely spaced moorings in the northern Bay of
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Bengal for 2015. The cold pools are all dry, with a typical tem-
perature drop of 2°C (maximum = 5°C), specific humidity
drop of 1 gkg ™' (maximum = 6 g kg™ '), and recovery time of
1.5-3.5 h, with some events lasting as long as 10 h. From late
April to November, cold pools appear practically every day in
the north bay, primarily in the late morning, and are associ-
ated with significant precipitation, which accounts for 80% of
total rainfall. Indeed, the early-July plots (Fig. 5) and the
composite analysis (Fig. 7) present strong precipitation anom-
alies right at the front (at the temperature drops), which cor-
roborates with the theory of the mechanical lifting and
thermodynamic explanation of the rain at the leading edge of
the gravity plumes. This result confirms that the temperature
drops are important classifiers for rain in the Bay of Bengal
(Shesu et al. 2022). However, without a method to distinguish
between rainfall from cold pools’ parent storms and rainfall
from new storms caused by cold pools, we can only conclude
association, and not necessarily causality between rainfall and
cold pools.

Temperature and specific humidity anomalies within
cold pools account for around ~90% of the increase in
sensible and latent heat flux, whereas variations in wind
speed account for of the rest. Individual cold pools can
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(e) Stacked histogram of the occurrence of cold pools for different percentile ranges. (f) Comparison between height

of cold pools and lifting condensation level.

increase latent heat flux by up to 150 W m™2, and we
estimate that cold pools account for almost 14% of total
evaporation in the rainiest month (July). Based on
propagation speed, the predicted height of the cold pools

has a lognormal distribution, predominantly spanning
from 850 to 3200 m. Taller cold pools are more likely
to develop during June-September’s summer monsoon
season.

1 Along-front Cross-front

_ a) o b) s 0 J 4000
w
E ] % -9 L 3000
= —_
E 01gb e$> i 2000 £
= oe "o . y ] -
2 -5 o, 0@ b 1000
= . ® —— 0.2¢-0.8

_10 T T T T T T T T

0 5 10 15 20 5 10 15 20
c [m/s] c [m/s]

FIG. 12. (a) Alongfront and (b) cross-front wind anomaly against gust-front speed of the cold pools’ fronts. Color
shading represent the estimated height of the cold pools.
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TABLE 1. Some previous studies on the height of cold pool fronts.

Study Surface Source Height
van den Heever et al. (2021) Continent Observations 200-2300 m
Borque et al. (2020) Continent Observations 1000-3000 m on avg (2500-4000 m max)
Drager et al. (2020) Continent Model 1000 m (wet soil)-1750 m (dry soil) on avg
Mallinson and Lasher-Trapp (2019) Continent Model 400-1500 m
de Szoeke et al. (2017) Ocean Observations 320 m median (700 m max)
Li et al. (2014) Continent Model 1500-2000 m
Terai and Wood (2013) Ocean Observations 300 m
Dawson et al. (2010) Continent Model 2500 m
Roux (1988) Continent Observations 2500 m on avg (3500 m max)
Charba (1974) Ocean Observations 1700 m

The Clausius—Clapeyron relation predicts that for constant
sea—air temperature difference and relative humidity, evapora-
tion from the tropical ocean is higher when SST is higher. Our
analyses show that sea—air temperature and humidity vary in
such a way to violate this assumption during the South Asian
summer monsoons. Air—sea exchange is influenced by cold pools
21% of the time. Cold pool transients add in average 32 W m ™2
(>100 W m ™2 for many events during the summer) to the local
supply of moisture to the atmosphere. Cold pools are responsible
for at least 14% of the July mean evaporation. A significant mes-
sage is that in spite of the observed SST cooling during subseaso-
nal rain spells, monsoon clouds actively enhance moisture flux
from the ocean by creating cold pools, an important positive
feedback. This has important implications for the coupled models
that do not resolve the cold pools and its enhanced evaporation.

Convective clouds propagate southward in the Bay of Bengal
(Zuidema 2003), with larger systems in the north bay (Roca
et al. 2017). The latitudinal variability of the wind and tem-
perature anomalies associated with cold pools as shown by
Joseph et al. (2021) in combination with the present work
could be related to the evolution of the parent storm as it
dissipates while propagating southward.

Usually, climate models have too much convective precipita-
tion, with a strong moisture—precipitation relationship in the
equatorial Indian Ocean (e.g., Sabeerali et al. 2015). This suggests
that it rains too quickly in the modeled equatorial ocean, with a
lack of sufficient precipitation over the Indian landmass and
north of the Bay of Bengal. The dry bias in the current reanalyses
have been discussed as a consequence of a more generic problem
in the parameterizations used in these models (Goswami et al.
2014). Studies have also shown a strong negative bias in the sum-
mer monsoon precipitation over the Indian landmass and the
north Bay of Bengal (e.g., see Fig. 2 from Ramu et al. 2016).
Most reanalyses show biases in the air-sea fluxes (Sanchez-
Franks et al. 2018) due to the uncertainty or lack of parameteri-
zation of major subgrid-scale processes (Sabeerali et al. 2015;
Goswami et al. 2014). Our analysis highlights the importance of
cold pools for the air-sea fluxes and rainfall in the Bay of Bengal.
The role of cold pools in reducing surface flux biases and the
rainfall bias in climate models is a major topic that needs to be
explored in future regional climate studies.
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