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ABSTRACT: Diurnal cycles of Sea Surface Temperature (SST) are important for

ocean–atmosphere coupling. However, observations of their lateral variability, especially in

freshwater-dominated regions and in presence of Diurnal Warm Layers (DWLs), remain lim-

ited. This study investigates the spatial differences in the diurnal SST amplitude (during DWL

and non-DWL days) and subsurface DWL evolution in the Bay of Bengal using remote sensing,

in-situ observations, and 1-D modeling. While satellite data reveal O(1 ◦C) differences in diurnal

SST amplitude over 100 km, in-situ observations uncover finer-scale and more extreme variabil-

ity, especially during DWL events. We observe that differences in diurnal SST amplitude over

mesoscale and smaller lengths (< 100 km) are larger during DWL days (median: 0.2 ◦C, extreme:

1.4 ◦C) when compared to non-DWL days (median: 0.1 ◦C, extreme: 0.2 ◦C). Observations from

drifters and complementary 1-D model simulations reveal that lateral differences in salinity-driven

stratification leads to diurnal SST amplitude differences of about 0.2◦C for shallow mixed layer

scenarios (< 8 m). While stratification differences explain the median variability in diurnal SST

amplitude, extreme differences in diurnal SST require additional contributions from spatial vari-

ations in surface forcing and optical properties. Observations also reveal that lateral differences

in salinity stratification modify the DWL response, leading to O(10 m) differences in DWL depth,

making it the same order as typical MLD scales in the Bay. These results highlight the critical role

of small-scale differences in salinity-driven stratification (set by rainfall and mesoscale flow fields

in the Bay) in causing diurnal SST and DWL response differences.
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SIGNIFICANCE STATEMENT: The daily cycle of Sea Surface Temperature (SST) plays a key

role in ocean–atmosphere heat and moisture exchange. This effect is particularly enhanced during

the presence of Diurnal Warm Layers, which are anomalously warm upper-ocean layers formed

during low wind speeds. This study explores how daily SST warming varies over distances less

than 100 km. Using satellite and in-situ data from the Bay of Bengal, we find that warming can

differ by up to 1 ◦C across around 100 km. These differences arise partly from salinity-driven

stratification, but variations in surface forcing and water optics also play a role. Understanding

these patterns is important because they affect the ocean and atmosphere interaction, influencing

atmospheric convection and weather.

1. Introduction

The diurnal cycle of sea surface temperature (SST) is primarily driven by daily variations in

incoming shortwave radiation (SWR, Kondo et al. 1979; Imberger 1985; Price et al. 1986; Lotliker

et al. 2016). Part of the incoming SWR warms the top few meters and leads to the formation of a

stratified diurnal warm layer (DWL) in the presence of light-to-moderate wind speeds (Imberger

1985; Fairall et al. 1996b; Stuart-Menteth et al. 2005; Soloviev and Lukas 2006). DWLs typically

have vertical scales of O(10 m) and spatial scales of up to O(1000 km) (Soloviev and Lukas

1997; Prytherch et al. 2013; Bellenger and Duvel 2009). The stratification within the DWL traps

momentum and heat within it, causing temperature anomalies of O(0.1-1 ◦C) and near-surface

velocity anomalies of 0.1-0.3 ms−1 as compared to the bulk of the mixed layer (Price et al. 1986;

Sutherland et al. 2016; Shcherbina et al. 2019; Hughes et al. 2021). The momentum trapping

within the DWL leads to high vertical shear, which is destabilizing in nature and competes with the

stabilizing heat-driven stratification (Price et al. 1986; Sutherland et al. 2016; Hughes et al. 2020a,

2021). This shear starts dominating in the afternoon once the incoming SWR reduces, causing

the DWL to deepen (e.g., Hughes et al. 2021). The DWL is mixed away during the night-time

convective mixing (e.g., Hughes et al. 2020a).

DWLs impact air-sea interaction over various time-scales. In the equatorial Indian Ocean, the

presence of DWLs induces a deviation in the diurnal cycle of atmospheric convection. This devia-

tion is evident through a secondary peak in convection during the afternoon, which occurs along-

side the typical primary maximum in the convection in the early morning (Bellenger et al. 2010;
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de Szoeke et al. 2021). The inclusion of DWLs in bulk flux calculations results in an instantaneous

difference of up to 50 Wm−2 in the air-sea fluxes compared to non-DWL-resolving calculations

(Clayson and Bogdanoff 2013). The inclusion of the DWL effects in coupled atmosphere-ocean

models improves the representation of deep convection and enhances the predictability of the

seasonal phenomena like the Madden-Julian Oscillation (MJO) and monsoons (Seo et al. 2014;

Pradhan et al. 2022; Song et al. 2024).

Traditionally, DWLs have been conceptualized as one-dimensional features dependent on SWR,

wind speeds and the optical properties of water (Price et al. 1986; Webster et al. 1996; Stuart-

Menteth et al. 2005; Merchant et al. 2008; Thompson et al. 2019). However in regions like the

Bay of Bengal, freshwater fluxes from rainfall and rivers significantly modify the background

stratification. Mesoscale eddies redistribute this freshwater throughout the Bay, influencing both

the vertical stratification and creating salinity fronts over O(10 km), referred to as mesoscale-

structured stratification (Sengupta and Ravichandran 2001; Shenoi et al. 2002; Rao and Sivakumar

2003; Sengupta et al. 2006; Mahadevan et al. 2016; Sengupta et al. 2016; Wijesekera et al. 2016;

Sree Lekha et al. 2018, 2020). Anecdotal observations suggest that such mesoscale-structured

stratification may influence diurnal cycles of SST and DWL evolution, trapping heat to a shallower

depth (e.g., Shroyer et al. 2016). Since DWLs respond to surface forcing and background strati-

fication, lateral variability in these factors over mesoscale and smaller length scales (observed in

other ocean basins, e.g. Nuijens et al. 2024; Song et al. 2022; Sengupta et al. 2016) may lead to

spatial differences in DWL evolution and influence atmospheric boundary layer dynamics through

air-sea coupling.

Despite multiple satellite-based studies detecting lateral gradients in diurnal SST amplitudes

(Merchant et al. 2008; Gentemann et al. 2008; Marullo et al. 2016), the influence of lateral variability

in background stratification on diurnal SST amplitude and DWLs remains largely unexplored

at mesoscale and smaller lengths. Investigating these gradients using satellite observations is

challenging due to cloud cover, satellite pass times, and the lack of vertical structure information.

Furthermore, microwave remote sensing products (including salinity) currently cannot resolve

features at length scales finer than about 50 km (though gridded at 25 km, Wentz et al. 2014;

Entekhabi et al. 2014).
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The primary objective of this study is to assess how salinity-driven stratification modulates lateral

differences in diurnal SST amplitudes and the subsurface structure of DWLs across mesoscale and

smaller scales in the Bay of Bengal. In addition, we quantify the overall magnitude of lateral

differences in diurnal SST during DWL events, which are influenced by variability in surface

forcing and stratification over O(10 km). We pose the following questions:

• How do variations in salinity-driven stratification modulate lateral differences in diurnal cycles

of SST and the subsurface evolution of DWLs?

• Given that surface forcing also varies over O(100 km), how do in-situ differences in diurnal

SST respond across O(1–100 km) during DWL events?

To address these questions, we use in-situ observations from the ASIRI (Air–Sea Interactions

in the Northern Indian Ocean, Wijesekera et al. 2016) and MISO-BoB (Monsoon Intra-seasonal

Oscillations in the Bay of Bengal, Shroyer et al. 2021) field campaigns conducted in 2015 and

2019 respectively. We also employ a one-dimensional turbulence model to examine the effects of

salinity stratification on variability in diurnal SST amplitudes and DWL evolution. In section-2,

we describe the remote sensing and observational datasets, methods and models used in this study.

Next, we describe the comparison of lateral variability in diurnal SST amplitudes from remote

sensing and surface drifters as well as mooring triad network (Section 3). Then we describe the

in-situ differences in diurnal cycles and investigate the role of salinity stratification (Section 4,5).

We additionally show an example of how differences in salinity stratification over O(30 km) length

creates differences in the vertical evolution of Diurnal Warm Layers (Section 6). The broader

implications of this research are discussed in Section 7, with a summary of findings in Section 8.

2. Data and Methods

a. Data Sources

1) ASIRI Field campaign in 2015

Forty-six surface drifters (Niiler et al. (1995), see https://gdp.ucsd.edu/ldl/svps/ for

their technical details) drogued at 15 m depth were deployed in the Northern Bay as a part of ASIRI

(Wijesekera et al. 2016; Hormann et al. 2016). Deployed in ten groups of four to five drifters

each, they were released along the periphery of a mesoscale cyclonic eddy and in proximity to a
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pronounced salinity front (see Figure-1 a,b in Essink et al. 2019). This arrangement resulted in

drifter pair separations ranging from 0.5 to 30 km. The drifters measured the surface temperature at

0.2 m depth and salinity at 0.5 m depth (with an accuracy of 0.05 ◦C and 0.003 g/kg respectively).

The drifters sampled every 5 minutes during the field campaign (23 August–21 September 2015),

and every 30 minutes thereafter. More details on deployment and the quality control can be found

in Hormann et al. (2016) and Essink et al. (2019). This study uses drifter data from September to

November 2015, covering the Fall Intermonsoon and Northeast Monsoon seasons (based on season

classifications in Weller et al. 2019).

A triad mooring network in the northern Bay of Bengal collected simultaneous atmospheric

and oceanographic data during 2015, spanning all the seasons (Weller et al. 2019). This network

consisted of two long-term operational sites maintained by the India’s National Institute of Ocean

Technology (NIOT, BD08 at 18.2◦N, 89.7◦E and BD09 at 17.9◦N, 89.7◦E) and a third mooring

deployed by the Woods Hole Oceanographic Institution (WHOI) for the ASIRI campaign at

18.0◦N, 89.5◦E. The three moorings were approximately 30 km apart (see Figure 1b and Figure 2a

in Simoes-Sousa et al. 2022). Further details on mooring instrumentation can be found in Weller

et al. (2016, 2019) and Simoes-Sousa et al. (2022).

2) MISO-BoB Field Campaign in 2019

Thirty surface drifters were deployed about 300 km off the Indian coast in the western side of

the Bay of Bengal during the MISO-BoB field campaign (06 July to 04 August 2019, which span

the Summer Monsoon period, Local time = UTC + 5.5 hours). Initially spaced 20 km apart, these

drifters were similar to those used in 2015 but lacked surface salinity sensors (Figure A1). The

drifters mostly followed a mesoscale anticyclonic eddy (indicated by letter A in Figure A1) and

measured surface temperature and sea level pressure (SLP) every 15 minutes.

Additionally, three Drogued-Buoy Air Sea Interaction Systems (D-BASIS1; referred to as D1,

D2 and D3), were deployed to simultaneously measure the air-sea fluxes and upper-ocean structure

(Figure A1). Each D-BASIS profiler consists of a WHOI surface buoy (similar to the 2015 mooring

discussed above) equipped with meteorological sensors. Meteorological data were recorded at 1-

minute intervals and averaged to 15-minute resolution to match that of the surface drifters. Bulk

air-sea fluxes from these measurements are calculated using the COARE 3.6 algorithm (Fairall

1named in honor of the esteemed Indian oceanographer, Prof. Debasis Sengupta
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et al. 1996b, 2003). Due to a damaged radiometer on D3, SWR data from nearby D2 (initially

deployed 40 km away and coming as close as 20 km, Figure A1b) was used to calculate the air-sea

fluxes for D3.

Each D-BASIS profiler also carries a Scripps Institution of Oceanography (SIO) Wirewalker

(Pinkel et al. 2011; Zheng et al. 2022). This wave-powered profiler continuously sampled the

upper 100 m of the ocean. The Wirewalker profiler measured subsurface temperature, salinity,

velocity, thermal microstructure, bio-optical properties and underwater spectral irradiance at a

vertical resolution of 0.25 m. The measurements taken during the smooth upward motion of the

profiler are used here. Hence, the effective time resolution between profiles was nearly 10 minutes.

The D-BASIS had drag elements attached to the line at 200 m depth as to ensure that it drifted at a

typical speed of 0.2-0.3 ms−1 with currents. For the analysis using drifters and D-BASIS profilers

from this field campaign, we restrict the data to the period between 07 and 28 July 2019.

Spatial variability in the central Bay was assessed using a rapid profiling shipboard system

FastCTD (e.g., MacKinnon et al. 2021). It profiles the temperature and salinity in the upper 200

m while the ship moves at 2-5 knots. The vertical resolution of the FastCTD dataset was 1 m and

each profile took 1.5 minutes to complete, giving a typical horizontal resolution of 210 m.

b. Remote Sensing

We use daily SST data from the Advanced Microwave Scanning Radiometer 2 (AMSR-2; https:

//www.remss.com/missions/amsr/) aboard the AQUA satellite. This satellite operates in a

sun-synchronous orbit with a 1:30 AM/PM equator crossing time. The daily version of AMSR-2

provides SST measurements at an effective resolution of 46 km (despite being gridded on a 25 km

scale, Wentz et al. 2014). Daytime and nighttime satellite passes from September to November

2015 and from July to August 2019 are used to infer the diurnal SST amplitude.

In order to distinguish the role of rainfall-induced stratification and mesoscale-structured strat-

ification, we use data from IMERG (Integrated Multi-satellitE Retrievals for Global precipitation

measurement, https://gpm.nasa.gov/data/imerg, Huffman et al. 2015) for 17 and 18 July

2019. This dataset has a time resolution of 30 minutes and a spatial resolution of 10 km.
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c. Models

General Ocean Turbulence Model (GOTM) provides a one-dimensional ocean model framework

that includes various vertical mixing schemes (Burchard et al. 1999). GOTM also provides

flexibility to choose the stability functions, wave breaking and internal wave parameterizations.

GOTM with the 𝑘 − 𝜖 mixing scheme (which involves a subgrid-scale kinetic energy (k) and the

subgrid dissipation (𝜖) parameterization) has been used in previous studies to accurately model

the diurnal variability in SSTs, thermal stratification, salinity and Turbulent Kinetic Energy (TKE)

dissipation rate (Pimentel et al. 2008; Johnson et al. 2023; Burchard and Bolding 2001; Drushka

et al. 2016; Burchard et al. 2002; Schmitt et al. 2024). We use the two-equation k-𝜖 turbulence

closure scheme with the dynamic dissipation rate length scale along with the Canuto A version of

the stability function (Canuto et al. 2001). With the exception of the omitted internal wave breaking

parameterization, all other settings align with GOTM’s default options (see Burchard et al. 1999).

Each GOTM simulation is performed for a 24-hour period and is initialized at sunrise. The vertical

and temporal resolution for GOTM runs are 0.05 m and 1 minute respectively. The prescribed

surface forcing conditions and optical properties of water vary across cases and are detailed in

Sections 5 and 6.

d. Methods

1) Quantifying the diurnal SST amplitudes

Diurnal SST amplitude from remote sensing is estimated as the difference in SSTs between

daytime and nighttime passes, which occur at approximately 1:30 pm (close to the typical time of

maximum SST in the diurnal cycle) and 1:30 am local time respectively. The drifter measurements

are synchronized with the satellite pass times to enable direct comparison between remote sensing

and in-situ drifters.

For the in-situ analysis, we quantify the diurnal SST amplitude by using the concept of founda-

tional temperature (𝑇 𝑓 , Donlon et al. 2007; Prytherch et al. 2013). 𝑇 𝑓 is defined as the temperature

just before sunrise for each day (6 am to 6 am the next day) and for each drifter/D-BASIS pro-

filer/Mooring. Linear interpolation between the 𝑇 𝑓 points is performed to describe the SST

tendency at time scales longer than diurnal. The diurnal SST amplitude is then calculated as the
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peak difference between the SST and the interpolated 𝑇 𝑓 over midday hours (e.g., 12:00–15:00

local time, when the diurnal cycle typically reaches its maximum).

2) Classification of DWL-Conducive Days Based on Observations

Detecting DWLs typically requires well-resolved vertical profiles of temperature, stratification,

and shear (e.g., Thompson et al. 2019), such as those provided by the D-BASIS profilers (see

Appendix A). However, such detailed measurements are not available from the triad mooring

network or surface drifters due to their coarse vertical resolution. To address this limitation, we

follow Thompson et al. (2019) and use a threshold-based classification scheme to identify DWL-

conducive (DWL-C) days at the triad moorings. Specifically, DWL-C days are classified as those

with mean wind speeds below 6 ms−1 (measured at 3 m height) and peak shortwave radiation

(SWR) exceeding 750 Wm−2. Conversely, other days not meeting these criteria are classified as

DWL-NC (not conducive to DWL formation).

These thresholds are based on both our D-BASIS observations (Appendix A) and limits estab-

lished in prior studies (Thompson et al. 2019), and are consistent with conditions favorable for

DWL formation in past work (Prytherch et al. 2013; Hughes et al. 2020a,b, 2021). For drifters,

which do not measure wind or surface fluxes directly, we assign DWL-C or DWL-NC classifica-

tions based on the periods identified at the Triad moorings and D-BASIS (as long as drifters are

within a 1000 km radius of the Triad mooring/D-BASIS). This assumption is supported by the

broad spatial extent of DWLs (e.g., Bellenger and Duvel 2009).

3) Metric for DWL deepening depth

We use the depth of the maximum temperature gradient (𝑧𝑇𝑧𝑚𝑎𝑥
) to determine the depth of the

DWL from the observations in D-BASIS profilers and GOTM simulations (Hughes et al. 2020b).

This method is used because the temperature is well-resolved vertically in these datasets, thereby

allowing its vertical gradient (𝑇𝑧) to be treated as a continuous quantity. This parameter cannot be

tracked in the 2015 triad mooring network due to its vertically discrete temperature measurements.
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Fig. 1. a) Difference between daytime and nighttime temperatures on 26 September 2015 from AMSR-2, with

colored circles denoting the same quantity from in-situ drifters and the triad mooring network. b), c), d) Zoomed

views of regions within the boxes in a). Black arrows indicate the geostrophic currents on 26 September 2015,

while the white points in a) indicate missing data.
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Fig. 2. a) Detailed comparison of binned differences in daytime and nighttime temperature from in-situ drifters

and corresponding remote sensing measurements from 01 September to 30 November 2015 and 06 July to 04

August 2019. b) Comparison of lateral contrasts in daytime and nighttime temperature differences from in-situ

drifters over length scales of 50 km and more as well as corresponding remote sensing measurements. The

dashed lines in a) and b) indicate the line of equality. The error bars indicate three standard deviations of the

satellite measurements within the bin. c) and d) are the same as a) and b) except for in-situ triad mooring network

between 01 January and 31 December 2015.

3. Comparison of remote sensing and drifters in capturing lateral variability in diurnal SST

amplitude

In-situ observations from moorings and drifters are often unavailable over mesoscale length

scales (O(100 km)) in the Bay, highlighting the value of remote sensing for capturing lateral
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differences in diurnal SST. To assess the accuracy of AMSR-2 in resolving these patterns, we

compare the AMSR-2 diurnal SST magnitudes and differences with drifters and the triad mooring

network during September–November 2015.

Overlaying in-situ diurnal SST magnitudes (Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) onto AMSR-2 maps for a specific day

(26 September 2015) indicates that the large-scale spatial patterns observed in remote sensing are

generally consistent with those inferred from drifter observations (Figure 1a). However, a closer

examination of in-situ observations within individual AMSR-2 grid boxes (Figure 1a) reveals

pronounced contrasts inΔ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 among drifters, with differences as large as 0.4 ◦C (Figure 1b,c,d).

This indicates significant lateral variability in diurnal SST at scales smaller than the AMSR-2 spatial

resolution (50 km or less).

To extend our comparison over three months, we analyzed AMSR-2 Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 and their lateral

differences (𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙)), contrasting them with in-situ observations from drifters and the triad

mooring network. We observe that satellite-derived Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 are consistently higher than in-

situ values by approximately 0.2–0.3◦C. These discrepancies increase up to 0.5◦C for drifter

observations on days with strong diurnal warming (greater than 1.5◦C, Figure 2a,c). These larger

in-situ Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 are also associated with greater uncertainty in the satellite estimates. Potential

sources of such discrepancies include the mismatch in the measurement depth (where the drifters

measures the bulk temperature while AMSR-2 measures the skin temperature of the ocean) as well

as presence of lateral differences in diurnal cycles of SST over mesoscale and smaller length scales.

While AMSR-2 tends to overestimate the overall Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 , it underestimates the 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙).
Both drifter pairs (separations >50 km) and the triad mooring network (approximately 30 km spac-

ing) show significantly higher 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) than corresponding AMSR-2 estimates (Figure 2b,d).

While moderate lateral differences show a 0.2-0.3 ◦C satellite underestimation, the bias worsens

under strong 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) values. The mismatch remains evident even at drifter pair separations

exceeding the satellite’s resolution, suggesting that satellite products underestimate lateral variabil-

ity in diurnal SSTs, particularly during strong difference events. The triad mooring comparisons

further emphasize considerable mesoscale and submesoscale variability (<50 km) unresolved by

satellites. Building on these findings, we next analyze the in-situ Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 from the 2015 and 2019

field campaigns, classifying them into DWL-C and DWL-NC days.
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4. In-Situ Observations of Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 and 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) in presence and absence of DWLs

Fig. 3. Probability Distribution Function of spatial differences in Diurnal SST magnitudes (𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙))

from the triad mooring network for DWL-NC days (red line) and expected DWL-C days (black line). The

corresponding vertical solid lines indicate the median values while the dashed lines indicate the 90th percentile

values for the DWL-NC and DWL-C days.

Using the thresholds defined in Section 2 (subsection-d, 2), we identify 188 DWL-C days in the

triad mooring network during 2015. While the probability distributions of 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) for DWL-C

and DWL-NC days from the triad mooring network are broadly similar (Figure 3), the 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙)
below 0.1◦C are less likely to occur on DWL-C days (45%) than on DWL-NC days (65%). The

median 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) is 0.11◦C for DWL-C days, compared to 0.07◦C for DWL-NC days. Notably,

the 90th percentile values for 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) for DWL-C and DWL-NC days are 0.48◦C and 0.28◦C

respectively. This indicates that spatial inhomogeneity in diurnal SST is more pronounced during

DWL-C days. However, this result is derived from a relatively small dataset (approximately

1,000 data points) collected from a mooring network with a fixed spacing of 30 km. While the

observations span the entire year, the fixed separation limits the ability to assess variability across

a broader range of spatial scales.
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Fig. 4. Binned scatter plot of spatial differences in diurnal SST magnitudes (𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙)) between drifter

pairs versus their separation distances for (a) 01 September to 30 November 2015 (11,186 observations) and (b)

06 July to 04 August 2019 (1,207 observations). Color indicates the number of observations per bin (every 10 km

and 0.1 ◦C). Solid lines with circle markers show the median values in each separation-distance bin, separated

into DWL-C days (black) and DWL-NC days (red). Dashed lines indicate the 90th percentile values in each bin.
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We conduct similar analysis using larger set of observations from drifters in 2015 and 2019

(approximately 11,000 and 1,200 data points respectively) that spanned different seasons to inves-

tigate mesoscale and sub-mesoscale variability. These observations are binned by 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) and

drifter separation (Figure 4). During DWL-NC days, the 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) remain relatively uniform

(0.05 ◦C median and 0.1 ◦C 90th percentile values) across 0 to 100 km separation in both years

(Figure 4). In contrast, DWL-C days exhibit higher 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) magnitudes. Median 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙)
are approximately 0.2 ◦C and increase with separation (Figure 4). The 90th percentile values during

DWL-C days also show greater variability. In 2019, differences of around 0.4 ◦C over 20 km and

about 0.8 ◦C over 50–100 km are observed (Figure 4b). The differences of about 0.8 ◦C over 20 km

and up to 1.4 ◦C over 100 km are observed in 2015 (Figure 4a). This points to enhanced spatial

inhomogeneity in diurnal SSTs during DWL events.

Fig. 5. Binned scatter plot of 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) in drifter pairs separated by less than 100 km against the in-situ

surface salinity differences (𝛿(𝑆), as a proxy for differences in vertical salinity stratification) for 01 September to

30 November 2015. Color indicates the number of observations per bin (every 0.1 gkg−1 and 0.1 ◦C). The solid

line with circle markers indicate the median values in each bin of 𝛿(𝑆), segregated into DWL-C days (black) and

DWL-NC days (red). The dashed lines indicate the 90th percentile values in each bin.
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To test the hypothesis that lateral differences in salinity stratification influences diurnal SST

variability, we use salinity differences (𝛿(𝑆)) between drifter pairs (with separation distances under

100 km) as a proxy for stratification differences and analyze their relationship with 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙). We

observe 𝛿(𝑆) up to 2 gkg−1 between drifter pairs, typical for the Bay of Bengal’s Fall Intermonsoon

given heavy rainfall and river runoff (e.g., Sree Lekha et al. 2018). Despite these large 𝛿(𝑆)
values, the median and 90th percentile 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) values increase only by about 0.1–0.2 ◦C with

increasing salinity stratification, regardless of DWL presence (Figure 5). This result aligns with

anecdotal values from Shroyer et al. (2016), though it is lower than estimates from other studies

(Soloviev and Lukas 1997; Moulin et al. 2021).

Our observations indicate that lateral differences in salinity stratification correlate with the

𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) (black solid lines in Figure 4). However, the contribution of salinity stratification in

𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) (Figure 5) falls short of accounting for the observed extreme values in 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙)
(black dotted lines in Figure 4). This suggests contributions in 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) from other factors (e.g.,

heat flux variability, wind, ocean optical properties, mixed layer depth), which are not measured

by drifter observations.

However, these variables not measured by drifters may also introduce uncertainty in the binned

relationships shown in Figure 5. In order to isolate the role of salinity stratification on Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 and

𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙), we next use the one-dimensional GOTM model to systematically assess its impact on

𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙).

5. Simulating the Influence of Salinity Stratification on Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 Variability

GOTM simulations are initialized with temperature and salinity profiles based on D-BASIS

observations (Figure 6, discussed more in Section-6) to explore the influence of salinity stratification

on Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 . Salinity control of the upper ocean stratification is achieved through the initial MLD

at sunrise and the initial salinity change at the base of the MLD (△ Sb) illustrated in Figure 6b.

GOTM simulations are forced with diurnally varying solar radiation peaking at 1000 Wm−2 (based

on Renner et al. 2019), with constant cooling components of heat fluxes and wind speeds over a 24-

hour run. We explore the parameter space by varying the initial MLD ( 2-15 m), △ Sb (0-1 gkg−1),

daily mean net heat flux (0, 33 and 123 Wm−2, achieved by adjusting the cooling components)

and wind speeds (3-6 ms−1). We also vary the optical properties by using theoretical Jerlov-I
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Fig. 6. Initial vertical profiles of a) Temperature and b) Salinity for GOTM parameter space exploration. The

stratification in the initial profiles is controlled using the Mixed layer depth (MLD) and the change in salinity at

the base of mixed layer (△ Sb).

absorption profile (Paulson and Simpson 1977a) and an observed absorption profile derived from

D-BASIS irradiance measurements (similar to equation-4 in Paulson and Simpson (1977b) with

R=0.4, 𝜁1 = 0.9 m, 𝜁2 = 16.7 m, pers comm. Tamara Schlosser).

For a representative case (net heat flux of 123 Wm−2, Jerlov-I water type, 6 ms−1 winds) we

observe little variation in Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 for deeper initial MLD and weaker △ Sb (Figure 7a). However,

the sensitivity of Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 to △ Sb is relatively stronger for shallow MLDs between 2 and 4 m, with

differences of O(0.1 ◦C). We fix the initial MLD to 4 m (where stratification-driven variability

is strongest) to assess how changing net heat flux and wind speed affect Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 dependence

on stratification. As expected, Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 varies with heat fluxes and wind speeds (0.57-1.2 ◦C).

However, the 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) due to the salinity stratification variations (inferred from differences

in Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 due to differences in Δ𝑆𝑏) are within a range of 0.07-0.15 ◦C (Figure 7b). Varying

optical properties has a relatively minor effect on the sensitivity of 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) due to the salinity

stratification variations (Figure 7c).
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Fig. 7. a) Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 from GOTM as a function of change in salinity at the base of mixed layer (△ Sb, in x-axis)

and initial MLD (in y-axis) for a diurnally varying clear sky day with wind speed of 6 ms−1 and mean heat flux

of 123 Wm−2. b) Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 as a function of initial change in salinity at the base of mixed layer of 4 m (△ Sb) for

different wind speeds (diamond and circle markers for 3 meter/s and 6 meter/s scenarios respectively) and daily

mean heat fluxes. c) is same as b) but for varying wind speed and optical properties. The mean heat flux in this

case is 123 Wm−2.

A comparison of our modeling results with the observed 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) from drifters indicates that

the magnitude of median 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) during DWL days are consistent with those expected from

lateral variations in salinity stratification, assuming minimal lateral variations in winds and heat

fluxes over these scales (given that MLDs shallower than 10 m are a common feature in the Bay,

e.g., Weller et al. 2019). However, the larger 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) in Figure 4 likely reflect combined effects

of spatial variability in stratification, optical properties, wind speed, net heat flux, and cloud cover,

all of which can vary on mesoscale and smaller length scales. The next section uses a D-BASIS

example to illustrate how lateral stratification differences can shape subsurface DWL evolution.
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Fig. 8. a) Observed SST for D2, b) observed temperature and c) salinity at D2 from 15-22 July 2019. The

measurements from the surface buoy are included in panel b) and c) as they were measured at 0.55 m and 1.7

meter depth. The green lines in panels b) as well as the red lines in panel c) indicate the DWL depth. The

thick black lines in panels b) and c) indicate the seasonal pycnocline depth (where 𝑁2 is greater than 5× 10−4

s−2), while the contours in these panels represent isotherms and isohalines, separated by 0.1 ◦C and 0.1 gkg−1,

respectively. The markers at the left end of the panels b) and c) indicate the depths where the measurements

were taken (continuous set of markers reflect the high resolution data density of the wirewalker below 5 m). The

panels d), e), f) are similar to panels a), b), c) respectively for D3. The black dashed vertical lines in panels

a–f indicate the beginning of the DWL period during the 2019 field campaign (see Appendix A), while the cyan

dashed line marks the model initialization time in Figure 9. All time series are shown in local time (IST).
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6. Impact of differences in Salinity-Driven Stratification on the Vertical Evolution of DWLs

The subsurface temperature profiles at D2 and D3 illustrate the DWL formation in the morning

and their subsequent mixing by late afternoon during 18-22 July 2019 (Figure 8b,e). The DWL

presence correlates with elevated daytime stratification (N2) and shear (S), with N2 up to two orders

of magnitude and S up to one order of magnitude higher than on non-DWL days (Figure A4b,d,e).

Despite their proximity (20-40 km, Figure A1b) and similar surface forcing (wind speeds and

heat fluxes), D2 and D3 exhibit differences in DWL evolution (Figure 8b,e). An example is the

vertical evolution of DWLs on 19 July 2019, which differs due to variations in pre-existing salinity

stratification between the two sites (Figure 8c,f). The average stratification over the top 15 m

at sunrise (pre-DWL) is two orders of magnitude higher at D3 (1.2× 10−4 s−2) compared to D2

(2.1×10−6 s−2, Figure 9a). Correspondingly, the MLD at sunrise (using the 0.125 kgm−3 density

criterion) differs by about 20m between D3 and D2 (15m and 35m respectively). The contrast in

pre-existing stratification and MLD before the DWL evolution at D2 and D3 (Figure 8) arises from

a combination of mesoscale-structured stratification as well as the cold pool event (Appendix-B).

Despite notable differences in pre-existing stratification, D2 and D3 exhibit similar Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙

of 0.34 ◦C. This outcome is consistent with our parameter space exploration (Section 5), which

indicates that the MLDs at D2 and D3 are beyond the range where stratification strongly influences

Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 . However, the stronger pre-existing stratification at D3 causes DWL depths to be shallower

by about 8 m compared to D2 (Figure 9d). This suggests that pre-existing background stratification

below the DWL primarily limits its vertical evolution through shear-driven mixing, thereby trapping

the DWL to a shallower depth.

Idealized one-dimensional GOTM simulations, using initial profiles and surface forcing from

D2 and D3, along with optical properties based on irradiance measurements from the D-BASIS

(pers comm. Tamara Schlosser), successfully estimate the final DWL depth (Figure 9d). However,

a detailed comparison of the time evolution of DWLs between the model and observations is not

included. In the morning, the simulated DWLs are often shallower than the 5 m observational

limit used to track DWL evolution based on temperature gradients. Although the DWL typically

deepens in the afternoon, the observed evolution shows intermittent spikes that are likely caused

by background oceanic processes, which are not represented in 1-D models.
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Fig. 9. a) Temperature, b) Salinity, c) Stratification profiles observed at D2 (red) and D3 (blue) just before

sunrise on 19 July (cyan line in Figure 8). The two ”x” marks indicate the respective MLDs based on the

0.125 kgm−3 criteria. d ) Solid lines indicate the observed DWL depths at D2 and D3, while the dashed lines

indicate the DWL depths from the corresponding GOTM simulations on 19 July 2019. Time series are shown in

local time (IST).

Beyond pre-existing stratification differences, another example of varied DWL evolution between

D2 and D3 stems from the advection of a rain lens (see Appendix-B of this paper; also Drushka

et al. 2016). The DWL at D2 deepens steadily in a typical one-dimensional evolution to 20 m on
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18 July 2019. The DWL at D3 in contrast remains confined above 5m due to stratification from

the advected rain lens (see Appendix-B), and a subsurface warm layer develops (Figure 8d,e).

These observations collectively highlight how spatial variability in background stratification,

rainfall and the advection of the resulting lens can lead to lateral differences in DWL evolution. Such

differences cause lateral variability in upper ocean heat content and vertical mixing, consequently

leading to lateral disparities in subsequent DWL evolution, air-sea feedback, and interfacial fluxes.

7. Discussion

The results presented here show ubiquitous lateral differences in diurnal SSTs (𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙))
of average magnitude 0.1-0.2 ◦C over scales as small as O(10 km). Our results also indicate

that 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) are slightly larger on DWL conducive days than on non-conducive days. While

solar insolation, wind speeds, and optical properties of water are known drivers of diurnal SST

(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) and 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) (e.g., Webster et al. 1996; Ohlmann 2003; Pimentel et al. 2019), our

results show that variations in background salinity stratification (especially for regions like the Bay

of Bengal) also play a role. This result is consistent with anecdotal examples in Shroyer et al.

(2016). Although other studies report more drastic differences due to shallow freshwater lenses (e.g.

Soloviev and Lukas 1997; Moulin et al. 2021), our idealized one-dimensional GOTM simulations

produce 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) similar to those observed in the Bay of Bengal. These differences emerge

only when the initial MLD (prior to DWL formation at sunrise) is shallow. However, such models

may underestimate these values as Johnson et al. (2023) showed that one-dimensional turbulence

closure models overestimate vertical entrainment at the base of the mixed layer on DWL days

compared to Large Eddy Simulations (LES). To better constrain the role of salinity stratification in

Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 , longer-term co-located measurements of meteorological variables, Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙 , and ocean

boundary layers, as well as analyses of high temporal and vertical resolution mooring records are

needed.

D-BASIS observations from the 2019 field campaign reveal significant variations in background

stratification over approximately 30 km. These variations play a role in driving lateral differences in

sub-surface evolution of DWLs, which affect vertical heat distribution and can trigger submesoscale

processes (Bogdanoff 2017). In addition to background stratification, lateral advection processes

can cause lateral differences in DWLs (e.g. 18 July 2019 case). The advection could be caused
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by lateral slumping of fronts due to submesoscale processes, differential advection or the profiler

moving into a watermass of different stratification. Previous work has shown the existence of strong

diurnal variations in the velocity shear near fronts (Dauhajre and McWilliams 2018; Johnson et al.

2020b) which further impact the stratification (Johnson et al. 2020a) and potentially influence the

DWL evolution. Isolating these types of stratification changes using D-BASIS is difficult due to

the inherent space-time aliasing.

DWLs are shown to be a regular feature in this region, with 188 occurrences recorded in 2015.

Some of the DWL instances discussed here were also during the months of June to September (36

times in the year 2015), signaling their occurrence even when the monsoon season is prevalent in

the Bay.

Modulation of air-sea fluxes and atmospheric convection by DWLs has traditionally been studied

using a one-dimensional framework (e.g., Bellenger et al. 2010; de Szoeke et al. 2021; Clayson

and Bogdanoff 2013), with differences of O(0.3 ◦C) in diurnal SSTs leading to O(10 Wm−2)

differences in air–sea fluxes (Shevchenko et al. 2023). However, SST fronts influence atmospheric

convection variability and create secondary circulations within the Marine Atmospheric Boundary

layer (MABL, e.g., Sullivan et al. 2020, 2021; Skyllingstad et al. 2007). Our observations of

horizontal variability in DWLs further motivates the recent systematic modeling studies extending

beyond laterally homogeneous coupled LES studies of Sullivan et al. (2025), incorporating multi-

scale coupling between laterally variable DWLs and overlying MABL dynamics.

8. Conclusions

Remote sensing combined with in-situ observations reveals significant lateral differences in the

diurnal SST amplitudes (𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙)) across a diverse range of sub-basin length scales in the Bay

of Bengal. Using the day-night passes of the satellite AMSR-2, we observe 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) values

of O(1◦C) over mesoscale length scales of O(100 km) or larger. However, remote sensing poorly

resolves the 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) when compared to a dense network of surface drifters and a mooring

triad. The underestimation in 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) is especially pronounced in extreme cases where in-situ

values reveal differences as high as 2◦C. Using the meteorological conditions from the mooring

triad network to identify the conducive days for Diurnal Warm Layers (DWLs), we find that the

𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) values are larger on DWL conducive days (0.12◦C median, 0.48◦C 90th percentile)
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when compared to the non-conducive DWL days (0.07◦C median, 0.27◦C 90th percentile). Data

from a dense network of surface drifters deployed during the 2015 and 2019 field campaigns show

similar trends over length scales of 1–100 km. On DWL days, median 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) values range

from 0.05-0.2 ◦C, with 90th percentile values ranging from 0.2-1.4 ◦C. These ranges are smaller for

non-DWL days, with the median differences ranging from 0.05-0.1 ◦C and 90th percentile values

between 0.1-0.2 ◦C. Drifters equipped with surface salinity sensors further reveal that increasing

lateral differences in surface salinity (a proxy for stratification differences) led to 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) of

about 0.2 ◦C, regardless of DWL presence.

We use idealized one-dimensional modeling to explore how 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) varies with initial MLD

and salinity stratification, under different wind speeds, optical properties, and heat fluxes. Our

simulations confirm that the impact of salinity stratification on the 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) is about 0.07-

0.15 ◦C, but only for very shallow MLDs (less than 8 m). This indicates that lateral variability

in salinity-driven stratification (especially with shallow MLDs in the Bay) can modulate diurnal

warming.

Our observations (using D-BASIS profilers) reveal lateral variability in the subsurface evolution

of DWLs over scales of approximately 30 km. Lateral advection influences DWL structure, altering

its penetration depth by 5–10 m. Additionally, pre-existing differences in stratification also impact

this variability. These DWL differences affect the vertical distribution of heat within the upper

ocean.

In summary, this study quantifies 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) over submesoscale and smaller mesoscale lengths,

and highlights the role of differences in salinity stratification in driving these differences. Our results

show that variations in salinity stratification alone cannot account for the extreme 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙)
values at these scales. These extreme 𝛿(Δ𝑇𝑑𝑖𝑢𝑟𝑛𝑎𝑙) values could stem from small-scale coastal

plumes causing optical property variations (McKie et al. 2024; Pimentel et al. 2019), or variations

in wind speeds (Song et al. 2022) and heat fluxes (e.g., due to patchy clouds or differences in

cooling components; Nuijens et al. 2024; Song et al. 2022). This study highlights the presence

of small-scale lateral DWL variations that occur in regions with strong salinity gradients. Such

salinity gradients are often unresolved in regional models (Vinayachandran and Nanjundiah 2009),

potentially leading to an underestimation of diurnal SST and DWL gradients in these model

simulations.
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APPENDIX A

Description of Conditions During the 2019 Field Campaign Using D-BASIS and Basis for

DWL Thresholds
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The D-BASIS profilers’ ability to concurrently measure the air-sea fluxes and resolve OBL at

a high vertical resolution is instrumental in understanding the conditions favorable for DWLs.

Meteorological measurements from the D-BASIS profilers also allow us to classify the operational

period of the 2019 field campaign (Figure A1a) into three distinct regimes. These regimes

correspond to phases of the monsoon intra-seasonal variability (ISV) as the field campaign took

place during the Southwest Monsoon Season in the Bay. These ISV’s are characterized by active

and break phases. Break phases feature clear skies, which leads to diurnal cycles in the SST and

increased likelihood of DWLs. In contrast, the active phases feature steady high wind speeds,

overcast conditions, high precipitation rates, leading to a suppression in the diurnal cycles of SST.

The period from 12–17 July 2019 was marked by moderate wind speeds (6.2–8.7ms−1, Fig-

ure A2a), persistent southwesterly winds associated with the Southwest Monsoon (Figure A2b),

and clear skies with peak shortwave radiation nearing 1000Wm−2 (Figure A2e). Rainfall was

absent except for a heavy rain event on 17 July (Appendix B, Figure A2d). Diurnal SST amplitudes

of 0.1-0.2 ◦C were observed, along with a 0.2 ◦C increase in foundational SST (Figure A3a,b).

These conditions suggest that the sampled region of the Bay was in a break phase of the ISV.

However, the upper 30 m of the ocean remained relatively well mixed, and no signatures of DWL

formation were observed (Figure A3c, A4b,d,e).

A drop of 4◦C in air temperature is observed across the three D-BASIS profilers on 17 July

(Figure A2c). This is also followed by very high precipitation rate of 80 mmh−1 (Figure A2d).

These conditions indicate an atmospheric cold pool event (de Szoeke et al. 2017; Simoes-Sousa

et al. 2022), which is followed by calm conditions with night-time cooling and diurnal warming

on the next day. The net rainfall due to this cold pool event is about 75 mm and 101 mm at D2 and

D3 respectively. Such events freshen the upper ocean and create rain lenses (Moulin et al. 2021;

Iyer and Drushka 2021).

During the period of 18-22 July 2019, wind speeds ranged from 2.8–6.1 ms−1 (Figure A2a),

predominantly from the west and northwest direction (which is uncharacteristic as the winds are

typically south-westerly during the monsoons in the Bay, Figure A2b). Clear sky conditions with

peak SWR of nearly 1000 Wm−2 persisted during this period (Figure A2e). The diurnal SST

amplitudes during this period are 0.5-0.8 ◦C (or even more in some cases), with an increase of

0.25 ◦C in the foundational SST (Figure A3a,b). These conditions indicate that the sampled part
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Fig. A1. a) Map of the Bay of Bengal displaying various assets used for sampling during the MISO-BoB

Intensive Observational Period (IOP) in 2019. The legend provides information about the deployment dates and

positions of drifters. It also includes deployment positions, paths, deployment dates, and recovery dates for the

D-BASIS profilers (D1, D2, D3). The map also illustrates the ship’s route and sampling dates. The background

colors represent the bathymetry of the Bay, while the background arrows depict geostrophic currents averaged

over a ten-day period from 15-24 July 2019. The letter A indicates the anticyclonic eddy along which the drifters

moved. b) Time Series of separation distance between D2 and D3 profilers between 12 July to 27 July 2019.

Time series is shown in local time (IST).

of the Bay was still in the break phase. However, the upper 30 m of the ocean exhibited strong

stratification and shear along with enhanced temperature gradients, which are signatures consistent

with the presence of DWLs. (Figure A3c, A4b,d,e, Hughes et al. 2020a).
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Fig. A2. Mean of Meteorological measurements from the three D-BASIS and averaged to 15-minute intervals

in blue while the range between the three D-BASIS is indicated in red shaded area. a) Wind speeds, b) wind

direction (0𝑜 indicates southerly winds whereas −90𝑜 angle indicates easterly winds), c) air temperature near the

air-sea interface (2.65 m), d) precipitation rate and e) Net Heat Flux from 12 July to 27 July 2019. The 10𝑡ℎ and

90𝑡ℎ percentile values of wind speeds for each of the three periods from D-BASIS buoys are reported on panel

a). The black dashed vertical lines in panels a–e are used to separate different periods described in Appendix A.

All time series are shown in local time (IST).

During the remainder of the operational cruise period (23-28 July 2019), the wind speeds

increased nearly two-fold from the previous period (6.7-10.5 ms−1, Figure A2a) with the wind

direction returning to the typical southwest monsoon pattern (Figure A2b). This period was also

marked with steady rainfall at times (Figure A2d) and persistent overcast skies (with peak SWR

of nearly 500 Wm−2, Figure A2e). As a result, the diurnal cycles in SST are suppressed and

the foundational temperature gradually cools (Figure A3a,b). These conditions indicate that the

sampled part of the Bay was in the active phase, with no possibility of DWLs due to lack of clear

skies.

Based on the wind speeds observed during this field campaign, we define DWL-favorable

conditions in the Bay as wind speeds below 6 ms−1 (at 3 m height). This limit is close to 7.6
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Fig. A3. Time series of SSTs as measured from a) drifters at 0.2 m depth, b) D-BASIS at 0.55 m and c)

temperatures measured at various depths using D2 from 12 July to 27 July 2019. The typical diurnal cycles of

SSTs for the periods where the diurnal cycles are prominent is reported on panels a) and b). The black dashed

vertical lines in panels a–c are used to separate different periods described in Appendix A. All time series are

shown in local time (IST).
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Fig. A4. a) Wind stress from D2. b) Stratification in logarithmic scale from D2 during 18 July to 22 July 2019.

Panels c), d) are similar to panels a), b) respectively but for D3. e) Shear in logarithmic scale calculated from

D3. Shear measurements from D2 are missing due to the loss of its ADCP. The thick brown contours in panels

b), d), e) indicate the 0.04 ◦C m−1 temperature gradient while the thin brown contour indicates the 0.02 ◦C m−1

gradient. The gray dashed lines in panels b),d) and e) indicate the DWL depth. The thick black lines in panels

b,c,e indicate the upper pycnocline depth (based on the maximum 𝑁2 below the typical DWL depth). The black

dashed vertical lines in panels a–e indicate the beginning of the DWL period during the 2019 field campaign

(see Appendix A). All time series are shown in local time (IST).
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Transect Date and Time Start Date and Time End Location Start Location End
1 14 Jul 04:30 14 Jul 18:30 17.07 N, 88.4 E 16.35 N, 87.98 E
2 17 Jul 05:45 17 Jul 17:10 16.27 N, 88.2 E 16.88 N, 88.55 E
3 17 Jul 18:20 18 Jul 04:25 16.88 N, 88.55 E 16.27 N, 88.2 E
4 18 Jul 18:15 19 Jul 07:50 16.38 N, 89.13 E 16.05 N, 88.28 E
5 19 Jul 07:50 19 Jul 20:05 16.05 N, 88.28 E 16 N, 89.23 E

Table B1. Information about ship transects during the 2019 Field Campaign as shown in Figure B1. The

times are reported as local time (UTC + 5.5 hours)

ms−1 (at 10 m height) defined for the wind speed limits for DWL formation in Equatorial Indian

Ocean (Thompson et al. 2019). In addition, we use a peak SWR threshold of 750 Wm−2 or greater

to detect clear skies for DWL conditions (based on theoretical SWR calculations in Renner et al.

2019).

APPENDIX B

Evolution of Upper Ocean Structure Before and After the 17 July 2019 Coldpool Event

The cold pool event on 17 July 2019 triggered heavy rainfall, leading to the formation of freshwater

lens. However, the variability in stratification in the sampling region is not solely controlled by

this intense precipitation event. The FastCTD measurements from the ship showed significant

gradients in stratification in the East-West direction even before the rainfall event (Transect-1,

Figure B1a,b). Transect-2 cuts across the D3 path on 17 July 2019 such that the end of the ship

transect (post-rainfall) overlaps with the start of D3 (pre-rainfall; Figure B1c). Similarity in the

salinity structure between the two sources indicates that the shallow stratification existed before

the cold pool event. Ship transects conducted on 19 July reveal greater spatial variability in upper

ocean salinity structure compared to earlier transects, likely influenced by both the cold pool event

and pre-existing mesoscale-structured stratification. (Figure B1e,f).

Focusing on the cold pool event, both ship and D-BASIS profilers (D2, D3) detected rain

lens formation during Transect-3 (a repeat of Transect-2; Figure B1d, Figure 8c,f). The lens

at D3 persisted longer that D2 due to stronger upper-ocean stratification at D3, consistent with

observations from the tropical Pacific (Iyer and Drushka 2021). Between 17–18 July, near-surface

salinity at D3 fluctuated even in the absence of recorded rainfall (Figure 8f, Figure A2d), likely due
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Fig. B1. a) Surface salinity and b) surface temperature observed from various ship transects, D2, and D3

during the 2019 field campaign. The black arrows indicate geostrophic currents averaged over the ten-day period

from 15–24 July 2019. The start and end dates, along with the extents of each transect, are listed in Table B1.

Black squares mark the positions of D2 and D3 on 14 July 2019, while black circles indicate the endpoints of

each ship transect. c), d), e), and f) indicate 3-D plots of the salinity from ship transects 2, 3, 4, 5, as well as

sections sampled from D2 and D3 during the same time, respectively (the color bar for these panels is the same

as panel-a).
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Fig. B2. Rainfall rates from IMERG at four different times (see subplot title for the time) on 17 and 18 July

2019 (Local Time). The magenta and red stars indicate the position of D2 and D3 respectively at the time of the

snapshot from IMERG. The rainfall event in a) is captured at D2 and D3 (Figure A2d), while the rainfall around

D3 in c) is not captured in the in-situ measurements.

to advection of nearby freshwater lens. IMERG imagery shows rainfall near D3 on 18 July at 03:00

(Figure B2c), not captured by in-situ rain gauges. Temperature fluctuations at D3 between 07:00 and

09:00 on 18 July (Figure 8e) further suggest D3 drifted through multiple lenses. These observations

imply that lateral differences in background stratification may also result from advection of rain

lens (similar to the movement of rain lenses as gravity current propagation in Moulin et al. 2021).
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Sutherland, G., L. Marié, G. Reverdin, K. H. Christensen, G. Broström, and B. Ward, 2016: En-

hanced Turbulence Associated with the Diurnal Jet in the Ocean Surface Boundary Layer. Jour-

nal of Physical Oceanography, 46 (10), 3051–3067, https://doi.org/10.1175/JPO-D-15-0172.1.

Thompson, E. J., J. N. Moum, C. W. Fairall, and S. A. Rutledge, 2019: Wind limits on rain layers

and diurnal warm layers. Journal of Geophysical Research: Oceans, 124 (2), 897–924.

Vinayachandran, P., and R. S. Nanjundiah, 2009: Indian ocean sea surface salinity variations in a

coupled model. Climate dynamics, 33, 245–263.

Webster, P. J., C. A. Clayson, and J. A. Curry, 1996: Clouds, radiation, and the diurnal cycle of

sea surface temperature in the tropical western Pacific. Journal of Climate, 9 (8), 1712–1730.

Weller, R., J. Farrar, H. Seo, C. Prend, D. Sengupta, J. S. Lekha, M. Ravichandran, and R. Venkate-

sen, 2019: Moored observations of the surface meteorology and air–sea fluxes in the northern

Bay of Bengal in 2015. Journal of Climate, 32 (2), 549–573.

Weller, R. A., and Coauthors, 2016: Air-Sea Interaction in the Bay of Bengal. Oceanography,

29 (2), 28–37.

41
Accepted for publication in Journal of Physical Oceanography. DOI 10.1175/JPO-D-25-0134.1.Brought to you by University of Hawaii at Manoa, Library | Unauthenticated | Downloaded 11/28/25 02:25 AM UTC



Wentz, F. J., T. Meissner, C. Gentemann, K. A. Hilburn, and J. Scott, 2014: Remote Sensing

Systems GCOM-W1 AMSR2 Daily Environmental Suite on 0.25 deg grid, Version 8.2,. Santa

Rosa, CA, Remote Sensing Systems.

Wijesekera, H. W., and Coauthors, 2016: ASIRI: An Ocean–Atmosphere Initiative for Bay of

Bengal. Bulletin of the American Meteorological Society, 97 (10), 1859–1884, https://doi.org/

10.1175/BAMS-D-14-00197.1.

Zheng, B., A. J. Lucas, R. Pinkel, and A. Le Boyer, 2022: Fine-Scale Velocity Measurement on the

Wirewalker Wave-Powered Profiler. Journal of Atmospheric and Oceanic Technology, 39 (2),

133–147.

42
Accepted for publication in Journal of Physical Oceanography. DOI 10.1175/JPO-D-25-0134.1.Brought to you by University of Hawaii at Manoa, Library | Unauthenticated | Downloaded 11/28/25 02:25 AM UTC




