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Abstract

The Indian Ocean hosted a strong positive Indian Ocean Dipole (pIOD) event in 2019-2020, and a weak event in 2018-2019,
such as the magnitude of the cold sea surface temperature anomaly (SSTA) during June-December in the former case is a
factor of two higher (~— 1.5 °C) than the latter (~—0.75 °C) at the western periphery of the eastern IOD zone at 5° S, 95° E.
The plausible mechanisms responsible for this difference in the SSTA between these two events are examined using the mixed
layer heat budget estimate using the moored buoy measurements. It is found that the enhanced cooling during June-December
in 2019-2020 is determined primarily by the anomalous cooling due to the vertical processes associated with the combined
effect of the anomalous thin barrier layer (BL), shallow thermocline, weak near-surface stratification, and strong wind speed
induced vertical mixing, and secondarily by the enhancement in the latent heat flux (LHF) loss from the ocean. Conversely,
the magnitude of cooling due to the vertical processes is much smaller in 2018-2019 due to the near-climatological states
such as a thick BL, deep thermocline, and weak wind speed. During these events, the warming tendency by the horizontal
advection dampens the cooling tendency associated with the vertical processes and LHF These characteristics are distinct
from the past study that suggested that the horizontal advection was responsible for the cool SSTA at the exact location dur-

ing an extreme pIOD event in 2006-2007.

1 Introduction

The Indian Ocean Dipole (IOD) event is one of the dominant
interannual coupled ocean—atmosphere phenomena in the
Indian Ocean (Saji et al. 1999; Webster et al. 1999). The
positive phase of the IOD (pIOD) is characterized by the
cool sea surface temperature (SST) anomaly (SSTA) and
suppressed convective activity in the eastern Equatorial
Indian Ocean (EIO, 10° S—Equator and 90° E-110° E), and
an anomalous warm SST and enhanced convective activity
in the western EIO (50° E-70° E and 10° S—-10° N) (Fig. 1c);
roughly an opposite situation exists in the EIO during the
negative phase of the IOD (nIOD) (Saji et al. 1999; Webster
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et al. 1999; Horii et al. 2009; Mareta et al. 2018; Zhang et al.
2018a, b; Wang and Cai 2020).

Past studies have demonstrated that an IOD event has the
potential to modulate the climatic conditions over the Indian
Ocean region (Saji et al. 1999; Webster et al. 1999; Behera
et al. 1999; Ashok et al. 2001, 2004; Gadgil et al. 2004;
Ajayamohan and Rao 2008; Vinayachandran et al. 2009;
Girishkumar et al. 2011; Girishkumar and Ravichandran
2012). For example, past studies have depicted the enhance-
ment of precipitation in the northern Bay of Bengal dur-
ing the pIOD years (Behera et al. 1999; Ashok et al. 2001;
Ajayamohan and Rao 2008). In addition, it has also been
shown that pIOD events significantly modulate the tropical
cyclone activity in the northern Indian Ocean (Girishkumar
and Ravichandran 2012). Besides, previous studies have also
demonstrated that the IOD events can significantly modulate
the physical and biogeochemical states in the Indian Ocean
(Murtugudde et al. 1999; Vinayachandran and Mathew
2003; Pant et al. 2015; Girishkumar et al. 2011). Moreover,
IOD events can significantly modulate global climatic con-
ditions through teleconnections (Saji and Yamagata 2003;
Behera and Yamagata 2003; Schott et al. 2009; Jiang et al.
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Fig. 1 Spatio-temporal evolution of bi-monthly average of the SST mooring location at 5° S, 95° E. The profiling locations of Argo
(°C) and wind vectors (m s7). a Climatology (2002-2020) and float (WMO ID 2902149) from 1 May 2018 to 1 January 2021 in the
anomaly during the pIOD events in b 2018-2019 and ¢ 2019-2020. south-eastern equatorial Indian Ocean are marked as the pink dots in
The red open circles in panels (a), (b) and (c) represent the RAMA the bottom panel of (a)
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2019; Izumo et al. 2010; Wang and Cai 2020). These studies
suggest that a better understanding of the factors that modu-
late the SST in the eastern and western EIO facilitate a better
representation of the lifecycle of IOD events in the coupled
model using for the seasonal, extended, and future climate
predictions. Note that the SST in the eastern EIO remained
higher than 27 °C throughout the year (Fig. 1a). Considering
the high mean SST in the eastern EIO, even a small SSTA of
a magnitude of 0.5 °C in this region can significantly modu-
late the atmospheric circulation, as demonstrated in previous
studies (Palmer and Mansfield 1984). Hence, understanding
the factors modulating the interannual SST in the eastern
IOD zone have scientific and societal implications.

Dipole Mode Index (DMI) is the most commonly used
indices to classify the intensity of an IOD event, and it is
defined as the difference in the SSTA between the west-
ern EIO (50° E-70° E and 10° S—10° N) and eastern EIO
(10° S—Equator and 90° E-110 °E) zone (Saji et al. 1999).
The evolution of an IOD event is phase-locked to the sea-
sonal cycle, such as a specific event that develops during late
boreal spring (May) or early part of the northern summer
(June) and reaches peak intensity during boreal fall (Octo-
ber—November) and decay rapidly after that (Saji et al. 1999;
Webster et al. 1999) (Fig. 2a).

The analysis of the DMI data during the last 19 years
(2002-2020) showed that the Indian Ocean hosted an
extreme pIOD event in 2019-2020 and a relatively weak
event in 2018-2019. The DMI magnitude associated with
the event in 2019-2020 reached as large as ~2.5 °C, which
is approximately a factor of two higher than (~ 1.5 °C) the
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Fig.2 Temporal evolution of the a DMI (°C) during 2006-2007
(blue), 2018-2019 (green), and 2019-2020 (red). Temporal evo-
lution of the SST anomaly (°C) derived from the OI-SST in the b
eastern IOD zone (10° S—Equator and 90° E-110° E) and ¢ western
10D zone (50° E-70° E and 10° S-10° N) during 2006-2007 (blue),
2018-2019 (green), and 2019-2020 (red). A 30-day running mean is
applied to all the parameters for better readability

second intense event in 2006-2007 during 2002-2020
(Fig. 2a). The temporal evolution of the DMI during
2018-2019 showed strong temporal correspondence with
the event during 2019-2020 and 2006-2007, such as the
event developed during May—June, intensified during Sep-
tember—November, and terminated around December—Jan-
vary (Fig. 2a). However, the maximum magnitude of the
DMI during the pIOD event in 2018-2019 was much smaller
(~0.75 °C) than the events during 2019-2020 (~2.5 °C) and
2006-2007 (~ 1.5 °C) (Fig. 2a). The analysis of the SST
anomalies in the western and eastern IOD zone during the
peak phase of the pIOD events between October and Novem-
ber in 2006-2007 and 2019-2020 showed anomalous cool-
ing in the eastern IOD zone and anomalous warming in the
western [IOD zone (Fig. 2b, c¢). These characteristics suggest
that the higher values of the DMI during the peak phase of
the events in 2006-2007 and 2019-2020 are determined by
the combined effect of the cooling in the east and warming
in the west (Fig. 2). However, between October and Novem-
ber in 2018-2019, the SST anomaly in the eastern IOD zone
showed a near-climatological value, and the positive value
of the DMI is primarily owing to the warming in the western
10D zone (Fig. 2).

The availability of the near-surface meteorological and
sub-surface oceanographic parameters from the Research
Moored Array for African-Asian-Australian Monsoon Anal-
ysis and Prediction (RAMA) buoy (McPhaden et al. 2009)
at 5° S, 95° E in the eastern EIO provide an unprecedented
opportunity to examine the underlying mechanisms that
lead to the difference in the SSTA in the eastern EIO during
the weak pIOD event in 2018-2019 and an extreme event
in 2019-2020. The primary objective of the present study
is to describe the nature of the SSTA in the eastern EIO
associated with these two pIOD events and also to examine
whether the factors that led to the cool SSTA in the east-
ern EIO during these two pIOD events play a similar role
through the analyses of the mixed layer (ML) heat budget
terms at 5° S, 95° E using the RAMA data.

Note that the RAMA mooring at 5° S, 95° E located is
in the western periphery of the eastern IOD zone, where
the cold SSTA associated with the plOD event persists
(Fig. 1c). As suggested by previous studies, the coastal
ocean dynamics processes, such as the coastal Ekman
pumping, along the coast of Sumatra and Java play an
essential role in determining the SST variability in the
eastern IOD zone’s eastern margin (Horii et al. 2009; Del-
man et al. 2016, 2018). However, it is essential to note
that the RAMA mooring at 5° S, 95° E is located in the
western margin of the eastern IOD zone, where open ocean
dynamics play an active role (Horii et al. 2009, 2013a,
b). Understanding the underlying processes that deter-
mine the interannual SST variability in the open ocean
region of the eastern EIO are equally crucial for a better
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representation of the spatial spread of the SSTA associ-
ated with the pIOD events in the numerical model using
seasonal, extended, and climate projections (Fig. 1c). The
RAMA data was also available on relatively weak plOD
events in 2017-2018; however, this event was not consid-
ered for further analyses since the SSTA associated with
this event at 5° S, 95° E was transient and nominal (Figure
not shown).

Note that the previous studies have examined the ML
heat budget in the eastern EIO during the pIOD events;
however, these studies mainly depended on numerical
model simulation and reanalysis products (Horii et al.
2009, 2013b; Santoso et al. 2010; Izuka et al. 2000; Vinay-
achandran et al. 2007; Delman et al. 2016; 2018; Wang
et al. 2020). Using the ML heat budget analysis based on
the Triangle Trans-Ocean Buoy Network (TRITON) data,
Horii et al. (2009) examined the factors determining the
cold SSTA associated with the pIOD event in 2006-2007
at 5° S, 95° E. Horii et al. (2009) also showed that, dur-
ing the initial phase of the pIOD event in 2006-2007, the
anomalous cooling was primarily determined by the net
surface heat flux (NHF) loss from the ocean, while the
horizontal advection determined the peak cooling phase
between August and October.

In contrast to Horii et al. (2009), using ocean general
circulation model output, Vinayachadran et al. (2007)
demonstrated that the cooling due to the vertical processes
also acted as an essential process along with the horizontal
advection to determine the cold SSTA in the eastern EIO
in association with the pIOD event in 2006 (Fig. 4a and 4b
of Vinayachadran et al. 2007). Horii et al. (2009) attrib-
uted these discrepancies in the result to the difference in
the study area compared to Vinayachandran et al. (2007),
in which the latter one examined the ML heat balance in
large areas which covered both open ocean and Sumatra
and Java coasts, while in the former case the analysis was
focused only at 5° S, 95° E. Note that the present study is
an extension to the work carried out by Horii et al. (2009)
using in-situ data at 5° S, 95° E during the pIOD event in
2006.

In the following discussion, we will examine the anoma-
lous conditions that persisted at the RAMA mooring site
at 5° S, 95° E during the pIOD events in 2019-2020 and
2018-2019. Subsequently, we will compare our result with
Horii et al. (2009) to examine whether the factors that led to
the cool SSTA in the eastern EIO (at 5° S, 95° E) in associa-
tion with the pIOD event during 2006-2007 played a similar
role during these two pIOD events.

The rest of the manuscript is organized as follows. Satel-
lite and in-situ data used and methodology followed is sum-
marized in Sect. 2. The results and discussion are presented
in Sect. 3, and the results are summarized in Sect. 4.
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2 Data and methods
2.1 Moored buoy data

For the analysis, near-surface meteorological and sub-
surface oceanographic measurements with one-day tem-
poral resolution from the RAMA mooring at 5° S and 95°
E were used (Fig. 1c). Subsurface measurements include
water temperature at a depth of 1.5 m, 10 m, 20 m, 40 m,
60 m, 80 m, 100 m, 120 m, and 140 m, salinity at a depth
of 1.5 m, 10 m, 20 m, 40 m, 60 m, 80 m, and 100 m and
current velocity at a depth of 10 m. The buoy also meas-
ures near-surface atmospheric parameters such as the air
temperature, relative humidity at a height of 3 m, wind
velocity at a height of 4 m, and downwelling shortwave
radiation at a height of 3.5 m above the sea surface. Note
that RAMA salinity measurements at 1.5 m depth were not
recorded from May 2018 to October 2019, and the meas-
urements at 20 m and 80 m were also not available from
May 2019 to October 2020. The subsurface temperature
and salinity data were interpolated to 1 m to facilitate the
analysis.

The latent (LHF) and sensible heat flux (SHF) are derived
from COARE 3.0b bulk air-sea fluxes algorithm using the
mooring SST, air temperature, and relative humidity (Fair-
all et al. 2003). Downwelling shortwave radiation obtained
from RAMA mooring was corrected with a constant albedo
(5.5%) to estimate the net shortwave radiation (NSW).

Downwelling longwave radiation (DLW) sensor was
not equipped with RAMA mooring at 5° S and 95° E;
hence, daily Clouds and the Earth’s Radiant Energy Sys-
tem (CERES) DLW data with 1° X 1° spatial resolution
(Wielicki et al. 1996) was used to facilitate the analysis.
We evaluated the quality of CERES DLW data with the
measurements from RAMA mooring at 0° S and 80.5° E
which is located approximately 1700 km away from the
study region at 5° S and 95° E. The statistical analysis
between the DLW at 5° S and 95° E showed a reasonably
good agreement with a correlation of 0.8. Besides, the root
mean square difference (RMSD) between these two DLW
estimations was approximately 7.3 W m~2, and this value
was smaller than the standard deviations (~9.7 W m~2) of
long-time series of the RAMA DLW data at 0° S and 80.5°
E. The above analysis implied that the CERES DLW data is
areliable replacement for the buoy data, and it can be used
to estimate the net longwave radiation (NLW). The NLW
at 5° S and 95° E were estimated after subtracting CERES
DLW from black body radiation from the sea surface (N
LW=0.97 X (6 X (SST +273.15)* = DLW); where o is the
Stefan—Boltzmann constant (5.67 x 1078 W m™2 K™%).

The daily climatology was estimated as the mean value
for each day from the mooring data. However, there were
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significant data gaps, and approximately 45% (~ 8.5 years)
of data was only available for the meteorological param-
eters between 2002 and 2020 (Table 1). We evaluated the
impact of the missing data on the climatology derived
from the RAMA data with the estimation from the Trop-
Flux data (2002-2018), which is generally considered as
an excellent substitute for the in-situ near-surface mete-
orological and oceanographic parameters in the tropical
Oceans (Praveen Kumar et al. 2012). It was found that
the climatology of near-surface meteorological param-
eters derived from the RAMA mooring at 5° S and 95° E
showed excellent agreement with the TropFLux climatol-
ogy (Figs. S1 and S2). Similarly, climatology derived from
CCMP wind speed data showed good correspondence with
the measurements from the mooring (Fig. S1a). Hence, the
analysis that follows is based on the climatology estimated
from the mooring data. The daily anomaly fields were esti-
mated by subtracting daily climatological values from the
observed data.

The mixed layer depth (MLD) is defined as the depth
where the density is equal to the sea surface density plus an
increment equivalent to the density change (~0.125 kg m™>)
associated with a change in the temperature of 0.4 °C. The
isothermal layer depth (ILD) is defined as the depth where
the temperature is 0.4 °C lower than the SST. Barrier layer
thickness (BLT) is defined as the difference between the
ILD and MLD. Temperature inversions are defined to occur
when the temperature at a depth is greater than the SST by
0.01 °C.

pCoh e = NHF = pCyh [us: + vg—;] + pCyhH [Wy, +

(a) (b) (© (d)

2.2 Satellite and Argo data

Daily National Oceanic and Atmospheric Administration
(NOAA) Interpolated Outgoing Longwave Radiation (OLR)
data (Liebmann and Smith 1996) at a spatial resolution of 2.5°
were used as a proxy for convective activity in the EIO, and
the positive (negative) value of the OLR anomaly represents
suppressed (enhanced) convective activity. In addition, daily
optimally interpolated (OI) SST products generated from the
microwave (MW) and infrared (IR) SST data with a 9 km spa-
tial resolution were used to explain the SST variability in the
EIO (Gentemann et al. 2004). The daily average of the Cross-
Calibrated Multi-Platform (CCMP) version 2 gridded surface
vector winds (Atlas et al. 2011) with 0.25° spatial resolution
and 6-h temporal resolution was used to describe the spatio-
temporal evolution of the wind field in the EIO. A monthly
average of the chlorophyll-a data from Moderate Resolution
Imaging Spectroradiometer (MODIS) with a 4 km spatial reso-
lution was used for the ML heat budget analysis. Gridded Argo
salinity data generated through Variational Analysis (DIVA)
interpolating method (Jha and Udaya Bhaskar 2020) was used
to examine the salinity variability at the mooring location.
Aviso daily gridded sea surface height anomaly (SSHA) with
0.33° resolution (AVISO Altimetry 2009) was used to describe
the planetary wave activity at the EIO.

2.3 Mixed layer heat budget

The ML heat budget was evaluated using the equation given
by Rao and Sivakumar (2000).

a_h (Tp-T) .
6t]—h + Residual

ey
(e)

Table 1 Percentage of the near-surface meteorological and oceano-
graphic data available from the RAMA mooring at 5°S and 95° E
during 2002-2020

Parameters Percentage of
data avail-
ability

Relative humidity (RH) ~59

Wind speed (WS) ~44

Air temperature (AT) ~63

SST ~93

Current speed ~47

NSW ~58

LHF ~44

SHF ~44

NLW ~93

The terms of the ML heat budget equation from left to
right represent the (a) ML heat storage rate (b) the NHF is
defined as the sum of the NSW, NLW, LHF, SHF, and Qppy
where the Qppy is the penetrative component of the short-
wave radiation below the ML (c) horizontal advection (d)
vertical processes and (e) residual. In Eq. 1, p is the density
of the seawater (1025 kg m™), C, is the specific heat capac-
ity of the seawater (3903 J Kg~' K71, h is the MLD in m,
0T/dt is the rate of change of the ML temperature in °C s~

In equation one, ud7/dx and voT/dy represent the zonal
and meridional components of the horizontal advection
term, respectively. The zonal (u) and meridional (v) cur-
rent measurements at 10 m depth of the mooring were used
to estimate the heat flux associated with the horizontal
advection. The missing zonal and meridional current speed
values between December 2018 and January 2019 were
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linearly interpolated to facilitate the analysis. 07/0x and
0T/0y are the zonal and meridional components of tempera-
ture gradient (°C m~!), and they were estimated from the
OI-SST daily gridded temperature data with a 9-km spa-
tial resolution using a centred difference scheme. A two-
point spatial box-car smoothing was applied to the satellite
data before using a centred difference scheme to estimate
the horizontal gradient. The heat flux associated with the
horizontal advection may be sensitive to the choice of lat-
eral smoothing prescribed on daily gridded SST data, and
it is quantified as follows. The daily horizontal heat flux
estimated from the gridded SST field before applying any
box-car smoothing (defined as HF_BS; A(x,y)~9 km) and
after prescribing a four-point spatial smoothing (defined
as HF_48S; A(x,y) ~36 km) compared with the estimation
from our default choice (defined as HF_2S; A(x,y)~ 18 km).
Our analysis showed that the RMSD between HF_4S and
HF_2S (HF_BS and HF_2S) was approximately 6.0 Wm™2
(4.5 W m™?), and these differences were relatively small
compared to the range of daily heat flux due to the horizontal
advection (~55 W m~2) observed in the study region. The
above analysis indicated that the horizontal heat flux estima-
tion did not change significantly with spatial smoothing of
daily gridded SST data.

The vertical processes term consists of entrainment veloc-
ity at the base of the ML (W, + %) and temperature gradient
at the base of the ML (T, — T)h~"). The entrainment veloc-
ity (in m day™!) at the ML base was estimated from the rate
of change of the MLD (0h/0¢) and W,,. T}, is the temperature
at 5 m below the MLD, which is entrained to the ML (Du
et al. 2005).

Open ocean Ekman pumping due to the local wind stress
curl, internal waves, and westward propagating Rossby
waves play an important role in determining the W, at
the off-equatorial region, and their collective impact can
be inferred from the upward and downward movement
of the thermocline (Yu 2003; Girishkumar et al. 2013a).
Following McPhaden (1982), vertical displacement of the
isotherms in the thermocline was used to estimate the W,,.
Past studies have demonstrated that the depth of the 23 °C
isotherms (D23) can be used as a representative of the
thermocline depth in the tropical Indian Ocean (Girishku-
mar et al. 2013a), and the W), was estimated as the rate of
change of the D23. H is the Heaviside step function [=0
if (W, +0h/0t)<0,=1 if (W, 4+ 0h/0t > 0], which indicates
that the vertical processes term is active only when the ML
deepens relatively to the changes in the thermocline depth
(McPhaden and Hayes 1991; Ashin et al. 2019).

We evaluated the heat flux due to the vertical processes
sensitivity to the choice of isotherm to estimate the W,,. For
that purpose, daily heat flux due to the vertical processes
estimated using the rate of change of D23 was compared
with the estimation based on the depth of 21 °C isotherm
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(VERy,,,;) and depth of 25 °C isotherm (VERy,,s). The
RMSD between VER,,;,; (VER,;,,5) and the estimation based
on our default choice was around ~26 W m~2 (~33 W m™2).
Similarly, daily heat flux due to the vertical processes com-
puted using the temperature at 1 m (VER,;,;), and 10 m
(VERy;,;) below the MLD with our default choice (the tem-
perature at 5 m below the ML) showed RMSD values of ~21
W m~2 and ~30 W m~2, respectively. These differences were
relatively small compared to the standard deviation (~44
W m~2) of the daily heat flux associated with vertical pro-
cesses estimated from the mooring data. The above analysis
indicated that the heat flux estimation does not change sig-
nificantly to the choice of isotherm to estimate the W, and
the depth below the MLD from water entrained into the ML.

The Q,,, was estimated using the expression proposed by
Morel and Antoine (1994):

QPen = 047NSW[V1e_h/§J + Vze—h/§2] (2)

The value 0.47 represents the fraction of the NSW in the
visible range (300-750 nm) incident on the sea surface,
and the remaining 0.53 is the fraction of the infrared com-
ponent (> 750 nm) of the NSW absorbed in the upper 2 m
of the water column (Sweeney et al. 2005). {; and {, rep-
resent the e-folding lengths for the long visible and short
visible wavelengths, & is MLD in meters, and V; and V,
represent the percentage of the long visible and short visible
wavelengths after removing the infrared component from
the NSW. Values of {}, {, V;, and V, were estimated using
MODIS monthly composite of chlorophyll-a (mg m~>) data
using the expression proposed by Morel and Antoine (1994).
The monthly MODIS chlorophyll data were interpolated to a
daily grid to estimate the daily values of the Qppy The mean
values of V;, V,, {; and {, at the mooring location were
approximately 0.38, 0.62, 1.52 m, and 16 m.

The residual term consists of contributions from the unre-
solved processes such as the horizontal and vertical diffusiv-
ity, errors associated with a vertical resolution of sub-surface
measurements, finite differencing computational errors, and
the uncertainty in the parametrization of the penetrating
shortwave radiations (Foltz and McPhaden 2009).

The influence of the absence of salinity observation on
the accuracy of the MLD estimation from the buoy data
was evaluated using relatively high vertical resolution meas-
urements from an Argo float (WMO ID 2902149) located
within 5° away from the mooring between 1 May 2018 and
1 January 2021 (Fig. 1; marked as pink dots in the bottom
panel). The Argo float (WMO ID 2902149) measures tem-
perature and salinity at every 5 m up to 50 m and every
10 m from 50 to 150 m. Note that the absence of salin-
ity measurements at 80 m may not impact the MLD since
the MLD was always shallower than 80 m during the study
period. Argo data was sampled at RAMA buoy sensor depth
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(defined as the Argo_R), and subsequently, we removed the
values at 1.5 m, 40 m and 80 m from the Argo_R (defined
as the Argo_R_M). The MLD estimation from Argo com-
pared with the Argo_R and the Argo_RM to demonstrated
the accuracy of the estimation from the mooring. The RMSD
between Argo and the Argo_R (Argo_R and Argo_R_M)
was around 6 m (4 m). These values were smaller than the
variability in the MLD (standard deviation ~ 17 m) observed
during the analysis period in the southeastern equatorial
Indian ocean. The above results showed that the absence of
salinity observations did not significantly impact the MLD
estimation.

3 Results and discussion

3.1 Spatio-temporal evolution of the SST
in the eastern EIO during the plOD events
in 2018-2019 and 2019-2020

Climatologically the SST evolution at the eastern EIO and
mooring location exhibited an annual cycle with a maximum
value (~30 °C) between April-May and a minimum value
(~28.5 °C) around August—October with a progressively
decreasing trend between May—August and increasing trend
between November—April (Figs. 1a, 3a). It is worth pointing
out that the temporal evolution of the SSTs at the mooring
location during the two consecutive plOD events that are of
interest in the present study showed a similar annual cycle
as apparent in the climatology (Fig. 3a).

31.0
30.0
o 29.0
28.0
27.0 1
26.0 -

e \;fw
] (b),

M ] J ASTO  ND"J"F' M A
2006-2007 2018-2019 2019-2020

Fig.3 Temporal evolution of the a SST (°C) and b SSTA (°C) from
the OI-SST at RAMA mooring location at 5°S, 95°E in association
with the pIOD events in 2006-2007 (blue), 2018-2019 (green), and
2019-2020 (red). The yellow line in panel (a) represents the SST cli-
matology derived from satellite (°C; 2002-2020). The dashed lines in
panel (a) represents MLT (°C; Climatology—yellow, 2018-2019—
green, and 2019-2020—red) derived from RAMA mooring at 5° S,
95° E. Due to the absence of the sub-surface temperature and salinity
measurements, the RAMA MLT was not represented for 2006-2007.
A 30-day running mean is applied to all the parameters for better
readability

The SSTA associated with the pIOD event during
2019-2020 was initiated as a faint zonal band of cold SSTA
(~—0.3 °C) at the southern Java coast during May (Fig. 1c).
This cold anomaly in the eastern EIO became more pro-
nounced and intensified and spread south-westward during
June—August (Fig. 1c). As the season progressed, the cold
SSTA intensified further and reached its peak intensity by
around October 2019 (~>—2 °C) and diffused by January
2020 (Figs. 1c, 3b). During its peak intensity during October
2019, the cold SSTA has shown the maximum westward
spatial extent along the equator, and its signature is apparent
up to 75°E (Fig. 1c). Subsequently, the SST in the eastern
EIO had shown a warm anomaly from January 2020 onwards
and reached its maximum value around April 2020 (~ 1 °C)
(Figs. 1c). At the mooring location (5°S and 95°E), the SST
remained warmer (~ 1 °C) than the climatological condi-
tions until June in association with the event in 2019-2020
and subsequently showed cold SSTA during July-November
with the peak value of ~ > — 1.5 °C around September—Octo-
ber (Fig. 3b). The maximum value of the warm SSTA at
the mooring location during January—April in 2019-2020
reached as large as 1 °C (Fig. 3b). It is worth pointing out
that the SSTA associated with the pIOD events during
2019-2020 and 2006—-2007 had shown roughly similar char-
acteristics at the mooring location (Fig. 3b). However, the
SSTA between January and April in association with the
event in 2006-2007 remained closer to the climatological
conditions (Fig. 3b).

The SSTA in 2018-2019 showed a roughly similar spatio-
temporal evolution compared to the event in 2019-2020,
such as the cold SSTA initiated as small patches in the Java
coast and intensified during July—August and did not show
any further intensification during October—November and
dissipated by December—January (Fig. 1b). In contrast to
the event in 2019-2020, the magnitude of the cold SSTA
in the eastern EIO in 2018-2019 was small (~—0.75 °C),
and its spatial spread was restricted to a relatively smaller
domain in the eastern EIO (Fig. 1b, ¢). At the mooring loca-
tion, the magnitude of the cold SSTA was relatively weak
(~—=0.75 °C) and short-lived (June—September) during
2018-2019, compared to the event in 2019-2020 (Fig. 3b).
During 2018-2019, the cold SSTA at the mooring location
remained closer to the climatological conditions by the end
of September 2018, approximately two months earlier than
the event in 2019-2020 (Fig. 3a, b). However, the warm
SSTA from January to March associated with the plOD
events in 2018-2019 and 2019-2020 had shown a compa-
rable magnitude (Fig. 3b).

The causative mechanisms responsible for the difference
in the SSTA between these two pIOD events are explained
in the following sections.
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Fig.4 Temporal evolution of the anomaly field of the a wind speed
(m s~'; WS), b air temperature (°C; AT) and c relative humidity (%;
RH) obtained from the RAMA mooring at 5°S, 95°E in association
with the pIOD events during 2018-2019 (green) and 2019-2020
(red). A 30-day running mean is applied to all the parameters for bet-
ter readability. Please refer to Fig. S1 for the temporal evolution of
the actual parameters

3.2 The near-surface meteorological parameters
at5°S,95°E

Climatologically wind speed exhibited a mild annual cycle
with an increasing trend from May (<4 ms~') onwards and
reached its maximum magnitude (~4 ms~!) around Sep-
tember—October and fell off (<4 ms™') thereafter (Figs. la,
4a, Sla). The temporal evolution of the wind speed during
2019-2020 and 2018-2019 also showed an annual cycle as
evident in the climatology (Fig. Sla). In association with
the pIOD event in 2019-2020, the magnitude of the wind
speed was anomalously high (~2 ms™!) even in June, and
subsequently, the anomalous wind speed conditions showed
a progressively increasing trend and reached its maximum
intensity (~4 ms~") around August (red line in Fig. 4a).
From October 2019 onwards, the anomalous high wind
speed conditions showed a decreasing trend and remained
close to its climatological conditions from mid-December
2019 onwards (Figs. 4a, Sla).

Compared to 2019, the anomalous high wind speed con-
ditions persisted only for a short duration from mid-July
to mid-October in 2018-2019, though its magnitude from
August to September had shown a comparable magni-
tude with respect to the event in 2019-2020 (green line in
Fig. 4a). From December to May, the period followed by the
pIOD event showed anomalous low wind speed conditions
(~—2 ms™!) during both these events (Fig. 4a).

The temporal evolution of the air temperature climatology
also showed an annual cycle at the mooring location with a
decreasing trend from July and reached its minimum value
around October; subsequently, the air temperature showed an
increasing tendency and reached peak value around Decem-
ber and did not show any significant variations in subsequent
months (Fig. S1b). During the pIOD event in 2019, the air
temperature was anomalously cold from August onwards
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Fig.5 Temporal evolution of the anomaly of the a sensible heat
flux (SHF; W m™2), b latent heat flux (LHF; W m™2), ¢ net short-
wave radiation (NSW; W m™2), and d net longwave radiation (NLW;
w m_z) derived from the RAMA mooring at 5° S, 95° E in associa-
tion with the pIOD events during 2018-2019 (green) and 2019-2020
(red). Note that DLW data from CERES is used to estimate the NLW.
A 30-day running mean is applied to all the parameters for better
readability. A negative (positive) value of SHF, LHF, and NLW indi-
cates enhancement (reduction) of heat loss from the ocean. Similarly,
the negative (positive) value of NSW represents a reduction (enhance-
ment) of heat gain by the ocean. Please refer to Fig. S2 for the tempo-
ral evolution of the actual parameters

and reached its maximum magnitude by the end of October
(~—2.5°C) (Fig. 4b). Subsequently, the cold anomaly asso-
ciated with the air temperature showed a decreasing trend
and became anomalously warm (~ 1.5 °C) from December
2019 to May 2020 (Fig. 4b). The temporal evolution of the
air temperature anomaly in 2018-2019 showed a similar
annual cycle as observed in 2019-2020, though the magni-
tude of the cold anomaly from August to November in the
former case was slightly smaller (~— 1 °C) compared to the
latter case (Fig. 4b).

Relative humidity shows roughly similar temporal evolu-
tion during 2019-2020 and 2018-2019, with anomalous dry
conditions (—6%) during May—September, with maximum
magnitude by the end of July, and remained close to its cli-
matological conditions between October—January (Figs. Ic,
4c). The relative humidity anomaly field also showed an
anomalous dry condition during February—April, though it
was more prominent in 2018-2019 (Fig. 4c).

3.3 Theradiative and turbulent heat fluxes at 5° S,
95°E

Climatologically, the heat loss from the ocean due to the
SHF and NLW at the mooring locations showed an annual
cycle with a mean value around —8 W m~2and =50 W m~2,
respectively (Fig. S2a, S2d). However, the amplitude of the
SHF (~+4 W m™2) and the NLW (~+ 10 W m~2) anomaly
associated with the pIOD events are approximately a fac-
tor of 10 smaller compared to the anomalies of the LHF
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(~+150 W m~2) and NSW (~+75 W m™2); hence, they are
not discussed in the rest of the manuscript (Fig. Sa, d).

Climatological evolution of the LHF at the mooring loca-
tion showed well defined annual cycle with a progressively
increasing trend in the heat loss from the ocean from May
to August and reached a maximum value by August (~— 150
Wm~2) (Fig. S2b; blue line). Subsequently, the LHF loss
from the ocean showed a decreasing trend from August to
November and reached a minimum value around November
(~—100 W m~2) and did not show any significant seasonal
variability from November to April (Fig. S2b; blue line).

Temporal evolution of the LHF in 2018-2019 and
2019-2020 exhibited roughly similar annual cycles as
observed in the climatology (Fig. S2b). In association with
the pIOD event in 2019-2020, anomalous LHF loss from
the ocean showed a progressively increasing and decreas-
ing trend from May to October with a peak value around
August (~— 150 W m~2) (Fig. 5b; red line). Subsequently,
the LHF anomaly during 2019-2020 remained closer to
the climatological conditions from November to February,
and it showed a reduction in the heat loss from the ocean
from March to April (~50 W m~?) (Fig. 5b; red line). LHF
anomaly during 2018-2019 also showed similar trends as
observed during 2019-2020. The magnitude of reduction in
the LHF loss from the ocean in 2018-2019 showed roughly
similar magnitude as observed in 2019-2020 during Novem-
ber—April. However, the enhancement in the LHF loss from
the ocean during May—September was relatively smaller
in 2018-2019 (~— 100 W m™?) than the event in 2019-20
(~—150 W m~2) (Fig. 5b).

The wind speed and air-sea-specific humidity differ-
ence are the primary factors that determine the LHF vari-
ability. The strong temporal correspondence between the
LHF and the wind speed anomalies than the LHF and the
sea-air specific humidity difference anomalies suggests that
the anomalous wind speed plays an important role in deter-
mining the interannual LHF variability in the study region
(Figs. 4a, 5b, 6). For example, the air-sea specific humid-
ity difference anomaly showed a decreasing trend, while
wind speed anomaly showed an increasing trend from May
to August when LHF anomaly showed enchantment in the

2.0]
- 1‘03/\/\’\‘/\"\ p /~/4
' 0.0] = r

M 007

wp—1.0] \//

-2.0

M J J A S O
2019-2020

N"D "] F M A

Fig.6 Temporal evolution of the anomaly of the sea-air specific
humidity difference (¢,—q,; g kg™"!) derived from the RAMA moor-
ing at 5° S, 95° E in association with the pIOD events during 2018—
2019 (green) and 2019-2020 (red). A 30-day running mean is applied
to the parameter for better readability. Please refer to Fig. S3 for the
temporal evolution of the actual parameter

heat loss from the ocean in 2019-2020 (Figs. 4a, 5b, 6; red
lines). In addition, a relatively higher correlation between
the anomalies of the LHF and wind speed (~0.8) than the
LHF and sea-air specific humidity difference (~0.12) dur-
ing 2018-2020 further corroborated the dominant role of
the wind speed on the LHF variability at the mooring loca-
tion. These characteristics of the LHF anomaly apparent in
2019-2020 is consistent with the previous study by Horii
et al. (2009), which showed that the enhancement in the
wind speed is primarily responsible for the modulation of
the LHF in the study region during 2006-2007. Besides, the
temporal evolution of the LHF anomaly reported during the
event in 2018-2019 and 2019-2020 is consistent with the
event in 2006-2007 (Horii et al. 2009).

The climatology of the NSW also showed an annual cycle
at 5° S, 95° E in the eastern EIO, with a minimum value
(~175 W m™?) around June—J uly and a maximum (~225
W m~2) value around September—October (Fig. S2c; blue
line). However, the NSW anomaly showed a reduction in
the heat gain by the ocean from May to mid-August (~ —25
W m~2) and an enhancement in the heat gain by the ocean
from mid-August to March (~>75 W m™2) during the plOD
event in 2019-2020 (Fig. 5c; red line). Reduction in the
convective activity in the eastern EIO is a typical signature
of the pIOD event (Saji et al. 1999). Consistent with these
features in the pIOD event, the spatio-temporal evolution
of the OLR anomaly in the eastern EIO clearly showed a
reduction in the convective activity (OLR anomaly > 40
W m~2), the period when the NSW anomaly showed posi-
tive values during mid-August to March associated with the
pIOD event in 2019-2020, suggests the strong relationship
between these parameters (Fig. 7). The enhancement in the
NSW due to the reduction in cloud cover in the eastern EIO
in 2019-2020 was consistent with the event in 2006-2007
(Horii et al. 2009).

The magnitude of the positive OLR anomaly in the EIO
was much smaller during 2018-2019 than in 2019-2020.
Consistent with a weak positive OLR anomaly in the EIO,
the NSW showed a mild reduction in heat gain by the ocean
(~>—=25W m™2) from June to J anuary in 2018-2019 in con-
trast to the enhancement of the NSW in 2019-2020 (Fig. 5¢).
However, from February to April, the enhancement of the
heat gain by the ocean showed comparable magnitude in
2018-2019 and 2019-2020. Moreover, the reduction in the
heat gain by the ocean from June to August in 2018-2019
was consistent with the event in 2019-2020 (Fig. 5¢).

Climatologically, the NHF showed an annual cycle with a
heat loss from the ocean from May to October with a maxi-
mum heat loss around August (~—50 W m~2) and heat gain
by the ocean from November to April (~25 W m~2). The
NHF exhibited a well-defined annual cycle in 2019-2020
and 2018-2019; however, its temporal evolution differed
from the climatology (Fig. 8b). The NHF showed anomalous
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Fig.7 Spatio-temporal evolution of the monthly average of the OLR » (@) (b)
anomaly (W m~2) during the pIOD events in a 2018-2019, and b
2019-2020. The positive (negative) value of the OLR anomaly repre-
sents suppressed (enhanced) convective activity

heat loss (~ — 150 W m™2) from the ocean during the initial
phase (May—July) of the pIOD event in 2019-2020 com- &N
pared to its climatology (~—50 W m~2) (Fig. 8b). Subse-
quently, NHF showed a reduction in heat loss from the ocean
from August to September (~—25 W m™2) than the climatol-
ogy (~—50W m~2), and anomalous heat gain (~ 100 W m~?)
by the ocean than the climatology (~25 W m~2) from Octo-
ber to December in 2019-2020 (Fig. 8b). The magnitude of
the NHF in 2018-2019 and 2019-2020 showed comparable
magnitudes during the initial phase of the pIOD event from
May to July (Fig. 8b). However, in contrast to the event in
2019-2020, the anomalous heat loss from the ocean than
the climatology was apparent from May to November in

2018-2019 (Fig. 8b). Between January—April, the NHF &N “
remained closer to its climatological conditions (~25
\\% m'z) in 2019-2020; however, its magnitude showed heat
gain and loss from the ocean on an intra-seasonal time scale
in 2018-2019 (Fig. 8b).

8°N

3.4 Sub-surface hydrographic structure at 5° S, 95°
E

8°N

Climatologically the near-surface hydrographic structure
showed warm (28 °C) and low saline (34 psu) water over
the cold (23 °C) and relatively high saline (35 psu) water
(Figs. 9a, 10a). Furthermore, the seasonal evolution of the
MLD showed an annual cycle with a deeper ML (~20 m)
from June to October and shallow MLD (< 10 m) from
March to May (Figs. 9a, 10a), and these characteristics were
consistent with the seasonal cycle of the wind speed and
NHF at the mooring location (Figs. S1a, 8b).

The presence of the halocline due to the existence of low
saline water (34 psu) in the near-surface layer compared to
the subsurface layer (35.2 psu) provided a conducive envi-
ronment for the formation of the BL, and its thickness was 8°s
relatively higher (~20 m) between June—-November com-
pared to other months (Figs. 9a, 10a). Though halocline is
apparent during February—May, the BL was relatively thin
(<10 m) (Fig. 9a). These characteristics might be associated 8°s
with the seasonality of the near-surface temperature struc-
ture, which showed relatively warm water in the near-sur-

8°N

8N
face layer during this period compared to the other months 0
(Figs. 3a, 9a, 10a). Relatively large warming in the near-sur- 8°s
face layer might have compensated the effect of halocline on

. . S 60°E  B84°E  108°E 60°E  84°E  108°E
the near-surface stratification, and this might be one of the OLR anomaly

plausible explanations of a thin BL during February—May
(Figs. 9a, 10a).
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Fig.9 Depth time section of the temperature (°C) derived from the
RAMA mooring at 5° S, 95° E in association with the pIOD events
in a climatology, b 2018-2019 and ¢ 2019-2020. The thin red, thin
black, and dashed blue lines represent the D23 (m), MLD (m), and
ILD (m), respectively. A 30-day running mean is applied to the
parameters for better readability. The difference between the MLD
and ILD is defined as the BLT (m)

The presence of the near-surface salt-stratification and
thick BL can provide a conducive environment for the for-
mation of inversion in the vertical temperature profile by
trapping a significant part of the penetrating solar radiation
below the shallow ML and relatively large cooling of the
ML by the net surface heat loss and/or horizontal advection
than the BL (Anderson et al. 1996; Kurian and Vinayachan-
dran 2006; Girishkumar et al. 2013b). Climatologically, the
formation of the TI depicted an annual cycle with a maxi-
mum frequency of occurrence (~30 to 40%) and strength
(> 0.4 °C) between July to December, and subsequently,
they showed a reduction in the frequency of occurrence

Horizontal advection, b NHF, ¢ ML heat storage term, and d Vertical
processes. Note that different vertical axes are used for each term. A
30-day running mean is applied to the parameters for better readabil-
ity. Unit: W m™2

0 (a) Climatology

J J

M
MLD ILD

Fig. 10 Depth time section of the salinity (psu) derived from the
RAMA mooring at 5° S, 95° E in association with the pIOD events
in a climatology, b 2018-2019, and ¢ 2019-2020. The thin black
line and dashed blue lines represent the MLD (m), and the ILD (m),
respectively. A 30-day running mean is applied to the parameters for
better readability
(<20%) and magnitude (<0.2 °C) between January and
June (Fig. 11a, d). Most importantly, the formation of the
TI showed strong temporal correspondences with the BLT,
such as the occurrence of the relatively strong TI was rela-
tively more frequent during June—November compared to
the other months (Fig. 11a, d).

As aresult of the near-climatological state of the thick BL
and shallow ML, the seasonality of the formation of the TI
between June 2018 and May 2019 at the mooring location
showed roughly similar characteristics as depicted in the cli-
matology (Figs. 9, 10, 11). Such as approximately 30-60%
of profiles showed the occurrence of moderately strong
temperature inversion (~0.2 °C) during August-December
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Fig. 11 Monthly evolution of (right panels) frequency (%) of occur-
rence of the temperature inversion (TI) of magnitude greater than
0.01 °C and (left panels) magnitude of TI (°C) derived from the

2018 compared to the relatively few cases of the TI (< 10%)
between January and May 2019 (Figs. 8a, b, 9a, b, 11b, e).

However, the MLD was relatively deeper (~ 60 m) during
June—December 2019, due to absence of the near-surface
halocline and higher wind speed in contrast to the climato-
logical conditions at the mooring location (Figs. 4a, 9¢c, 10c).
Note that the absence of the halocline in 2019-2020 was
also apparent in the gridded Argo salinity data at the moor-
ing location (Fig. S4b). Consistent with the deeper MLD
and the absence of halocline, BL was roughly absent during
August—December in 2019-2020 compared to 2018-2019
and climatology (Figs. 9, 10). As a result of an unfavourable
environment for the TI formation, such as the thin BL and
absence of near-surface salinity stratification, TI was absent
during September—November, 2019 (Fig. 11c, f).

The seasonality of the D23 (a proxy for the thermocline
depth) showed a strong semi-annual cycle with a relatively
shallow (~70 m) thermocline during August—October and
March—April and a slightly deeper (~ 120 m) thermocline in

@ Springer

RAMA mooring at 5° S, 95° E. a, d Climatology, b, f 2018-2019
and ¢, g 2019-2020. In panel d, the red open circles represent the
monthly mean value of the TI magnitude (°C)

between these two periods (Fig. 9a). These characteristics
in the seasonality in the thermocline depths were consistent
with the semi-annual planetary wave dynamics in the EIO
(Yu et al., 1991; Yu 2003; Rao et al., 2010). The temporal
evolution of the D23 showed roughly similar characteristics
as apparent in the climatological state during 2018-2019.
However, the D23 depicted an annual cycle in 2019-2020
compared to the semi-annual cycle in 2018-2019, primarily
due to the absence of the deepening phase of thermocline
during October—December (Fig. 9). In contrast to the clima-
tology and 2018-2019, the D23 showed a progressively shal-
lowing tendency from June to December (Fig. 9c). Note that
during October—November in 2019-2020, the D23 reached
as shallow as ~60 m, in contrast to~ 120 m in 2018-2019
(Fig. 9).

As reported by the past studies, the anomalous shal-
low thermocline at the mooring location during Octo-
ber—November in 2019 was a typical signature of the pIOD
events due to an anomalous westward propagating upwelling
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Fig. 12 Hovmoller diagram of the SSHA (m) a—c along the equator
(averaged over 1° N-1° S), d—f along 5°S (averaged over 4° S—6 °S;
note the east—west reversal in the x-axis), and g-i D23 (m) derived
from RAMA mooring at 5° S, 95° E. (top panels; a, d and g) Clima-
tology (2002-2020), (middle panels; b, e, and h) during 2018-2019,
and (bottom panels; ¢, f and i) 2019-2020. The thin black line in pan-
els in the second column represents the upwelling Rossby waves in
2019-2020 instead of the downwelling Rossby waves as in (middle
panels) 2018-2019 and (top panels) the climatology from September
to December at the mooring location at 5° S, 95° E. Note that data
only up to February 2020 is presented in the bottom panel due to the
non-availability of the data
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Fig. 13 Temporal evolution of the Ekman pumping velocity (m
day™") during 2018-2019 (black), and its climatology (2002-2020;
blue) and rate of change of D23 (red). A 30-day running mean is
applied to the parameter for better readability

Rossby wave (Potemra et al. 1997; Murtugudde et al. 2000;
Schott et al. 2009). As demonstrated by the past studies,
the anomalous easterly wind anomaly in the EIO during
October—November led to the generation of anomalous
upwelling Kelvin waves in the eastern EIO, and when these
waves traversed as coastal Kelvin waves along the Sumatra
and Java coast, which then radiated westward as the low
baroclinic mode upwelling Rossby waves into the interior
(Potemra et al. 1997; Murtugudde et al. 2000; Schott et al.
2009) (Fig. 12c¢, 1, 1). The signature of the upwelling Kelvin
waves in the eastern EIO and upwelling Rossby waves along
5° S in response to the anomalous easterly wind in the EIO
was apparent as the negative value in SSHA (Figs. 1c, 12c,
f, 1). In contrast to the event in 2019-2020, as a consequence
of a near climatological state in October—November, such
as the downwelling Kelvin waves in the EIO and westward
propagating downwelling Rossby waves along 5° S, the ther-
mocline was deeper at the mooring location in 2018-2019
(Figs. la, b, 12a, b, d, e, g, h).

In addition to the westward propagating Rossby waves,
local upwelling (downwelling) associated with divergence
(convergence) of the Ekman currents associated with the
cyclonic (anticyclonic) wind stress curl can also modulate
the thermocline variability (Yu 2003).

Following Yu (2003), Ekman pumping velocity (EPV)
at the base of the Ekman layer can be expressed as follows

1 bty
EPV po<(er0)+ 7 > 3)
where 7, = (3, 7, ) is the surface wind stress derived from
CCMP wind velocity data, p, is the mean density of the
seawater, f is the meridional gradient of the Coriolis param-
eter f.

Climatologically EPV showed a mild downwelling ten-
dency (~—0.25 m day™") between July and October and an
upwelling tendency between November and May with a
peak value around the end of the calendar year (1 m day™')
(Fig. 13). However, during October—November, 2019, when
the thermocline depth was anomalously shallow, the local
EPV showed a strong downwelling tendency (> — 1 m day™")
(Fig. 13). This characteristic suggested that the anomalous
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(a) 2018-2019
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Fig. 14 Different terms in the ML heat budget equations derived
from the RAMA mooring at 5° S, 95° E in association with the
plOD events during a 2018-2019 and b 2019-2020. The ML heat
storage rate (black), NHF (red), horizontal advection (pink), vertical
processes (green), the sum of the NHF, horizontal advection, verti-

Table2 The mean value of vertical temperature gradient
«T,- T)xh~ ;%107 °C m™") and entrainment velocity (H(W,, + %);
m day™!) at the base of ML during August—November, in climatol-
ogy, 2018 and 2019

Parameters Climatology 2018 2019
HW, + 2 (m day™) 2.04+0.1  3.10£0.6 1.14+0.2
g ot
(T,-T)yxh™' (x103C -537+0.1 —7.65+0.9 —28.49+0.6

m_l)

shallow thermocline at the mooring location during Octo-
ber—November 2019 was primarily due to the westward
propagating anomalous upwelling Rossby wave.

3.5 Mixed layer heat budget analysis at 5° S, 95° E

We will start with the ML heat budget during 2019-2020.
The ML heat storage tendency generally showed reasonably
good agreement with the sum of the NHF, horizontal advec-
tion, and vertical processes (Fig. 14b). During the initial
cooling phase from May to July in 2019-2020, NHF acted
as the dominant factor (~— 125 W m™2) to modulate the ML
heat storage term (~—25to —50 W m~2). The contribu-
tion of the vertical processes was negligibly small (~— 50
W m~2), and the warming tendency associated with the
horizontal advection processes (~ 50 W m~2) dampened the
cooling tendency associated with the NHF from May to July
in 2019-2020 (Figs. 8b, 14b).
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ML heat storage NHF Horizontal advection
NHF + Horizontal Advection + Vertical Processes

T

Vertical processes

cal processes (blue), and residual (grey). Note that different vertical
axes are used for the years a 2018-2019 and b 2019-2020. A 30-day
running mean is applied to all the parameters for better readability.
Please refer to Fig. 8 to compare each term with respect to its clima-
tology. Units: W m™>

Between August and October 2019, when the ML
heat storage rate showed a substantial cooling tendency
(~<—100 W m~2), the role of the NHF on the ML cooling
was significantly reduced from ~ > — 100 to~—50 W m™>2
between August and September, and it showed heat gain by
the ocean in October (Figs. 8b, 14b). In contrast to the NHF,
the vertical processes term (~— 175 W m™2) acted as the
predominant factor in determining the ML colling tendency
from August to October in 2019-2020 (Figs. 8b, 14b).

Note that the warming tendency associated with the
horizontal advection processes (~250 W m~?) reached its
maximum magnitude during August—October and tried to
dampen the combined effect of the cooling tendency asso-
ciated with the NHF and vertical processes in 2019-2020
(Figs. 8a, b, 14b).

In general, the cooling tendency associated with the ver-
tical processes term remained close to its climatological
condition (~—10 W m~2) in 2018-2019 (Fig. 8d). How-
ever, during May—June, the contribution of the vertical
processes term (~—25 W m~2) in 2018-2019 was higher
than 2019-2020 and the climatology (Fig. 8d). The cool-
ing tendency associated with the vertical processes’ terms
showed a much smaller magnitude (~—10 W m~2) during
August—October in 2018-2019, when this term showed an
anomalous heat loss from the ML in 2019-2020 (Fig. 8d).
The existence of the anomalous hydrographic conditions
such as the relatively shallow thermocline, weak near-sur-
face salinity stratification, thin BL, and an absence of the
temperature inversion in conjunction with an anomalous
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deepening of the ML due to anomalous higher wind speed
provided a conducive environment for much freer turbulent
exchange of the sub-surface cold water to the near-surface
layer from August to October in 2019-2020 (Figs. 8d, 9, 10,
11). On the other hand, the near-climatological states of the
thick BL and deeper thermocline led to a relatively small
cooling tendency due to the vertical processes in 2018-2019
(Figs. 84,9, 10, 11).

The relative contribution of the entrainment velocity and
temperature gradient at the base of the ML on the anomalous
cooling due to the vertical heat flux during the peak cooling
phase associated with the pIOD event between August and
November is evaluated (Table 2). The entrainment velocity
was a factor of two smaller in 2019 (1.14 m day~') compared
to its climatology (2.04 m day™') and 2018 (3.10 m day ™).
Conversely, the temperature gradient at the base of the ML
in 2019 (—28.49x 107 °C m™') was a factor of four higher
than 2018 (= 7.65x 1072 °C m™") and a factor of five higher
than its climatology (—5.37 X 107 °C m™!) (Table 2). The
above analysis depicted that the anomalous cooling due to
the vertical processes during the peak cooling phase in 2019
was primarily owing to the anomalous temperature gradient
at the base of the ML. A large temperature gradient at the
bottom of the ML in 2019 was mainly due to the relatively
thin BL. In the case of the thin BL, as observed in 2019, the
base of the ML was nearly identical to the top of the ther-
mocline, and it led to the relatively large negative value of
the temperature gradient at the bottom of ML (Girishkumar
et al. 2017). When the BLT was strong, as observed in the
climatology and 2018 at the study region during August-
November, the temperature at the base of the ML was either
nearly identical to the MLT or higher than the MLT due to
the existence of temperature inversion. This situation led to
the relatively small negative (positive) values of the tem-
perature gradient at the base of the ML in the case of the
thick BL without TT (with TI) (Girishkumar et al. 2017).

The warming tendency due to the horizontal advection from
June to October was also apparent in 2018-2019 and clima-
tology (~75 W m~2), though its magnitude was much lesser
than the event in 2019-2020 (~250 W m™2) (Fig. 8a). Based
on the numerical model output, previous studies have also
reported that the warming tendency was due to the horizontal
advection in the coastal ocean region of the eastern EIO from
June to October (Figs. 15b and 15d of Du et al. 2005). These
characteristics also suggested that the anomalous warming

tendency due to the horizontal advection at the mooring loca-
tion during August-October in 2019-2020 was a manifestation
of the enhancement of the seasonal cycle (Fig. 8a). It is worth
pointing out that the warming tendency due to the horizontal
advection process during the cooling phase of the SST from
August to October in 2019-2020 and 2018-2019 contradicted
with the study by Horii et al. (2009). They showed that the
cooling tendency associated with the horizontal advection
process played a vital role in determining the anomalous cool
SST in a relatively strong pIOD event in 2006 at the same
mooring location.

During October—April in 20192020, the period followed
by the intense cooling, the warming tendency in the ML heat
storage rate (~50 W m~2) was primarily modulated by the
NHF (~50 W m~2) and secondarily by the horizontal advec-
tion processes (~25 W m~2), while the vertical processes term
(~—25 W m™?) tried to cool the ML (Figs. 8, 14b). Roughly
similar characteristics were observed from October to April
in 2018-2019. The primary role played by the NHF on the
warming phase of the SST after the peak cooling phase in
October due to reduction in the LHF loss from the ocean and
enhancement in the NSW heat gain by the ocean, was consist-
ent with Horii et al. (2009)

3.6 Decomposition of the horizontal advection
processes terms

The above analysis showed that the warming due to the hori-
zontal advection process during the peak cooling phase of
the SST in 2019-2020 contradicted the study by Horii et al.
(2009). To quantify the relative contributions of the anomalous
surface currents and lateral SST gradients on the anomalous
warming due to the horizontal advection term during the peak
cooling phase associated with the pIOD event between August
and November 2019, the zonal and meridional heat advection
terms decomposed into climatology and its anomaly as follows
(Horii et al. 2009),

Table 3 The decomposition
of zonal and meridional heat

fluxes (x 1072 °C day’l) into
the individual terms on the
right-hand side of expressions
(4) and (5)

oT 0T ,aT
U5 = <U)(—) (U>— U5 @
X
oT oT 0T 0T’
VL= -Z vy -vI
y
2 o -1 T aT ! 10T roT’
Zonal (X 10™ °C Day™") _UE _<U><g> —(U)% —U(;) U %
Average 0.54+0.10 0.04+0.02 -0.29+0.01 0.02+0.004 0.76+0.11
E —2 o -1 ’ ’ ’
Meridional (X 10~ °C Day™") —V(;—: —(V)(‘;—:) _<V>Z_§ —V <%> _V,(;_)T.
Average 4.03+036 1.41+0.17 0.62+0.18  2.25+0.23 -0.28+0.22
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In expressions (4) and (5) the climatologies are enclosed
in angle brackets and anomalies denoted by the prime sym-
bol. The terms (— (U)( ) —(V)( )) represents the clima-

/()T

tological heat advectlon (- U .- 0y ) represents the

contribution due to anomalous horlzontal current speed and
—(V)‘;—: ) repre-
sents contribution due to climatological horizontal current

speed and anomalous temperature gradient, and (—U’ (
-V ( )) represents contribution due to anomalous horlzon-

anomalous lateral SST gradient, (—(U) % ,

tal current and climatological SST gradient and the average
values of these terms between August and November 2019
presented in Table 3.

Our analysis showed that the meridional heat flux
(- (V)(‘)T) 1.41 1072 °C day™!) acted as a predominant

term than the zonal (— (U)(aT) 430x 107 °C day™!) in
determining the warming due to the horizontal advection in
climatology during August—-November (Table 3). As
observed in the climatology, heat flux due to the meridional
advection (— VaT 4.03%1072 °C day™!) was approxrmately

a factor of seven higher than the zonal advection (— e 0—
5.4x 107 °C day™!) during August-November, 2019
(Table 3). This characteristic further supported our argument
that the anomalous warming by horizontal advection pro-
cesses as observed during the peak cooling phase of the SST
between August—-November in 2019 was an enhancement of
the seasonal cycle (Fig. 8a). Besides, the decomposition of
the horizontal heat flux term depicted that the anomalous
zonal heat flux during August—November 2019 was primar-
ily determined by the —U a—T , (7.6x107% °C day™), whlle
the cooling tendency assocrated with the —(U)
(=2.9%1073 °C day~!) dampened the warming tendency
associated with other terms (Table 3). In contrast, the anom-
alous meridional heat flux during August—-November 2019
was primarily determined by —V'( ‘;—D (2.25%1072°C day™").
The above analysis suggested that the anomalous southward
current and the climatological meridional temperature gradi-
ent predominantly determined the anomalous warming from
August to November 2019. This aspect is depicted in Fig.
S5, such as the zonal current during August-November, 2019
showed weak eastward flow (0.02 ms™') compared to the
westward current (—0.08 m s~!) in climatology and 2018.
However, the magnitude of the meridional current showed
strong southward flow (—0.25 m s™') during August-Novem-
ber 2019, compared to its climatology and 2018
(~—0.08 m s7) (Fig. S5). This result contradicted with
Horii et al. (2009), which showed that the anomalous cool-
ing due to the horizontal advection from August t9 Novem-
ber 2006 was primarily determined by the —U " and sec-
T ox
ondarily by =V’ ( )
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4 Summary and conclusion

The Indian Ocean Dipole (IOD) event, one of the dominant
interannual coupled ocean—atmosphere phenomena in the
tropical region, plays an important role in modulating the
climatic conditions in the Indian Ocean and different parts
of the globe. The analysis of the DMI data during the last
19 years (2002-2020) showed that the Indian Ocean hosted
two pIOD events with an extremely strong pIOD event
in 2019-2020 and a relatively weak event in 2018-2019.
The DMI magnitude associated with the event in 2019
reached as large as 2.5 °C, which was approximately a fac-
tor of two higher than (~ 1.5 °C) the second intense event in
2006-2007. However, the maximum magnitude of the DMI
between September—November during the pIOD event in
2018-2019 was much smaller (~ 1 °C) than the event during
2019-2020.

In response to these two pIOD events, the SSTA in the
western periphery of the eastern IOD zone at 5° S, 95° E
showed distinct temporal evolution. Such as, in response
to the event in 2019-2020, SST at the mooring location
was anomalously cold during August—-December with a
peak value of — 1.5 °C around October, and subsequently
anomalous warm water (1 °C) was apparent during Janu-
ary—April. The magnitude of the cold SSTA was relatively
weak (—0.75 °C) and short-lived (June—September) during
2018-2019, compared to the event in 2019-2020. How-
ever, the magnitude of warm SSTA showed a comparable
magnitude between December—April in 2018-2019 and
2019-2020.

In association with the two pIOD events, the wind speed
was anomalously high (low) with a progressively increas-
ing and decreasing trend from June to November (January
to April) with a maximum (minimum) value around August
(March). Besides, the anomalous low wind speed conditions
from January to April, followed by the pIOD events, showed
comparable magnitude between the events (~2 m s™') in
2019-2020 and 2018-2019. However, from June to Novem-
ber, anomalous high wind speed (~4 m s~!) was relatively
more persistent in 2019-2020 than in 2018-2019.

The LHF showed an anomalous enhancement (reduc-
tion) in the heat loss from the ocean from May to Octo-
ber (November to April) with a magnitude of ~— 150
W m~2(~50 W m~2) during 2018-2019 and 2019-2020.
However, the anomalous LHF loss from May to October
was more pronounced in 2019-2020 than in 2018-2019. It
was also found that the anomalous conditions in the wind
speed was primarily determined the LHF anomaly during
the pIOD events.

With respect to the anomalous reduction in the convec-
tive activity in the EIO, the NSW showed anomalous heat
gain by the ocean from August to March (~100 W m~2) in
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2019-2020. However, the reduction in convective activity in
2018-2019 was not pronounced as evident in 2019-2020;
consequently, the NSW showed the reduction in heat gain by
the ocean from September to January in 2018-2019 com-
pared to the enhancement in 2019-2020.

Our ML heat budget analysis suggested that the enhanced
cooling due to the vertical processes and NHF determined
the anomalous cooling during June-October in association
with the pIOD event in 2019-2020. The combined effect
of an anomalous thin barrier layer, shallow thermocline,
weaker near-surface haline stratification, and strong wind-
induced vertical mixing led to the cooling due to the verti-
cal processes, while the enhanced LHF loss from the ocean
increased the NHF loss from the ocean.

Our analysis also suggested that the absence of a domi-
nant cooling tendency associated with the vertical processes
as apparent in 2019-2020 must be the primary reason for
the relatively small cooling during August—October in
2018-2019. Relatively thick BL, deeper thermocline, strong
near-surface haline stratification, and weak wind speed simi-
lar to the climatological conditions in 2018-2019 inhibited
the vertical transfer of cold thermocline water to the near-
surface layer compared to the event in 2019-2020. Instead
of the vertical processes, an anomalous LHF loss from the
ocean and reduction in the NSW acted as the critical pro-
cesses to determine the cooling tendency during the initial
phase of the pIOD event in 2018-2019, in which the latter
parameter counteracted the cooling tendency in 2019-2020.

Our analysis indicated that the warming tendency associ-
ated with the horizontal advection processes dampened the
cooling tendency associated with the vertical processes and
NHF from August to October during the pIOD events in
2018-2019 and 2019-2020. The warming tendency due to
the horizontal advection process during the cooling phase
of the SST from August to October in 2019-2020 contra-
dicted the study by Horii et al. (2009). They showed that the
cooling tendency associated with the horizontal advection
process played an essential role in determining the anoma-
lous cool SST in a relatively strong pIOD event in 2006 at
the mooring location.

In summary, our result suggested a year-to-year devia-
tion in the factors that led to the cool SSTA at the western
periphery of the eastern IOD zone. Note that the contribu-
tion of the residual showed a comparable magnitude with
other terms in the ML heat budget. These characteristics
suggested that in addition to the error associated with the
calculation of various terms in the ML heat budget, the
processes such as the diapycnal heat flux at the base of the
ML (Moum et al. 2013) may also played an important role
to determine the SST anomaly associated with pIOD event
in the southeastern equatorial Indian Ocean. The incorpo-
ration of microstructure sensors in the selected depth in

the mooring at 5°S, 95°E, similar to Moum et al. (2013),
may provide valuable insight in that direction.

Our analysis also indicated that it is necessary to accu-
rately represent the three-dimensional process in the ocean
model to simulate the spatial-temporal evolution of the
SST anomalies associated with pIOD events in the eastern
EIO. Hence, it is imperative to evaluate the skill of grid-
ded reanalysis products (Carton et al. 2018; Forget et al.
2015; Ravichandran et al. 2013) to replicate the conclusions
drawn from the mooring data during the pIOD events. This
topic is beyond the scope of the present work, and it will be
addressed as a separate study. Besides, the plausible mecha-
nism that leads to consecutive pIOD events in 2018-2019
and 2019-2020 is also a topic for future research.
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