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Abstract Using data from Argo and simple ocean data assimilation (SODA), the role of the barrier layer (BL) in the southeastern
Arabian Sea (SEAS: 60°E-75°E, 0°—10°N) is investigated during the development of positive Indian Ocean Dipole (IOD) events
from 1960 to 2008. It is found that warmer sea surface temperature (SST) in the northern Indian Ocean appears in June in the SEAS.
This warm SST accompanying anomalous southeastern wind persists for six months and a thicker BL and a corresponding thinner
mixed layer in the SEAS contribute to the SST warming during the IOD formation period. The excessive precipitation during this
period helps to form a thicker BL and a thinner mixed layer, resulting in a higher SST in the SEAS. Warm SST in the SEAS and cold
SST to the southeast of the SEAS intensify the southeasterly anomaly in the tropical Indian Ocean, which transports more moisture to
the SEAS, and then induces more precipitation there. The ocean-atmosphere interaction process among wind, precipitation, BL and

SST is very important for the anomalous warming in the SEAS during the development of positive IOD events.
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1 Introduction

The variability associated with sea surface temperature
(SST), wind and precipitation in the tropical Indian Ocean
has been identified and defined as the Indian Ocean Di-
pole (IDO) mode (Saji et al., 1999; Webster et al., 1999;
Murtugudde et al., 2000; Yamagata et al., 2003; Luo et
al., 2010; Zheng et al., 2010). The Indian Ocean Dipole
mode displays an anomalous east-west SST gradient and
is accompanied with wind and precipitation anomalies in
the tropical Indian Ocean, so it is also referred to as the
Indian Ocean zonal mode (Le Blanc and Boulanger, 2001;
Huang and Kinter, 2002). During Indian Ocean Dipole
events, the changes in SST are found to be closely asso-
ciated with changes in surface wind, the equatorial wind
reverses direction from westerlies to easterlies, and
changes in sea surface wind are associated with a basin-
wide anomalous Walker circulation (Yamagata et al.,
2002). According to previous studies, the Bjerknes-type
(Bjerknes, 1969) feedback (Saji et al., 1999; Li et al.,
2003), the wind-evaporation-SST feedback (Wang et al.,
2003; Li et al., 2003; Halkides et al., 2006) and the ocea-
nic Rossby waves (Webster et al., 1999; Xie et al., 2002;
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Huang and Kinter, 2002) are dominant mechanisms for
the development of IOD events.

During an IOD event, the SST in the Indian Ocean ex-
periences large changes. Saji et al. (1999) analyzed six
extreme events to present the life cycle of a typical dipole
mode event. According to their studies, the northern In-
dian Ocean gets unusually warm in the initial develop-
ment of a positive IOD event. Previous studies mainly
discussed the SST cooling in the tropical southeastern
Indian Ocean and the SST warming in the equatorial
southwestern Indian Ocean during an IOD formation. So
far it is still not very clear why the warm SST appears in
the northwest Indian Ocean like the one in the southeas-
tern Arabian Sea (SEAS: 60°E-75°E, 0°-10°N), why
there is a corresponding southeasterly wind anomaly dur-
ing the entire formation process of an IOD event, and
whether there are other physical mechanisms contributing
to the SST anomaly in the SEAS in addition to the wind-
thermocline-SST feedback, wind-evaporation-SST feed-
back, and ocean Rossby wave feedback mechanisms.

The intermediate layer between the bottom of mixed
layer (ML) and the top of the thermocline is called the
barrier layer (BL) (Godfrey and Lindstrom, 1989; Lukas
and Lindstrom, 1991; Chu et al., 2002). The excessive
precipitation, river runoff and redistribution of the low-
salinity water by advection are in favor of the presence of
BL. In the SEAS, the existence of the BL has been re-
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ported by several earlier studies. The winter monsoon
current brings the low-salinity and low-temperature water
from the Bay of Bengal into the SEAS (Shetye et al., 1991;
Rao and Sivakumar, 2003; Sharma et al., 2010), which is
considered to contribute to the formation of a BL with
shallow salinity and density stratification and an inversion
layer (Thadathil and Gosh, 1992; Shenoi et al., 1999).
The heaviest precipitation on the eastern side of the Bay
of Bengal and the Arabian Sea (Xie et al., 2006) is also
favorable for the formation of BL.

The BL thickness (BLT) is an important factor influen-
cing the SST anomaly, as the thicker BL helps keeping
the heat in the shallow mixed layer, leading to an increase
in SST (Lewis et al., 1990; Vialard and Delecluse, 1998a,
b). In addition, the existence of a thick BL prevents the
mixed layer from reaching the thermocline, suppresses
the sub-surface cold water from getting into the surface
layer and thus inhibits the surface cooling (Vialard and
Delecluse, 1998a; Han et al., 2001; Annamalai et al.,
2003; Qiu et al., 2012). The formation and development
of a BL in the SEAS also play an important role for SST
variation in Arabian Sea (Shenoi et al., 2004; Durand
et al., 2004). Masson et al. (2005) showed that the exis-
tence of BL and the subsurface inversion in the SEAS
substantially contribute to the SST increase and the early
onset of the south-west monsoon. Using an ocean general
circulation model (OGCM), De Boyer Montégut et al.
(2007) found that heat accumulated in the barrier layer in
the eastern Arabian Sea can warm the surface layer by
0.4 . In this study, it is proposed that the warm SST is
important to maintain the southeasterly wind anomaly in
the tropical Indian Ocean during the formation of a posi-
tive IOD, and there is an interannual variation of BL in
the SEAS, which contributes to the anomalous warm SST
in this region.

Using Argo and SODA datasets the role of BL in the
positive IOD is discussed in this paper as organized as
follows. Section 2 introduces the data used in the study.
Section 3 proposes the role of the BL during the devel-
opment of the IOD event and discusses the warm SST
and precipitation anomaly in the SEAS. The summary is
in Section 4.

2 Data

In the present study, the monthly mean wind at 10 m
and surface heat flux from the NCEP/NCAR reanalysis
products are adopted. This dataset has a spatial resolution
of 1.875°x1.904° and covers the period from 1950 to
2010. The monthly mean global precipitation dataset,
Precipitation Reconstruction (Chen et al., 2003), is used
to examine the rainfall changes in the ocean, which is
constructed on a 2.5°x2.5° horizontal grid over the globe
for the period from 1948 to the present.

The upper-level ocean temperature and salinity are
needed to study the developmental process of the positive
IOD events. Among many available products, the
monthly mean data from the simple ocean data assimila-
tion (SODA, v2.2.4) are selected for this study. The hori-
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zontal resolution of the dataset is 0.5°x0.5° and the ver-
tical resolution is 10 m in the upper-level (a total of 40
vertical layers, Carton and Giese, 2008). The wind data
used to force this version of SODA are from the 20th
Century Atmospheric Reanalysis products (Compo et al.,
2011), which compare well with the NCEP/NCAR rea-
nalysis, which is also used here, for both are based on
surface observations and the NCEP Global Forecast Sys-
tem. The adequacy of using SODA data to study the In-
dian Ocean coupled dynamics is discussed in Xie et al.
(2002). In addition, the temperature and salinity profiles
from Argo floats are used to investigate the IOD event in
2006. The Argo data have a 1°x1° horizontal resolution
and were collected from 2005 to 2010.

Because the IOD dominates the SST interannual varia-
bility, the decadal/interdecadal components are removed
through band-pass filters and only the signals of interan-
nual variability (13—84 months) are retained in order to
extract the useful information related to IOD.

3 The Role of the Barrier Layer

The SST anomaly presents a positive IOD event as an
east (cold) to west (warm) dipole mode. In Saji et al.
(1999), the warm SST anomaly exists in the SEAS during
the development of the positive IOD events. In this study
the 7-year Argo and 49-year SODA data are used to illu-
strate the impact of the BL anomaly on the anomalous
warm SST in the SEAS. The warm SST in the SEAS and
cold SST to the southeast of the SEAS induce the sou-
theasterly wind anomaly. This process plays an important
role in the development of the IOD events.

3.1 Persistence of SST Anomaly in the SEAS

Based on the IOD index defined by Saji et al. (1999),
the standard deviation of SST difference between the
western and eastern equatorial Indian Ocean should be
larger than 1.5 as IOD composite cases are identified.
Based on this criteria, seven strong positive IOD events
occurred in 1961, 1967, 1972, 1982, 1994, 1997 and 2006,
respectively (Fig.1). Compared with the IOD cases in Saji
et al’s study (1999), the 2006 IOD event is the first
strong 10D event since Argo floats were fully deployed in
the Indian Ocean. Fig.2 shows the evolution of SST and
sea surface wind anomalies in 2006, together with the
composite results associated with the seven IOD events
indicated in Fig.l. Only statistically significant results
with a confidence level exceeding 90% are shown in
Figs.2d, 2e and 2f. For all seven IOD years, an anomalous
warm SST occurs in the SEAS during June—July, and
stays there for the next several months, accompanied with
southeasterly winds. A noticeable difference is that warm
SST in the 2006 IOD year is also observed in the central
southern Indian Ocean (Fig.2). Chowdary et al. (2009)
found that a thick barrier layer propagating with the pro-
nounced westward Rossby waves potentially contributed
to this warming in the SEAS. According to the composite
results of SST, the SEAS is defined as the crucial region
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in this study, most of which is within the western pole of
10D defined by Saji et al. (1999). The SST anomalies and
the northwest-to-southeast dipole pattern, formed by the
anomalous warming in the SEAS and cooling in the sou-
theastern tropical Indian Ocean, are similar when compar-
ing the results with the Argo data (left column) and the
SODA data (right column) in Fig.2. The SST patterns
from SODA are also similar to those from the Met Office
Hadley Centre’s sea ice and sea surface temperature da-
taset (HadISST1). To ensure the credibility of the Argo

and SODA data used here, the SST patterns in the four
strong 10D events (1982, 1994, 1997, and 2006) are fur-
ther verified by using the daily data of the optimum in-
terpolation sea surface temperature version 2 (OISST.V2)
from 1981 to the present (Reynolds et al., 2002). Such a
SST pattern during the early development of IOD results
in strong southeasterly wind anomaly and the corres-
ponding upwelling in the southeastern tropical Indian
Ocean. As the anomalous warm SST extends westward
and southward starting from August the anomalous
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Fig.1 Time evolution of the normalized Indian Ocean Dipole mode index (DMI in
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Fig.2 The 2006 SST anomaly (shaded in

2ms’

) and sea surface wind anomaly (arrows in ms™) fields from (a) June—July,

(b) August—September and (c) October—November based on the Argo data. The same are shown in (d) to (f) for the
composites of all seven positive IOD events based on SODA. The statistical significance of the analyzed anomalies is
estimated by z-test. Anomalies of SST and surface wind exceeding 90% significance level are shown by the color
shading and arrow, respectively. The black box indicates the crucial region in SEAS (0°—10°N, 60°E-75"E).
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southeasterly winds are further strengthened. The exis-
tence of warm SST anomaly in the SEAS plays a crucial
role in enhancing the anomalous southeasterlies in the
southeastern tropical Indian Ocean and the equatorial
region. Next the mechanisms to maintain the warming in
the SEAS will be investigated.

3.2 The Role of the Barrier Layer in the SEAS

In order to understand how the BL maintains the warm
SST anomaly in the SEAS, the BLT is calculated as the
difference between the isothermal layer depth and the
MLD, where the isothermal layer depth is defined as the
depth at which temperature is 0.5  lower than SST
(Monterey and Levitus, 1997), and the MLD is the depth
where water density is 0.125kgm™ higher than that at the
sea surface (Levitus, 1982; Huang and Qiu, 1994). A ver-
tical linear interpolation is adopted due to the insufficient
vertical resolution of SODA data, where either the MLD
or isothermal layer depth lies between two standard levels.
Using Argo floats data from 2005 to 2010 and SODA data
from 1960 to 2008, the climatology mean of BLT and the
standard deviation in the tropical Indian Ocean duirng
June-November are calculated and shown in Fig.3. From
both datasets, a thicker BL exists in the southeastern
tropical Indian Ocean, the Bay of Bengal, and the Arabian
Sea, although the Argo data shows a mean BLT of 10 m
and the SODA data shows a BLT of 5m in the SEAS. The
variation of BLT in the SEAS is significant and is almost
equal to its climatology mean. The temperature and salin-
ity from SODA compares well with those from the Argo
data.
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Fig.3 Barrier layer thickness (contours in m) and its stan-
dard deviation (color shading in m) in June—November
based on (a) Argo data averaged from 2005 to 2010 and (b)
SODA averaged from 1960 to 2008. The crucial region in
SEAS (0°-10°N, 60°E-75°E) is outlined by dashed line.

Previous studies (Annamalai et al., 2003; Masson ef al.,
2005) have examined the warming effect of BL on SST in

the Indian Ocean. Here it is proposed that the variation of
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the BLT may influence the SST anomaly in the SEAS. In
order to confirm the hypothesis, the mixed layer temper-
ature equation is considered (e.g., Qiu, 2000; Liu et al.,
2005):

oT,,
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Using the perturbation method, Eq. (1) can be written
as:
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Among the four terms on the right hand side of Eq. (2),
the first term is the contribution of MLD anomaly to the
SST wvariation anomaly; the second, third, and fourth
terms are the contributions of the net air—sea heat flux
anomaly, the current anomaly and horizontal gradient of
SST anomaly, and the vertical velocity anomaly and ver-
tical temperature gradient anomaly, respectively. p and ¢,
in the equation are the sea water density and specific heat
at constant pressure, respectively; O, is the mean net
air-sea heat flux; ¥V, is the mean current velocity ver-
tically averaged over the mixed layer, which is composed
of surface geostrophic current and Ekman flow; w. is
the mean entrainment velocity; A, is the mean mixed
layer depth; T, is the mean temperature in the mixed
layer; T4 is the mean temperature beneath the mixed
layer; Q' V', B, T',, W'y, T'; are the re-
spective anomalies.

The four terms averaged over the SEAS for each month
in 2006 are shown in Fig.4a. Among those terms, the first
term is the largest, except in June, and reaches its maxi-
mum (0.33  mon™") in October (Figs.4a, and 4b), and the
fourth term is the smallest and can be neglected. The large
values of the first term indicate that the positive SST
anomaly mainly comes from the contribution of negative
MLD anomaly, for a thinner mixed layer has a lower heat
capacity. In general, the contribution of negative MLD
anomaly (the first term) is dominant in the SST warming
during the development period of the positive IOD in
2006. Corresponding to the negative MLD anomalies,
there are positive BLT anomalies (Fig.4b).

The composite of each of the four terms during the
seven positive IOD events is shown in Fig.4c. The above
discussion on the 2006 Argo data applies to these positive
IOD events as well: the positive SST anomaly in the
SEAS is mainly due to the contribution of negative MLD
anomaly in Fig.4d, where it shows the corresponding pos-
itive BLT anomaly, and the absolute values of the BLT
are almost the same as the absolute MLD anomaly in the
composite results. Because the MLD decreases by about

1
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15%—-20% from its climatology, the effect of net air—sea
heat flux on the SST is amplified, for a thinner ML has a
lower heat capacity. The net heat fluxe reanalysis from
NCEP compares well with the objectively analyzed
air—sea fluxes (OAFlux, Praveen-Kumar et al., 2012) and
OAFlux (Yu et al., 2008). Corresponding to both for the
2006 10D event and the composite of seven 10D events,

N
IS

I 1st term a
[ 2nd term
[13rd term
[J4th term

i
[

¢
)

o
=

(°C mon™")

o
i
O

Temperature variation anomaly
|
i

|
=
[\S)

Jun Jul Aug Sep Oct Nov

—
<

[ MLDA
[]BLTA

v

(=)

v

-10

Mixed layer depth anomaly (m)

Jun Jul Aug Oct Nov

Month
Fig.4 (a) The temperature variation anomaly (

Sep

the MLD shows negative anomalies, while the BLT posi-
tive anomalies. A shallower ML is the main mechanism
for the persistence of positive SST anomalies in the SEAS
during the IOD formation period. Morioka et al.
(2010, 2011) pointed out the importance of the MLD in
SST anomaly and the findings here are consistent with
their results.
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mon™), including the MLD anomaly (1st term, dark bar), the sea

surface net heat flux anomaly (2nd term, dark gray bar), the current anomaly and the horizontal gradient of SST ano-
maly (3rd term, light gray bar), and the vertical velocity anomaly and vertical temperature gradient anomaly (4th term,
white bar); (b) The mixed layer depth anomaly (MLDA in m, dark gray bar) and the barrier layer thickness anomaly
(BLTA in m, white bar) averaged in the SEAS (0°—10°N, 60°E-75°E) from June to November. (a) and (b) are based
on the 2006 Argo data; (c) and (d) show the same variables as (a) and (b), respectively, for the composite of seven

positive IOD events from SODA.

3.3 The Ocean-Atmosphere Interaction Processes
Among Wind, Precipitation, BL, and SST in
the SEAS

In the tropics, the BL usually appears as a low-salinity
water layer between isothermal layer and ML after heavy
precipitation or low-salinity advection from other areas.
The results of the NCEP/NCAR reanalysis precipitation
indicate that the positive precipitation anomaly begins to
appear in the SEAS in August and becomes larger gradu-
ally afterward (Figs.5b to 5¢). A composite of precipita-
tion anomaly appearing in the seven 10D years (Figs.5d
to 5f) shows that in the positive IOD events the precipita-
tion has a positive anomaly in the SEAS in June—July and
this anomaly increases in magnitude with time, which
agrees well with changes in SST (Fig.2) and BLT
(Fig.4d). Opposite to the heavy precipitation in the SEAS,
the precipitation reduces greatly in the eastern Indian
Ocean from June to November. The precipitation pattern
of the four strong IOD events (1982, 1994, 1997 and 2006)
agrees well with the Global Precipitation Climatology
Project version 2 (GPCP.V2.2) combined precipitation
data set (Adler et al., 2003). The positive precipitation

anomaly is important for a positive anomaly of the BLT
in the SEAS. Other studies also show that fresh water
coming from the Bay of Bengal is important for salinity
budget in the SEAS (Jensen, 1991; Shetye et al., 1991;
Shenoi et al., 1999; Rao and Sivakumar, 1999, 2003).

In order to examine the relationships among precipita-
tion, SST, BL and MLD, the normalized time series of
September-November precipitation anomaly (PreA), SST
anomaly (SSTA), BLT anomaly (BLTA) and MLD ano-
maly (MLDA) are averaged in the SEAS from 1960 to
2008 and are shown in Fig.6. The PreA is strongly corre-
lated with BLTA during the peak 10D period (Septem-
ber—November), with a positive correlation coefficient of
0.75 and a significance level exceeding 95%. This strong
correlation further indicates that more precipitation will
increase the thickness of BL. Corresponding to the thicker
BL, the shoaling of ML will warm the SST based on the
early discussion. It is also found that warm SST could in
turn increase the BLT. The relationship between SSTA
and BLA (MLDA) is examined and the correlation coef-
ficient between them is 0.47 (—0.48) with a significance
level exceeding 95%. Warm SST in the SEAS and cold
SST in the southeastern tropical Indian Ocean form an
SST gradient, which provides a favorable condition for
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the occurrence of the anomalous southeasterly winds
(Fig.2). The winds can bring abundant moisture from the
southeastern Indian Ocean, and enhance the precipitation.
The correlation coefficient between SSTA and PreA is
0.46 with a confidence level of 95%. The excessive pre-
cipitation results in the BL thickening and the ML shoal-
ing. The correlation coefficients between the four va-
riables and the IOD index of SON are 0.79, 0.72, 0.68
and —0.47 with a significance level exceeding the 95%,

respectively, indicating a close relationship between those
variables and the IOD event. Saji ef al. (1999) pointed out
the great changes of zonal wind over the equatorial cen-
tral and eastern Indian Ocean during the IOD events. Our
results further illustrate that there is an ocean-atmosphere
interaction process in the SEAS among SST, wind, preci-
pitation, BL, and ML during a positive IOD event. Along
with other mechanisms the BL plays an important role in
the development of IOD.
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Fig.5 The precipitation anomaly fields (contours in mm d") in (a) June—July, (b) August—September and (c) Octo-
ber—November using the 2006 Argo data. The same fields are shown in (d)—(f) for the composite of seven positive
IOD events from SODA and the shaded area has a significance level exceeding 90%. The box indicates the crucial
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Fig.6 The normalized time series of the precipitation anomaly (PreA, black solid line), sea surface temperature
anomaly (SSTA, gray solid line), barrier layer thickness anomaly (BLTA, dashed line), and mixed layer depth
anomaly (MLDA, gray bar) averaged in the SEAS in September—November.
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4 Summary and Discussion

Using data from the Argo floats and SODA reanalysis,
the composite analysis is conducted to investigate the
development processes of positive IOD events. It is found
that warmer SST appears in June—July in the SEAS (0°—
10°N, 60°E-75°E), most of which is in the western pole
of the 10D defined by Saji et al. (1999). This anomalous
warm SST extends westward and southward, and can pers-
ist for several months. The positive temperature anomaly
in the SEAS is mainly due to the MLD decrease (the first
term in the mixed layer temperature equation), especially
from August to November. Because the MLD is about
15%—-20% thinner comparing with its climatology, the
effect of net air—sea heat flux on the SST is amplified, for
a thinner ML has a lower heat capacity. The contribution
of net heat flux (the second term) and the total contribu-
tion of the current anomaly and horizontal gradient of
SST anomaly (the third term) are positive in some months
but are smaller than the contribution of the MLD anomaly
(the first term). The total contribution of vertical velocity
anomaly and vertical temperature gradient anomaly (the
fourth term) is so small that their effect is negligible.

It is shown that ML and BL are important in adjusting
ocean-atmosphere interactions and thus affecting weather
and climate. Warming in the SEAS caused by the thick-
ening of BLT (shoaling of MLD) enhances the precipita-
tion and increases the southeast-northwest SST gradient
with the cold SST in the southeastern Indian Ocean. The
large SST gradient intensifies the anomalous southeaster-
ly winds, which brings more moisture to the SEAS. The
excessive precipitation reduces the salinity, increases the
stratification near the surface, and leads to a decrease in
MLD and an increase in BLT, which then contributes to a
warmer SST in the SEAS. This ocean-atmosphere inte-
raction process among wind, precipitation, BL and SST
plays an important role during the development of posi-
tive IOD events in the SEAS.
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