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ABSTRACT

Using the National Oceanic and Atmospheric Administration (NOAA) sea surface temperature (SST) data, we found
that the peak Indian summer monsoon season SST in the northern Bay of Bengal (NBOB) has been increased since
late 1990s. Moreover, the NBOB SST reveals an increasing trend after 1999 (hereafter POST99), whereas prior to
1999 (PRE99) the trend is decreasing. During POST99, the NBOB SST facilitates a deep convection, while during
PRE99 it does not seem so. A robust causality analysis also reveals a large impact on the convection and precipitation
over the western Tibetan Plateau during POST99, whereas no significant causality is identified before 1999. Besides,
regressions onto the NBOB SST result in a cyclonic circulation pattern and ascending winds on upper vertical levels
over the western Tibetan Plateau during POST99, which are distinctly different from those during PRE99.
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1. Introduction

The Bay of Bengal (BOB) is a northern extension of the Indian
Ocean, located between India and Sri Lanka in the west, Bang-
ladesh to the north and Myanmar (Burma) and the northern part
of the Malay Peninsula to the east. It is known as the one of the
most important heat source regions of the tropical oceans dur-
ing the months of July and August (Webster, 1995; Rao et al.,
2002), and these two months are considered to be the principal
monsoon months in India, accounting for nearly 75% of the an-
nual rainfall over a major part of the country (Raghavan, 1973;
Gadgil et al., 2005; Rajeevan et al., 2010). The BOB region is
observed to have some prevalent characteristics [for example,
the presence of large freshwater input, lowest surface salinities,
high sea surface temperature (SST), variable monsoonal forc-
ing, excess evaporation over precipitation (~2 m/year), fresh
water influx from adjoining rivers (1.625x 10'> m*/year), etc.],
making it one of the important tropical oceans in the world
(Hacker et al., 1998; Shenoi et al., 2002; Roxy and Tanimoto,
2007). The BOB is rarely studied in terms of variabilities on
climate scales, although the seasonal variability in hydrography
and circulation is well documented (e.g. McCreary et al., 1993;
Schott and McCreary, 2001; Shankar et al., 2002; and references
therein). It is of huge scientific interest due to its role in the sea-
sonal monsoon rainfall over the surrounding land (Bruce, 1968;
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Alam et al., 2003; Yuan and Han, 2006; Oliver and Thompson,
2010; Girishkumar and Ravichandran, 2012, Girishkumar et
al., 2013; Polanski et al., 2013). For example, it impacts Indian
subcontinent rainfall through a seasonal monsoon trough that
extends from north-west India to the head BOB region (Polan-
ski et al., 2013), influences the monsoon rainfall in Bangladesh
(Salahuddin et al., 2006) and modifies the precipitation over the
southern China region (Yangtze River Valley in particular) with
moisture flux that converges and turns north-eastwards in the
vicinity of the Tibetan Plateau (TP) (Xu et al., 2008b). Besides,
it is also observed to be associated with the TP rainfall through
a south Asian monsoon-related moisture corridor that extends
from the BOB along the Brahmaputra River (Wu and Zhang,
1998; Chen et al., 2012; Yang et al., 2014). However, the BOB
SST is rarely studied in terms of its explicit connection with the
precipitation over the TP. This is not what one would expect,
considering the importance of the TP, which has been referred
to as ‘the world’s water tower’ in the Asia; its precipitation vari-
ability is closely related to the regional glaciers, river discharge,
plant phenology and natural hazards (Xu et al., 2008a; Yao et
al., 2012; Dorji et al., 2013; Molg et al., 2014), affecting the
climate and socioeconomic conditions throughout many parts
of Asia (Xu et al., 2008b; Ma et al., 2017).

In the present study, we use the long term SST observational
product (Reynolds et al., 2007; Casey et al., 2010) to investigate
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Fig. 1. BOB SST (in °C) averaged over JA for (a) PRE99 (b) POST99. (c¢) The difference between (a) and (b). The regions enclosed in black contours
are significantly different from zero at a 99% confidence level.
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Fig. 2. (a) Time series plot (solid lines) and linear trend (dashed line)
of the NBOB SST (in °C) during JA of PRE99 (daily data from 1988
to 1998) (b) Time series (solid lines) and linear trend (dashed line) of
the NBOB SST during JA of POST99 (daily data from 1999 to 2009).
The linear trends are statistically significant at a 99% confidence level.

the BOB SST variability and its relationship with the western
TP during the peak summer monsoon seasons of 1988-2009.
We first list the data source, then give a brief presentation of the
results. This study is summarised in Section 4.

2. Data

The data-sets used in this study include the following: (1) Na-
tional Centre for Environmental Prediction (NCEP) — DOE
AMIP 2 reanalysis daily data sets for horizontal and meridional
wind fields, geopotential height, air temperature and relative hu-
midity (Kanamitsu et. al., 2002), provided by the NOAA/OAR/
ESRL PSD, Boulder, Colorado, USA (http://www.esrl.noaa.
gov/psd/); (2) Asian Precipitation — Highly-Resolved Observa-
tional Data Integration Towards Evaluation (APHRODITE’s)
of Water Resources for precipitation (http://www.chikyu.ac.jp/
precip/english/products.html); (Yatagai et. al., 2012); (3) the
National Oceanic and Atmospheric Administration (NOAA)
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1/4° daily Optimum Interpolation SST version 2 (http://www.
ssmi.com/amsr/amsr_browse.html); (4) NOAA Interpolated
OLR team product (http://www.esrl.noaa.gov/psd/) for outgo-
ing long-wave radiation (OLR).

3. Results

The daily NOAA SST data is used to investigate the climate
variability in the SST over the BOB during the peak monsoon
season of India. We particularly focus on two periods: the peri-
od 1988-98 (PRE9Y9) and the period 1999-2009 (POST99). The
periods PRE99 and POST99 are chosen because the first lead-
ing empirical orthogonal function (EOF) mode of the POST99
tropical Pacific sea surface temperature anomalies (SSTA)
has shown maximum warming in the central Pacific (around
150°W), whereas the PRE99 EOF1 mode shows a warming in
the eastern Pacific (Xiang et. al., 2013; Chung and Li, 2013;
Vaid and Liang, 2015). Besides, it is well known that El Nifio
facilitates the SST variations in the BOB during July and Au-
gust (Singh et al., 2001), we hence focus on the peak monsoon
time July and August. Figure 1 shows (a) the JA averaged SST
for the period PRE99, (b) same SST but for the period POST99
and (c) the difference between the above two (POST99 mi-
nus PRE99). Clearly, the mean JA SSTs for both PRE99 and
POST99 are above 28 °C (Figs. 1a and b) in most of the north-
ern part of the bay, which is conducive to enhanced convec-
tive precipitation. [Recall that, to sustain such convection, SST
has to exceed a critical threshold of about 28 °C (Gadgil et al.,
1984; Graham and Barnett, 1987; Lau et al., 1997)]. We see a
substantial difference between the PRE99 and POST99 SSTs in
the north BOB region: Long. = 85°E-93°E, Lat = 15°N — 21°N
[northern BOB (NBOB) region; marked with rectangle in the
Fig. 1]. Further analysis shows that the NBOB SST increases
substantially after 90s (Fig. 1). The change is mostly significant
at the 99% level based on the student’s t test; the significant
region is marked with black contours in Fig. 1c. The time series
of the NBOB SST is plotted in Fig. 2, respectively, for PRE99
(maximum: 29.6, minimum: 27.1, mean: 28.3, standard devia-
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Fig. 3. (a)—(f) Wind vector (in m/s) at 400mb, 500mb and 850mb regressed onto the JA NBOB SST daily series for PRE99 (left panel) and POST99
(right panel). Regression coefficient is statistically significant at a 99% level. (g) and (h) are the vertical differences of the regressed wind vectors

(200 mb wind minus 850 mb wind) for PRE99 and POST99, respectively. Shown are regressed wind vectors on a 1°x 1° latitude—longitude grid.

tion: 0.4, variance: 0.2) and POST99 (maximum: 29.9, mini-
mum: 27.3, mean: 28.5, standard deviation: 0.5, variance: 0.3).
Clearly, we see that during POST99 the NBOB SST is signifi-
cantly increased in comparison to PRE99.

Figure 2 also shows, respectively, the linear trends of the
NBOB SST for the two periods (Figs. 2a and b). A clearly
decreasing trend is seen before 1999, whereas after 1999 an

increasing trend is identified. Obviously the NBOB SST is ex-
periencing a climatic change around 1999. First, during PRE99,
the SST change is mild (0.075 °C), but during POST99 it expe-
riences a large change (0.7 °C). While a rise of 0.075 °C might
be within the measurable error since the global SST is observed
to go up at a rate of 0.06 °C per decade from 1970 t01999 (Xue
et al., 2013), the warming during POST99 is really remarkable.
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Fig. 4. Moisture flux vector (in kg/m/s) regressed onto the JA NBOB SST for PRE99 (left panel) and POST99 (right panel). The regression
coefficient is statistically significant at a 99% level. Shown are the regressed moisture flux vectors on a 1°x 1° latitude—longitude grid.

These completely different trends are statistically significant.
At a 99% confidence level, the values of the two slopes are,
respectively, [-1.1 +2.2] and [10.0 = 2.4] (both to be multiplied
by 10E-4). That is to say, they lie within: [-3.3, 1.1] and [7.6,
12.4] which clearly do not have overlap at all.

The NBOB is one of the important regions of deep convec-
tion associated with the Indian summer monsoon because of
its capability of absorbing heat from and transferring heat to
surrounding lands. In order to see how deep the convection is
over the BOB during the different epochs, we regress the wind
vector at 400mb, 500mb and 850mb onto the NBOB SST se-
ries for both PRE99 and POST99 (Fig. 3a—f) using the least
square regression method. The regression equation has the form
Y =a+ bX, where X and Y are two variables, b is the slope of
the line and a is the y-intercept. In this case, X is the NBOB SST
time series and Y the series of gridded wind vector values on a
1° x 1° latitude—longitude grid (see Fig. 3). Both the series have
a time resolution of 1 day, and the regressed wind vectors are
plotted in Fig. 3. It is well known that the basic element which
drives the convection is the vertical variations of wind over a
specific region (e.g. Anber et al., 2014). We hence also plot the
vertical wind shears (200 mb minus 850 mb level). As shown
in Fig. 3g,h, except for the cyclonic pattern, which is consist-
ent with the convection, the difference in the shear during the
two epochs is clearly seen—the convection has been signifi-
cantly strengthened recently. More specifically, the NBOB SST
seems to induce the wind circulation up to 400mb level during
POST99, while during PRE99 it does not. That is to say, the
NBOB SST facilitates a deeper convection after 1999.

To see more about this, we compute the total horizontal mean
flux components (zonal and meridional) of water vapour:

, 1P,r ,
Q,=-[qudp
8 p.,

’ 1,
Oy=-1[ qvdp
8 p,

where Q; is the zonal component and Q;, is the meridional com-
ponent of the vertically integrated total mean vapour flux and
q is the specific humidity. The constant g is the gravitational
acceleration; it is divided by to ensure a unit of kg s' m™'. The
top layer of the vertical integration considered here is 300 hPa
because above this level the water vapour content is negligi-
ble (Kalnay et al., 1996). The fluxes regressed onto the NBOB
SST for PRE99 and POST99 are shown in Fig. 4. Clearly, the
NBOB SST facilitates a shallower convection over the BOB
during PRE99.

The distinct vertical variations of winds and moisture flux
vector (Figs. 3 and 4) will have different impacts on the mon-
soon precipitation over the surrounding regions. To see this,
a newly developed causality analysis technique based on the
Liang-Kleeman information flow theory is used. This tech-
nique is capable of quantitatively evaluating the drive and
the feedback causal relation between any pair of time series,
whether their dynamics are foreknown or not. It can be used
to address the importance of different forcing components in a
climate system in a quantitative but a model independent way.
This analysis uses information flow to quantify the causality
between time series. Suppose we have two series X, and X,,
then, as proved in Liang (2014) and Liang (2016), the rate of

information flowing from the latter to the former, 7, |, can be

-1
very easily estimated, in a maximum likelihood sense, with the
following formula (units: nats per unit time):

2

T = C11C12C2,dl B C12Cl,dl

= e, -c,C
=22 =12

where CU is the sample covariance between X, and X, and C, y

X/,u+1 -X;

the sample covariance between X, and )_(/ =— (At is the

time step size). Also a statistical significance test can be per-
formed (Liang, 2015); in the present study, the computed cau-
sality is at a 95% significance level. For more details, refer to
(Liang, 2008, 2014, 2015, 2016).
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Fig. 5. (a) The causality (information flow) from the NBOB SST to OLR during PRE99. (b) Same as (a), but for POST99. (c) Same as (a) but for
precipitation. (d) Same as (b) but for precipitation. The numbers are significant at a 95% level. The dashed line marks the 3000 m topographic

contour. In the figures, the units are nats/day. Nat and bit are two common units for information and entropy, which has the form of logp (p is the

probability density function) followed by a mathematical expectation. If the logarithm uses a base 2, then the unit is bit; if it uses a base e, then the

unit is nat.

The causality analysis result is plotted in Fig. 5. Interesting-
ly, distinctly different impacts of the NBOB SST on the OLR
and precipitation for the two different epochs are observed
(Fig. 5). The results show that the NBOB SST has a large im-
pact on the convection and precipitation over the western TP
during POST99, while before 1999, it is by far insignificant.
It is noteworthy to mention that the results obtained here are
strictly unidirectional, i.e. the causalities from NBOB SST to
OLR and precipitation, which cannot be obtained using the tra-
ditional correlation analysis. Besides, not only have we been

able to determine the directions of causality, but also the mag-
nitudes. From the figures the regions of significant causality
from NBOB SST to PRECIP is within that from NBOB SST to
OLR. This remarkable result from another aspect distinguishes
the role of NBOB SST on the western TP during the two differ-
ent climatic periods.

The TP is one of the major highly elevated land areas in the
world and observed to have huge impacts on the surrounding
countries. It is prone to abundant rainfall and flooding ep-
isodes during the peak summer monsoon, but the reason has
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Fig. 6. Wind vector (arrow; units in m/s) and geopotential height (shaded; units in m) at 200mb regressed onto the JA NBOB SST for PRE99 (left
panel) and POST99 (right panel). The regression coefficients are statistically significant at a 99% level. Shown are the regressed wind vectors and
geopotential height on a 1°x 1° latitude—longitude grid. The dashed line marks the 3000 m topographic contour.
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Fig. 7. The longitudinally averaged (75°E — 90°E) wind vector (arrow; units in m/s) and wind magnitude (shaded; units in m/s) at different pressure
levels regressed onto the JA NBOB SST for PRE99 (left panel) and POST99 (right panel). The regression coefficients are statistically significant at
a 99% level based on the student’s test. Shown are regressed wind vectors on a 1°x 1° latitude—longitude grid.

been poorly understood, despite the great scientific importance.
These rainfalls on one hand have an agricultural importance,
as the region’s population depends greatly on monsoon rains,
and on the other hand, lead to landslides, the most devastating
hazards in the region. To see how the climate over the western
TP may differ during the two epochs, the winds at 200mb level
are regressed onto the NBOB SST. As shown in Fig. 6, dur-
ing POST99, the NBOB SST seems to be concomitant with the
western TP, with a noticeable circulation positioned over the
Plateau, whereas during PRE99 the circulation is not over there
(Fig. 6). Geopotential height analysis for the two periods also
results in remarkable findings (Figs. 6a and b); shaded). Since

the vertical variation of winds is considered to be the basic el-
ement driving the convection over the region, we proceed to
regress the vertical variations of winds averaged over 75°-90°E
onto the NBOB SST. From Fig. 7, it is evident that the impact
of NBOB SST is more noticeable during POST99 than during
PRE99. During the POST99, the ascending winds (a sign of the
convection) are clearly seen at the upper vertical levels over the
western TP, while during PRE99 no such phenomenon is ob-
served (Fig. 7). The cause of the ascending winds can be under-
stood through analysing the air temperature regressed onto the
NBOB SST (Fig. 8). Interestingly, during POST99 (Fig. 8c and
d), the NBOB SST is seen to induce a thermal contrast between
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Fig. 8. (a) The air temperature (in K) at 100mb regressed onto the JA NBOB SST for PRE99. (b) Same as (a) but for 300mb. (c) Similar as (a) but for
POST99. (d) Similar as (b) but for POST99. The regression coefficients are statistically significant at a 99% level. Shown is regressed air temperature

on a 1°x 1° latitude—longitude grid. The dashed line marks the 3000 m topographic contour.

the 300mb and 100mb levels over the region 75°-90°E; that is
to say, it seems to be responsible for the ascending winds in Fig.
7. This is in contrast to PRE99, when no such phenomenon is
observed over the region. Based on these analyses, we can say
that, since late 1990s, the relation of the NBOB SST with the
western TP is being enhanced; this is because the NBOB SST
induces a conspicuous circulation over the region.

4. Concluding remarks

We have analysed the daily mean NOAA SST data in the north-
ern BOB during the July and August (the principal monsoon
months in India) of 1988 to 2009. We found that the NBOB
SST has distinctly different evolutionary patterns before and
after 1999, which we refer to as PRE99 and POST99, respec-
tively. A significant increase in NBOB SST was observed since
late 1990s. Prior to 1999, the NBOB SST reveals a decreasing

trend, whereas after 1999 the trend is increasing. Same trend
changes were observed for the outgoing long wave radiation
and sensible heat flux. Further analysis shows that the NBOB
SST facilitates the deep convection during POST99 and thereby
impact the monsoonal convection over the surrounding regions.
Remarkably, a large impact of NBOB SST on the convection
and precipitation over the western TP during POST99 was re-
vealed, whereas during PRE99 the impact was not much seen.
During POST99, the NBOB SST seems to be concomitant with
the western TP, with a conspicuous cyclonic circulation over
the western TP, whereas during PRE99 the circulation is away
from the Plateau; correspondingly, it occurs that the NBOB
SST induces ascending winds between 300mb and 100mb lev-
els during POST99.

We remark that the enhanced relationship of the NBOB SST
with the western TP in the peak monsoon season of India in
late 1990s may shed new insight into the various processes
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associated the hydrology and geomorphology in the TP. They
are of burgeoning scientific attention during the recent decade
because of the occurrence of extreme weather events in the re-
gion during the season, which lead to severe flashfloods, land-
slides, property damages, injuries and even large number of
fatalities (Liu et al., 2006).
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