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northern Indian Ocean domain (0-35°N, 40-100°E).
The eigenvalue spectrum of covariance matrix is
shown in Fig. 3, with uncertainty estimates based on
the North et al. (1982) rule of thumb. The leading 2
eigenvalues are clearly well separated from the rest
of the spectrum, thus can be analyzed separately.
Fig. 4a,b shows the leading pattern (EOF-1) of sea-
sonal (JJAS) ZMT and MMT combined over the
northern Indian Ocean, with 25.1% of explained
variance. Since the sign of EOFs is irrelevant, we dis-
cuss below one phase (‘positive phase') of the pat-

Fig. 3. Spectrum of the covariance matrix of summer (June—-September; JJAS)
mean vertically integrated moisture transport. Vertical bars show uncertainty
estimates based on the North et al. (1982) rule of thumb. Only the leading

20 eigenvalues are shown

tern. The first EOF is dominated by the zonal mois-
ture flow; a north—south dipole pattern can be seen
over the eastern part of the domain, with positive val-
ues of ZMT (northward flux) over the northern Bay of
Bengal associated with negative values of MMT
(southward flux) over western Arabian sea and Bay
of Bengal, i.e. decreased northward moisture flux
into the South Asian mainland. Conversely, a nega-
tive moisture flux over the Bay of Bengal is associ-
ated with a positive moisture flux over the western
Arabian Sea and Bay of Bengal. The EOF-1 vectors
and moisture convergence (Fig. 4c)
clearly show a high circulation over
southern India and the Bay of Bengal.
If this circulation is compared with the
mean moisture transport (Fig. 1c), it
can be seen that the moisture transport
from the Bay of Bengal into the main-
land can be reduced or enhanced. It is
interesting to note the north—-south di-
pole in moisture convergence over the
Bay of Bengal. We shall see in the next
section that this center of action for vari-
ability in moisture transport into the
south Asian mainland is associated with
El Nino and a positive IOD phenom-
enon in the Pacific and Indian Oceans
respectively. The positive phase of the

Fig. 4. (a) Zonal and (b) meridional parts of the first empirical orthogonal function (EOF-1) of summer (June-September;

JJAS), vertically integrated (1000-500 hPa) zonal moisture transport (ZMT) and meridional moisture transport (MMT), ex-

plained variance 25.1%. (c) The vector form of EOF-1 (arrows) and convergence of EOF-1 (shading). (d—f) are the same as
(a—c), but for EOF-2, explained variance 17.2 %
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second EOF, with 17.2% explained variance, is re-
lated to enhanced monsoon circulation (Fig. 4f).
Unlike the first EOF, the centers of action in EOF-2 are
shifted over mainland. In the positive phase (shown in
Fig.4) of EOF-2, the ZMT is stronger over the Arabian
Sea and there is strong zonal moisture flow into the
Indian peninsula (Fig. 4d). The corresponding pat-
tern of EOF-2 in the case of MMT also shows
enhanced flow of moisture in the Arabian Sea as well
as in the Bay of Bengal. Enhanced northwards mois-
ture flow can also be seen along the foothills of the
Himalayas. In the next section we discuss the global
teleconnections related to these EOF patterns and
their influence on SASM variability.

3.3. Teleconnections and moisture transport
inter-annual variability

The NINO3.4 index records average SST anom-
alies in the Pacific (5°S-5°N and 170-120°W) and is
used to classify SST variability in the Pacific related
to ENSO. Thus, El Nino- (La-Nina)-type conditions in
the Pacific correspond to positive (negative) values of
the NINO3.4 index. We characterized the variability
of SST anomalies over the equatorial Indian Ocean
by using the IOD index. We followed Saji et al. (1999)
in order to define the IOD index as the difference in
SST anomalies between the tropical western Indian
Ocean (10°S-10°N, 50-70°E) and the tropical south-

eastern Indian Ocean (10-0°S, 90-110°E). A positive
IOD index describes cooler than normal water in the
tropical eastern Indian Ocean and warmer than nor-
mal water in the tropical western Indian Ocean, and
vice versa. The correlation between the IOD index
and NINO3.4 index is 0.51, and Syed & Kucharski
(2016) showed that neither phenomena are com-
pletely independent on a seasonal inter-annual time
scale.

The PCs of the first 2 leading EOF modes of verti-
cally integrated moisture transport were correlated
with global SSTs from 30°S-30°N (Fig. 5). The first
mode (Fig. 5a) pattern shows an El Niho-type struc-
ture in the tropical Pacific Ocean and also a positive
IOD pattern in the Indian Ocean. The correlation of
PC1 with NINO3.4 index is 0.5 and with IOD index is
0.7; both values are significant at the 1% level. Note
here that sign is irrelevant, but the obtained patterns
(Fig. 5) are to be discussed in association with the
positive phase of EOF-1 and EOF-2 shown in Fig. 4.
This indicates that the positive phase of ENSO and
IOD are generally related to suppressed monsoon
circulation (Fig. 4c) and vice versa. However, this is
not true for all years; Gadgil et al. (2004) showed that
if either of ENSO or IOD conditions are unfavorable,
then the monsoon fails. The correlation of PC2 with
global SSTs shows negative values in the northern
Indian Ocean and eastern Pacific Ocean; La Nina-
type structure is clearly visible in the Pacific Ocean
(Fig. 5b). The correlation between PC2 and the IOD

120°E 180° 120° 60°W

20°N

Fig. 5. Correlation (1971-2016) of summer (June—-September; JJAS) sea surface temperatures (SSTs) with (a) PC1 and (b) PC2.
Stippling shows statistically significant correlation values at 95 % confidence level
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index is not statistically significant, and the correla-
tion with the NINO3.4 index is 0.31. This suggests
that La Nina (EI Nifno) is the only major phenomenon
in the tropical oceans associated with enhanced
(reduced) monsoon circulation. La Niha seems to
strengthen the SLLJ, especially over the Arabian
Sea, and enhances the northwards moisture trans-
port over the Arabian Sea and Bay of Bengal. Syed &
Kucharski (2016) performed a maximum covariance
analysis between global tropical SSTs and SASM
rainfall and showed that ENSO is the leading mode
in the tropics associated with inter-annual variability
in SASM rainfall, whereas the eastern pole of the
IOD contributes to the second global mode in the
tropics and is the leading mode in the Indian Ocean.
They also showed that on a seasonal JJAS inter-

40°N

annual time scale, IOD is not a completely separate
independent mode of variability in the Indian Ocean,
but is also associated with ENSO.

To further examine the relationship of these 2 lead-
ing EOF modes of variability with SASM rainfall, we
correlated the PCs with mean JJAS SASM rainfall.
The mean climatology of SASM rainfall is shown in
Fig. 6a. The monsoon penetrates into northern Pak-
istan along the foothills of the Himalayas from India,
but the mean monsoon rainfall remains below 200 mm
over northern India and Pakistan. Mean seasonal pre-
cipitation is >500 mm over the Western Ghats and the
contiguous land areas of the Bay of Bengal. Central
India also receives a good amount of rainfall; mean
rainfall is between 200-300 mm. Fig. 6b shows the
correlation between PC1 and SASM rainfall. The

Precipitation
(mm mo™}
35 550
30° ¢ 450
251 350
20°4 250
15°] ‘ .
150 Fig. 6. (a) Climatology (1971-2012) of sum-
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10° ] Correlation (1971-2016) of JJAS precipita-
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leading mode (‘positive phase') showing decreased
MMT over both the Arabian Sea and Bay of Bengal
(Fig. 4b), which is associated with a combination of a
positive (negative) ENSO and a positive (negative)
1OD signal in SSTs, is related to generally decreased
(increased) rainfall over South Asia. The decrease in
rainfall over southern India is particularly visible
(Fig. 6b). The second mode of EOF variability
showing increased (decreased) MMT over the Bay of
Bengal, which is related to a negative (positive) ENSO
pattern in the Pacific Ocean, is associated with in-
creased (decreased) rainfall over South Asia. It is
worth mentioning here that the spatial correlation of
atmospheric fields, e.g. SST or precipitation, enhances
the statistical significance observed, for example with
regards to the spatial correlations for Figs. 5 & 6 (Del-
sole & Yang 2011, Wilks 2016). This does not,
however, affect the general message of the above dis-
cussion. We also performed EOF analysis of ERA-in-
terim data and found similar leading modes of vari-
ability, which shows the robustness of our results.

4. SUMMARY AND CONCLUSIONS

We investigated the climatological features and
inter-annual variability of zonal and meridional mois-
ture fields in the northern Indian Ocean and the rela-
tionship between ZMT and MMT associated with
SASM rainfall over South Asia and tropical SST vari-
ability in the Indian and Pacific Oceans, based on the
NCEP/NCAR reanalysis and observed rainfall from
1971-2015. Two maxima exist in the climatology of
MMT, with a maximum value above 200 kg m™! s7*
over the Bay of Bengal and the cross-equatorial flow
along the SLLJ into the Arabian Sea. The maximum
ZMT occurs over the Arabian Sea, with values ex-
ceeding 300 kg m~! s, The ZMT and MMT over the
Arabian Sea and Bay of Bengal are not correlated on
a seasonal mean inter-annual time scale (when de-
trended). The climatology (1971-2015) of the vertical
structure of MMT shows maximum transport occur-
ring in the lower troposphere, below the 500 hPa
level. The northward MMT starts from south of the
equator and goes north up to the Himalayan moun-
tains.

Three-dimensional EOF analysis showed that the
leading mode is associated with suppressed or weak
MMT in both the Arabian Sea and Bay of Bengal.
However, increased ZMT is observed over the Bay of
Bengal, which results in the weakened monsoon cir-
culation and decreased moisture convergence. The
positive phase of the leading mode of 3D-EOF is asso-

ciated with the positive phase of the IOD in the Indian
Ocean and El Nino conditions in the Pacific Ocean,
which results in the suppressed SASM rainfall. The
positive phase of the second mode of 3D-EOF is asso-
ciated with La Nina conditions in the Pacific Ocean,
which results in the enhanced zonal moisture flow
over the Arabian Sea extending up to the Bay of Ben-
gal allied with the SLLJ, and enhanced northward
moisture transport over the whole region. This en-
hanced moisture flow marks stronger monsoon circu-
lation and increased rainfall over South Asia.

This study provides the basic information about the
moisture transport climatology and its modes of vari-
ability on an inter-annual time scale, and how this
variability is associated with the SASM rainfall. The
method adopted (3D-EOF analysis) in this study
would also be useful for other climate variability
studies dealing with the variability of more than one
field together.
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