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ABSTRACT: In this study we have investigated atmospheric water balance over South Peninsular India and Sri Lanka
during the months October to December (OND) using computed moisture convergence (C) and residual evaporation (E)
from National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis
data and Global Precipitation and Climatology Project (GPCP) precipitation data. The interannual signatures of OND
precipitation, moisture convergence and evaporation over the South Peninsular India and Sri Lanka have been captured.
The spatial and temporal characteristics of the hydrological cycle and the contribution of evaporation (E) and convergence
(C) to precipitation (P) are discussed in detail. Over the South Peninsular India and Sri Lanka, evaporation (E) dominates
during the entire monsoon months (OND). However, the interannual variability of precipitation over the domain is not
necessarily influenced by the same criteria which influences the mean seasonal precipitation. The moisture from the Indian
Ocean (IO) sector also modulates the precipitation over this region on a year-to-year basis. It has been noted that the
positive northeast monsoon rainfall (NEMR) is associated with El Nino coupled with IO dipole, but negative NEMR is
weakly associated only with La Nina over South Peninsular India and Sri Lanka. There also exists a significant land-
atmospheric interaction over the region in modulating the hydrological cycle on a year-to-year basis. Copyright © 2008
Royal Meteorological Society
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1. Introduction of studies in interannual variability and its teleconnec-
tions (Singh and Sontakke, 1999; Kripalani and Kumar,
Two vital monsoon systems prevail over the Indian sub-  2004; Kumar ez al., 2007) and over the Sri Lankan region
continent, namely, the summer monsoon [also known as  Syppiah (1989, 1996, 1997).
southwest (SW) monsoon] and northeast (NE) monsoon  While most parts of India receive nearly the entire
(retreating monsoon). The SW monsoon has been studied  portion of their annual rainfall from the southwest
widely compared to the NE monsoon. Monsoon is forced  monsoon rainfall (SWMR), the Southeast Peninsular
primarily due to the seasonal shifting of thermally pro- yndia falls under the rain shadow region during the
duced planetary belts of pressure and winds under conti-  symmer season due to the presence of Western Ghats.
nental influences. The heating over oceans and extensive  Thjs region therefore critically depends on the NEMR to
cooling over the continental areas facilitate the north-  gypplement the inadequate precipitation during SWMR.
eastward flow of winds over the Bay of Bengal (BOB)  Qver the southeastern tip of the Indian Peninsula and
and thus, the moisture carried from the BOB creates a  pejghbouring Sri Lanka, nearly 50% of the annual rainfall
favourable condition for NE monsoon to develop over g received during the NEMR season. Hence, this study
the South Peninsular India and Sri Lanka during October  focugses on the NEMR variability.
to December (OND). Post-monsoon season or simply the The impact of El Nino/Southern Oscillation (ENSO)
northeast monsoon rainfall (NEMR) season (OND) over  op the SWMR has been explored intensively (Rasmusson
South Peninsular India and Sri Lanka is the major rain- and Carpenter, 1983; Krishna Kumar et al., 1999; Ailikun
fall season over this region (Dhar and Rakhecha, 1983), " 4nd Yasunari, 2001; Chang et al., 2001; Kawamura et al.,
which helps agricultural production in this region (Kumar  5005). The El Nino years are generally associated with
et al., 2007). NEMR received very less attention in terms below-normal SWMR rainfall (Rasmusson and Carpen-
ter, 1983; Yasunari, 1990) and above-normal NEMR rain-
W to: Venkatraman Prasanna, Graduate School of fall (Supp iah, 1996, 1997). Recently Kumar et al. (2007)
Environmental Studie;s, Nagoya University, Nz;goya, Aichi, 464-8601, studied the ENSO-NEMR relationship prior to 1976 and
Japan. E-mail: Prasanna@hyarc.nagoya-u.ac.jp the later periods and concluded that the ENSO-NEMR
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relationship has strengthened considerably in the recent
decades.

Earlier studies have pointed out that a unique ocean-
atmosphere mode exists in the Indian Ocean (10), with
anomalous warm sea surface temperatures (SSTs) over
the western 10 and anomalous cold SSTs in the eastern IO
(Saji et al., 1999). This mode induces an unusual rainfall
distribution in the surrounding areas, and is termed as the
Indian Ocean dipole zonal mode (IODZM) (Hastenrath
et al., 1993; Webster et al., 1999). This dipole mode mod-
ulates the Maha (September and October) rainfall over Sri
Lanka (Zubair et al., 2003). Similar study on the NEMR
over South Peninsular India (Kripalani and Kumar, 2004)
had revealed that NEMR and the Indian Ocean dipole
mode (IODM) are directly related, suggesting that the
positive dipole phase enhances the NE monsoon activity
and the negative dipole phase suppresses the NE mon-
soon activity. In viewing the previous studies on NEMR
variability, only ocean-atmospheric coupling has been
stressed in detail, whereas land-atmospheric interactions
remain unknown; to study such a role the atmospheric
water budget can provide some lead.

To understand mechanisms other than ocean
-atmospheric interaction over this region, we have tried
to exploit the advantages of atmospheric water balance
method over South Peninsular India and Sri Lanka. A
few earlier global water budget studies have shown the
importance of water budget analysis (Oki et al., 1995;
Trenberth and Guillemot, 1998; Trenberth, 1999). What
can be gained by budget analysis? Through assessing
convergence (C) and evaporation (E), we can under-
stand the hydro meteorological aspect of precipitation (P)
dynamics.

Objectively reanalysed, gridded four-dimensional
datasets [National Centers for Environmental Prediction
(NCEP), ERA-40 and JRA reanalysis] give us an oppor-
tunity to study water balance on global and regional
scales. Though there are physical constraints in the closed
water budget calculation and it may be imperfect to use
observed precipitation (P) to close the reanalyses water
budget, it provides an opportunity to obtain less observed
variable evaporation (E) at each grid point on regional
and global scale through the balance. Since the reanaly-
sis simulated evaporation is heavily model-dependent and
the simulated precipitation is constrained by the model’s
parameterization schemes, we have tried to utilize the
advantage of monthly-observed precipitation (P) to find
the evaporation as a residual.

The main motivation of the present study is to under-
stand the nature of the large-scale water balance over
South Peninsular India and Sri Lanka during NEMR sea-
son (OND) and to understand the mechanism behind
year-to-year precipitation variability over this region. For
this purpose, the space—time characteristics of monthly
and NEMR (OND) interannual variations of precipitation
(P), convergence of water vapour flux (C) and evapora-
tion (E) during the period, starting from 1979 up to 2005
have been studied in detail. Particular attention is paid to
understand where the precipitation (P) comes, i.e. from
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large-scale moisture convergence (C) due to atmospheric
circulation and/or from evaporation (E) from the sur-
face since both ocean-atmosphere interactions and land-
atmosphere interactions are fundamental in understanding
the variability of precipitation over this region. Another
aspect is how P, C and E are modified on interannual
time scale by the slowly varying boundary conditions and
how they are related this is also explored in detail.

The structure of this article is as follows. Section 2
describes the datasets and the computational procedures
used in this study. In Section 3, we discuss the season-
ality of NE monsoon over South Peninsular India and
Sri Lanka. In Section 4, we document the basic features
of the monthly annual cycle of water balance compo-
nents (E, P, C) and seasonal march of precipitation over
the selected domain and Section 5 presents a discussion
of the interannual variability of precipitation and atmo-
spheric water balance components. Section 6 discusses
NEMR index with various climatic indices. Section 7
discusses the teleconnection of NEMR with various cli-
mate anomalies and the aspect of large-scale anomalies of
atmospheric water balance for excess and deficient mon-
soon phases, IODM phases and Nino-3.4 anomaly phases.
In Section 8, the main conclusions and discussions are
addressed.

2. Data and method of analysis

The period of analysis covers NEMR monsoon season
of OND from 1979 up to 2005. The data products
used are Global Precipitation and Climatology Project
(GPCP) precipitation (Adler et al., 2003), Variability
Analysis of Surface Climate Observations (VASClimO)
land gridded precipitation dataset 1950-2000 (Beck
et al., 2005). Daily upper level winds (u, v), specific
humidity (g), geo-potential height (z), surface winds
(u, v), surface level specific humidity (¢) and sea level
pressure (SLP) obtained from NCEP/National Center
for Atmospheric Research (NCAR) reanalysis dataset
(Kalnay et al., 1996) and the monthly SST for the period
1982-2005 from NOAA (NOAA optimum interpolated
SST dataset) (Reynolds et al., 2002).

The atmospheric water budget equation can be written
as (Peixoto and Oort, 1992),

<dW/it >4+ <V -Q0Q>=<E-P>......... (1)

where (P) is precipitation, (E) is evaporation, and angled
brackets denote the area average, precipitable water
content (W), vertically integrated moisture flux vector
(Q) and its divergence (V - Q).

On longer timescales like monthly or seasonal, under
near equilibrium conditions, the time change of local
available precipitable water content is negligible com-
pared to the variations of large-scale convergence and
evaporation (Oki efal., 1995; Trenberth, 1999). We
approximate,

<OW/0t >~ 0. )
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Therefore we can approximately write,

3

Vertically integrated moisture flux vector (Q) is given
by,
“

0=1/g,/ qvdp

Where ¢q is the specific humidity, v is the horizontal
wind vector, Ps is the pressure at surface level and Pt is
the pressure at the top of the atmosphere, g is gravita-
tional acceleration. Vertical integration is performed from
ground level (surface pressure level) to 300 hPa for the
standard atmospheric pressure level (1000, 925, 850, 700,
600, 500, 400 and 300). We can neglect pressure levels
above 300 hPa, as the specific humidity above this level
is negligible. The moisture flux divergence which is the
second term in the left-hand side of Equation (1), and the
vertically integrated moisture fluxes are computed using
the linear grids.

Water budget calculations and data analyses were
performed for the 27-year period from January 1979
through December 2005 as the reliable precipitation data
over both land and ocean are available from 1979. The
total vertically integrated moisture convergence is com-
puted for the above period from NCEP/NCAR reanalysis
datasets. Evaporation is obtained as a residual from the
precipitation and convergence. The mean monthly con-
tribution of evaporation (E) or convergence (C) to pre-
cipitation (P) and the year-to-year change in evaporation
(AE) or convergence (AC) to precipitation (AP) are
used to understand the seasonal and interannual variabil-
ity of NEMR (OND) season over South Peninsular India
and Sri Lanka. Mathematically, divergence is a positive
quantity and convergence is a negative quantity, but in
this article, we have defined the computed convergence
as positive values and divergence as negative values.

The study area over South Peninsular India and Sri
Lanka is shown in Figure 1. During the summer mon-
soon season (JJA), the south peninsular region receives
less rainfall compared to the rest of India due to the
presence of Western Ghats (Figure 2(a)); the region is a
rain shadow region for summer monsoon. Considerable
amount of mean seasonal precipitation over this region
is evident during NEMR season (OND) (Figure 2(b)).
The annual contribution of OND precipitation exceeds

50% over Southeast Peninsular India and Sri Lanka
(Figure 2(c)).

3. Seasonality over Peninsular India and Sri Lanka

To clearly distinguish the season over South Peninsular
India and Sri Lanka, the monthly mean moisture flux vec-
tors along 80E are shown in Figure 3(a) and the spatial
mean pattern of moisture convergence and moisture flux
vectors during OND season are shown in Figure 3(b).
We can clearly notice the reversal of moisture transport
vectors from southwesterlies to northeasterlies around
ION—12N during October (Figure 3(a)). Though the
mean precipitation during September—November (SON)
is higher than OND, the OND has been chosen as NEMR
season by considering the wind field. The percentage con-
tribution of annual precipitation exceeds 50% over south
eastern coastal Peninsular India during OND and also the
moisture transport vectors become completely northeast-
erlies during OND over this region.

4. Monthly annual cycle of atmospheric water
budget over the selected domain

The monthly mean annual cycle of precipitation (P),
evaporation (E) and convergence (C) over the selected
domain containing both South Peninsular India and
Sri Lanka are shown in Figure 4(a) and (b). Before
explaining the relative contribution of (C) or (E) to
precipitation (P) on monthly scale, let us briefly explain
the seasonal march of precipitation over the domain.

4.1. Monthly evolution of precipitation over the PEN
and SL domain

To examine the monthly precipitation evolution for (PEN
and SL) the domain averaged monthly mean precipitation
for the period 1979-2005 is plotted in Figure 4(a) from
the GPCP dataset. The monthly annual rainfall pattern has
a double peak, namely, first one at June and another one
at October. The NEMR monsoon (OND) over this region
exhibits a very short rainy season and relatively low mag-
nitude of precipitation unlike the SW monsoon over the
entire south Asian region. The precipitation amount grad-
ually increases from March and attains a peak in the
month of June and sustains the peak till July and slowly
falls in the successive months, but does not fall com-
pletely; the second peak pattern appears in October. This
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Figure 1. Maps showing selected domains for analysis in this study.
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Figure 2. Climatological mean precipitation from VASClimO dataset

for the period 1979-2000. (a) JJAS mean precipitation (mm/day)

(b) Climatological mean OND precipitation (mm/day) (c) Percentage
of OND precipitation contribution to annual mean precipitation.

is because of the precipitation from NE monsoon, mainly
due to reversal of winds from southwesterly to north-
easterly. The moisture carried from the BOB through
northeasterly winds during OND brings precipitation over
South Peninsular India and Sri Lanka. The NE monsoon
precipitation (OND) is especially significant over the

Copyright © 2008 Royal Meteorological Society

state of Tamil Nadu (Dhar and Rakhecha, 1983; Kumar
et al., 2007). Nearly 50% of annual precipitation over this
region is realized during the OND period.

4.2.  Atmospheric water budget during NEMR season

Rainfall over the domain (Figure 4(b)) during the NEMR
months (OND) are favoured by higher evaporation
throughout the season shown in the box as (E).E is
higher than P during pre-monsoon months and winter.
Evaporation almost equals precipitation throughout the
rainy season (E ~ P) (Figure 4(b)).

Over this region, convergence (C) becomes positive
from June to November season. Convergence shows
only one peak during July unlike precipitation during
June and October for SW and NE monsoon months
respectively. The double peak in the convergence is
not very clear (Figure 4(b)), which may be due to the
prevalence of weak convergence over Peninsular India.
Strong convergence is seen only over Sri Lanka and the
southeastern tip of Peninsular India implies that the mean
evaporation during OND over South Peninsular India
must be stronger than Sri Lanka.

Most of the earlier studies have shown that the ocean
acts as a source of moisture during the NEMR monsoon
months for this domain (Zubair et al., 2003; Kripalani
and Kumar, 2004). Here, we have found that evaporation
(E) is higher than convergence (C) in magnitude during
OND and E contribution to precipitation (P) during the
OND months is also significant. Thus, E contribution
to precipitation P exceeds C contribution to P during
OND months and the evaporation from the land surface
also aids precipitation during the NEMR season.

5. Interannual variation of atmospheric water
budget over Peninsular India and Sri Lanka

To study the precipitation variability on interannual time
scale, the interannual variations of atmospheric water
budget components are plotted for OND over the domain.
The correlation coefficient (CC) between precipitation
and moisture convergence are used to understand the
relationship between P and C on the interannual time
scale and similarly, for evaporation.

The contribution of evaporation to mean seasonal
precipitation is high over South Peninsular India and the
Sri Lankan region during NEMR monsoon period and
also for interannual variability, the correlation between
AP and AC is 0.73 (exceeds 95% significant level) and
the correlation between AP and AE is 0.84 (exceeds
95% significant level) (Figure 4(c)); thus the contribution
of evaporation during the monsoon months to the year-
to-year variability of precipitation has been brought
out through the atmospheric water budget clearly, i.e.
(AE>ACQ). The correlation between precipitation and the
residual evaporation at 0.84 suggests that the land surface
hydrological process are also important to understand the
P variability on interannual timescales over this region.

One important point to be noted here is that the CC
between AP and AC as well as AP and AE are highly
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(a) NCEP moisture flux vector along 80E
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Figure 3. Maps of mean moisture convergence and moisture flux over the domain. (a) Monthly mean moisture flux for different latitudes along
80E (b) spatial pattern of moisture convergence and flux (OND). Positive values are darkly shaded and negative values are lightly shaded. (Units
for convergence: mm/day, moisture flux: kg m~! s~1).

significant (significant above 95% level). Thus the P
variability over this domain during NEMR season OND
is not only dependent on the large-scale convergence AC,
but also on AE. Strong land-atmospheric interactions do
co-exist along with ocean-atmospheric interactions over
this region during OND.

6. Averaged NEMR monsoon index versusIOD and
NINO-3.4 indices

To identify the significant influence of various cli-
mate anomalies to NEMR variability (dominant climate
anomalies like El Nino/La Nina and IOD anomalies), the
NEMR precipitation index has been created using the
observed GPCP precipitation over the selected domain
and this index is used for discussing the strength of
the monsoon over South Peninsular India and Sri Lanka
during OND months as shown in Figure 5. Based on

Copyright © 2008 Royal Meteorological Society

the available observed GPCP rainfall data, a time series
of NEMR over South Peninsular India and Sri Lanka
has been developed. Similarly, an index to quantify the
IODM, exhibiting warm (cool) waters over the equatorial
western (southeastern) IO and Nino-3.4 anomalies has
been developed using (NOAA-IO) optimum interpolated
SST data for the period (1982-2005).

The NEMR, IOD (Difference of SST between west-
ern Indian Ocean (WIO) (10S—-10N, 55E-70E) and
Southeast Indian Ocean (SEIO) (10S—-O0N, 90E—120E)
and NINO-3.4 (5S-5N, 190E-240E) SST anomalies
are standardized with their respective standard devia-
tions (SDs) and plotted. We have considered OND sea-
son to represent the NEMR, whereas the 10D, El Nino
and La Nina phases are represented by SON season,
since the IOD peaks in the months of SON. Saji and
Yamagata (2003) have shown that the largest combined
contribution of ENSO and IOD to the zonal and merid-
ional wind variability over the IO is during SON around

Int. J. Climatol. (2008)
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45% between 10S and 10N. The CC between NEMR
and IOD is found to be less than the significant level
(0.24), whereas the CC between NEMR and NINO-
3.4 anomalies are significant (0.46%) at 95% significant
level, which is also evident from the recent studies that
the impact of ENSO on NEMR is strengthening in the
recent decades (Kumar et al., 2007). The excess/deficient
NEMR, IOD and NINO-3.4 positive/negative phase are
obtained by applying a criterion that the standardized
anomalies exceeds £0.5 SD.

7. Teleconnections and large-scale anomalies of (P),
(C) and (E) among anomalous NEMR, NINO-3.4
and Indian Ocean dipole mode years

In this section, we discuss the various teleconnections
of NEMR and the differences in atmospheric circulation
for anomalous NEMR monsoon years and IOD posi-
tive—negative phase years over the selected domain.

To show the teleconnection patterns of NEMR, the
(NOAA-OI) optimum interpolated global SST

(a) GPCP precipitation (OND)
regressed with PEN (OND) Precip Index
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(1982-2005) for OND is regressed with the selected
domain’s OND GPCP precipitation (Figure 6(b)). A sig-
nificant positive correlation (significant at 95%) over the
Nino-3.4 regions and over BOB near Myanmar coast and
South China Sea, a less than significant negative correla-
tion over the SEIO over the coast of Sumatra are noticed
and no correlations are observed with 10D.

The regressed pattern of precipitation reveals a sig-
nificant negative relationship with the Indo-China Penin-
sula precipitation during NEMR monsoon (OND) sea-
son (Figure 6(a)). Figure 6(c) shows that the convergence
over 10 is significantly associated with the domain pre-
cipitation, and the moisture flux vectors largely originate
from the SEIO region. Figure 6(d) shows that evapora-
tion also plays an active role in modulating the interan-
nual variability of NEMR precipitation over the PEN &
SL domain.

In Figures 7 and 8, anomalies of precipitation (P),
large-scale convergence (C), moisture transport vectors
and evaporation (E) are plotted for anomalous NEMR
monsoon years, IOD positive—negative phase years and
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Figure 6. Regression maps based on PEN and SL domain GPCP precipitation. Top panel: (a) GPCP Precipitation, (b) OND SST (domain

encompassing PEN & SL is shown by a box). Lower panel: (c) NCEP moisture convergence and moisture flux transport, (d) NCEP evaporation.

(95% significant levels are shaded and 90% are just contoured). (Shades indicate regression coefficient; units for precipitation, convergence and
evaporation: mm/day, SST:°C, moisture flux: kg m~! s~1).
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Table I. Selected cases of excess NEMR, deficient NEMR, IOD positive, negative phases and El Nino, La Nina phases.

Excess NEMR Deficient NEMR IOD positive IOD negative El Nino La Nina
1993 1983 1982 1984 1982 1983
1994 1984 1991 1990 1986 1984
1997 1986 1994 1992 1987 1985
2002 1988 1997 1993 1991 1988
2005 1989 2002 1996 1994 1995
- 1990 - 1998 1997 1998
- 1995 - 2005 2002 1999
- 2000 - - 2004 2000

Data period: 1979-2005

also Nino-3.4 anomaly phase years in order to understand
the physical mechanism or dynamics through which P
variability over the domain occur.

The excess or deficient years are obtained by applying
the criterion that the standardized anomalies exceeds
40.5 SD. Similarly the IOD and NINO-3.4 phases are
also selected by applying the same criterion.

Five excess years, eight deficient years, five 10D
positive phases, seven IOD negative phase, eight El
Nino phases and eight La Nina phases were selected
from (1982-2005) 24 years dataset for analysis as shown
in Table I. The excess and deficient years composite
anomaly from the seasonal mean climatology are plotted
to understand the difference between different phases and
their mechanism.

The dynamics of the NEMR-IOD relationship are
examined using the P, C and E by constructing stan-
dardized anomaly composite patterns for each phase.
The excess precipitation composite anomaly pattern
(Figure 7(a)) is generally caused by enhanced conver-
gence and enhanced moisture transport from the south-
east Indian Ocean and the south Bay of Bengal towards
south peninsular India and Sri Lanka (Figure 7(d)). The
evaporation composite anomaly is also positive during
excess years (Figure 7(g)). The precipitation anomaly in
(Figure 7(a)) is similar to the positive IOD phase compos-
ite anomaly pattern (Figure 7(b)) and also similar to the
El-Nina composite anomaly pattern (Figure 7(c)). Simi-
larly, the convergence composite anomalies (Figure 7(d))
over the equatorial 10 resembles IOD phase (Figure 7(e))
as well as El Nino phase (Figure 7(f)), except a slight
higher divergence over BOB region in both IOD and
El Nino phases. Evaporation anomaly over the domain
is slightly positive during the excess years (Figure 7(g))
compared to IOD positive phase (Figure 7(h)) and El
Nino phase (Figure 7(i)). Thus the overall features of
excess NEMR seems to be influenced by the combined
effect of IOD positive and El Nino phases. So we can say
that positive NEMR is approximately equal to the effects
of positive IOD phase and El Nino phase.

Standardized composite anomaly for deficient NEMR,
IOD negative and La Nina phases are shown in Figure 8.
The deficient NEMR precipitation composite anomaly
pattern (Figure 8(a)) shows very strong deficient precip-
itation, associated with strong divergence and enhanced

Copyright © 2008 Royal Meteorological Society

anti-cyclonic moisture transport over the Arabian Sea and
South Peninsular India and Sri Lanka and the adjacent
oceanic regions (Figure 8(d)). The evaporation compos-
ite anomaly is also negative during the deficient years
(Figure 8(g)). The precipitation anomaly over the domain
during deficient years (Figure 8(a)) is not similar to the
negative IOD phase composite precipitation anomaly pat-
tern (Figure 8(b)), but has some similarity to the La Nina
composite precipitation anomaly pattern (Figure 8(c)),
still the precipitation anomaly during deficient years is
quite stronger compared to La Nina composite precipi-
tation anomaly pattern. The IOD negative phase induces
precipitation anomaly over the equatorial IO, but has lit-
tle impact on South Peninsular India and Sri Lanka as
we can notice positive precipitation anomaly over South
Peninsular India and adjacent region during IOD nega-
tive phase (Figure 8(b)). Similarly, the convergence com-
posite anomaly for negative I0OD phase (Figure 8(e)) is
confined to the equatorial 10, convergence over SEIO
and BOB and divergence over equatorial WIO, which
does not resemble the deficient composite anomaly phase
(Figure 8(d)) as well as La Nina phase (Figure 8(f)). The
composite convergence anomaly pattern during the defi-
cient phase (Figure 8(d)) and La Nina anomaly pattern
(Figure 8(f)) are quite similar. And also the evaporation
composite anomaly for deficient years (Figure 8(g)) is
similar to La Nina anomaly years (Figure 8(i)) and does
not compare with negative IOD years (Figure 8(h)). Thus
the overall features of deficient NEMR seems to be influ-
enced only by La Nina phase. So we can say, negative
NEMR is approximately equal to the effects of the La
Nina phase.

The asymmetrical influence of IODM on the NEMR
is also evident in the composite anomaly maps of SST.
Figure 9(a)—(c) shows the SST composite anomaly for
NEMR excess years, IOD positive phase and El Nino
phase respectively. The patterns more or less agree with
one another, except that the IOD phase anomaly compos-
ite shows enhanced east—west dipole mode (Figure 9(b)).
Both in excess NEMR and El Nino phases, the east—west
dipole is subdued (lower magnitude of anomalies on
either side). So we can say that the excess NEMR
monsoon is favoured by colder SST anomalies over the
tropical SEIO and warmer SST anomalies over tropical
WIO (a typical IOD positive phase) associated with the El
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Figure 9. NOAA composite SST anomaly maps based on NEMR excess

years, Indian Ocean dipole positive mode phase and NINO-3.4 positive

anomaly phase.(a) for excess years (OND), (b) for IOD positive

phase, (c) for NINO-3.4 positive phase. (Positive anomalies are darkly

shaded and negative anomalies are lightly shaded). (Units for SST
anomaly: °C).

Nino conditions over tropical Pacific Ocean. Moreover,
the SST anomalies over the BOB is also important as
this basin is responsible for generating tropical cyclones,
which significantly affect the precipitation over NEMR
domain during OND (Kumar et al., 2007).

In contrast, Figure 10(a)—(c) shows the SST composite
anomaly for NEMR deficient years, IOD negative phase
and La Nina phase respectively. In the deficient compos-
ite years, the SST pattern over the tropical SEIO exhibits
a warmer SST anomaly and colder anomaly over the trop-
ical WIO (Figure 10(a)), but we can notice a large pool
of negative anomaly over BOB; this pattern is absent
in the IOD negative phase (Figure 10(b)). The negative
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Figure 10. NOAA composite SST anomaly maps based on NEMR defi-

cient years, Indian Ocean dipole negative mode phase and NINO-3.4

negative anomaly phase.(a) deficient years (OND), (b) IOD negative

phase, (c) NINO-3.4 negative phase. (Positive anomalies are darkly

shaded and negative anomalies are lightly shaded). (Units for SST
anomaly: °C).

anomaly over the BOB basin is not favourable for the
formation of tropical cyclones, which in turn affect the
precipitation over the NEMR domain considerably. The
SST composite patterns resemble the La Nina phase quite
well (Figure 10(c)), though the pool of SST anomaly is
confined to the eastern part of the BOB basin. In the IOD
negative phase SST composite pattern (Figure 10(b)),
only the east—west SST difference is enhanced, but it
is quite different from the La Nina and NEMR deficient
years composite patterns.

Therefore, the precipitation (P), SST, convergence
(C), evaporation (E) and moisture circulation anoma-
lies associated with the positive IOD and excess NEMR
are congsistent, whereas the precipitation (P), SST,
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convergence (C), evaporation (E) and moisture circu-
lation anomalies associated with the negative IOD and
deficient NEMR are inconsistent. This result suggests
evidence of the asymmetrical influence of IODM on the
NEMR during OND rainfall over South Peninsular India
and Sri Lanka. Moreover, El Nino/La Nina has (basi-
cally) symmetrical influence, unlike IOD. IOD influence
is confined only to positive NEMR.

Apart from the ocean-atmospheric interactions, we
notice some land-atmosphere interactions too. Recently,
by using ensembles of GCM models Koster et al. (2004)
showed that soil moisture hot spots exist over some
relatively dry monsoon regions. The land-atmospheric
interactions over these domains are crucial in understand-
ing the soil moisture impact on precipitation. They have
shown that over the transition zones between wet and
dry climates, soil moisture anomalies are translated into
precipitation anomalies. In dry climates, evaporation rates
are sensitive to soil moisture, but are also generally small
and small evaporation rates should have a limited abil-
ity to affect precipitation. Only in the transition zones
between wet and dry climates, the atmosphere is con-
ducive for generation of precipitation where evaporation
is suitably high but still sensitive to soil moisture, so
we can expect soil moisture to influence precipitation
(in particular, where boundary layer moisture can trig-
ger moist convection). The excess evaporation during
the entire season OND as observed in Figure 3(b) may
support such a hypothesis based on GCM results. We
may notice significant and strong regression coefficient
of evaporation also over land apart from adjacent oceanic
regions in the domain (large-scale residual evaporation
regressed with the domain precipitation) (Figure 6(d)).
But the validity of such hypothesized processes requires
a much more detailed study. Thus, the positive (+NEMR)
case is favoured by both evaporation from land sur-
face and enhanced evaporation from positive SST (+SST)
over BOB, while during negative (-NEMR), large-scale
downward motion due to La Nina inhibits higher evapo-
ration over land and adjacent oceans.

8. Conclusions and discussion

We investigated the interannual variability of atmospheric
water balance components over South Peninsular India
and Sri Lanka during NEMR (OND) season and summa-
rize our results as follows:

1. Asymmetrical influence of IODM on the NE monsoon
rainfall anomaly during OND over South Peninsular
India and Sri Lanka.

The precipitation (P), SST, convergence (C), evapo-
ration (E) and moisture circulation anomalies associated
with a positive IOD and NEMR excess years are con-
sistent, whereas the precipitation (P), SST, convergence
(C), evaporation (E) and moisture circulation anomalies
associated with negative IOD and NEMR deficient years
are inconsistent. This result suggests that the influence
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of IODM on the NEMR is not symmetrical, whereas an

asymmetrical influence of IODM on the NEMR is evi-

dent.

2. Apart from strong ocean-atmospheric interactions,
some land-atmospheric interactions do co-exist over
this domain.

The contribution of evaporation (E) is higher for sea-
sonal mean precipitation (P) over the domain; the inter-
annual variability of precipitation (A P) is determined not
only by evaporation (AE), but also by the large-scale
convergence (AC).

The interannual variability of precipitation over South
Peninsular India and Sri Lanka is mainly influenced by
both evaporation over land and adjacent oceans and large-
scale moisture convergence from the south 10 region is
evident from the water budget analysis. However, the
large-scale circulation anomalies can modulate evapora-
tion over the domain and subsequently modulate pre-
cipitation. Mainly, evaporation over the adjacent oceanic
regions acts as the source of moisture for precipitation,
still evaporation over land is also considerably high. Land
surface processes over the domain during NEMR mon-
soon season may also play a role in modulating precipi-
tation anomalies. However, one has to keep in mind that
the grid resolution of the model (reanalysis) is relatively
poor and the calculated C and observed P may have
errors, but still the relative role of land surface hydrolog-
ical processes cannot be ruled out and further studies are
required to understand the role of land surface processes
in modulating the precipitation anomalies over this region
during NEMR (OND) season. The major findings of this
study are also briefly summarized in Table II.

Therefore, we discuss that the land, the atmosphere
and the ocean interactively modulate the NEMR over
South Peninsular India and Sri Lanka during OND. So
far, the existence of the hot spots of land-atmosphere
interactions of significant coupling strength in relatively
dry monsoon regions during summer monsoon (JJAS)
season are known from an ensemble of GCM studies
(e.g. Koster et al., 2004). From our study, we have found
that the land surface processes may also contribute to
precipitation anomalies over South Peninsular India and
Sri Lanka during (OND) NE monsoon season.

Table II. Summary of major findings from the study.

NEMR 10D Nino 3.4
variability conditions conditions
Positive Negative El La
Nino Nina
NEMR Yes - Yes -
positive
i.e. NEMR positive ~ 10D positive + El Nino
NEMR - No - Yes
negative

i.e. NEMR negative ~ La Nina (only)
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