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Abstract
during Southwest Monsoon (SWM) and their connections with the Indian Ocean Sea Surface Temperature ( SST)

The present study investigates the interdecadal and interannual variations of Sri Lankan precipitation

over 38 years (1979-2016) .Empirical orthogonal function (EOF) analysis is applied to examine the spatial-tempo-
ral variations of precipitation in Sri Lanka and surrounding region.The first two leading EOF modes explain excee-
ding 70% of the total variance.EOF1 shows a monotonous mode.Both PC1 and 7-yr running mean of precipitation in
Sri Lanka show clear interdecadal variations with more and less precipitation before and after 2000.The interdecadal
variation of precipitation is associated with the warmer SST in the western and central tropical Indian Ocean during
2000-2014 ,which induces the anomalous downward motion over Sri Lanka through enhancing the meridional circu-
lation, and thus depresses the precipitation over there. For EOF2 mode, negative signals are in most regions of Sri
Lanka except in cape of northern Sri Lanka with positive signals.PC2 shows an interannual variation,and is signifi-
cantly positively related to the SST anomalies in the southeast Indian Ocean. These warm SST anomalies could
induce anomalous cyclonic circulation in the north tropical Indian Ocean due to Gill response, which is favourable
for convergences of moisture flux and more precipitation in Sri Lanka.This study suggests that the interdecadal varia-
tion of precipitation in Sri Lanka is greatly associated with western and central tropical Indian Ocean SST, while the
interannual variation is significantly influenced by the anomalous SST in the southeast tropical Indian Ocean.
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1 Introduction monsoons occur due to the northward and southward mi-

) ) ) ) grations of the intertropical convergence zone (ITCZ)

Sri Lanka is an island located at the southern tip of ) (2]

. ) S over Sri Lanka . The nature of the seasonal cycle of
the Indian subcontinent, which is separated by a pork

strait between them.It extends from 5°55’ to 9°51'N in
latitude and from 79°42" to 81°53’E in longitude. Due
to its unique location, Sri Lanka is subjected to the
great influences of the Indian Ocean monsoon system'".
Usually, there are two principal monsoon seasons as
( SWM; May
September) and the Northeast Monsoon ( NEM, Decem-

Southwest  Monsoon through  to
ber through to February).In addition, here we consider
two inter monsoon periods as First Inter Monsoon

(FIM; March through to April) and Second Inter Mon-
soon (SIM; October through to November).These inter

monsoon precipitation over Sri Lanka is associated with

regional and local topographic influences in the
country, such as the Central Highlands. It controls the
prevailing moisture-laden monsoon wind and acts as an
important physiographical climatic barrier. Two major
climatic zones can be distinguished to the west and east
of the Central Highlands as the Wet Zone and Dry
Zone.The Wet Zone essentially comprises the southwest
parts, which are directly exposed to the SWM winds,
whereas the rest of Sri Lanka constitutes the Dry Zone,

where it gets less SWM precipitation'’’. Mean annual
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precipitation varies from less than 1 000 mm on the
southeast coast to over 4 500 mm on the western slopes
of the highlands in the country'" . According to previous
studies,the SWM and SIM are the highest contribution
for annual precipitation in Sri Lanka'*’.

As a result of the increasing SWM precipitation in
past decades, the annual average precipitation of Sri
Lanka also has increased. According to De Silva'*'| the
impact of climate change on the Southwest Monsoon pre-
cipitation across the country is predicted to increase fur-
ther.When considering the last two decades of the 20th
century,Sri Lanka has faced a number of extreme pre-
cipitation events especially during SWM period'”’. High
intensity ,extreme precipitation events have increased the
frequency of flash floods and landslides incidents in Sri
Lanka.It is also reported that not only the floods but also
the drought conditions have been amplified during 1974-
2004"% .Detailed knowledge about the variations in pre-
cipitation pattern is essential for proper water
management practices in the country.Thus,understanding
the variability of precipitation in both spatial and
temporal components may help to improve the ability of
forecasting tactics. Understanding the precipitation
pattern may be helpful to plan the crop cultivation as
well as in water storage designing,and drainage channels
system designing for flood mitigation, etc''’. Nowadays
the scientists have paid more attention on finding reasons
which may have effect on significant precipitation
changes in this region. Few of the studies have already
suggested that there is a direct influence of global war-

ming on precipitation variation over the Indian Ocean'” .

( SST)

affects the Asian summer monsoon from intraseasonal to

Sea Surface Temperature significantly

long-term  timescales'®' . It is obvious that the
precipitation and its trends increase linearly with the in-
creasing SST over tropical monsoon basins. Recently the
relationships between SST anomalies and the Asian mon-
soon precipitation have been subject of many studies.The
land surface processes and ocean thermal conditions are
significantly influenced by the Indian Monsoon and East
Asia Summer Monsoon ( EASM, Zubair et al."” ). The

SST anomalies such as El Nifio-Southern Oscillation ,and

wind over the oceanic area would have a marked

influence over the weather and climate of small islands
like Sri Lanka''". Previous researches have suggested
that the Sri Lanka must be directed into regional-scale
research across the Indian subcontinent and the Bay of
Bengal """*’ However, few studies have been done to in-
vestigate the relationship between the SST and the Sri
Lankan precipitation. Rasmusson et al.'™* have found a
positive relationship between Pacific SST anomalies and
Sri Lankan autumnal precipitation. During summer mon-
soon season , Arabian Sea SSTs significantly influence the
precipitation of Sri Lanka, especially that of the south-
western part of the island'"”’.Relatively few studies have
been devoted to investigations of longer-term changes in
precipitation of Sri Lanka. Therefore this paper is
intended to study the relationships between the Indian
Ocean SST anomalies and the Sri Lankan summer mon-
soon precipitation. The purpose of this research is to
identify the interdecadal and interannual variations of Sri
Lankan precipitation during summer monsoon and their

connections with the Indian Ocean SST.
2 Datasets and method

Monthly data  from  Global

Precipitation Climatology Project (GPCP) the National

precipitation

Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis data
available on a 2.5° X 2.5° latitude/longitude grid
during 1979 - 2016 are used for this study''®. The
monthly SST dataset used in this study is from Hadley
Centre Sea Ice and Sea Surface Temperature dataset
(HadISST, Rayner et al. 7Y It has a horizontal resolu-
tion of 1°x1° from 1870 onwards.The atmospheric vari-
ables,such as wind , specific humidity and surface pres-
sure data are from NCEP/NCAR reanalysis datasets
with a 2. 5°x2. 5° latitude/longitude grid "',
Empirical orthogonal function ( EOF ) analysis,
composite analysis, correlation analysis, power spectrum
analysis, and regression analysis are applied in the
study.The Student’s ¢ test is used to examine the confi-

dence level of the correlation and regression analyses.

3 Results

3.1 Variations of precipitation in Sri Lanka

Figure 1 shows the annual cycle of precipitation in
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Sri Lanka.Peak of precipitations is observed during the
SIM (Oct—Nov) period.Compared with the other three
seasons, SWM ( May — Sept ) persists through longer
period (5 months) with higher fluctuation of precipita-

tion.

precipitation/(mm/d)

0 1 1 1 1 1 1 1 1 1 1 J
Jan Feb Mar Apr May June July Aug Sep Oct Non Dec
month

Fig. 1
(5-10°N,79-82°E) during 1979-2016

Annual cycle of precipitation in Sri Lanka

SIM and SWM show major contribution to the Sri
Lankan precipitation. Suppia & Yoshino"*’ showed that
the averaged precipitation received during SWM is 556

mm which contributes 30% to annual precipitation in
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Sri Lanka.This study focuses on the variations of SWM
(summer) precipitation in Sri Lanka.

To illustrate the spatial-temporal variations of pre-
cipitation in Sri Lanka, an EOF analysis is applied to
the SWM precipitation during 1979 — 2016. The first
leading EOF mode explains 57. 3% of the total variance
and shows a monotonous mode with negative values in
Sri Lanka, indicating a coherent variation over Sri
Lanka and surrounding area ( Fig.2a).

PC1 shows a clear interdecadal variation during
SWM with negative values and to be positive around
2000 (Fig.2b).The second leading EOF mode shows
(15% of the

variance ) ,and the most regions in Sri Lanka have nega-

relatively less contribution total

tive values, but there are positive values in its northern
cape (Fig.2¢) .Different from PC1,PC2 shows interan-

nual variation in Figure 2d.According to EOF analysis,

the SWM precipitation shows interdecadal and interan-

b.PC1 57.3%

3.0

2.0

1.0 4

T T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

year

d.PC2 15.0%

T T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

year

0 0.2 0.4 0.6

Fig.2 EOF analysis of SWM precipitation anomalies (unit:mm/month) in Sri Lanka and surrounding region during 1979-2016,

(a) and (c) are the first and the second leading modes ,respectively, (b) and (d) show the variations of principal component (PC)

1 and 2,respectively( The percentages of variance explained by the EOF1 and EOF2 are given in the top right corner of the figure)
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nual variations.In the following, the study examines the 1079—1998 minus 2000-2014 SST

20°N

connections between precipitation in Sri Lanka and the

tropical Indian Ocean SST on interdecadal and interan- 10°N A sl 4
nual timescales, respectively. 3 . '
3.2 Interdecadal variation of SWM precipitation Eﬂ
in Sri Lanka 10°57
The Sri Lankan precipitation index ( SPI) is used 2005_5552

to represent the SWM precipitation variations in Sri

longitude

Lanka.lt is defined as the area averaged precipitation of
Sri Lanka during summer ( May — Sep ). The SPI

variations in Sri Lanka and its 7-year running mean are

-1 -0.8 -0.6 04 -02 0 02 04 06 08 1

Fig. 4 Differences of SST ( °C ) anomalies between
2000-2014 and 1979-1998 (2000—-2014 minus 1979-1998)

shown in Figure 3.
in the tropical Indian Ocean during southwest monsoon

2.0 =
E —yr mean
1.5 ———— preécip

1-0—2\ A contour represent the 90% confidence level
0.5 ‘
L ANAVAY |

AT T

('summer ,May—-Sep) .The black dots enclosed by black

w
053 l meridional circulation over there.
-1.03
~154 Figure 5 compares the differences of meridional
20— circulation averaged between 75°E and 82°E between
1980 1990 2000 2010
year 2000 - 2014 and 1979 - 1998. The stronger upward
Fig. 3 Time series of normalized Sri Lankan precipitation motions occur south of 5°S,and flow across the equator
index (SPI,green line) and its 7-yr running mean (red line). at higher-level, and then downward motions are seen
The SPL is defined as the area averaged precipitation around 5-10°N, which could depress the precipitation
of Sri Lanka during summer ( May-September) in Sri Lanka during 2000-2014.
PC1 (Fig.2b) and 7-year running mean of precip- 0= T TV oy
itation ( Fig.3) exhibit similar interdecadal fluctuation g
around 2000.1It further indicates that PC1 could well re- 4004 N NN =N [ l /=

present the interdecadal variation of SWM precipitation
with more and less precipitation before and after 2000. S0 Y s SN
A question is thus raised that why the SWM

level/hPa
height/km

precipitation shows an interdecadal change around \ l

2000. To answer the question, the present study 7004 ‘\ \ vy T f - .//l ‘Z / ‘\‘\\
/
/

compares the differences of SST and atmospheric circu-

lation in the Indian Ocean between two time periods gsoq4 A\ T 1 e
(1979-1998 and 2000-2014). 1000 \}} } e ', {/\\ ; : L1
It is found that the SST in Indian Ocean during 20°8 10°S 0° 1°N  20°N

latitude

2000 - 2014 is significantly warmer than that during

1979-1998, and the warm SST anomalies extend from Fig.5 Differences of meridional winds (m/s) and
vertical velocity (0.01 Pa/s,) along 75-82°E

between 2000—-2014 and 1979-1998 in SWM
(2000-2014 minus 1979-1998).

Vertical velocity is multiplied by 100 times

western to central tropical Indian Ocean (Fig.4).

It is noted that the changes of SST in the south-
eastern Indian Ocean are not significant on interdecadal
timescale ( Fig. 4 ). The warmer SST in the tropical
Indian Ocean during 2000 — 2014 could influence the
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3.3 Interannual variation of SWM precipitation
in Sri Lanka
PC2 of EOF analysis of precipitation in Sri Lanka
and surrounding region shows an interannual variation
(Fig.2d), and is significantly related to the SPI with
the correlation coefficient as high as 0.43 (exceeding
the 99% confidence level based on the Student’s ¢
test) .Figure 6 gives the results of power spectrum anal-
ysis of PC2.1t is seen that PC2 shows interannual varia-
tions with about 5 years and 3 years periods.lt is indica-
ted that PC2 could represent the interannual variations

of precipitation in Sri Lanka to some degree.

10
---------------- 80%
---------------- 5%
8 e red noise
1 spectrum

variance

T T T
0.20 0.30 0.40

frequecy/(cycles/year)

0.50

Fig. 6 Power spectrum analysis of PC2 for SWM over
38 years (1979-2016) ( Green,red,and blue dashed lines
indicate the 80% significance level,the red noise,

and the 5% significance level lines,respectively)

Correlation analysis is conducted between PC2 and
the
influences of the Indian Ocean on precipitation in Sri
( Fig. 7). The
SST

anomalies and PC2 are seen in the southeast tropical

SST anomalies in Indian Ocean to identify

Lanka on interannual timescale

significantly  positive  correlations  between
Indian Ocean.

It means that there are more precipitation in most
regions of Sri Lanka and less precipitation in the cape
of northern Sri Lanka accompanying with warm SST
anomalies in the southeast tropical Indian Ocean.In the
followings, the mechanism of how the warm SST
anomalies in the southeast tropical Indian Ocean impact
the precipitation in Sri Lanka is examined.

Here ,the area-mean SST anomalies over a box of

4R (HRBIE ) ,2018,10(3) :282-289
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Fig.7 Correlation of SST anomalies during May—September
with PC2( Black dots indicate significant correlation exceeding
the 95% confidence level ;the area-mean SST anomalies
over the black box 90-120°E and 15°S-0°
are defined as the southeast tropical Indian Ocean index ( SEIOI) )

20°N v i
Vi t \«///{//e«/./.»w///,// A\ 5
//,» A A R e VA S B
B L7~ L/ Vv v s s P e e R I
10N vt/ /L ANNA L L vy et e
7 ANNNNN\ L\
° VAR N NN
< ~
0o
=
10°S— -
PN au//a,,ﬁaa)”//f*-}\x\;‘\\\
PR S A AT e 7 T T 5 S SN
B I R A A b e
2008 i 22 2
60°E 90°E 120°E
longitude
Fig. 8 Regression of wind (m/s) at 1 000 hPa against SEIOI

( Green arrows represent the vectors exceeding 90%

significance level based on the Student’s ¢ test)

90-120°E and 15°S-0° is defined as the southeast
tropical Indian Ocean index ( SEIOI) where there are
significant relationship with precipitation in Sri Lanka.
The large-scale atmospheric circulations associated with
SEIOI are shown in Figures 8 and 9.From Figure 8, it is
robust that the warm SEIOI could induce strong
cyclonic circulation anomalies near to tip of the Indian
subcontinent and the Bay of Bengal due to Gill
response , which results in significantly anomalous low-
level northerly anomalies near Sri Lanka.During south-
west monsoon period, climatological wind begins from
the Mascarene high at southeast Indian Ocean, and

turns into southwesterly when it across the equator'"’.

Lanka during SWM.

Therefore , under the influences of warm SST anomalies

Southwestly prevails in Sri

in the southeast tropical Indian Ocean, the southwestly

during SWM period is weakening in Sri Lanka (Fig.8).
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Fig. 9 Regression of moisture flux transport (vector,kg/(m-+s))
and its divergent (shading) during SWM against SEIOI( Black
dots indicate the moisture convergence and divergence zone

exceeding the 90% confidence level based on the Student’s ¢ test)

According to Bretherton et al.'” | more moisture
would be added to the lower troposphere with the in-
crease of SST in surface layer.The present study checks
the changes of moisture flux and its divergent associated
with SST anomalies in the southeast tropical Indian
Ocean.According to results of Kevineetal.'”'! | the mois-

ture flux is calculated as the following;
1 & 1 & 1 &

Qdf*J (Vq)dp=*f V. Vqdp +*f Vg - Vdp,
g 4w g 43w g 43w

(D
Where the right two terms in Eq.(1) are moisture ad-
vection and moisture divergence by wind fields, g is the
acceleration of gravity, V is two-dimensional wind
vector, ¢ is specific humidity, and P, is surface pres-
sure.

Figure 9 illustrates the variations of moisture flux
and its divergent regression by the SEIOL. It is found
that the anomalous warm SST in the southeast tropical
Indian Ocean could enhance moisture fluxes from the
Bay of Bengal into Sri Lanka.The moisture fluxes are
convergent over the northern Sri Lanka, which favors
more precipitation over there. Based on the large-scale
atmospheric circulations and moisture transport, it is
suggested that the warm SST anomalies in the southeast

tropical Indian Ocean tend to induce more precipitation

precipitation during southwest monsoon and their connections with the tropical Indian Ocean SST.

in Sri Lanka on interannual timescales.

4 Summary and discussion

The present study has investigated the variations of
the SWM precipitation in Sri Lanka over last 38 years.
The
anomalies in Sri Lanka are studied using EOF analysis.
Variance of EOF1 (57.3%) and EOF2 ( 15%)

explains exceeding 70% of the total variance. For the

dominant patterns of summer precipitation

first leading mode of EOF,EOF1 is a monotonous mode.
PC1 shows a clear interdecadal change around 2000,
which is similar to the change of 7-year running mean of
SPI with more and less precipitation before and after
2000.The differences of SST anomalies and meridional
circulation are compared between 1979 — 1998 and
2000-2014 to explain the interdecadal variation of pre-
cipitation in Sri Lanka.lt is found that the SSTs in west-
ern and central tropical Indian Ocean during 2000 -
2014 are significantly warmer than those during 1979—
1998, while the changes of SST in the southeastern In-
dian Ocean are not significant on interdecadal
timescale.Such significant warmer SSTs in western and
central tropical Indian Ocean enhance the meridional
circulation along 75—-82°E, and thus induce the anoma-
lous downward motion and less precipitation in Sri Lan-
ka.For the EOF2 mode, the most regions in Sri Lanka
are covered by negative values, but there are positive
values in the northern cape of Sri Lanka. PC2 shows
variations on interannual timescale. Such interannual
variation of precipitation is greatly associated with the
anomalous SST in the southeast Indian Ocean.The warm
SST anomalies in the southeast Indian Ocean can result
in the anomalous cyclonic circulation in the northern
Indian Ocean due to Gill response,which induces mois-
ture flux from the Bay of Bengal into Sri Lanka and
moisture convergence in Sri Lanka.These results suggest
that the interdecadal variations of precipitation in Sri
Lanka are greatly associated with western and central
tropical Indian ocean SST,while the interannual varia-
tions are significantly influenced by the anomalous SST
in the southeast tropical Indian Ocean.

Researchers usually pay attention to the SST and

monsoon precipitation in large regions such as Indian
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subcontinent but miss small islands like Sri Lanka.
Many scientists have shown that ENSO-induced SST a-
nomalies persist through summer over the tropical
Indian Ocean'”'. Therefore , it is important to continue
this research on remote influence of the Pacific SST
during SWM to identify the Sri Lankan precipitation

variation.
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