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Abstract: Atmospheric moisture transportation associated with the occurrence of relatively 20 

wet and dry southwest monsoon (SWM) years over Sri Lanka is still not fully understood. 21 

This study focused on investigating the role of moisture transport in contrast SWM years. We 22 

selected seven wet (SWMWet) and nine dry (SWMDry) years for 1985-2015 and found that the 23 

whole country experiences above-average (below average) rainfall in SWMWet (SWMDry) 24 

years. In SWMWet years, strengthening moisture-laden low-level jets (LLJ) from the Arabian 25 

Sea bring a large amount of moisture towards Sri Lanka. In contrast, the weakening of the 26 

LLJ from the Arabian Sea direction is observed in SWMDry years. As a consequence, the 27 

climatological mean of net moisture flux (4.35 ×10
5
 kg s

-1
) over the study domain is 28 

increased (5.33×10
5
 kg s

-1
) and decreased (3.98 ×10

5
 kg s

-1
)
 
in SWMWet and SWMDry years, 29 

respectively. With respect to long-term Vertically Integrate Moisture Flux Divergence 30 

(VIMFD, –3.28×10
-5

 kg m
-2 

s
-1

), negative anomalous VIMFD (–1.78×10
-5

 kg m
-2 

s
-1

) in 31 

SWMWet years and positive anomalous VIMFD (1.44×10
-5

 kg m
-2 

s
-1

) in SWMDry years are 32 

recorded, which ascribed above-average and below-average rainfall over the country. 33 

Furthermore, strong moisture convergence (divergence) center in the western/ southwestern 34 

part of Sri Lanka during the SWMWet (SWMDry) years explain why strong positive and 35 

negative SWM rainfall anomalies are concentrated in these two regions. Furthermore, results 36 

highlighted a strong relationship between net moisture flux availability and SWM rainfall (r= 37 

0.63) that may explain the observed SWM rainfall variability over the country. 38 

Keywords: Southwest monsoon, wet and dry monsoon years, moisture flux, moisture 39 

convergence, Arabian Sea 40 
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1. Introduction 41 

 According to Clausius–Clapeyron relation, moisture-holding capacity is increased by 42 

approximately 7% with degree temperature rise (Wasko et al. 2018), which implies that the 43 

ability to hold moisture in the atmosphere is increased under the warming climate. As a 44 

consequence, enhance moisture content in the atmosphere and continuous transport of huge 45 

amounts of water vapor and its associated convergence intensify the occurrence and of heavy 46 

rainfall events (Liu et al. 2020; O’Gorman 2015; Rayner and Chen 2010). For instance, 47 

Rajeevan et al. (2008) found that the increase of the extreme rainfall events over central India 48 

is directly associated with an increase in the moisture content due to the rapid warming of the 49 

equatorial Indian Ocean. On the other hand, less moisture transport for long periods and large 50 

horizontal moisture flux divergence are the main causes to occur drought (Held and Soden 51 

2006). These prompt extreme rainfall events cause flooding landslides, soil erosion 52 

(Trenberth et al. 2003), and high streamflow (Neiman et al. 2013).  53 

 In tropical and subtropical regions, Low-level jet (LLJ) systems and atmospheric 54 

rivers (ARs) are two major mechanisms of atmospheric moisture transport. LLJs can be 55 

defined as the wind corridors of the lower atmosphere, which carry moisture transport from 56 

warm oceans toward continental areas or low to high latitudes (Gimeno et al. 2016). In the 57 

Indian subcontinent, the strengthening of monsoon LLJ brought large‐scale advection of 58 

moisture is a prerequisite for heavy rainfall (Xavier et al. 2018). On the other hand, a 59 

decrease in the strength of cross-equatorial LLJ exists over the Indian Ocean is favourable for 60 

drought development (Joseph and Simon 2005). Based on these facts, wind convergence and 61 

water vapor advection by monsoon flow are playing a significant role in moisture 62 

convergence or divergence over the Indian monsoon region.  63 
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 Southwest Monsoon (SWM) over the Indian monsoon region is generally termed as 64 

the Indian Summer Monsoon (ISM) (Dar and Ghosh 2017) and considered as one of the most 65 

active components of the climate system as part of the large-scale Asian monsoon (AM) 66 

circulation system (Kathayat et al. 2016). The availability of moisture transported from the 67 

warm waters of the Arabian Sea and Bay of Bengal (Turner and Annamalai 2012), high 68 

moisture convergence over the monsoon trough (Pathak et al. 2017), and the effects of 69 

topography (Konwar et al. 2012; Turner and Annamalai 2012) play a key role to originate the 70 

SWM rainfall over the landmass. Meanwhile, cross-equatorial moisture flux provides an 71 

important source of moisture for the SWM rainfall (Kathayat et al. 2016; Konwar et al. 2012; 72 

Ullah and Gao 2012). For instance, Roxy et al. (2017) quantify the total moisture contribution 73 

for extreme rainfall events in India and found that moisture comes from the Arabian Sea, the 74 

Bay of Bengal, and the central Indian Ocean contribute to 36%, 26%, and 9% of the, 75 

respectively. In addition, the moisture already in the atmosphere, and local surface 76 

evaporation, also contributing to SWM rainfall variability (Wang et al. 2017).  77 

 Rayner and Chen (2010) and Trenberth (1999) revealed that moisture contribution to 78 

the heavy and moderated rainfall events are associated with large distance transport, not from 79 

local evaporation. For example, during the strong monsoon years, SWM rainfall is 80 

characterized by stronger south-westerly LLJ, such as the Somali jet from the Arabian Sea, 81 

which directed more moisture into the Indian subcontinent between latitudes 5°N to 15°N. 82 

According to Joseph and Sijikumar (2004), the core of LLJ from the Arabian Sea has moved 83 

through 15° N during the active monsoon season. However, the LLJ has split into two 84 

branches during the break monsoon spell. The northern branch of the LLJ is at around 25° N, 85 

while the southern branch move moves south-eastward in the latitude belt from the 10°N to 86 

the equator (close to Sri Lanka). Based on these facts, the movement of the LLJ from the 87 

Arabian Sea has a different influence on SWM rainfall in Sri Lanka and the Indian 88 
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subcontinent. Interestingly we found that most of the floods and droughts are reported during 89 

the wet and dry SWM years, respectively. Therefore, the role of anomalies in the transport of 90 

moisture and moisture convergence/divergence during the contrast SWM years is helpful in 91 

understanding the causes of floods and droughts and of ongoing hydroclimate change. 92 

 Up to date, the role of moisture transport and the influence on this oceanic 93 

teleconnection with contrast SWM years over Sri Lanka is not well understood. Therefore, 94 

we have focused on identifying the abnormal water vapor transport pattern associated with 95 

moisture transport during the relatively wet and dry SWM years over Sri Lanka. The rest of 96 

the paper is organized as follows: Section 2 describes the general characteristics of the study 97 

area, data, and methodology. Section 3 is allocated for the result. Section 4 presents the 98 

discussion and conclusion of the study. 99 

2. Study site, Data, and Methodology 100 

2.1 Study Site  101 

 Sri Lanka is a tropical island country lying (5°55′~ 9°51′ N and 79°41′~ 81°53′ E) in 102 

the Indian Ocean and located in the path of the Indian monsoons circulation. The rainfall 103 

pattern in Sri Lanka is seasonally well distributed due to the movement of the intertropical 104 

convergence zone (ITCZ) over the equatorial region. As a result, seasonal variation in rainfall 105 

is strongly impacted by the southwest monsoon (SWM: June-September) and the northeast 106 

monsoon (NEM: December to February). In between two monsoon periods, the first inter-107 

monsoon (FIM: March to May) and second inter-monsoon (SIM: October-November) 108 

seasons are identified (Malmgren et al. 2003). Three climatic zones are known as the wet 109 

zone, intermediate zone, and the semiarid dry zone, have been well-demarcated (Figure 1a) 110 

based on the regional differences in the amount of rain, seasonality, and variability 111 

(Rubasinghe et al. 2015). In addition, winds, temperature, relative humidity, and other 112 
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climatic elements also show significant differences between the three climate zones. The 113 

mean annual temperature in Sri Lanka demonstrates largely homogeneous temperatures in the 114 

lowlands. The mean annual average temperature is 27°C from the lowlands, up to an altitude 115 

of 100-150 m. The temperature is abruptly decreasing as the altitude increases in the 116 

highlands. For instance, the mean annual temperature at an altitude of about 1800 m is 15°C 117 

(Marambe et al. 2015). 118 

 119 

Figure 1 (a) The spatial distribution of meteorological stations (red squares) on the 120 

topographic map of Lanka. The seasonal cycle of rainfall (unit: mm/month) for (b) wet, (c) 121 

dry (d) intermediate zones. (e) is same as (b) but for the whole country. The thick shaded bars 122 

represent the months belong to the southwest monsoon season (SWM; June – September).  123 

2.2 Data 124 

 Monthly rainfall data for 20 metrological stations ranging from 1985 to 2015 were 125 

collected from the Department of Meteorology Sri Lanka. According to geographical 126 

distribution, 7, 3, and 10 metrological stations are located in the wet, intermediate, and dry 127 

climate zones, respectively (Figure 1a). In addition, GPCC V6 data set with 0.5° × 0.5° grid 128 

resolution were obtained from the Global Rainfall Climatology Centre (Schneider et al. 129 
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2011), covering the study period for investigating the spatial distribution of rainfall anomaly 130 

in contrasting SWM years. For reproducing and interpreting the atmospheric branch of the 131 

hydrological cycle, ERA-Interim (ERA-I) reanalysis data (Dee et al. 2011), more specifically, 132 

four times daily zonal and meridional wind, specific humidity, and surface pressure with 0.5° 133 

× 0.5° grid resolution data set have been used.  134 

 135 

Figure 2 Temporal evolution of normalized southwest monsoon (SWM) rainfall using 136 

station observation (bar graph) and GPCC data set (line graph) for the 1985-2015 period. The 137 

shaded strip depicts the selected threshold value (± 0.8) to select the set of SWMWet and 138 

SWMdry years. The positive and negative normalized rainfall anomalies are shown in light 139 

blue and pink clour, respectively. The letter “c” indicates the statistically significant 140 

correlation (rObs-GPCC ) between anomalous SWM rainfall from observation and GPCC at a 141 

99% confidence level. 142 

2.3 Methodology 143 

 In this study, we used composite sampling techniques for identifying the relatively 144 

wet and dry rainfall years. For this purpose, we first calculated area average rainfall using 145 

station-based observation using the Thiessen polygon (TP) method with the elevation 146 

regression method (Limin et al. 2015; Shelton and Lin 2019). Apart from that, we calculated 147 
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the area average SWM rainfall using the GPCC data. In the next stage, we derived 148 

normalized anomalous SWM rainfall time series and applied it to identify relatively wet and 149 

dry rainfall years, as follows. If the normalized SWM rainfall anomaly is above the +0.8, it 150 

was identified as a relatively wet SWM (hereinafter SWMWet) year. In contrast, a relatively 151 

dry SWM (hereinafter SWMDry) year is defined if the normalized anomaly is below –0.8 152 

threshold levels in a particular year (Figure 2). Finally, eight wet and nine dry SWM years 153 

were selected for further analysis (Table 1). Notably, we found that the SWM rainfall 154 

anomaly from GPCC well produces the interannual variation of SWM rainfall in Sri Lanka 155 

(Figure 2) with a high correlation coefficient (rGPCC-Observed= 0.85). Therefore, we used GPCC 156 

data to display the spatial rainfall climatology and anomalous rainfall distribution in SWMWet 157 

and SWMDry years. 158 

Table 1 The relatively wet (SWMWet) and dry (SWMDry) southwest monsoon(SWM)  159 

years from 1985 to 2015.  160 

Season Condition  Selected Year 

SWM  

SWMDry 1986 1990 1999 2001 2002 2005 2009 2011 2012 

SWMWet 1988 1989 1992 1993 1997 1998 2010   

 161 

In this study, the top layer of vertical integration is considered at 300 hPa because the 162 

specific humidity above 300 hPa level is very low. According to (Ratna et al. 2016), moisture 163 

transports above 300 hPa levels are a negligible influence on the calculation of Vertically 164 

Integrated Moisture Flux (VIMF).  165 

VIMF (�⃗� ) in the troposphere from the surface to 300 hPa is calculated using Eq.1. 166 
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�⃗� =  1𝑔 ∫ 𝑞𝑃𝑠
300 �⃗�  𝑑𝑝………………… . 𝐸𝑞. 1 

The zonal (𝑄𝜑) and meridional(𝑄𝛾) components of the VIMF are calculated using Eq.2 and 167 

Eq.3, respectively.    168 

𝑄𝜑 = 1𝑔 ∫ 𝑞𝑢𝑑𝑝𝑃𝑠300 ………………… . . 𝐸𝑞. 2 

𝑄𝛾 = 1𝑔 ∫ 𝑞𝑣𝑑𝑝𝑃𝑠
300 ……………… . . 𝐸𝑞. 3 

Vertically Integrated Moisture Flux Divergence (VIMFD; ∇. �⃗� ) was computed using Eq.4 169 

(Trenberth and Guillemot 1998):      170 

∇. �⃗� =  ∇. 1𝑔 ∫ 𝑞𝑃𝑠
300 �⃗�  𝑑𝑝…………𝐸𝑞. 4 

To understand the water vapor transports cross the four boundaries (Fv), Eastern 171 

boundary: 5°N~10°N (at 82°E), western boundary: 5°N~10°N (at 79.5°E), southern 172 

boundary: 79.5°E~82°E (at 5°N) and northern boundary: 79.5°E~82°E (at 10°N) were 173 

defined, and the following equation (Eq.5) is used to calculate the moisture transport across a 174 

wall.  175 

𝐹𝑣 = 1𝑔 ∫ ∫ 𝑞𝑉𝑑𝑝 𝑑𝑙 ………… . . 𝐸𝑞. 5 𝑙
0

𝑃𝑠
300  

The vertical distribution of regional moisture fluxes via each lateral boundaries are calculated 176 

as follow,  177 

�⃗� = 𝑞 × �⃗� ……………𝐸𝑞. 6 

 Where g, q, Ps, �⃗� , u, v, and l are the acceleration of gravity, specific humidity, surface 178 

pressure horizontal wind vector, zonal wind, meridional wind, and a horizontal distance of 179 

section, respectively. The regional moisture budget is calculated as the net effect of moisture 180 
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flux via each boundary. The positive regional moisture budget represented atmospheric water 181 

vapor transport from outside and converged within the region.  182 

3 Results  183 

3.1 Southwest Monsoon Rainfall in Sri Lanka 184 

 The seasonally varying monsoon system and the associated air masses and planetary 185 

wind regimes over South Asia have a great influence on the rainfall climate of Sri Lanka (Lin 186 

and Shelton 2020; Ranatunge et al. 2003). In this section, we take a closer look at the SWM 187 

rainfall contribution to annual total rainfall in different climate zones in Sri Lanka. As shown 188 

in Figure 1b, SWM rainfall contributes by 31.6% to the annual total rainfall (2382 mm) in the 189 

wet zone. For the intermediate zone, the annual total rainfall is 1974 mm, where it gets 19.3% 190 

during the SWM season (Figure 1d). The annual total rainfall in the dry zone is 1360 mm; out 191 

of that, 13% of rainfall receives from the SWM season (Figure 1c). When we consider the 192 

whole country average, the SWM rainfall contributes 23.1% to annual total rainfall (1845 193 

mm) (Figure 1e). Furthermore, the spatial distribution of SWM rainfall climatology for 1985-194 

2015 is shown in Figures 3a. As shown in Figure 3a, southwestern and southern parts of the 195 

country (wet zone) receive more rainfall from the SWM season. The observed spatial and 196 

temporal variability of SWM rainfall is associated with regional and local topographic 197 

influences. For instance, the central highlands of the country (Figure.1a) acts as an important 198 

physiographical climatic barrier that controls the prevailing moisture-laden monsoon winds 199 

by generating ‘fohn effect weather conditions’ among regions (Lin and Shelton 2020). 200 

Similarly, the South Asian monsoon is a fully coupled ocean-land-atmosphere system, which 201 

is also affected by fixed orography (Turner and Annamalai 2012). As an example, the 202 

contribution from the western Indian Ocean to the ISMR is limited due to the Western Ghats 203 

(Pathak et al. 2017), even most of the rainwater discharging during the IMSR is originated 204 
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over the ocean (Ordóñez et al. 2012). In addition, Shashikanth et al. (2014) revealed that the 205 

west coast and northeast India receive more precipitation during the summer monsoon 206 

because of the orographic effects of the Western Ghats and the Himalayas. 207 

3.2 Monsoon rainfall distribution in relatively wet and dry years 208 

  In this section, we present the spatial distribution of anomalous rainfall distribution 209 

SWM during the two contrast monsoon years (Figures 3b-c). Notably, we found that the 210 

whole domain receives above-average rainfall in SWMWet years, while large positive 211 

anomalous rainfall is more concentrated on the western and southwestern parts of the country 212 

(Figure 3b). According to the long-term climatological mean (1985-2015), the seasonal 213 

average SWM rainfall in the wet, intermediate, and dry climate zones is 188 mm, 89 mm, and 214 

42 mm, respectively. We observed that the rainfall amount in wet, intermediate, and dry 215 

zones is increased by 21.2%, 24.1%, 22.5% during the SWMWet years, respectively (Table 2). 216 

Figure 3c shows that the whole country experienced below-average rainfall during the 217 

SWMDry years, while the western and southwestern parts of the country experienced more dry 218 

conditions than other regions. In contrast, the rainfall amount in wet, intermediate, and dry 219 

zones is decreased by 30.3%, 27.5%, and 35.5% in SWMDry years, respectively (Table 2). 220 

To identify the monthly rainfall variation in SWMWet and SWMDry years, we calculate 221 

the long-term mean (1985-2015) and mean for contrast monsoon years by using station based 222 

observation (Table 2). The long-term average rainfall for June, July, August, and September 223 

is 214.3, 154.5, 151.6, and 232.7 mm, respectively, which indicate that June and September 224 

are relatively wet as compared to other months in the SWM season. A similar observation is 225 

found for the intermediate zone; however, the dry zone receives more rainfall during August 226 

and September than the initial two months of the SWM season (Table 2). 227 

 228 
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 229 

 230 

Figure 3 Spatial distribution of southwest monsoon (SWM) rainfall (a) climatology 231 

(mm/month) from 1985 to 2015 and anomalous SWM rainfall (mm/month) for a set of 232 

relatively (b) wet and (c) dry SWM years. The wet, intermediate, and dry climate regions are 233 

demarcated by black lines and named as Wet, Int, and dry. 234 

In SWMWet years, the monthly mean rainfall over the wet zone increased by 22.2%, 235 

39.5%, and 20.6% in June, July, and September, respectively. In contrast, all months of the 236 

season showed rainfall subsidence during the SWMDry years, where the most considerable 237 

rainfall reduction is observed in June (32.2%) and September (34%) concerning the long-238 

term mean value of the monthly rainfall. Similarly, results show that both dry and 239 

intermediate zones show a percentage increase (decrease) in monthly rainfall for SWMWet 240 

(SWMDry) years. For instance, in SWMWet years, the July rainfall is increased by 70.8% over 241 

the intermediate and 85.2 % over dry zones, respectively. In contrast, the largest rainfall 242 

subsidence over intermediate and dry zones is observed June (45.9%) and July (42.0%) 243 

(Table 2). 244 
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Table 2 The monthly and seasonal average rainfall for the long-term climatology(mm), 245 

and percentage change (%) of the rainfall from the long-term mean value for relatively wet 246 

(SWMWet) and dry SWM (SWMDry) years. The Wet, Int, and Dry denote three climate zones 247 

in Sri Lanka.  248 

Zones Condition June July August September SWM 

Wet 

Average (mm) 214.3 154.5 151.6 232.7 188.3 

SWMWet (%) 22.2 39.5 2.2 20.6 21.2 

SWMDry (%) -32.4 -25.5 -26.4 -34.1 -30.3 

Int 

Average (mm) 80.9 72.1 74.7 129.2 89.2 

SWMWet (%) 21.0 70.8 18.7 3.0 24.1 

SWMDry (%) -45.9 -17.7 -13.4 -29.7 -27.5 

Dry 

Average (mm) 26.4 25.6 43.9 73.8 42.4 

SWMWet (%) 3.9 85.2 22.0 7.7 22.5 

SWMDry (%) -35.4 -42.0 -22.9 -40.4 -35.3 

 249 

 Meanwhile, we investigate spatial variation of rainfall in months of the SWM season. 250 

Figures 4a-d show the spatial distribution of rainfall climatology (1985-2015) for June, July, 251 

August, and September, while the middle (Figures 4a1-d1) and lower (Figures 4a2-d2) panels 252 

depict the anomalous rainfall in each month for SWMWet and SWMDry years, respectively. 253 

Notably, we found that all the months of the SWM season bring a considerable amount of 254 

rainfall over the wet zone, where the rainfall peaks are observed in June and September. In 255 

general, the intermediate and dry zones receive less than 100 mm rainfall in individual 256 

months of the season except for September (Figures 4a-d).  257 

  258 
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 259 

Figure 4 Spatial distribution of rainfall (unit; mm) for a long-term average (SWMClim; 260 

1985-2015) of the (a) June, (b) July, (c) August, and (d) September. The middle (a1-d1) and 261 

right (a2-d2) columns are the same as the left column but for the anomalous rainfall for 262 

relatively (b) wet (SWMWet) and (c) dry SWM (SWMDry) years. 263 

 During SWMWet years, all months of the season showed above-average rainfall, while 264 

strong positive anomalous rainfall is observed in July and September. The other remarkable 265 

feature of Figures 4a1-d1 is most of the positive anomalous rainfall is concentrated in the wet 266 
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zone except August in the SWM season. In SWMDry years, strong negative anomalous 267 

rainfall is observed in June and September, while it is localized to the wet zone (Figures 4a2-268 

d2). In order to investigate the possible reason for the above-average and below-average 269 

rainfall in the SWM season, the moisture transports and associated moisture flux 270 

divergence/convergence in SWMWet and SWMDry years have been analyzed in the next 271 

section. 272 

 3.3 Vertically Integrated Moisture Flux and  its Divergence  273 

 According to Trenberth et al. (2003) and Gao and Sun (2016), the ascending motion, 274 

the microphysics inside cloud droplets, and moisture supply determine whether rainfalls or 275 

not in a particular region. It is noticed that the large-scale convergence rather than locally 276 

enhanced evaporation controls the precipitation patterns in the tropics (Allan and Soden 277 

2007; Trenberth et al. 2003). Therefore, analysis of the moisture transport and its divergence/ 278 

convergence provides insights into the major modes of precipitation variability over the 279 

country, as well as the moisture sources themselves. Therefore, climatological vertical 280 

integrated moisture flux (VIMF; vector) over Sri Lanka is investigated to understand the 281 

water vapor supply towards the country in the SWM season (Figures 5a). In the same figure, 282 

we display the climatological vertically integrated moisture flux divergence (VIMFD; 283 

shaded).  284 

 As shown in figure 5a, the VIMF vector from the Arabian Sea direction supplied 285 

moisture towards the convention center over Sri Lanka. Similarly, Pathak et al. (2017) found 286 

that moisture flux from the Western Indian Ocean (Arabian Sea) direction is the most 287 

important contributor for the initial phase of the Indian monsoon as compared to moisture 288 

flux from south of the equator direction. In the same study, they identify the regions with 289 

high vertically integrated moisture flux divergence as the potential sources of atmospheric 290 

moisture; meanwhile, regions with high convergence are considered as potential sink regions. 291 
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Figure 5a also shows climatological mean moisture flux divergence (+ value) over the 292 

Arabian Sea direction (source) as well as the Bay of Bengal, while more moisture 293 

convergence (– divergence) over the western and southwestern parts (sink) of the county 294 

during the SWM season. We further notice strong moisture divergence over the eastern and 295 

southeastern parts of the country. 296 

 In Figure 5b, we show the anomalous water vapor fluxes (vectors) and associated 297 

moisture flux divergence (shaded) for the SWMWet years. Compared to the mean state, the 298 

excess moisture fluxes can be seen over the study region, and vectors move towards the 299 

South Indian sea direction. Furthermore, we detected cyclonic circulation of the VIMF over 300 

the Bay of Bengal and the northeastern part of the Arabian Sea during SWMWet years, which 301 

inject moisture-laden wind towards the country. In contrast, the weakening of the westerly 302 

transport moisture flux can be observed over Sri Lanka and most of the eastern part of the 303 

Arabian Sea during SWMDry years (Figure 5c), which results in less moisture availability and 304 

ultimately it caused SWM rainfall subsidence over Sri Lanka. Similar to our findings, Ratna 305 

et al. (2014) found that the weakening of westerlies reduced the moisture transport towards 306 

the southern part of the Western Ghats as well as local precipitation over India. Levine and 307 

Turner (2012) also pointed out that the strongest monsoon in the Indian subcontinent 308 

depended heavily on the moisture flux of the Arabian Sea. 309 

Furthermore, we observed considerable spatial variations in the anomalous moisture flux 310 

divergence during the SWMWet and SWMDry years over Sri Lanka (Figure 5b-c). For 311 

instance, an area with negative anomalous divergence has been observed over the western 312 

and southwestern parts of the country, while negative moisture flux divergence is observed 313 

over Western Ghats and Bay of Bengal as well in SWMWet years (Figure 5b). In SWMDry 314 

years, all the study domain depicts positive divergence fluxes anomaly, while strong 315 

divergence centers are located over the western and southwestern parts of the country. 316 
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Meanwhile, we further observed positive anomalous moisture flux divergence over the Bay 317 

of Bengal (Figure 5c). A closer look at the anomalous moisture divergence over Sri Lanka 318 

suggests that SWM rainfall is mostly concentrated over the western and southwestern parts of 319 

the country, which is attributed due to the influence of the central mountain of Sri Lanka. As 320 

a result, western and southwestern parts receive more (less) rainfall in SWMWet (SWMDry) 321 

years. 322 

 323 

Figure 5 Vertically integrated moisture flux divergence (VIMFD, shaded, unit; 10
–6

 kg 324 

m
-2

 s
-1

) superimposed with vertically integrated moisture flux (VIMF, vector, unit: kg m
-1

 s
-1

) 325 

for (a) a long-term average of the southwest monsoon season (VIMFDClim) and anomalies for 326 

relatively (b) wet (SWMWet) and (c) dry SWM (SWMDry) years. 327 

 328 
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 On the other hand, we have taken a closer look at monthly moisture flux and its 329 

convergence/divergence over the study domain during the SWMWet and SWMDry years 330 

(Figure 6). As shown in Figure 6a-d, the moisture flux from the Arabian sea direction moves 331 

through Sri Lanka towards the Bay of Bengal direction in all the months of the SWM season 332 

(June-September), while the strong moisture fluxes (vectors) is observed in June. Another 333 

remarkable feature we observed in this figure is strong moisture flux convergence over the 334 

western/southwestern parts and moisture divergence in the northeast and east parts of the 335 

country. The climatological VIMFD further shows that no significant difference in VIMFD 336 

among the month of the SWM season.  337 

 When we consider the VIMF anomaly in SWMWet years, all the months except 338 

August show above-average VIMF, while cyclonic circulation of VIMF is observed over the 339 

Arabian sea direction in June. In the SWMWet years, the strong moisture flux convergence is 340 

observed near the Western Ghats and over the Bay of Bengal during the first two months of 341 

the season. Furthermore, we detected that strong moisture flux convergence over the 342 

south/southwestern parts of Sri Lanka in June, July, and September (Figures 6a1-b1 and d1), 343 

while the moisture flux convergence in August is less as compared with other months of the 344 

seasons (Figure 6c1).  345 

 In SWMDry years, we observe that the strength of the VIMF is reduced from June-346 

September. As shown in Figures 6a2-c2, the strong moisture flux divergence is located over 347 

the Bay of Bengal in June, which is gradually decreasing up to August. Furthermore, we 348 

detected strong moisture flux divergence over the south/southwestern parts of Sri Lanka in 349 

SWMDry years, especially in September, where divergence is stronger than the other three 350 

months of the season (Figure 6d2). 351 
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 352 

Figure 6 Vertically integrated moisture flux divergence (VIMFD, shaded, unit; 10
–6

 kg 353 

m
-2

 s
-1

) superimposed with vertically integrated moisture flux (VIMF, vector, unit: kg m
-1

 s
-1

) 354 

for a long-term average (1985-2015) of the (a) June, (b) July, (c) August, and (d) September. 355 

The middle (a1-d1) and right (a2-d2) columns are the same as the left column but for the 356 

anomalous VIMFD and VIMF for relatively (b) wet (SWMWet) and (c) dry SWM (SWMDry) 357 

years. 358 

 3.4 Moisture Flux Through Different Boundaries  359 

 In this section, we quantify the moisture transport via different boundaries and 360 

investigate the anomalous moisture flux in SWMWet and SWMDry years. In addition, The 361 

regional average net moisture flux is calculating by getting the difference of moisture influx 362 
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and outflux from the different boundaries of the study domain. The long-term climatology of 363 

moisture transport from each boundary and associated anomalous moisture fluxes for 364 

SWMWet and SWMDry years are depicted in Figures 7a-c. Based on the long-term climatology 365 

for moisture fluxes for SWM season, the western (20.36×10
5
 kg s

-1
) and southern (14.60×10

5
 366 

kg s
-1

) boundaries act as moisture influx boundaries, while eastern (19.86×10
5
 kg s

-1
) and 367 

northern (10.69×10
5
 kg s

-1
) boundaries are considered as the main moisture outflux 368 

boundaries (Figure 7a). 369 

 370 

Figure 7 The vertically integrated moisture flux (VIMF) across the four different 371 

boundaries for (a) a long-term average of the southwest monsoon season (VIMFClim), and 372 

anomalies for relatively (b) wet (SWMWet) and (c) dry SWM (SWMDry) years. Dark arrows 373 

indicate the climatological direction of the moisture transport across the wall. The number in 374 

brackets indicates the net flux convergence (unit: 10
5
 kg s

-1
). The inner box shows the 375 

western (6°N~10°N at 79.5°E), eastern (6°N~10°N at 82°E), southern (79.5°E~82°E at 6°N) 376 

and northern (79.5°E ~82°E at 10° N) boundaries. 377 

 378 
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 The anomalous moisture influx from the western and southern boundary during the 379 

SWMWet years is 0.25×10
5
 and 0.43×10

5
 kg s

-1
, respectively. However, the amount of 380 

moisture influx decreased during the SWMDry years; for instance, the influx anomaly for the 381 

western boundary is 0.10×10
5
 kg s

-1
 and 0.02×10

5
 kg s

-1 
for the southern boundary. As a 382 

moisture outflux boundary, the eastern boundary reported 0.02×10
5
 kg s

-1
 and 0.27×10

5
 kg s

-1
 383 

anomalous moisture flux for the SWMWet and SWMDry years, respectively. At the same time, 384 

moisture outflux through the northern boundary showed a negative anomaly (–0.31×10
5
 kg s

-
385 

1
) during the SWMWet years, while the positive anomaly (0.22×10

5
 kg s

-1
) is observed in 386 

SWMDry years (Figures 7b-c). Similar to our findings, Ratna et al. (2014) found the main 387 

moisture influx and outflux for the Indian subcontinent are the southern boundaries of the 388 

Arabian Sea and the eastern boundary, respectively. Considering the moisture influx and 389 

outflux, the area-average net moisture budget (hereinafter, NetMB) for the 1985-2015 period 390 

over the study domain is 4.35×10
5
 kg s

-1
. Figures 7b-c further show the positive NetMB 391 

anomaly (0.98×10
5
 kg s

-1
) and negative NetMB anomaly (–0.37×10

5
 kg s

-1
) in SWMWet and 392 

SWMDry years, respectively.  393 

 Based on the results, we can explain the observed rainfall variability in relatively wet 394 

and dry monsoon years in terms of net moisture flux over the study domain. For instance, 395 

positive NetMB is one of the reasons for the relatively wet monsoon rainfall events over Sri 396 

Lanka. To further prove this, the relationship between seasonal rainfall anomalies over Sri 397 

Lanka and NetMB has been evaluated, as shown in Figures 8. For the SWM season, the 398 

normalized NetMB shows a statistically significant correlation with the normalized SWM 399 

rainfall anomaly calculated using station based observation (r= 0.63) and GPCC product (r= 400 

0.59) (Figure 8). 401 
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Figure 8 The vertically integrated moisture flux (VIMF) across the four different 403 

boundaries in Sri Lanka for a long-term average of (a) June, (b) July, (c) August, and (d) 404 

September. The middle (a1-d1) and right (a2-d2) panels are the same as left panels but for the 405 

VIMF anomalies for relatively wet (SWMWet) and dry SWM (SWMDry) years, respectively. 406 

Dark arrows indicate the climatological direction of the moisture transport across the wall. 407 

The number in brackets indicates the net flux convergence (unit: 10
5
 kg s

-1
). The inner box 408 

shows the western (6°N~10°N at 79.5°E), eastern (6°N~10°N at 82°E), 409 

southern(79.5°E~82°E at 6°N), and northern(79.5°E ~82°E at 10° N) boundaries. 410 

We further analyze the NetMB in each month of the season, as depicted in Figure 9. 411 

The long-term climatology of the NetMB in June, July, August, and September are 4.10×10
5
 412 

kg s
-1

, 4.64×10
5
 kg s

-1
, 3.85×10

5
 kg s

-1
, and 5.00×10

5
 kg s

-1
, respectively (Figure 9a-d). 413 

Interestingly, we found that the western boundary is the main moisture influx in all the 414 

months. For instance, the large moisture influx via the western boundary is recorded in June 415 

(23.34×10
5
 kg s

-1
), which is gradually decreasing with time (e.g., 16.12×10

5
 kg s

-1
 in 416 

September).on the other hand southern boundary also act as moisture influx where the highest 417 

and lowest influxes are recorded in June (15.75×10
5
 kg s

-1
) and September (12.91×10

5
 kg s

-1
) 418 

respectively. In terms of magnitude, the eastern boundary act as a major outflux boundary for 419 

each month of the SWM season. Similar to the influx boundary, the outflux from the eastern 420 

boundary is decreasing with time; for instance, the outflux in June is 22.50×10
5
 kg s

-1
, which 421 

decreased up to 16.33×10
5
 kg s

-1
 in September. The northern boundary also acts as the 422 

outflux boundary where the largest outflux is recorded in June (12.49×10
5
 kg s

-1
), while the 423 

lowest outflux (7.70×10
5
 kg s

-1
) is detected in September (Figure 9a-d).  424 
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 425 

Figure 9 The correlation between normalized southwest monsoon (SWM) rainfall 426 

anomaly and net moisture budget (NetMB). The letter 
“c”

 shows a statistically significant 427 

correlation at a 99% confidence level. The rainfall anomaly is calculated using station 428 

observation (red line) and GPCC data product (blue line). The anomalous SWM rainfall 429 

anomalies are above and below the shaded strip are considered as relatively wet and dry 430 

SWM years, respectively. 431 

 In relatively wet SWM years, all months of the season showed positive anomalous 432 

NetMB with respect to the long-term climatology, as shown in Figures 9a1-d1, where the 433 

largest positive anomaly was observed in August (1.40×10
5
 kg s

-1
) relative to the long-term 434 

mean. However, the largest NetMB is observed in September (6.00×10
5
 kg s

-1
), followed by 435 

July (5.73×10
5
 kg s

-1
), June (4.52×10

5
 kg s

-1
), and August (4.25×10

5
 kg s

-1
). Considering the 436 

moisture influx via western boundary, positive anomalous net moisture influx is observed in 437 

all the months except August, where the largest positive anomaly is recorded in July, which is 438 

quite similar to an anomaly in September. On the other hand, the southern boundary showed 439 

positive anomalous net moisture flux during all the months in the SWM season. With respect 440 

to the long-term mean influx from the southern boundary, June (0.07×10
5
 kg s

-1
)and July 441 

(0.77×10
5
 kg s

-1
) show the lowest and highest influx anomaly, respectively. The moisture 442 

outflux from the eastern boundary shows a negative anomaly in June (–0.08×10
5
 kg s

-1
) and 443 
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August (–0.65×10
5
 kg s

-1
), while July (0.55×10

5
 kg s

-1
) and September (0.29×10

5
 kg s

-1
) 444 

showed a positive outflux anomaly during SWMWet years. The northern boundary also acts as 445 

a moisture outflux boundary, where negative outflux anomalies are recorded all months 446 

except August (0.29×10
5
 kg s

-1
). 447 

In SWMDry years, the long-term mean of NetMB for June, July, August, and 448 

September is –0.31×10
5
 kg s

-1
, –0.69×10

5
 kg s

-1
, –0.32×10

5
 kg s

-1
, and –0.15×10

5
 kg s

-1
, 449 

respectively (Figure 9a2-d2), which evident that all the months of the season showed below-450 

average moisture availability. As a result of less moisture flux, the country receives below 451 

normal rainfall during the SWM season. Furthermore, we notice that the largest negative 452 

NetMB is recorded in July concerning its long-term mean (Figure 9b2) because moisture 453 

outflux from the eastern and southern boundary is stronger than moisture influx from eastern 454 

and northern boundaries. The moisture influx from the eastern boundary showed a positive 455 

anomaly for all months except July during SWMDry years. It also shows that the first two 456 

months of the season have a below-average moisture influx from the southern boundary, but 457 

the next two months of the season have above-average moisture flux during SWMDry years. 458 

During the SWMDry years, the eastern and northern boundaries act as outflux boundaries 459 

where outfluxes are above average compared to their climatological mean except June. For 460 

instance, moisture outflux in September recorded the largest positive anomaly for both 461 

eastern (1.17×10
5
 kg s

-1
) and northern (0.53×10

5
 kg s

-1
) boundary compared to the rest of the 462 

months (Figure 9a2-d2). 463 

3.5 Vertical Distribution of Moisture in Contrast Monsoon Years 464 

 According to Anderson et al. (2009), the role of low jet stream flow is critical in the 465 

moisture flux fluctuations and precipitation. For instance, Ordóñez et al. (2012) found that the 466 

Arabian Sea and the Indian Ocean, through the action of Somali Low-Level Jets, are the most 467 
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important source during the summer monsoon season. In particular, Malik et al. (2015) 468 

observe the largest moisture flux convergence at 925 hPa level in summer and at 850 hPa 469 

level in winter over central southwest Asia. Considering these facts, we also investigate the 470 

vertical distribution of regional moisture fluxes via each lateral boundaries for SWM seasons 471 

(Figure 10), where the climatology of moisture fluxes (shaded; Top x-axis) and the 472 

anomalous moisture fluxes in contrast monsoon years for each boundary are plotted (bottom 473 

x-axis). We found that the eastward total moisture influxes via western boundaries in the 474 

lower troposphere from the surface to 700 hPa was remarkably higher than the above 700 hPa 475 

levels. We observed positive anomalous moisture fluxes via the western boundary from 1000 476 

to 700 hPa level (Figure 10a). After 700 hPa, negative anomalous moisture flux is reported to 477 

450 hPa level. In contrast, the anomalous moisture influx from the western boundary at all 478 

the pressure levels are almost close to the zero lines, which indicates that the difference 479 

between the long-term mean an influx from SWMDry is negligible (Figure 10a). 480 

Compared to the western boundary, the southern boundary also acts as moisture input; 481 

however, the moisture influx via the southern boundary is smaller in magnitude (Figure 10c). 482 

According to the vertical structure of the southern boundary, moisture influx depicts large 483 

moisture transport from 1000 hPa to 700 hPa; afterward, it is gradually decreasing from 700  484 

 In the eastern boundary, the maximum moisture outflux is observed from 950 and 850 485 

hPa levels, while it is gradually decreasing up to 450 hPa levels. In relatively wet monsoon 486 

years, the positive anomalous outflux is detected from the surface to 800 hPa level; afterward, 487 

the outflux anomaly becomes negative up to 450 hPa level. Interestingly we found that 488 

above-average moisture outflux from 1000 hPa to 500 hPa level during the SWMDry years; 489 

meanwhile, the difference with the long-term average is not remarkable from 500 to 300 hPa 490 

levels (Figure 10b).  491 

 492 
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 493 

Figure 10 Vertical distribution of the total water vapor flux (unit: 10
3
 m

2
s

–1
) via (a) 494 

western boundary (6°N~10°N at 79.5°E) (b) eastern (6°N~10°N at 82°E), (c) southern 495 

(79.5°E~82°E at 6°N) and (d) northern (79.5°E~ 82°E at 10° N) boundaries from the aspect 496 

of climate mean (black line, x-axis at the top) and anomalous moisture flux (x-axis at the 497 

bottom) in relatively wet (blue line) and relatively dry SWM (red line) southwest monsoon 498 

(SWM) years.  499 

 As compared to moisture outflux from eastern boundaries, the moisture outflux via 500 

northern boundaries is smaller in magnitude (Figure 10d). The northern boundaries depict 501 

large moisture transport from 1000 hPa to 850 hPa, gradually decreasing from 700-300 hPa 502 

levels. During SWMWet years, negative anomalous outflux from the surface to the 450 hPa 503 

level is dominant except for the 925-875 hPa level. In contrast, the positive outflux anomaly 504 

is detected for the surface to 450 hPa during the SWMDry years, which indicates that the 505 



 

28 

 

moisture outflux from the northern boundary is higher in SWMDry years compared to the 506 

long-term mean of moisture outflux. This study revealed that the SWM rain in Sri Lanka also 507 

originated from the sea; mainly, a strong cross-equatorial low-level jet stream, with it is core 508 

close to the 850 hPa level over the Indian Ocean.  509 

3.6 Moisture Fluxes Divergence in Contrast Monsoon Years 510 

 The available moisture in an area mainly depends on the moisture flux divergence/ 511 

convergence than the moisture fluxes, which only measures the moisture passing through the 512 

study domain (Wei et al. 2015). On the other hand, moisture flux convergence is more 513 

important for the probability of intensifying rainfall. Therefore, we made an attempt to 514 

investigate anomalous vertically integrated Total Moisture Flux Divergence (TMFD), Zonal 515 

Moisture Flux Divergence (ZMFD), and Meridional Moisture Flux Divergence (MMFD) 516 

over the total averaged area of Sri Lanka for contrast SWM years. Meanwhile, the long-term 517 

mean TMFD, ZMFD, and MMFD, and an anomaly of divergence component for each month 518 

of the season are calculated (Figures 9a-c). Notably, we found a negative anomalous TMFD 519 

(–1.78×10
-5

 kg m
-2 

s
-1

) in SWMWet years compared to the long-term mean of TMFD (–520 

3.28×10
-5

 kg m
-2 

s
-1

). In contrast, positive anomalous TMFD (1.44×10
-5

 kg m
-2 

s
-1

) is 521 

dominant for SWMDry years (Figure 11a). 522 

 According to the monthly analysis, the long-term mean of TMFD in June, July, 523 

August, and September are –3.31×10
-5

, –3.55×10
-5

,–2.99×10
-5

, and –3.2×10
-5

 kg m
-2 

s
-1

, 524 

respectively. In SWMWet years, we notice that all months in the SWM season show negative 525 

TMFD anomaly, while the lowest and highest TMFD anomaly is recorded in July (–2.78×10
-

526 

5
 kg m

-2 
s

-1
) and September (–0.93×10

-5
 kg m

-2 
s

-1
), respectively (Figure 11a). In contrast, all 527 

months of the season recorded positive TMFD anomalies during the SWMDry years. For 528 

instance, the largest positive anomalous TMDF is recorded in June (1.53×10
-5

 kg m
-2 

s
-1

). 529 
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These findings suggest that negative TMFD may be more important for the heavier rainfall in 530 

the regions, while other factors, such as local topography conditions, may have a strong 531 

impact on localized rainfall during the SWM season. According to Wei et al. (2015), 532 

enhanced moisture flux convergence (–divergence) increases with precipitation intensity. 533 

Similarly, our result also suggests that above-average moisture convergence resulted in stong 534 

SWM rainfall. On the other hand, the below-average net moisture divergence caused rainfall 535 

subsidence during the SWM season, especially in SWMDry years. In parallel with our 536 

findings, Lin and Shelton (2020) found the frequent occurrence of drought events during the 537 

SWM season since 2000 due to the net moisture divergence anomalies over Sri Lanka.  538 

 To identify the behavior of the zonal and meridional components of the TMFD in 539 

contrast SWM years, we further analyze ZMFD and MMFD separately (Figures 11b-c). 540 

Compared to the long-term average of the ZMFD in the SWM season (–3.03 ×10
-5

 kg m
-2 

s
-1

), 541 

the SWMWet and SWMDry years recorded negative (–2.75×10
-5

 kg m
-2 

s
-1

) and positive 542 

(1.55×10
-5

 kg m
-2 

s
-1

)
 
anomalies, respectively. The long-term mean of the ZMFD in June (–543 

5.86×10
-5

 kg m
-2 

s
-1

) and July (–6.78×10
-5

 kg m
-2 

s
-1

) is negative, while the next two months 544 

of the season depict positive ZMFD (Figure 11b). The results further show all the months of 545 

the SWM season have negative (positive) ZMFD anomalies in the SWMWet (SWMDry) years. 546 

In SWMWet years, the lowest negative ZMFD anomaly (–3.24×10
-5

 kg m
-2 

s
-1

) is observed in 547 

August, while September recorded the highest divergence (–2.03×10
-5

 kg m
-2 

s
-1

) compared to 548 

other months in the season (Figure 11b).  549 

  550 

 551 

 552 

 553 
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 554 

 555 

Figure 11 The area-averaged (5.5°N~10°N, 80°E~82.5°E) seasonal and monthly 556 

vertically integrated (a) Total Moisture Flux Divergence (TMFD), (b) Zonal Moisture Flux 557 

Divergence (ZMFD) and Meridional Moisture Flux Divergence (MMFD) (units: 10
−5

 kg m
−2 

558 

s
−1

) for (a) a long-term average of southwest (SWM) season, and anomalies for for relatively 559 

(b) wet (SWMWet) and (c) dry SWM (SWMDry) years. The bars inside the shaded stip denote 560 

the seasonal average climatology and anomalies in contrast SWM years. 561 
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 The long term average of MMFD for SWM season is –0.65×10
-5

, while positive 562 

(0.96×10
-5

 kg m
-2

 s
-1

) and negative (–0.10×10
-5

 kg m
-2

 s
-1

) anomalous MMFD is observed in 563 

the SWMwet and SWMDry years, respectively. We found that the June (2.54×10
-5

 kg m
-2

 s
-1

) 564 

and July (3.2×10
-5

 kg m
-2

 s
-1

) showed strong MMFD, which become negative in August (–565 

3.04×10
-5

 kg m
-2

 s
-1

) and September (–3.74×10
-5

 kg m
-2

 s
-1

) as shown in Figure 11c. In 566 

SWMWet years, all the months recorded positive divergence anomaly, where the largest 567 

positive anomaly (1.48×10
-5

 kg m
-2

 s
-1

) is recorded for August. During the SWMDry years, 568 

June (–0.45×10
-5

 kg m
-2

 s
-1

) and September (–0.96×10
-5

 kg m
-2

 s
-1

) show a negative MMFD 569 

anomaly, while July (0.14×10
-5

 kg m
-2

 s
-1

) and August (0.85×10
-5

 kg m
-2

 s
-1

) report positive 570 

MMFD (Figure 11c). The above results indicate inhomogeneity in the monthly TMFD, 571 

ZMFD, and MMFD during the contrast SWM years, which characterizes the seasonal 572 

average of them. Based on the long-term climatology, negative ZMFD components dominant 573 

in the first two months of the SWM season, while the MMFD becomes negative in August 574 

and September. Finally, we identified that the negative (positive) TMFD anomalies over Sri 575 

Lanka could ascribe the above-average (below-average) rainfall in contrast SWM years. 576 

4 Discussion and Conclusion  577 

 It is noticed that around 60% of the terrestrial precipitation directly originates as a 578 

result of moisture transported from the ocean (Gimeno et al. 2012) while excessive transports 579 

are usually primary sources for extreme weather and flood events (Galarneau et al. 2010), as 580 

well as interrupted transports, can lead to droughts and subsequent socioeconomic stresses. 581 

Therefore a clear understanding of the mechanisms that force observed changes to the 582 

hydrological cycle over Sri Lanka is crucial for water management and mitigate the 583 

metrological induce disasters. Hence, the present study has been focused on finding out a 584 

relationship between the variability of the oceanic moisture source and monsoon rainfall 585 

(SWM) variability during relatively wet and dry monsoon years over Sri Lanka.  586 
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 Based on the results, the cross-equatorial flux entering the west Indian Ocean from the 587 

southern hemisphere is one of the most important sources of moisture for Sri Lanka during 588 

the relatively wet monsoon SWM years. Furthermore, we noticed that the deficiency of 589 

westerly moisture flux from the Arabian Sea results in below-average SWM rainfall over the 590 

country. This study revealed that the Sri Lankan summer monsoon rain is also originated 591 

from the sea; in particular, a strong cross-equatorial low-level jet stream, with it is core close 592 

to the 850 hPa level over the Indian Ocean. 593 

 The vertically integrated moisture flux computation showed that the net positive 594 

divergence over the western Indian Ocean and negative moisture flux divergence over Sri 595 

Lanka, particularly, more negative VIMFD are concentrated to the west/southwest parts of 596 

the country during the SWMwet, which can ascribe why this region receives havier rainfall 597 

during the SWM season. These positive moisture divergence developments were enhanced by 598 

the strong westerly winds over the West Indian Ocean while abundant moisture was located 599 

over Sri Lanka, which contributes to enhancing convection as well as cloud formation, 600 

thunderstorms, and rainfall during the SWMWet years. In contrast, the whole country showed 601 

positive VIMFD during the relatively dry SWM years, which causes below-average SWM 602 

rainfall over the country. This moisture transport analysis assists in explaining the occurrence 603 

of extreme rainfall events in the SWM season in Sri Lanka; because many extreme rainfall 604 

events originate with high moisture and an atmospheric disturbance. Interestingly, we found 605 

below-average rainfall events after 2000 (6 events out of 9), which is resulted from the 606 

observed weakening of the South Asian monsoon, which leads to lesser moisture transport 607 

from the northwest Indian Ocean to Sri Lanka, with net moisture divergence anomalies (Lin 608 

and Shelton 2020).  609 

 Previous studies (Pandey et al. 2019; Varikoden and Preethi 2013) suggest that sea 610 

surface temperature also influences to enhancement and subsidence of SWM rainfall over 611 
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India. For instance, above-average (below-average) SWM rainfall occurred during the La 612 

Nina (El Nina) years over India. We also believe that SST over the Indian ocean and Pacific 613 

Ocene modulate relatively wet and dry SWM years. In future studies, we will investigate how 614 

SST changes and local evaporation affect the occurrence of above and below average SWM 615 

event in Sri Lanka  616 
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