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Abstract 32 

This study analyzed the synoptic and mesoscale dynamics and underlying mechanism 33 

of an extreme rainfall and flood event that occurred in Sri Lanka from 14–17 May 2016 34 

using the Weather Research and Forecasting Model simulations with a horizontal grid size 35 

of 3 km and observational data. This extreme rainfall event was associated with a low-36 

pressure system (LPS) that originated over the Bay of Bengal in the Indian Ocean and 37 

passed over Sri Lanka. The observed maximum accumulation of rainfall during the event 38 

exceeded 300 mm at several weather stations during 15–16 May and resulted in severe 39 

flooding and landslides, particularly in the western part of the island. The model closely 40 

simulated the timing of the initiation of the LPS and its development along the east coast 41 

of Sri Lanka. The model could capture the overall rainfall tendency and pattern of this 42 

event. Synoptic and mesoscale analyses indicated that this extreme rainfall event 43 

occurred as the cumulative effect of a sustained low-level convergence zone generated by 44 

an enhanced westerly monsoon flow and the circulation of the LPS alongside a continuous 45 

supply of high-magnitude moisture, strong vertical motion, and orographic effects of the 46 

Central Mountains of Sri Lanka. Model sensitivity experiments indicated that rainfall over 47 

the western slope area of the mountains was enhanced by mountain lifting, whereas 48 

western coastal rainfall was reduced because the mountains blocked the northeasterly 49 

flow of the LPS.  50 

 51 

Keywords: Heavy Rainfall, Weather Research and Forecasting Model, Extreme event, 52 

Low-pressure system 53 

 54 

 55 
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1. Introduction 58 

The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report 59 

documents the increasing frequency of extreme weather events such as extreme heat and 60 

heavy rainfall events in a number of regions worldwide (IPCC 2014b). Temperatures of the 61 

Indian Ocean have exhibited an increasing trend (Goswami et al., 2006; Rajeevan et al., 62 

2008), which may be related to the increase of extreme weather events in the region. 63 

Particularly the South Asian summer monsoon rainfall is projected to increase in a future 64 

warmer world, both in terms of long-term mean rainfall and inter-annual variability of 65 

rainfall leading to extreme rainfall events (Kitoh 2017; Ogata et al., 2014). The IPCC 66 

further predicts increased summer monsoon rainfall over the Indian subcontinent and 67 

increased extreme rainfall over the coasts of the Bay of Bengal (BoB) caused by 68 

cyclogenesis in the BoB and Arabian Sea (IPCC 2014a). Extreme rainfall events can 69 

cause dramatic social effects such as severe socioeconomic losses due to flooding, 70 

reservoir replenishment, agricultural damage or loss, and damaged infrastructure 71 

(Easterling et al., 2000; Groisman et al., 1999). Damage is particularly extensive when 72 

these events occur over metropolitan areas consisting of dense populations and 73 

concentrated economic activity (Oldenborgh et al., 2016; Promchote et al., 2016). 74 

To prevent or mitigate severe losses caused by extreme rainfall, it is vital to understand 75 

the atmospheric processes leading to heavy rainfall events within recognized weather 76 

patterns. Disturbances such as tropical cyclone (TC), low pressure system (LPS), 77 

monsoonal flow, and mesoscale convective systems are mostly thermally driven and 78 

powered by the latent heat of condensed water vapor carried by trade winds. Most of 79 

these types of disturbances form and develop over the warmer parts of the oceans where 80 

there is an almost unlimited supply of heat and moisture (Saha 2010; Trenberth et al., 81 

2003). Usually, heavy rainfall occurs because of moisture availability, moisture transport, 82 

storm propagation, and rainfall efficiency. Interaction between low-level winds and the 83 
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local topography also plays important role in heavy rainfall events. The presence of an 84 

orographic obstacle across the moisture flow further contributes to extreme rainfalls (Chen 85 

et al., 2005; Juneng et al., 2007; Lin and Chen 2002). During TC or LPS, the higher terrain 86 

elevations tend to enhance the rainfall mostly on the windward side of the mountains, 87 

because the steep terrain tend to lift the airflow and produce strong upward motions (Tang 88 

et al., 2012; Yang et al., 2008).  89 

Among these disturbances, low pressure systems (LPSs) are renowned for their 90 

frequent contribution to extreme rainfall events, particularly over the BoB region 91 

(Krishnamurthy 2012). Tropical cyclones (TCs) and LPSs occur during two peak periods in 92 

the BoB region. The first peak period is the premonsoon/spring season (March–May), 93 

which is known to produce low-intensity disturbances/LPSs, and the second peak period is 94 

the postmonsoon/fall season (October–December), which is known to produce severely 95 

intense cyclonic disturbances (Chand and Singh 2017; Pattanaik and Mohapatra 2016). 96 

Deep convection that occur over South Asia and the Indian subcontinent (Zipser et al., 97 

2006) are also known to be associated with the premonsoon and monsoon seasons (Saha 98 

2010; Webster et al., 1998). Generally, depressions and LPSs form over the moisture-rich 99 

BoB and involve mesoscale convective systems (Houze and Churchill 1987).  100 

The various thermodynamic and dynamic effects of a local area further aid in the 101 

development of weather systems. Sri Lanka, being an island nation in the BoB region, is 102 

vulnerable to TCs, particularly those generated over the southern part of the BoB. 103 

According to the Disaster Management Center (DMC)’s ranking of natural disasters in Sri 104 

Lanka, cyclone events are ranked second and flood events are ranked fourth in terms of 105 

the number of human lives lost. In terms of the frequency of natural disaster events, flood 106 

events are ranked first, and cyclone events are ranked fourth [Disaster Management 107 

Centre (DMC) and the United Nations Development Program (UNDP), 2012]. 108 
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A LPS originated in the BoB southeast of Sri Lanka developed into a tropical cyclone 109 

named Roanu in May 2016. This system prevailed over Sri Lanka from 14-17 May 2016, 110 

and over 300 mm of maximum accumulation rainfall was recorded at several weather 111 

stations during 15-16 May 2016 (Fig. 1a) , particularly in the western and northern parts of 112 

Sri Lanka (Alahacoon et al., 2016). Initially, widely scattered rainfall fell across the country, 113 

but more intense rainfalls were observed in western and northeastern parts of the island, 114 

which resulted in prolonged flooding in those areas that persisted until 22 May. The 115 

intense rainfall moved northward along with the movement of the LPS. The LPS triggered 116 

extensive flooding and landslides that affected thousands of lives and livelihoods (United 117 

Nations Office for the Coordination of Humanitarian Affairs (UN-OCHA), 2016) (Figs. 1a 118 

and 1b). This torrential rainfall event caused the worst floods of the last 25 years in the 119 

densely populated Western Province of Sri Lanka (UN-OCHA 2016). Three large-scale 120 

landslides were also reported during the event over the western slopes of the Central 121 

Mountains. A total of 22 administrative districts out of the 25 in Sri Lanka were affected by 122 

the event (Fig. 1b). According to the DMC, the whole event resulted in over 200 fatalities, 123 

with 100,000 homes and other property being damaged and more than 450,000 people 124 

being displaced (DesInventar 2016; UN-OCHA 2016). The estimated economic loss 125 

calculated by total damage exceeded US$ two billion throughout the country (Gunathilaka 126 

2018). Overall, the event is considered to be one of the biggest natural disasters in the 127 

recent history of Sri Lanka. 128 

Sri Lanka frequently experiences extreme rainfalls under the influences of two monsoon 129 

systems and atmospheric disturbances from the BoB. However, detailed analyses on both 130 

the synoptic and mesoscale dynamics in extreme events in Sri Lanka using numerical 131 

model are rare. Further, while a number of studies stressed the importance of topography 132 

on heavy rainfall events，the effects of Sri Lanka's topography on heavy rainfalls have not 133 

been investigated. Thus, this research sought to understand the dynamics of the extreme 134 
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rainfall event from 14-17 May 2016 using the Advanced Research Weather Research and 135 

Forecasting Model (WRF-ARW, hereafter WRF). Through the analysis of model results, we 136 

seek to fill the scale gap between synoptic and mesoscale, and clarify the role of 137 

topography in Sri Lanka on the extreme event. Improving knowledge concerning the 138 

mechanisms of this extreme event can help meteorological services effectively identify and 139 

forecast similar events in the future. The present study is one of the first literature to 140 

examine this heavy rainfall and flood event. Thus, we hope that the findings of this study can serve 141 

as a reference for future numerical simulations. In Section 2, a detailed description of the data, 142 

model settings, and the overall methodology is provided. In Section 3, the results are illustrated 143 

and discussed. Last, a summary and conclusion are presented in Section 4. 144 

2. Data sources and methodology 145 

2.1. Data sources 146 

The 6-hourly National Center for Environment Prediction Climate Forecast System 147 

version 2 data (NCEP-CFSv2) (Saha et al., 2011) at 0.5 degrees and 37 vertical levels 148 

were used for initial and lateral boundary conditions in this study. The data are available 149 

online at the research data archive website of the National Center for Atmospheric 150 

Research (http://rda.ucar.edu/datasets/ds094.0/).  151 

Rainfall in the simulation results were validated against the observation data from the 152 

ground weather stations of the Department of Meteorology of Sri Lanka. Because of the 153 

limited availability of continuous high temporal resolution quality–controlled data, most of 154 

the analysis of observation data was conducted using daily rainfall data; the hourly rainfall 155 

data from the Colombo station data were the only hourly data analyzed. The European 156 

Organization for the Exploitation of Meteorological Satellites (EUMETSAT)’s Meteosat-7 157 

visible and infrared spin-scan radiometer (VISSR) Indian Ocean data coverage infrared 158 

cloud imageries available at Dundee Satellite Receiving Station 159 

http://rda.ucar.edu/datasets/ds094.0/
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(http://www.sat.dundee.ac.uk), were used to justify the LPS development and rainfall 160 

structure of the simulated model results. 161 

2.2. Model and experimental setup 162 

The simulations constructed in this study were based on version 3.6.1 of the WRF 163 

model, which was designed to serve and support both atmospheric research and 164 

operational forecasting requirements (Skamarock and Klemp 2008). The WRF model 165 

system is composed of a new-generation mesoscale forecasting model featuring multiple 166 

dynamical cores, which are nonhydrostatic, fully compressible, and have a terrain-167 

following hydrostatic-pressure vertical coordinate system. More details concerning the 168 

WRF model can be found in Skamarock et al., (2008) and Skamarock and Klemp (2008). 169 

All experiments were conducted over a single domain (Fig. 1c). To provide the model 170 

with enough area for the weather system development and initiation, the domain extended 171 

beyond the island of Sri Lanka. Model resolution is an important aspect in simulating the 172 

spatial distribution of rainfall (Gao et al., 2006; Mass et al., 2002). The horizontal grid size 173 

was set to be 3 km throughout the model domain. The model simulation was initialized at 174 

0000 Coordinated Universal Time (UTC) 14 May 2016, one day before the LPS began 175 

affecting Sri Lanka, and ended at 0000 UTC 21 May 2016. To control for the accumulation 176 

of errors in the model simulation, a four-dimensional data assimilation scheme was applied 177 

that incorporated the boundary conditions every 6 h from the NCEP-CFSv2 dataset. First 178 

12 hours of the simulation was treated as the spin up time for the model and excluded 179 

from the analysis. The model results from 1200 UTC 14 May – 0200 UTC 17 May were 180 

used for detailed analysis because that period represents the peak period of the event 181 

over the heavily affected western part of Sri Lanka. 182 

Depending on the strength of the synoptic-scale forcing and season, a proper cumulus 183 

parameterization scheme (CPS) is required when simulating certain atmospheric settings 184 

(Gilliland and Rowe 2007). Deep convection in the gray zone resolutions (2–10 km) are 185 

http://www.sat.dundee.ac.uk/
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partly resolved and partly subgrid. Thus, such cases stress the necessity of a CPS for 186 

numerical predictions of convective weather, even at high resolutions (Gerard 2007). In 187 

the current study, we opted to use a CPS at the fairly high resolution of 3 km. The details 188 

of the model configuration and physics and dynamics employed are summarized in Table 189 

1. The output simulation results from the described model configuration were further 190 

analyzed and discussed. 191 

In addition to the control simulation as described above, a series of simulations were 192 

performed to check the rainfall sensitivity with respect to the topographic height of the 193 

model. Three sensitivity studies were conducted where all model configures are similar to 194 

the control simulation except for the terrain height being reduced to zero (case Topo-Z), 195 

25% (case Topo-Q) and 50% (case Topo-H) of the control simulation. Conclusions of 196 

these sensitivity studies are given in section 3.3.c. 197 

3. Results and discussion  198 

3.1. Synoptic conditions and Rainfall 199 

The NCEP-CFSv2 data indicated a weak cyclonic circulation originating over the 200 

southwest of the BoB off the southeast coast of Sri Lanka on 14 May 2016, which was 201 

attributable to a LPS. The disturbance lingered over the southeast of Sri Lanka and then 202 

drifted offshore of the east coast of Sri Lanka early on 15 May. Sea surface pressure data 203 

from the origin of the LPS to the time it passed along Sri Lanka indicated that it was a well-204 

defined but weak system that would only be categorized as a low-pressure area or 205 

depression (Figs. 2a–c). From 16 May, the LPS moved from north to northwest, intensified 206 

into a deep depression, and then became the cyclonic storm Roanu (India Meteorological 207 

Department, 2016). The cyclonic flow of the LPS was maintained from the surface to 208 

upper air. The mid-troposphere steering-flow patterns up to 500 hPa and beyond also 209 

indicated the presence of the closed LPS on a broader scale (Figs. 2a–c). NCEP-CFSv2 210 
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data clearly demonstrated the origin, intensification, and development of the LPS in the 211 

BoB and along the east coast of Sri Lanka (Figs. 2a–c). It is evident from the 500-hPa-212 

level geopotential height (Fig. 2a) that a northwest- to southeast-oriented trough was over 213 

the Indian Ocean next to the LPS origin area. In general, these monsoon troughs lead to 214 

cyclonic system formation, particularly during the pre-monsoon period in the BoB (Wang et 215 

al., 2013; Wu et al., 2010). The thermal infrared images from the EUMETSAT Meteosat-7 216 

satellite displayed in Figs. 2d and 2f clearly depict the transformation of the cloud pattern 217 

associated with the LPS during its time over Sri Lanka. The images also help to identify 218 

the development of the LPS and the well-established cloud cover over most of Sri Lanka 219 

during this period. These infrared satellite images depict the development of the cyclonic 220 

cloud bands during this event and the cloud system persistently covering the entire of Sri 221 

Lanka (Fig. 2e). These cloud images also correspond to the continuous moisture transport 222 

from the westerlies and strengthening of the wind (Fig. 2f). Most of the thick cloud cover 223 

and patterns in the satellite imagery matched the observations of heavy rainfall and LPS 224 

development. 225 

The NCEP-CFSv2 data revealed persistently strong westerly winds at sea level with 226 

maximum values of 15–20 m s−1 over the west coast of Sri Lanka and the southwest 227 

quadrant of the LPS (Figs. 2a–c). These westerly winds were extending from the Somali 228 

jet, a strong cross-equatorial flow (next to the East African coast, pronounced between 5° 229 

S and 10° N; Figs. 2a–c). This Somali jet stream acts as one of the main suppliers of 230 

moisture for South Asian rainfall (Cadet and Desbois 1981; Saha 2010). Our results also 231 

indicated a continuous supply of moisture from the westerlies to Sri Lanka and the BoB 232 

region during the study period. The westerlies and the wind from the LPS collided over the 233 

west coast of Sri Lanka to create a convergence zone over the western slopes of the 234 

Central Mountains resulting in heavy rainfall in the adjacent areas (see Section 3.3.1). 235 
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Regions of high water vapor and rainfall moved toward Sri Lanka from the southeast 236 

and western directions, crossed the island from 14 to 16 May, and left Sri Lanka heading 237 

toward the northeast. Rainfall continued during this period, following the direction of the 238 

LPS and mainly centered over the western slopes of the Central Mountains. The relatively 239 

limited number of ground weather stations in Sri Lanka recorded this particular event, and 240 

several stations reported over 300 mm of accumulation rainfall between 15 and 16 May 241 

(Fig. 1a). One of the highest daily rainfalls recorded for 15 May was 350 mm at 242 

Deraniyagala (Fig. 3a). Unfortunately, data was only available on 15 May for this station. 243 

The western slopes of the Central Mountains of Sri Lanka received an excessive amount 244 

of rainfall that triggered large-scale landslides, particularly in Kegalle District. The Maha 245 

Illuppallama weather station located in Anuradhapura District in north-central Sri Lanka 246 

recorded the maximum rainfall of 267.8 mm for 16 May (Fig. 3b). The highest rainfall totals 247 

were recorded on 15 and 16 May when the center of the LPS was located over the east 248 

coast of Sri Lanka. These observations highlight that the locations of maximum rainfall 249 

followed the movement of the LPS. Overall rainfall on the west coast was relatively higher 250 

than on the east coast during this event. Compared with the rest of the island, the 251 

southeastern coastal area of the island experienced comparably light rainfall throughout 252 

this period. 253 

3.2. Model validation 254 

Model validation was performed by comparing the observations and model simulations 255 

in terms of rainfall and circulation during the peak period of the event. Successful 256 

simulation of the rainfall was a key objective of this study. Figures 3a–b illustrate the 257 

observed daily rainfall and can be compared with Figs. 3c-d, which present the model-258 

simulated rainfall for 15–16 May 2016. The LPS moved northwestwards and lingered as a 259 

pronounced LPS over the east coast of Sri Lanka on 15 May. The highest rainfall on 15 260 

May over the southwestern part of Sri Lanka was captured by the model, particularly the 261 
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rainfall over the western slopes of the Central Mountains. The model-derived 24-h results 262 

of rainfall accumulation indicated that areas receiving over 150 mm of rainfall stretched 263 

from the west coast eastward to the Central Mountains (Fig. 3c), which was similar to the 264 

real observations (Fig. 3a). However, the simulation showed lower rainfall accumulation 265 

over the northern part of Sri Lanka (Fig. 3c) compared with observations (Fig. 3a). Heavy 266 

rainfall on the west coast and northwest side of the Central Mountains on 16 May was 267 

captured by the model, but overestimation occurred for the middle of the Central 268 

Mountains region. The spatial patterns of the model-derived daily rainfall amounts for 15 269 

and 16 May were closely related to the observations. During 16 May, the system moved 270 

along the east coast of Sri Lanka, and by the end of 17 May the LPS had already passed 271 

the northern territory of Sri Lanka. 272 

A more detailed comparison was conducted with the hourly rainfall variations at the 273 

Colombo weather station (the starred station in Fig. 1a). Colombo and the surrounding 274 

suburban areas experienced record-breaking rainfall, and it was the area worst affected by 275 

the subsequent floods. Figure 4 depicts the hourly development of the observed and 276 

model-simulated rainfall for the Colombo weather station during the period from 0000 277 

Local Standard Time (LST) 15 May to 0800 LST 17 May 2016. This period coincides with 278 

the daily rainfall of 15–16 May (daily rainfall is calculated by Sri Lanka’s Department of 279 

Meteorology from 0830 LST to 0830 LST the following day) and also with the peak period 280 

of the event over this area. Rainfall data from the Colombo station indicated that the 281 

extreme rainfall event started at approximately 0300 LST 15 May and lasted continuously 282 

until the middle of 16 May, exhibiting several peak rainfall spells in between. The model-283 

derived hourly rainfall variation followed the observed trend of the Colombo weather 284 

station. Although the model could not capture the exact magnitude of the initial peak 285 

rainfall spell that occurred early on 15 May, the subsequent rainfall spells of late 15 May 286 

and 16 May were reasonably modeled (Fig. 4). 287 
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To further validate the model, we also computed the following statistical indicators: 288 

coefficient of determination (R-squared), standard error of the regression (S), mean 289 

absolute error (MAE), and mean fractional bias (MFB). All the indices were calculated for 290 

the Colombo weather station in Sri Lanka using the nearest model grid point rainfall and 291 

the hourly rainfall data from ground observations using Eqs. 1–4, respectively. 292 

 293 

 294 

 295 

 296 

 297 

 298 

where SSRegression is the sum squared regression error and SSTotal is the sum squared total 299 

error. Model predictions are Pi (i = 1, 2 . . . n) and observations are Oi (i = 1, 2 . . . n). All 300 

these indices are indicators of the goodness of fit of the model results with the 301 

observations. R-squared is a statistical index used to determine how close the data are to 302 

the fitted regression line. The statistical indicator S is the average distance that the values 303 

fall from the regression line, given in natural units of the variable. The MAE gives the 304 

average of the magnitudes of difference, and MFB indicates both the direction and 305 

probable magnitude of the error. Figure 5 illustrates the scatter plot of hourly rainfall 306 

derived from the model results versus the observed hourly rainfall for the Colombo 307 

weather station. Although the R-squared value for this regression was 0.6, the other 308 
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statistical indices reflect that the model-derived rainfall was reasonably close to the 309 

observations with lower bias. We found it challenging to validate the model results for 310 

some parts of Sri Lanka because of the limited availability of high spatial and temporal 311 

resolution quality–controlled weather data from Sri Lanka. Thus, we only used the 312 

Colombo weather station data for this detailed analysis, because it represented the 313 

primary area affected by this extreme rainfall event. 314 

The model results were validated by comparing the 10 m wind vectors (Figs. 6 a, b, and 315 

f) against those derived from the NCEP-CFSv2 data. Because the LPS was still a 316 

depression and had no clear LPS center when it passed along Sri Lanka, comparing the 317 

exact path of the system was challenging; yet, the model simulations captured the LPS 318 

center and wind field well as it developed. The simulation data indicated the strengthening 319 

of the cyclonic winds at the LPS center (Figs. 6 e and f). Overall, the simulated vortex 320 

managed to maintain an LPS center similar to the NCEP-CFSv2 data. The model also 321 

accurately simulated wind speed which increased from 5 to 20 m s−1 as the LPS 322 

developed. 323 

As evident from the comparison, the analysis of rainfall and the circulation system, and 324 

the supporting satellite images, the simulation reconstructed the circulation and the rainfall 325 

system for this particular extreme event with reasonably accuracy. Thus, the modeling 326 

result can be subjected to further diagnostic analysis.  327 

3.3. Mechanisms responsible for extreme rainfall 328 

a. Moisture transport  329 

The airflow over the west coast of Sri Lanka mainly came from the moisture-rich 330 

westerlies over the Indian Ocean and Arabian Sea. The BoB area also exhibited high 331 

water vapor content. The continuous moisture supplies from each of these areas played a 332 

notable role in the development of the LPS. To analyze the moisture level and distribution, 333 

the water vapor flux (WVF) was calculated using Eq. 5: 334 
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 335 

where q is specific humidity, and  and  are the zonal wind component and meridional 336 

wind component, respectively. The WVF was relatively weak prior to 15 May over the 337 

northwest coast of Sri Lanka, the Palk Strait (the Strait between India and Sri Lanka), and 338 

the east coast of India (Fig. 6a). The highest WVF values for 15 and 16 May (Figs. 6 b–f) 339 

occurred on the west coast and around the center of the LPS when the system passed 340 

along the east coast of the island. In particular, the atmospheric moisture content over the 341 

west coast and surrounding areas of Sri Lanka gradually increased and then leveled off, 342 

as reflected in Figs. 6d–f, because the northerly flow of the LPS and the westerly monsoon 343 

flow interacted with the Central Mountains. Figure 7 illustrates the simulated low-level (925 344 

hPa) wind convergence (negative), divergence (positive), and zonal and meridional 345 

divergent wind vectors that occurred during the study period. The distribution of the low-346 

level convergence zone throughout this period indicated that the heavy rainfall areas (Fig. 347 

3b) were located next to the area of significant convergence (Figs. 7c and 7d). 348 

Concurrently, the model results indicated heavy rainfall occurred over the southwest to 349 

west coasts (Fig. 3e). The low rainfall in the southeast coastal region and at the eastern 350 

slopes of the Central Mountains on 16 May (Fig. 3f) was mainly attributable to the LPS 351 

tracking north (Figs. 6e and 6f); divergence clearly dominated (Figs. 7e and 7f) in this 352 

region. Reduced moisture content was evident near the center of the LPS, and a slowing 353 

of the development of the LPS from 1200 UTC 16 May through 1200 UTC 17 May was 354 

also evident (not illustrated here; see Supplementary Figs.S1 and S2, a-e). These 355 

phenomena were possibly attributable to the blocking of the structure of the LPS by Sri 356 

Lanka’s landmass and discontinued moisture supply from the westerlies. However, after 357 

0600 UTC on the afternoon of 17 May the LPS again intensified and developed into a TC 358 

when moisture support from the BoB resumed and favorable conditions prevailed (not 359 

illustrated here; see Supplementary Figs. S1 and S2, c-f). 360 
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b. Locally enhanced convection and potential instability  361 

Heavy rainfall is usually associated with strong convection. The synoptic environmental 362 

conditions such as the moisture-rich lower atmospheric flow were favorable in generating 363 

convective rainfall in this event. Convective available potential energy (CAPE) is a 364 

measure of the potential updraft strength of thunderstorms and has been used in the 365 

analyses of various weather systems (Bhat et al.,1996; Murugavel et al., 2012). High 366 

CAPE values larger than 2500 J kg-1 are usually associated with severe weather (Storm 367 

Prediction Center, 2017). Figure 8 shows model simulated CAPE and equivalent potential 368 

temperature (EPT) at the lowest model level (～160m above surface). During the rainfall 369 

event, high CAPE values over 3000J kg-1 persisted on the west coast of Sri Lanka and 370 

west coast of southern India (Figs. 8 a-c). On the other hand, the CAPE and EPT over 371 

land were much lower than those over the ocean (Figs. 8b and 8c). The low-level 372 

moistening of the synoptic environment near Sri Lanka’s coastal areas (particularly on the 373 

west coast) increased the EPT of the boundary layer air (Fig.8b). High EPT together with 374 

high WVF facilitated the increase of instability and convective development in this area. 375 

Favorable conditions for the creation of a deep and moist convection include high CAPE 376 

values and a strong ascending air current that can reach the free convection level (Schultz 377 

et al., 2000). Generally, the results also highlight that even with high CAPE values (>2500 378 

J kg−1), the resulting rainfall would not be strong or even occur at all if the available 379 

moisture was low and the vertical motion was weak (as evident on the eastern side of the 380 

island). On the other hand, high CAPE values with a high moisture supply and strong 381 

vertical motion (as evident on the western side of the island) generate strong rainfall. 382 

Similar conditions were seen during typhoon Morakot in Taiwan (Lin et al., 2011).  383 

The strong upward motion and deep convection were further examined by the cross-384 

section plot of EPT and vertical velocity (Figs. 9a–d). Steep vertical gradients in the EPT 385 

cross-section to the west of the heavy rainfall area on the west coast of Sri Lanka 386 
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suggested that low-level moist air flows with an EPT greater than 350 K were the main 387 

energy source driving the weather system (Figs. 9a–c). These relatively high EPT (EPT 388 

ridges) in the low-level are often the burst points of thermodynamically induced events like 389 

this (Figs. 9a–d). Lifting of moisture rich air parcel from its original pressure level to the 390 

upper levels of the troposphere will release the more latent heat of condensation in that 391 

parcel. This also could be confirmed with the follow up heavy radar reflectivity in these 392 

areas (Figs. 9f-h). At 0600 UTC 15 May, dry air with EPT values less than 351 K was 393 

prevalent in the middle levels over Sri Lanka (Fig. 9a).  Relatively low echo top height at 394 

this time (Fig. 9e) suggests that the vertical development of convection was firstly 395 

suppressed by the dry air capping. Later, this resulted in explosive deep convection and 396 

strong upward motion (Fig. 9d). The simulated radar reflectivity can also be used as a 397 

proxy to indicate the deep cloud convection and rainfall in the area. Figures 9e–h illustrate 398 

the cross-sections of the radar reflectivity that can be used to identify the vertical 399 

distribution of convective cores. The strongest upward motions were associated with the 400 

largest reflectivity up to 60 dBZ. The overall effect during the period resulted in a strong 401 

uplift of moisture, leading to a heavy rainfall event in the area.  402 

c. Role of topography 403 

The dynamical forcing of the local topography was also a critical aspect of this event. To 404 

further examine the effects of topography on precipitation, sensitivity studies with the 405 

terrain height changed to zero (case Topo-Z), a quarter (case Topo-Q), and half (case 406 

Topo-H) of the control run were conducted. Figures 10 a–c show the differences between 407 

the sensitivity cases (Topo-Z, Topo-Q, and Topo-H) and the control run for the 48-h 408 

accumulated rainfall (15–16 May) over Sri Lanka. To further analyze the difference, two 409 

rectangular areas over the western part of the island were selected. Rectangle A in Figs. 410 

10a–c is the Colombo metropolitan region, which represents the area in which the most 411 

flooding over the coastal and plain areas occurred, as indicated in Fig. 1a. Rectangle B in 412 
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Figs. 10a–c is the western slope of the Central Mountains where another heavy 413 

accumulation of rainfall was observed, as displayed in Fig. 1a. The differences of rainfall 414 

amounts over rectangle A indicate that coastal precipitation is enhanced as the 415 

topographic height is reduced. The difference in 48-h accumulated rainfall between case 416 

Topo-Z and the control could be as high as 400 mm (Fig. 10a). The northeasterly airflow 417 

associated with the LPS easily penetrated the island in case Topo-Z because of the 418 

absence of the mountains’ blocking effect, and then the flow interacted with the westerly 419 

monsoon flow over the western coastal area. However, the different rainfall amounts over 420 

rectangle B indicate that the precipitation amount is reduced as the topographic height is 421 

reduced (Figs.10a–c) because the effect of mountain lifting on the westerly airflow is 422 

reduced. The 48-h accumulated rainfall over rectangle B in Topo-Z was approximately 400 423 

mm less than that in the control run. Figure 11 depicts the percentage changes of 424 

accumulated total rainfall in both rectangles. Over the Colombo municipal region 425 

(rectangle A), both the maximum and average accumulated rainfall increased as the 426 

topographic height was reduced. In the Topo-Z case, the maximum and average 427 

accumulated rainfall over rectangle A increased by 60% and 13% relative to the control, 428 

respectively. However, over the western mountain slope area (rectangle B), the maximum 429 

and area-average accumulated rainfall decreased as the topographic height was reduced 430 

(Fig.11a–b). In case Topo-Z, the maximum and average accumulated rainfall decreased 431 

by 33% and 17% relative to the control, respectively. These results over rectangle B 432 

demonstrated that the mountains again critically affected air mass lifting and then 433 

enhanced the upward motion over the western slope area.  434 

The detailed mechanism of this event is summarized and illustrated in Fig. 12. 435 

According to the results, we suggest that the interaction of westerlies with the land mass 436 

and the northward-propagating LPS modified the low-level moisture convergence structure. 437 

This low-level convergence zone was sustained for a relatively long period of 438 
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approximately 20 h, with a constant moisture supply. This persistent low-level 439 

convergence enabled a deep convection to occur, which was supported by a continuous 440 

moisture supply in this area. This was the primary mechanism that caused the enhanced 441 

rainfall over the western coastal belt. The Central Mountains blocked the northeasterly 442 

flow of the LPS, whereas the western slopes of the mountains uplift the westerly monsoon. 443 

Consequently, the rainfall was particularly enhanced over the western slopes of the 444 

Central Mountains of the island.   445 

 446 

4. Summary and conclusion 447 

This study numerically simulated and examined the mechanism behind the heavy 448 

rainfall event that occurred in Sri Lanka from 14–17 May 2016. The WRF was used to 449 

simulate the event and the physical conditions that led to it, and the model performance 450 

was also assessed. The extreme rainfall was examined based on the analysis of NCEP-451 

CFSv2 data, satellite imagery, ground weather station data, and model simulation results. 452 

A single domain with a fixed horizontal resolution of 3 km was used with the best-selected 453 

model configuration in the simulations for detailed analysis of the event. 454 

Model simulation captured the synoptic-scale features of atmospheric circulation 455 

involved in the heavy rainfall event. The model results satisfactorily estimated the path of 456 

the LPS and its timing, and captured the overall rainfall trend of the heavy rainfall event 457 

over Sri Lanka. However, some spatial and temporal deviations with respect to the total 458 

rainfall were apparent at certain locations. Overall, the continuous low-level moisture 459 

supplies from the BoB and from the Arabian Sea/Indian Ocean, the sustaining low-level 460 

convergence zone that resulted from the interaction of the LPS and the westerlies, and the 461 

locally enhanced deep convection together with strong vertical motion appeared to be the 462 

prominent features of this event that resulted in the unprecedented heavy rainfall. 463 

Sensitivity studies indicated that rainfall over the western slope area of the mountains was 464 
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enhanced by mountain lifting, whereas western coastal rainfall was reduced because the 465 

mountains blocked the northeasterly flow of the LPS. The results indicated that the 466 

observed extreme rainfall event over the western part of the island was the result of 467 

interactions among the following phenomena: 1). the LPS in the BoB, 2). moisture-rich 468 

westerlies from the Indian Ocean and the Arabian Sea, 3) persistent low-level 469 

convergence and 4). the orographic effect from the Central Mountains of Sri Lanka. 470 

The findings of this study verified the usefulness of numerical mesoscale models such 471 

as the WRF for predicting and studying the dynamics of extreme events such as the heavy 472 

rainfall event in May 2016 over Sri Lanka. The WRF model demonstrated satisfactory 473 

ability for predicting the major features of this extreme event. Longer lead time warnings 474 

for extreme rainfall and flood events through the use of a single unified modeling system 475 

such as the WRF model could have considerable value in disaster preparedness and 476 

management in Sri Lanka. 477 

Supplement 478 

 The supplementary material contains figure S1 and S2 which present the model 479 

simulated water vapor fluxes and wind convergence/divergence areas at 925 hPa during 480 

16-17 May 2016. The purpose of these plots is to provide supporting information for the 481 

detail processes of the water vapor flux and the locations of convergence/divergence 482 

areas in Figs. 6 and 7. 483 
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 650 

List of Figures 651 

Fig. 1: (a) Accumulated rainfall distribution of the event from 15–16 May 2016, observed by 652 

Department of Meteorology weather stations. (Elevation is shaded with 250m contours, showing 653 

areas above 250m of the central mountains) (b) Distribution map of the number of people affected 654 

by the floods and landslides due to the extreme event from 14–20 May 2016 (Source: DMC 655 

(2016)). (c) Map of the study domain with topography. Shaded point circle refers to the location of 656 

Colombo weather station (6.90oN; 79.87oE) in the western coast of Sri Lanka. A-B transect used in 657 

vertical cross sections. 658 

 659 

Fig. 2: The Sea level pressure (hPa) (in blue colored contours in 2 hPa interval), Surface winds (10m) 660 

(m s-1) (in vector arrows colored based on magnitude) and 500 hPa level geopotential height (in 661 

green colored contours in 10m interval in the range of 5700 – 6000m) from 6-hourly National 662 

Centers for Environmental Prediction Climate Forecast System version 2 (NCEP-CFSv2) data 663 

valid at (a) 0600 UTC 14 May (b) 0600 UTC 15 May and (c) 0600 UTC 16 May 2016. Meteosat-7 664 

VISSR (visible and infrared spin-scan radiometer) Indian Ocean data coverage thermal infrared 665 

cloud imageries (Dundee 2016) 2(d, e, f) valid at corresponding time as in 2(a, b, c). 666 

 667 

Fig. 3: Accumulation daily rainfall for 15 and 16 May 2016 (a-b) observed by the Department of 668 

Meteorology, and corresponding accumulated rainfall from the model simulation (c-d). Pointed 669 

locations correspond to the stations with maximum daily rainfall amount. Elevation shows above 670 

250m of mean sea level only. 671 
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 672 

Fig. 4: Time series of observed (red line), and model simulated (blue line) rainfall at Colombo weather 673 

station (6.90oN; 79.87oE) from 0000 LST 15 May to 0000 LST 17 May 2016.  674 

 675 

Fig. 5:  Scatter plot of hourly rainfall derived from the model results verses the observed hourly rainfall 676 

for Colombo weather station location from 0000 LST 15 May to 0000 LST 17 May 2016. 677 

 678 

Fig. 6: Model simulated water vapor fluxes at 925hPa and 10m wind vectors at (a) 1200 UTC 14 May, 679 

(b) 0600 UTC, (c) 1200 UTC, (d) 1500 UTC 15 May and (e) 0000 UTC, (f) 0600 UTC 16 May 2016. 680 

Elevation shows above 250m of mean sea level only (shaded/line terrain contour interval 250m). 681 

 682 

Fig. 7: Model simulated Low level (925 hPa) wind convergence (negative), divergence (positive) and 683 

zonal and meridional divergent wind vectors at (a) 1200 UTC 14 May, (b) 0600 UTC, (c) 1200 684 

UTC, (d) 1500 UTC 15 May and (e) 0000 UTC, (f) 0600 UTC 16 May 2016. Elevation shows above 685 

250m of mean sea level only (terrain contour (line) interval 250m). 686 

Fig. 8: Model simulated convective available potential energy (CAPE) (colored) (units: J Kg-1) and 687 

equivalent potential temperature (contours at an interval of 4 K) at lowest model level (~160m 688 

above surface) valid at (a) 1200 UTC 14 May, (b) 1800 UTC 14 May, and (c) 0000 UTC 15 May 689 

2016. Blank areas denote areas with CAPE below 500 J Kg-1. 690 

 691 

Fig. 9: Model simulated equivalent potential temperature (in line contours at an interval of 3 K), 692 

vertical velocity (shaded contours) in vertical cross section of the A-B transect (given in Fig. 1c) 693 

valid at (a) 0600 UTC, (b) 1200 UTC, (c) 1500 UTC and (d) 2100 UTC 15 May 2016. Simulated 694 

Radar reflectivity and wind vectors (e-h) in corresponding times respectively as in Fig.9 (a, b, c, d). 695 

 696 

Fig. 10: The 48h (15-16 May, 2016) accumulated rainfall difference between the sensitivity cases and 697 

control run.   (a) Topo-Z (No Topography), (b) Topo-Q (topographic height 25% of the control run), 698 

(c) Topo-H (topographic height 50% of the control run). Elevation shows above 250m of mean sea 699 

level only (terrain contour interval in 100m) for the respective cases.   700 

 701 

Fig. 11: Percentage change (%) of 48h (15-16 May, 2016) accumulated total rainfall (average / 702 

maximum) for cases Topo-Z (No Topography), Topo-Q (topographic height 25% of the control run) 703 

and Topo-H (topographic height 50% of the control run) cases with respect to the control 704 

simulation for (a) Colombo municipal region (rectangle A in Fig. 10) and (b) western slope of the 705 

central mountains (rectangle B in Fig. 10) 706 

 707 
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Fig. 12: Schematic presentation of the possible mechanism for the observed extreme rainfall in the 708 

western coast of Sri Lanka, showing interactions of westerlies and LPS, and effects of central 709 

mountains of Sri Lanka. Terrain height contours are drawn every 250 m. Vectors and shading 710 

denote the 10 m wind vectors and hourly accumulated rainfall (mm) at 2200 UTC 15 May 2016, 711 

respectively. 712 
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Fig. 1: (a) Accumulated rainfall distribution of the event from 15–16 May 2016, observed by 771 

Department of Meteorology weather stations. (Elevation is shaded with 250m contours, showing 772 

areas above 250m of the central mountains) (b) Distribution map of the number of people affected 773 

by the floods and landslides due to the extreme event from 14–20 May 2016 (Source: DMC 774 

(2016)). (c) Map of the study domain with topography. Shaded point circle refers to the location of 775 

Colombo weather station (6.90oN; 79.87oE) in the western coast of Sri Lanka. A-B transect used in 776 

vertical cross sections.  777 
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Fig. 2: The Sea level pressure (hPa) (in blue colored contours in 2 hPa interval), Surface winds (10m) 778 

(m s-1) (in vector arrows colored based on magnitude) and 500 hPa level geopotential height (in 779 

green colored contours in 10m interval in the range of 5700 – 6000m) from 6-hourly National 780 

Centers for Environmental Prediction Climate Forecast System version 2 (NCEP-CFSv2) data 781 

valid at (a) 0600 UTC 14 May (b) 0600 UTC 15 May and (c) 0600 UTC 16 May 2016. Meteosat-7 782 

VISSR (visible and infrared spin-scan radiometer) Indian Ocean data coverage thermal infrared 783 

cloud imageries (Dundee 2016) 2(d, e, f) valid at corresponding time as in 2(a, b, c). 784 

(a) (d) 
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Fig. 3: Accumulation daily rainfall for 15 and 16 May 2016 (a-b) observed by the Department of 815 

Meteorology, and corresponding accumulated rainfall from the model simulation (c-d). Pointed 816 

locations correspond to the stations with maximum daily rainfall amount. Elevation shows above 817 

250m of mean sea level only. 818 

 819 

 820 

 821 

 822 

(a)                                                  (b)                                           

              (c)                                                   (d)                                 



33 
 

 823 

 824 

Fig. 4: Time series of observed (red line), and model simulated (blue line) rainfall at Colombo weather 825 

station (6.90oN; 79.87oE) from 0000 LST 15 May to 0000 LST 17 May 2016.  826 

 827 

 828 

 829 

Fig. 5:  Scatter plot of hourly rainfall derived from the model results verses the observed hourly rainfall 830 

for Colombo weather station location from 0000 LST 15 May to 0000 LST 17 May 2016. 831 

 832 

 833 

 834 
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 835 

Fig. 6: Model simulated water vapor fluxes at 925hPa and 10m wind vectors at (a) 1200 UTC 14 May, 836 

(b) 0600 UTC, (c) 1200 UTC, (d) 1500 UTC 15 May and (e) 0000 UTC, (f) 0600 UTC 16 May 2016. 837 

Elevation shows above 250m of mean sea level only (shaded/line terrain contour interval 250m). 838 
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 841 

Fig. 7: Model simulated Low level (925 hPa) wind convergence (negative), divergence (positive) and 842 

zonal and meridional divergent wind vectors at (a) 1200 UTC 14 May, (b) 0600 UTC, (c) 1200 843 

UTC, (d) 1500 UTC 15 May and (e) 0000 UTC, (f) 0600 UTC 16 May 2016. Elevation shows above 844 

250m of mean sea level only (terrain contour (line) interval 250m). 845 
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Fig. 8: Model simulated convective available potential energy (CAPE) (colored) (units: J Kg-1) and 878 

equivalent potential temperature (contours at an interval of 4 K) at lowest model level (~160m 879 

above surface) valid at (a) 1200 UTC 14 May, (b) 1800 UTC 14 May, and (c) 0000 UTC 15 May 880 

2016. Blank areas denote areas with CAPE below 500 J Kg-1. 881 
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Fig. 9: Model simulated equivalent potential temperature (in line contours at an interval of 3 K), 918 

vertical velocity (shaded contours) in vertical cross section of the A-B transect (given in Fig. 1c) 919 

valid at (a) 0600 UTC, (b) 1200 UTC, (c) 1500 UTC and (d) 2100 UTC 15 May 2016. Simulated 920 

Radar reflectivity and wind vectors (e-h) in corresponding times respectively as in Fig.9 (a, b, c, d). 921 
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 933 

 934 

Fig. 10: The 48h (15-16 May, 2016) accumulated rainfall difference between the sensitivity cases and 935 

control run.   (a) Topo-Z (No Topography), (b) Topo-Q (topographic height 25% of the control run), 936 

(c) Topo-H (topographic height 50% of the control run). Elevation shows above 250m of mean sea 937 

level only (terrain contour interval in 100m) for the respective cases.   938 
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Fig. 11: Percentage change (%) of 48h (15-16 May, 2016) accumulated total rainfall (average / 944 

maximum) for cases Topo-Z (No Topography), Topo-Q (topographic height 25% of the control run) 945 

and Topo-H (topographic height 50% of the control run) cases with respect to the control 946 

simulation for (a) Colombo municipal region (rectangle A in Fig. 10) and (b) western slope of the 947 

central mountains (rectangle B in Fig. 10) 948 
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Fig. 12: Schematic presentation of the possible mechanism for the observed extreme rainfall in the 978 

western coast of Sri Lanka, showing interactions of westerlies and LPS, and effects of central 979 

mountains of Sri Lanka. Terrain height contours are drawn every 250 m. Vectors and shading 980 

denote the 10 m wind vectors and hourly accumulated rainfall (mm) at 2200 UTC 15 May 2016, 981 

respectively. 982 
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Table 1:  Overview of the configurations of physics and dynamics used in the WRF 

model 

Model features  Configurations  

Dynamics Non-hydrostatic 

Model domain 1 (3°18' N - 14°12' N, 74°14' E - 88°9' E) 

Center of the domain 8.8 ⁰N, 81.2 ⁰E  

Horizontal grid 500 X 400 (zonal and meridional respectively) 

Horizontal grid distance 3 km 

Map projection Mercator 

Horizontal grid system Arakawa C-grid 

Vertical coordinates / levels 
Terrain-following hydrostatic pressure vertical 

coordinate with 45 vertical levels  

Model top 50hPa 

Four-dimensional data 

assimilation (FDDA) 
Yes (Gird nudging) 

Feedback No 

Microphysics Lin et al. scheme (Lin et al., 1983) 

Longwave Radiation scheme 
Rapid Radiative Transfer Model (RRTM) scheme 

(Mlawer et al., 1997) 

Shortwave Radiation scheme Dudhia scheme (Dudhia 1989) 

Surface layer 

parameterization 

Monin–Obukhov surface layer scheme (Beljaars 

1995) 

Planetary boundary layer 

(PBL) 
Yonsei University (YSU) scheme (Hong et al., 2006) 

Cumulus scheme (CPS) Kain-Fritsch (new Eta) scheme (Kain 2004) 

Land surface processes 
Unified Noah land surface model (Tewari et al., 

2004) 
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 1019 
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 1021 
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 1026 

Table 2: R-squared value, Standard error of the regression, Mean Absolute 

Error and Mean Fractional Bias for the hourly rainfall of Colombo weather 

station from 0000 LST 15 May - 0000 LST 17 May, 2016. 

Index Abbreviation Value 

Coefficient of determination (R-squared)  R2 0.7 

Standard error of the regression (mm) S 5.6 

Mean Absolute Error (mm) MAE 1.7 

Mean Fractional Bias (%) MFB 0.4 

 1027 




