
1 

The Role of Local Topography and Sea Surface Temperature on Summer 1 

Monsoon Precipitation over Bangladesh and North-East India 2 

3 

Abdullah A. Fahad*1,5, Bohar Singh2, Mostofa Kamal3,5, Tanvir Ahmed4,5, MD. Minhazul 4 

Kibria5, Nazimur Rashid Chowdhury5 5 

6 
1Global Modeling and Assimilation Office, NASA GSFC, Greenbelt, MD, USA 7 

2International Research Institute for Climate and Society, Columbia University, NY, USA8 
3School of Environment and Sustainability, GIWS, University of Saskatchewan, Saskatchewan, Canada 9 

4School of Earth and Environmental Sciences, Seoul National University, Seoul, South Korea 10 
5Department of Physics, Shahjalal University of Science & Technology, Sylhet, Bangladesh 11 

12 

Keywords: Asian monsoon, Rainfall, Topography, Bangladesh, Bay of Bengal, Moisture flux 13 

14 

15 

16 

* Corresponding Author: Abdullah A. Fahad, NASA Goddard Space Flight Center. Email:17 

a.fahad@nasa.gov, Address: 8800 Greenbelt Rd, Greenbelt, MD 20771.18 

19 

20 
21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 



2 

 

 33 

 34 

 35 

 36 

Abstract 37 

 38 

Bangladesh receives most of its precipitation from June to September in the form of rainfall as a 39 

part of the Asian summer monsoon system. Bangladesh is a relatively flat region, surrounded by 40 

the southern Himalayas and Meghalaya Plateau in the north, Arakan Mountains in the east, and 41 

the Bay of Bengal (BOB) in the south. Although several studies have investigated the mechanisms 42 

that drive the Asian monsoon precipitation, very few studies have focused on the monsoon 43 

precipitation in Bangladesh. This study investigated the influence of the topography of the 44 

surrounding regions and sea surface temperature on the summer monsoon precipitation of 45 

Bangladesh and the surrounding regions. Using observed data, we showed that moisture 46 

convergence near the mountains contributes to the precipitation of Bangladesh, whereas the BOB 47 

acts as a source of moisture. A strong low-level jet carries the moisture inland as the land–sea 48 

thermal contrast intensifies the wind circulation during the summer. Three differently forced 49 

simulations of the Euro-Mediterranean Centre on Climate Change coupled climate model (CMCC 50 

CM2) were analysed to investigate the influence of the surrounding region's topography and sea 51 

surface temperature on the summer monsoon precipitation. The low-resolution simulation showed 52 

no spatial variability of precipitation and dry bias due to the overly smooth topographical 53 

representation of mountains. The high-resolution coupled simulation, with a better representation 54 

of topography, improved the moisture convergence at the foothills and precipitation bias. The high-55 

resolution prescribed sea surface temperature further improved the precipitation bias by 56 

intensifying the low-level jet that transports moisture over Bangladesh. 57 

 58 

1. Introduction 59 

 60 

As part of the South Asian Monsoon system, Bangladesh receives 70-75% of its annual 61 

precipitation as rainfall from June to September months (June-July-August-September or JJAS) 62 

(Ahmed 1993; Ahmed et al. 2020) (Fig. 1). Bangladesh is a flat region occupied by the Ganges-63 
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Brahmaputra-Meghna delta and surrounded by the Arakan Mountains in the east, Meghalaya 64 

Plateau in the northeast, and southern foothills of the Himalayas in the north (Fig. 2a). Realistic 65 

simulation of Bangladesh's seasonal mean monsoon (June-September) has proven to be a 66 

challenging task for state-of-the-art climate models due to many factors, including the surrounding 67 

complex topography, large sea surface temperature (SST) variability in the BOB, and 68 

representation of the convection in the state-of-the-art climate models (Lucas-Picher et al. 2011; 69 

Xie et al. 2006). The northeast region of Bangladesh (i.e., the Sylhet division) and its surrounding 70 

regions (Cherrapunjee, Mawsynram, and Meghalaya Plateau of India) is the wettest region on earth 71 

(Murata et al. 2017). The zonal distribution of observed precipitation also shows that Bangladesh's 72 

southeastern and northwestern regions receive the most precipitation during the summer monsoon 73 

(Fig. 1c). The latest General Circulation Models (GCM)s still have significant precipitation biases 74 

over these regions, mainly in low-resolution climate models (Oouchi et al., 2009; Cherchi and 75 

Navara, 2007). A low vertical and horizontal resolution in simulations do not adequately represent 76 

the actual complex variations in the topography of the earth's surface. In the atmosphere, moist air 77 

needs to reach the cloud condensation level to form precipitation. Uplift is a forcing mechanism 78 

that can transport boundary layer moisture to the cloud condensation level in the atmosphere. The 79 

natural lifting mechanisms include differential surface heating and air mass boundaries (fronts and 80 

dry lines), whereas the mechanical lifting mechanism includes steep topography such as 81 

mountains. Due to coarse spatial resolution, most GCMs cannot represent correct orographic 82 

lifting, resulting in an erroneous precipitation simulation.  83 

The role of topography in modulating the South Asian monsoon has been studied widely (Hahn 84 

and Manabe 1975; Chakraborty et al. 2006; Gill 1980; Yanai and  Li 1994; Kitoh 2002; Privé and 85 

Plumb 2007a, b; Goswami 2010; Prokop and Walanus 2015). Hahn and Manabe (1975) 86 

investigated the role of mountains in South Asian monsoon circulation. They used a numerical 87 

climate model with 11 vertical levels, 270 km horizontal resolution, and prescribed SST to explore 88 

the contribution of local mountains to the global atmospheric circulation pattern. Two sets of 89 

experiments were done in their study to compare with the observations: (1) South Asian monsoon 90 

simulation with Asian mountains present, and (2) without Asian mountains in the climate model. 91 

Results showed that the South Asian summer monsoon was well simulated with mountains present 92 

in the climate model compared to the numerical experiment with no mountains. The low-level 93 
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circulation (1000hPa geopotential height) showed a strong low-pressure circulation near the 94 

Tibetian Plateau with mountains present. In contrast, there was no clear pattern of the low-pressure 95 

system over South Asia without mountains in the Hahn and Manabe (1975) experiments. However, 96 

these experiments were done in a GCM with a low horizontal and vertical resolution. The 97 

surrounding topography of Bangladesh (e.g., Meghalaya Plateau and Arakan mountains), or 98 

elsewhere, was unaccounted for even in the experiments with mountains. As a result, no intense 99 

precipitation was generated over Bangladesh and its surrounding regions (e.g., Meghalaya Plateau) 100 

during the summer monsoon, where observed data shows a high intensity of summer monsoon 101 

precipitation.  102 

 103 

Investigating the role of the Tibetan Plateau on local precipitation, Boos and Kuang (2010) found 104 

that diabatic heating over the Tibetan  Plateau intensifies the precipitation near the southern edge 105 

of the Himalaya range. The Himalayan range supports a strong monsoon circulation by preventing 106 

the mixing of dry extratropical air into the warm and moist air over continental India. Later, Boos 107 

and Hurley (2013) showed that the Coupled Model Intercomparison Project Phase (CMIP) 3 and 108 

5 models exhibit common biases in thermal structure over South Asia during the Boreal summer 109 

monsoon season due to an overly smooth topographic representation in the climate models. 110 

Recently, Acosta and Huber (2020) showed that high-resolution climate models accurately 111 

represent the topographic and atmospheric dynamics interactions. The Himalayas and the Tibetan 112 

Plateau play an important role in redirecting moisture convergence to produce local orographic 113 

precipitation, while the SST gradient mainly govern large-scale circulations, advecting water vapor 114 

onshore regardless of the topographical feature. Focusing on the northeastern region of the 115 

Himalayas, Gu et al. (2020) further confirmed that a high-resolution Regional Climate Model 116 

(RCM) simulation significantly decreases precipitation bias over the Brahmaputra River basin. 117 

The convective system is a crucial mechanism that contributes to the monsoon precipitation in a 118 

region like Bangladesh and its surrounding regions by interacting with the local topography 119 

(Romatschke et al. 2010; Goswami et al. 2010; Medina et al. 2010). Convective cells associated 120 

with the BOB depression evolve into mesoscale convective systems near the eastern Himalayas to 121 

be lifted by the local topography triggering precipitation (Medina et al. 2010). Using the Weather 122 

Research and Forecasting (WRF) model, Konduru & Takahashi (2020) showed that the diurnal 123 

cycle and precipitation variation over the Indian monsoon region significantly depends on the 124 
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horizontal resolution of simulation compared to the convection scheme used in the model. Besides 125 

the representation of orography, slowly varying local and remote SST patterns are also crucial for 126 

a realistic representation of monsoons in GCM's (Shukla, 1981). 127 

 128 

Several studies have shown that the North Indian Ocean (the Arabian Sea and the BOB), Atlantic, 129 

and Pacific Ocean SST play a role in modulating Indian summer monsoon precipitation variability 130 

(Breitenbach et al. 2010; Kumar et al. 2013; Preethi et al., 2010; Roxy 2014; Cherchi et al., 2018; 131 

Ratna et al., 2016; Feng et al., 2018; Singh et al., 2019). Rao and Goswami (1988) found that the 132 

correlation between monsoon precipitation and SST is not static rather it varies throughout the 133 

season. They also noticed a strong positive correlation during pre-monsoon, a significantly 134 

negative correlation during post-monsoon, and a small correlation during peak monsoon. Goswami 135 

et al. (2016) found that the ocean components of most current coupled models fail to reproduce 136 

the BOB's upper ocean thermal structure because of a poor representation of mixing between 137 

highly fresh and stratified regions. High-resolution and high-frequency observations are required 138 

to understand the interaction between Indian Ocean dynamics and Indian summer monsoon 139 

precipitation (George et al., 2016; Goswami et al., 2016). Roxy (2014) found a statistically 140 

significant relationship between SST and a linear increase in precipitation up to 31 oC for the Asian 141 

summer monsoon. The study quantified a ~2 mm/day increase in rainfall for a 1 oC increase in 142 

SST. Kumar et al. (2013) found that different reanalysis data show a varying degree of strength in 143 

the SST-precipitation relationship. The influence of SSTs on the precipitation of Bangladesh and 144 

its surrounding regions is also documented in several studies (Salahuddin et al., 2006; 145 

Wahiduzzaman et al., 2021). Alapaty et al. (1995) found that Indian Summer Monsoon 146 

precipitation is sensitive to the SST distribution of the BOB. Their study found that there is 147 

approximately a 20% increase in the evaporation and a 10% increase in the precipitation with the 148 

observed SST compared to the model's SST. The authors also noticed a one to two-degree increase 149 

in the SST over some parts of the BOB and the Arabian Sea, leading to a pressure drop of 2 to 3 150 

hPa and increased wind speed. Yang et al. (2017) show that an atmospheric river connected to the 151 

BOB leads to extreme precipitation over northern India during the summer monsoon season. 152 

 153 

Krishnamurthy and Goswami (1999) found a strong relationship between the interdecadal 154 

variability of the Indian summer monsoon precipitation and interdecadal variations of multiple 155 
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ENSO indices. In an interannual timescale, Chowdhury (2003) showed that seasonal flooding over 156 

Bangladesh is significantly related to the Southern Oscillation Index (SOI) instead of El-Nino 157 

Southern Oscillation (ENSO). Chowdhury (2003) found that a positive phase of the SOI leads to 158 

dry conditions over Bangladesh, whereas the negative phase is linked with wet conditions over 159 

Bangladesh. Ahmed et al. (2017) investigated long-term precipitation trends over Bangladesh 160 

during the summer monsoon season and analyzed the relationship between precipitation over 161 

Bangladesh and SST modes of variability, such as Indian Ocean Dipole (IOD) and ENSO, and 162 

noticed that a positive phase of IOD has a significant relationship with the summer monsoon 163 

precipitation of Bangladesh.  Mishra et al. (2017) found a linkage between phases of the Madden–164 

Julian Oscillation (MJO) and precipitation over the Meghalaya plateau. Phase 1 and 2 of the MJO 165 

circulation creates a strong moisture convergence near the Meghalaya plateau, leading to 166 

intensified precipitation over northeast India and the northern Bangladesh region during the 167 

summer monsoon. Several studies have also reported that changes in soil moisture contribute to 168 

the pre-monsoon and monsoon precipitation variation over Bangladesh (Ono & Takahashi, 2016; 169 

Sugimoto & Takahashi, 2017) 170 

 171 

Several studies have investigated precipitation variability over Bangladesh using Regional Climate 172 

Models (RCMs).  RCMs have relatively higher resolution compared to GCMs. However, RCMs 173 

lack two-way interactions with the large-scale circulation, in contrast to GCMs. This property of 174 

RCMs can lead to model biases in the local atmospheric circulation and precipitation. Using large 175 

ensembles of RCM simulations, Picher et al. (2011), Nowreen et al. (2015), and Rimi et al. (2019) 176 

showed that there are significant dry biases present all over Bangladesh with maximum bias over 177 

the north-east and southeast regions. A study conducted by Islam et al. (2008) found that an RCM 178 

overestimates precipitation in the pre-monsoon and winter seasons. In contrast, it underestimates 179 

the precipitation in the monsoon season using the Providing Regional Climates for Impacts Studies 180 

(PRECIS) model. After analyzing the results of RCMs, Feng and Fu (2006) concluded that RCMs 181 

improve the simulation of the spatial pattern of precipitation but not the intensity. Since RCMs use 182 

initial and lateral boundary conditions from a GCM, a significant part of the uncertainty of the 183 

RCM-simulated precipitation can be traced back to input from the GCM (Syed et al., 2014). 184 

Therefore, proper representation of topographic features and reliable GCM boundary conditions 185 

for RCMs can help in simulating the long-term precipitation climatology over this region.   186 
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 187 

Although several studies have shown how precipitation during the summer monsoon is a unique 188 

feature over Bangladesh and its surrounding regions, very few studies have focused on the physical 189 

mechanisms that drive the climatological summer monsoon precipitation over Bangladesh and its 190 

surrounding regions (Rafiuddin et al. 2010; Abdullah et al. 2020). Most studies have focused on 191 

extreme precipitation events on short timescales that don't necessarily determine the seasonal mean 192 

precipitation of the region. Studies that explore the influence of local topography on local 193 

precipitation lack attention to the northeastern and southern parts of Bangladesh and focus broadly 194 

on the Indian summer monsoon. Within the common framework of forcing RCMs with GCM 195 

boundary conditions, it is crucial to understand what generates precipitation variability over 196 

Bangladesh in the first place.  197 

 198 

The objective of the study is to understand the role of the topography and SST in summer monsoon 199 

precipitation over Bangladesh and its surrounding regions in hierarchical climate model 200 

simulations from CMIP6 experiments. The organization of this paper is structured as follows: 201 

section (2) describes the various datasets and their evaluation methodologies, section (3) presents 202 

results, and section (4) provides a detailed discussion of the findings of the study and compares 203 

them to other published studies. Finally, section (5) summarizes the key findings of this study. 204 

 205 

2. Data and Methodology 206 

 207 

We analyzed various observational and numerical model simulated datasets, including observed 208 

gridded precipitation, topographic distribution, and various GCM datasets under the CMIP6 209 

project. This study examined 34 years of common data for calculating model biases, and the 210 

observed data were interpolated to the model's resolution to find model biases.  211 

 212 

To explore the characteristics of the summer monsoon precipitation over Bangladesh, we used the 213 

Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) observed high 214 

resolution gridded dataset version 2 (Funk et al. 2015, Montes et al. 2021). CHIRPS uses 0.05° 215 

resolution satellite imagery and in-situ station data to create gridded precipitation time series 216 

spanning 50o South to 50o North, and data from 1981 to the near present. To test our hypothesis 217 
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about the precipitation mechanism, we used observed SST data HadISST (Rayner et al., 2003). 218 

For the zonal wind U, meridional wind V, and specific humidity q, the reanalysis dataset ERA5 is 219 

used in this study (Hersbach et al. 2020). The observed surface height of the topography of 220 

Bangladesh and its surrounding regions was collected from Global Multi-resolution Terrain 221 

Elevation Data (GMTED2010) to make a comparison with the model’s topography (Fig. 2a) 222 

(Danielson, J.J., Gesch 2011). The resolution of the surface height topography data is 223 

0.008ox0.008o. 224 

 225 

To further investigate the contribution of local topography and SST, we used present-day climate 226 

simulation of GCM CMCC CM2 (Cherchi et al. 2019), which participates in the CMIP6 project 227 

(Eyring et al. 2016). The CMCC CM2 is a global coupled model primarily based on the 228 

Community Earth System Model (CESM) project (http://www.cesm.ucar.edu), and is developed 229 

and maintained by the Euro‐Mediterranean Centre on Climate Change (CMCC) to understand 230 

global climate variability and climate change. 231 

 232 

To quantify the influence of local topography versus SST we used three model simulations of 233 

CMCC CM2 from CMIP6 project: (1) a coupled simulation with low resolution (Lowres) 234 

atmosphere (1ox1o) and high-resolution ocean (0.25ox0.25o), (2) a coupled simulation with high-235 

resolution (Highres) atmosphere (0.25ox0.25o) and high-resolution ocean (0.25ox0.25o), and (3) a 236 

AGCM simulation with high-resolution (Highres SST) atmosphere (0.25ox0.25o) and prescribed 237 

observed SST (HadISST 0.25ox0.25o). The Lowres simulation was taken from the CMIP6 238 

Historical run, the Highres simulation was taken from the CMIP6-HighresMIP Hist-1950 run, and 239 

the Highres SST simulation was taken from the CMIP6-HighresMIP highresSST-present run. 240 

Compared to the Lowres simulation, the HighresMIP model simulations (Highres and Highres 241 

SST) have a higher resolution of topographical features (Haarsma et al., 2016). The Lowres 242 

coupled run uses the Community Atmospheric Model 4 as the atmospheric model with 30 vertical 243 

levels and the NEMO3.6 as the ocean model. The Highres coupled run uses a similar configuration, 244 

except the atmospheric model is in a higher resolution with a better-resolved topography. The 245 

Highres SST is an AGCM run where the ocean is prescribed SST from observed HadISST data 246 

with a high-resolution atmospheric model. All three simulations use the same aerosol, land surface, 247 

and ocean bio-geochemistry model.  248 
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 249 

Gao et al. (2012) investigated the sensitivity of moisture flux convergence to the choice of model 250 

grid resolution and found that a high-resolution model better simulates moisture flux convergence 251 

on the windward side of the mountains because of a more realistic representation of hydrodynamic 252 

instabilities. Seager et al. (2007) considered the vertically integrated moisture flux convergence as 253 

the net precipitation in the long term. Given the complex topographic distribution of the 254 

Himalayas, Arakan mountains, and the Meghalaya Plateau, it is imperative to investigate the role 255 

of model resolution to moisture flux convergence and precipitation climatology over Bangladesh 256 

and its surrounding regions. We computed the Vertically Integrated Moisture Flux (VIMF) as seen 257 

in Equation 1 (Darand and Pazhoh, 2019).  258 

 259 

𝑉𝐼𝑀𝐹	 =
1
𝑔) *

𝜕𝑢𝑞
𝜕𝑥 +

𝜕𝑣𝑞
𝜕𝑦 2 . 𝑑𝑃

!"

!#
, ………………………… ..		(1) 260 

 261 
Where q is the specific humidity, Ps is surface pressure (in our study 1000 hPa), Pt is the pressure 262 

at the atmospheric level up to which lower troposphere moisture flux is calculated (in our study 263 

700 hPa), u and v are the x- and y-components of the wind, respectively, and g is the acceleration 264 

due to gravity. The unit of VIMF is kg m-2s-1. A positive value of VIMF indicates that the moisture 265 

is spreading out or diverging, and a negative value suggests the moisture is concentrating or 266 

converging. 267 

 268 
Earlier studies show that the Vertically Integrated Moisture Transport (VIMT) flux from the Indian 269 

Ocean supplies a significant amount of moisture for the Asian summer monsoon precipitation 270 

(Chansaengkrachang et al., 2018; Ullah and Gao, 2012; Fasullo and Webster 2003). The moisture 271 

for the monsoon precipitation over Pakistan primarily originates from the Arabian Sea, and the 272 

BOB plays a secondary role (Ullah and Gao, 2012). In contrast, the BOB is the dominant source 273 

of moisture for precipitation in Bangladesh. The VIMT from the Arabian sea contributes 274 

minimally to the precipitation over Bangladesh because most of the humidity directed in the 275 

northeasterly direction condense and precipitate on the windward side of the Western Ghats 276 

mountains and over it. Thus, our study focused on assessing the VIMT from the BOB, and we 277 

calculated the VIMT (Equation 2) as defined by Fasullo and Webster (2003). 278 

 279 
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$%%	'(

#)*+,-.
, ………………………… ..		(2) 280 

 281 
Where q is the specific humidity and U is the wind vector. 282 
 283 
Finally, we achieved our research objective of finding the isolated influence of the SST and 284 

topography on the summer monsoon precipitation of Bangladesh by analyzing CCMC CM2 from 285 

CMIP6 HighresMIP simulations forced with different resolutions of topography and prescribed 286 

SST.  287 

 288 

3.  Results 289 

 290 

3. 1. Observed Summer Monsoon Precipitation over Bangladesh 291 

 292 

During JJAS, there are three maximum precipitation regions over Bangladesh (Fig. 2a). The 293 

northeastern part of Bangladesh (the Sylhet division and the surrounding Indian states) receives 294 

the maximum precipitation during the summer monsoon, along with the northwestern region of 295 

Bangladesh (northern Rangpur division) and their surrounding Indian regions. The other region of 296 

Bangladesh that receives excessive precipitation during the summer monsoon is southeastern 297 

Bangladesh (Chittagong division) and its surrounding regions (Arakan state, Myanmar and 298 

Tripura, and Mizoram states of India). The unique precipitation pattern over Bangladesh and its 299 

surrounding regions during both annual mean and JJAS mean is primarily dominated by the 300 

surface topographical features (Fig. 1 & Fig. 2). In other words, the three maximum precipitation 301 

regions of Bangladesh are directly associated with nearby mountains. For example, the 302 

northeastern region of Bangladesh receives >25 mm/day precipitation during the summer 303 

monsoon, and the pattern of precipitation is associated with the area of the Meghalaya Plateau. 304 

The magnitude of the precipitation maxima over the northwestern region is nearly 22 mm/day 305 

precipitation during the summer monsoon and is associated with the southern Himalayan Mountain 306 

range (Fig. 2). The high precipitation band over Bangladesh's southeastern and eastern parts 307 

depicts 20-25 mm/day precipitation. It is associated with the mountain band over the Myanmar 308 

and Indian state, known as Arakan Mountains.  309 

 310 
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The VIMF divergence from ERA5 reanalysis showed that areas of high precipitation over 311 

Bangladesh and its surrounding regions result from strong lower tropospheric moisture 312 

convergence (Fig. 2b). The topography of the mountain bands forces the lower tropospheric 313 

moisture flux convergence over northern and northeastern Bangladesh, thus generating high 314 

precipitation. The VIMF  also diverges in the lower troposphere over the BOB, located in the south 315 

of Bangladesh (Fig. 2b). The strong divergence of moisture flux over the BOB acts as a source of 316 

moisture that is transported by the low-level jet (LLJ) stream to the mountainous regions. The 925 317 

hPa wind circulation shows that lower-level air travels from the southwest of the BOB to the 318 

northern part of Bangladesh, and then moves toward the northeast and northwest of Bangladesh 319 

near the southern Himalayan mountains. The Meghalaya plateau and south Himalayan Mountain 320 

range block the lower-level wind circulation and force moist air to converge and get lifted due to 321 

mechanical lifting, leading to precipitation (Fig 2b). The Arakan mountain and Meghalaya Plateau 322 

form a concave geometry with vertex over the Sylhet division (Fig. 2a). The Himalayas and Arakan 323 

mountain range lie along the northern and eastern borders (perpendicular and parallel) of 324 

Bangladesh. Due to the distinct geometry of these three regions, the LLJ coming from the BOB 325 

intersects at three different angles. It contributes to the moisture convergence over maximum 326 

precipitation regions of northern and northeastern Bangladesh. The LLJ reaches a climatological 327 

maximum during the local summer monsoon due to a maximum land-sea thermal contrast. The 328 

near-surface temperature and lower troposphere air temperature increases faster than the ocean due 329 

to the local monsoon heating and relatively higher ocean heat capacity during JJAS. This process 330 

creates a higher land-sea thermal contrast during the summer monsoon that drives the LLJ stream 331 

and transports moisture along with it. The lower-level wind circulation of the LLJ is parallel to the 332 

Arakan mountains. A stronger VIMT (Fig 2c) and weaker moisture convergence over the southeast 333 

region of Bangladesh suggest that the precipitation maxima over southeastern Bangladesh are due 334 

to a direct moisture convergence rather than the topographical features of the region.  335 

 336 

3. 2. Numerical Experiments Decomposing the Influence of Topography & SST 337 

 338 

The seasonal cycle of the domain-averaged precipitation of Bangladesh is shown in the Fig. 4. The 339 

result shows the Highres significantly improves the seasonal cycle of the precipitation, whereas 340 

the Highres SST further improves the seasonal cycle compared to the Lowres CMCC CM2 341 
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simulation. The total area-averaged monthly mean precipitation and the peak of seasonal cycles 342 

are enhanced in the Highres SST simulations compared to the Lowres and Highres model 343 

simulations.  Onset, cessation, and length of the rainy season of the summer monsoon are also 344 

improved in the Highres SST model simulation as compared to the other two model simulations. 345 

This comparison suggests that the SST has significant influence over the summer monsoon 346 

precipitation. However, the magnitude of the seasonal precipitation is still underestimated when 347 

compared to the observations. The CMCC CM2 climate model shows significantly different 348 

summer monsoon precipitation climatology over Bangladesh with specific configurations (Figs. 349 

3, 4, & 5). The Lowres simulation shows no clear precipitation maxima over Bangladesh with 4-6 350 

mm/day precipitation (Fig 5a), due to a nonexistent topographical feature over the regions that 351 

surrounds Bangladesh (Fig. 3a). In contrast, the Highres model simulation shows a spatial 352 

variability of precipitation with maxima over the Meghalaya Plateau that extends to the 353 

northeastern part of the Bangladesh (Sylhet division), precipitation maxima over the northwest of 354 

Bangladesh (over Indian state, near southern Himalayan Mountain range), and maxima over the 355 

southeastern part of Bangladesh that extends to the Arakan mountains (Fig. 5b). The Highres 356 

model shows a better spatial pattern of precipitation distribution than the Lowres due to a better 357 

topographic resolution (Fig. 3b). Seasonal mean precipitation is increased over the flat land of 358 

Bangladesh from 4 mm/day to ~10 mm/day in Highres model simulations (Fig. 5b), as compared 359 

to the Lowres model simulation (Fig. 5a). In the Highres SST, spatial precipitation pattern is further 360 

improved especially in the southern and southeastern Bangladesh region. 361 

 362 

The bias in the precipitation simulation of the CMCC CM2 model simulation when compared to 363 

the observation shows that the Lowres model has the maximum model bias in both the spatial 364 

pattern and magnitude of precipitation over Bangladesh and its surrounding regions (Fig. 5d). The 365 

Lowres model simulation shows an underestimation of precipitation with a maximum bias of 15 366 

mm/day over northeastern Bangladesh (Fig. 5d). The precipitation bias is maximum near the 367 

Arakan Mountains and Meghalaya Plateau, where climatological precipitation has an observed 368 

maximum (Fig. 5a). The Highres model simulation's precipitation bias is significantly lower than 369 

the Lowres simulation (Fig. 5e). The Highres simulation still shows significant precipitation biases 370 

over northeastern and southeastern Bangladesh in regions of heavy climatological precipitation 371 

(Fig. 5e). These dry biases in the Highres are due to the false maxima (wrong maximum 372 
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precipitation region) of precipitation on the Highres simulation over these two regions, especially 373 

over the northeastern Bangladesh (Fig. 5e). Observations show maximum precipitation over the 374 

northeastern districts of Bangladesh (Sylhet division) (Fig. 2a), whereas the CMCC CM2 produces 375 

maximum precipitation over India near the Meghalaya Plateau (Fig. 3b, 5b, & 5e). The Highres 376 

simulation of the CMCC CM2 shifts the precipitation maximum towards the north over the 377 

northeastern Bangladesh (Fig. 3b & 5b). This particular model bias occurs due to the Meghalaya 378 

Plateau not being well-represented in the Highres model simulation (Fig. 2b & Fig. 3b). The 379 

Highres SST simulation shows significantly lower summer monsoon precipitation bias in the 380 

southeastern Bangladesh than the Lowres and Highres coupled simulations (Fig.5f). Reduction of 381 

the precipitation bias over the southeastern Bangladesh in the Highres SST compared to Highres 382 

coupled model simulations suggest that the SST in the BOB and tropical ocean system plays an 383 

important role in the summer monsoon precipitation simulation in Bangladesh. Interestingly, the 384 

precipitation bias pattern is similar in the Highres SST and Highres simulation due to the same 385 

model topography (Fig. 5f). 386 

 387 

In this section, we have analyzed VIMF convergence and transport to understand the role of the 388 

topography of the surrounding regions and SST in the simulation of seasonal mean precipitation 389 

over Bangladesh. There is a significant bias (compared to the observation) in the VIMF over almost 390 

all of Bangladesh and its surrounding regions (Fig. 6 & 7). Due to a lack of well-resolved 391 

topography, the Lowres simulation shows a maximum bias in the moisture flux in terms of spatial 392 

pattern and magnitude (Fig. 6a & 6d). The Highres simulates a more realistic moisture flux 393 

convergence due to a better topography; however, the magnitude of the moisture flux is still 394 

significantly underestimated (Fig. 6b & 6e). A similar bias pattern in the VIMF convergence is 395 

seen in the Highres SST simulation (Fig. 6c & 6f). The similarity in VIMF convergence in the 396 

Highres coupled and Highres SST indicates that moisture flux convergence near the mountains of 397 

the surrounding regions is mostly dominated by the topography rather than the SST variability. 398 

Interestingly, over the northeastern Bangladesh and surrounding regions in the CMCC CM2 399 

produces a strong moisture convergence only over the Meghalaya plateau, which results in a false 400 

precipitation maximum in the model (Fig. 6e). These false precipitation maxima are also present 401 

in the Highres SST, as both simulations use similar atmospheric model resolution and topography 402 

(Fig. 6f). However, the intensity of the moisture transport in the Highres SST due to a realistic 403 
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SST is related to a better LLJ circulation and higher moisture content (Fig. 6f). The VIMT of the 404 

CMCC CM2 simulations is shown in Fig. (7). The precipitation bias over Bangladesh and its 405 

surrounding regions is also due to a model bias in the simulation of low-level moisture transported 406 

from the BOB over land (Fig. 7). The Lowres simulation shows underestimated moisture transport 407 

over almost the entire Bangladesh land regions (Fig. 7a & 7d), and overestimated moisture 408 

transport on the east side of the mountains in the surrounding regions due to an overly smooth 409 

representation of the local topography. In the Highres coupled model simulation, the 410 

underestimation of moisture transport over the Bangladesh land region remains similar.  However, 411 

the overestimation of moisture transport is improved in the east of the mountains of the 412 

surrounding regions due to an improved topographical representation. The Highres SST produces 413 

stronger moisture transport, leading to a lowest precipitation bias over Bangladesh especially in 414 

the southern and southeastern regions than in the Lowres and Highres simulations during JJAS 415 

(Fig. 7 d, e, & f). The intensity of the precipitation bias is decreased in the Highres SST simulation 416 

compared to the Highres coupled simulation over the southern and southeastern part of 417 

Bangladesh. This suggests that the precipitation intensity bias is driven by the bias in the SST over 418 

BOB. 419 

 420 

Results show that the coupled model simulations (Lowres and Highres) have warmer SST over the 421 

BOB compared to the observed SST (Fig. 8). This SST bias in the coupled CMCC CM2 runs 422 

(Lowres and Highres) leads to a weaker land-sea thermal contrast that leads to a weaker LLJ (Fig. 423 

8a, 8b). The bias in the 925 hPa circulation shows that wind anomalies are in the opposite direction 424 

of the climatological summer monsoon LLJ circulation (Fig. 8a, 8b, 8d, & 8e). The prescribed SST 425 

simulation (Highres SST) still shows a 925hPa wind bias. However, it overestimates the wind 426 

speed compared to observations and contributes to the stronger moisture transport (Fig. 8c & 8f). 427 

The moisture transport over Bangladesh is still underestimated in the Highres SST simulation.  428 

Overall, seasonal mean precipitation is improved incrementally with a realistic representation of 429 

the topography of the surrounding regions and climatological BOB SST variability. 430 

 431 

 432 

4. Discussion 433 

 434 
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Bangladesh is in a unique geographical location in the tropical to the subtropical region that 435 

receives most of its precipitation during the summer monsoon. Three regions of Bangladesh 436 

receive maximum precipitations during the summer monsoon: northeastern (Sylhet division), 437 

northwestern (northern Rangpur state near southern Himalaya), and southeastern (Chittagong 438 

division) Bangladesh and surrounding regions. In this study, we have used three present-day 439 

climate simulations of CMCC CM2 from CMIP6 experiments to understand the influence of local 440 

topography and SST on summer monsoon precipitation over Bangladesh and its surrounding 441 

regions. The Lowres coupled simulation uses a low atmospheric model resolution with a coarse 442 

topography (1x1 degree). The Highres coupled simulation uses a relatively higher resolution 443 

atmospheric model that uses a more realistic high-resolution topography (0.25x0.25 degree). The 444 

Highres SST simulation uses the same atmospheric resolution as Highres simulation, except it has 445 

a prescribed observed SST.   446 

 447 

 Precipitation maximum regions of Bangladesh are directly associated with the mountains of the 448 

surrounding regions. The southern Himalayan Mountain range and Meghalaya Plateau block the 449 

southwesterly wind that carries moisture and produces strong convergence that leads to 450 

precipitation maxima.  The band of the Arakan mountains acts as a local forcing to the precipitation 451 

over the Myanmar region by blocking the low-level winds associated with the LLJ stream and 452 

directly forcing local moisture convergence. However, the precipitation maxima over southeastern 453 

Bangladesh (coastal region) are mostly due to inland moisture transports from BOB. Although 454 

mountains play a crucial role in forcing the moisture to precipitate by convergence, the BOB plays 455 

a significant role as a source of moisture for precipitation over Bangladesh. The moisture flux 456 

divergence and 925hPa circulation revealed that the moisture content is carried from the northern 457 

BOB by the LLJ circulation. During the summer monsoon, these winds are stronger due to a 458 

monsoonal differential heating that creates a stronger land-sea thermal contrast and drives the 459 

circulation with moisture content towards northern Bangladesh. 460 

 461 

The CMCC CM2 model simulations show the influence of the topography and SST on summer 462 

monsoon precipitation over Bangladesh. Compared to observations, the Lowres simulation shows 463 

almost no peaks in the spatial distribution of precipitation over the northeastern part of Bangladesh 464 

due to a lack of topographical features in the model. The Highres simulation has a better (higher 465 
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resolution) topography and simulates a better precipitation climatology than the Lowres. However, 466 

the Highres coupled model simulation still shows significant precipitation bias over climatological 467 

maximum precipitation regions of Bangladesh. The prescribed SST run (Highres SST) has 468 

significantly less bias in the precipitation over Bangladesh compared to the coupled Lowres, and 469 

Highres model runs. Interestingly, the pattern of the precipitation bias is very similar between the 470 

Highres coupled, and the Highres prescribed SST run. The similarity in precipitation patterns 471 

suggests that the pattern of precipitation bias is primarily due to local topography. In contrast, the 472 

bias in magnitude is primarily due to the SST bias in the model.  473 

 474 

The Highres and Highres SST model simulations still show significant precipitation bias compared 475 

to observations. The maximum precipitation and moisture convergence region of northeastern 476 

Bangladesh is especially shifted toward Indian states instead of Bangladesh, which creates a false 477 

precipitation maximum. It suggests that the model still requires a more realistic high-resolution 478 

topography to improve the simulation of precipitation climatology over Bangladesh, especially in 479 

the northeastern region.  480 

 481 

This study shows that the low-resolution model simulations can lead to a large monsoon 482 

precipitation bias in regions like Bangladesh, where local topography plays a significant role. As 483 

a result, a realistic SST simulation in the model alone is not enough to produce realistic monsoon 484 

precipitation over Bangladesh and its surrounding regions. This suggests that a higher resolution 485 

GCM with realistic topography can significantly improve the local climate prediction and climate 486 

change projection.  487 

 488 

5. Conclusion 489 

 490 

We have analyzed CMCC-CM2 GCM simulations from CMIP6 experiments to understand the 491 

importance of the local topography of surrounding mountains and SST in simulating summer 492 

monsoon precipitation over Bangladesh and its surrounding regions.  Our main results are 493 

summarized as follows: 494 

 495 
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1. By analyzing observed data and CMCC-CM2 model simulations, our study shows that the 496 

summer monsoon precipitation over Bangladesh is forced by the SST over BOB and 497 

surrounding mountains near Bangladesh. The moisture content generated from the BOB 498 

carried by the LLJ converges near local mountains to precipitate which creates three 499 

distinct maximum precipitation regions over Bangladesh.  500 

 501 

2. The climatological summer monsoon precipitation simulation of Bangladesh in a GCM is 502 

sensitive to the choice of the horizontal resolution of the GCM simulation. Even with the 503 

standard GCM model horizontal resolution (1x1 degree), the latest generation of climate 504 

models fails to simulate. Overall, patterns and magnitudes of climatological precipitation 505 

are improved in simulations with realistic local topography. 506 

 507 

3. The BOB also plays a significant role as a source of moisture for precipitation over 508 

Bangladesh. The prescribed SST run (Highres SST) has significantly less bias in the 509 

precipitation over Bangladesh compared to the coupled Lowres and Highres model runs. It 510 

implies that the SST in the BOB and tropical ocean system contributes to the summer 511 

monsoon precipitation over Bangladesh. 512 

 513 
 514 

4. Total area-averaged monthly mean precipitation, the peak of the seasonal cycle, onset, 515 

cessation, and the length of the rainy seasons are improved in the Highres SST simulations 516 

as compared to the Lowres, and Highres model simulations. This result suggests that the 517 

SST of BOB drives the seasonal monsoon system over Bangladesh (Fig. 4). 518 

 519 

5. Overall, our result suggests that the pattern of precipitation bias is primarily due to the local 520 

topography. Whereas, the bias in the magnitude is primarily due to the SST bias in the 521 

model.  522 

 523 

The Highres SST simulations still produce a significant dry bias over Bangladesh even when 524 

forced with the observed SST. This result shows that the CMCC CM2 model has less low-level 525 

moisture content present over the BOB compared to observations during the summer monsoon. 526 
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Further investigation is needed to understand why the CMCC CM2 underestimates the summer 527 

monsoon moisture content over the BOB.  528 

 529 

In conclusion, the current study highlights the importance of higher spatial model resolution and 530 

realistic representation of the BOB SST variability in climate models in reproducing the properties 531 

of monsoon precipitation over Bangladesh and its surrounding regions.  532 

 533 
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Figures: 

 

 
Fig. 1 Precipitation climatology (years 1981-2014) of (a) Annual mean, (b) JJAS mean, and (c) 

zonal mean (average over 88E-93E) seasonal cycle of Chirps v2 observed data as a function of 

latitude (units: mm/day). 
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Fig. 2 (a) Height of topography of Bangladesh and its surrounding regions (units: km), and the 

JJAS observed precipitation is contoured as red lines in mm/day. (b) JJAS mean ERA-5 vertically 

integrated moisture flux (VIMF) divergence (1000-700 hPa) (units: kg/m^2/s) is shown in shaded 

color, and 850hPa wind circulation is shown as a vector (units: m/s) (years mean 1981-2014). 

VIMF positive values show divergence, and negative values show the convergence of vertically 

integrated winds. (c) JJAS mean ERA-5 vertically integrated moisture transport (VIMT) (1000-

700 hPa) (units: 1e5 * kg/kg * m/s)  
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Fig. 3 Model topography in shaded color and 34 years (1981-2014) JJAS mean precipitation 

contoured in red-colored for (a) Lowres, (b) Highres, and (c) Highres SST (units: mm/day). The 

topography map shows no existence of the Meghalaya Plateau on the CMCC CM2 Lowres 

simulation.   
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Fig. 4 Climatological (mean over 1979-2014) monthly seasonal cycle of precipitation over 

Bangladesh is shown for observation (black colored), CMCC CM2 Lowres (brown colored), 

CMCC CM2  Highres (blue colored), and CMCC CM2  Highres SST (green colored) (units: 

mm/day).  
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Fig. 5 JJAS mean precipitation climatology of CMCC CM2 for (a) Lowres, (b) Highres, and (c) 

Highres SST (units: mm/day). The precipitation bias in the CMCC CM2 simulations is shown for 

(d) Lowres - Observed, (e) Highres - Observed, and (f) Highres SST - Observed. Units are in 

mm/day. Precipitation bias plots are stippled at a 95% significance level calculated using a 2-sided 

student t-test for the difference of means.  
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Fig. 6 JJAS mean climatological mean (1981-2014) vertically integrated moisture flux 

convergence (VIMF) (1000-700hPa) (units: kg/m^2/s) shown as shaded color and 925hPa wind 

circulation (units: m/s) shown as vector for CMCC CM2 (a) Lowres, (b) Highres, and (c) Highres 

SST. The VIMF bias (as shaded color) (units: kg/m^2/s) and 925hPa wind bias (units: m/s) (as 

vector) in the model simulation compared to observation is shown for (d) Lowres - Observation, 

(e) Highres - Observation, and (f) Highres SST - Observation. VIMF bias differences are stippled 

at a 95% significance level calculated using a 2-sided student t-test for the difference of means.   
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Fig. 7 JJAS means climatological vertically integrated moisture transport (VIMT) is shown for (a) 

Lowres, (b) Highres, and (c) Highres SST (units: 1e5* kg/kg * m/s). The VIMT bias (units: kg/kg 

* m/s) in the model simulation compared to observation is shown for (d) Lowres - Observation, 

(e) Highres - Observation, and (f) Highres SST - Observation. VIMT bias differences are stippled 

at a 95% significance level calculated using a 2-sided student t-test for the difference of means.   
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Fig. 8 JJAS climatological mean (1981-2014) SST for CMCC CM2 (a) Lowres, (b) Highres, and 

(c) Highres SST. The SST bias (units: C) and 925hPa wind bias (units: m/s) (as vector) in the 

model simulation compared to observation is shown for (d) Lowres - Observation, (e) Highres - 

Observation, and (f) Highres SST - Observation. SST bias differences are stippled at a 95% 

significance level calculated using a 2-sided student t-test for the difference of means.  


