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Abstract: Monsoon precipitation is the major driver of agricultural productivity in the Myanmar 9 

Coast, it is crucial to quantify and understand recent changes in precipitation during the monsoon 10 

season over this region. By using multiple precipitation datasets, we demonstrate that total 11 

precipitation during monsoon season over the Myanmar Coast has increased slightly but not 12 

significantly, but precipitation during the onset and withdrawal phases of monsoon season exhibit 13 

a significant increasing trend during 1979-2015, and the contribution of precipitation during the 14 

two phases to total monsoon precipitation has increased significantly. The increased precipitation 15 

during the onset phase over the Myanmar Coast directly results from the earlier onset of the South 16 

Asian Summer Monsoon in recent decades, which is associated with the phase transition of the 17 

Inter-decadal Pacific Oscillation in the late 1990s. And the precipitation increase during the 18 

withdrawal phase is directly due to the enhances of the ascending motion and convection around 19 

this region, which is dynamically correlated to the anomalous cyclone-like circulation around the 20 

Bay of Bengal as well as the strengthening of the cross-equatorial flow around the equatorial 21 

Indian Ocean. 22 
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1. Introduction 37 

Monsoon precipitation is the major driver of agricultural productivity in many tropical and 38 
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subtropical regions in the world, and its variability influences the livelihood of a large share of the 39 

world’s population (Parthasarathy et al. 1994). Recent changes of monsoon and monsoon 40 

precipitation have been intensively examined on the global scale (Pang-chi and Hsu 2011; Wang 41 

et al. 2012) and regional scales, e.g., South Asia (Bollasina et al. 2011; Turner and Annamalai 42 

2012; Misra and DiNapoli 2014; Shahi et al. 2018), and East Asia (Chan and Zhou 2005; 43 

Kajikawa and Wang 2012; Lu et al. 2016; Huang et al. 2018). These studies are conducted on 44 

large scales and provide valuable results and conclusions. However, each regional monsoon and 45 

monsoon precipitation exhibit indigenous variation patterns due to the heterogeneity of 46 

topography, land-ocean distributions, and internal feedback processes in the climate system of 47 

different regions (Wang et al. 2012). Monsoon and monsoon precipitation in small scales, 48 

especially in some typical areas, are worthy of specific study to capture more spatial details. 49 

One characteristic feature of monsoon precipitation in Monsoon Asia is the coastally oriented 50 

narrow precipitation maxima along the Myanmar coast, which is the result of the interaction 51 

between the northward propagating monsoon intraseasonal oscillation and the shallow orography 52 

(Romatschke and Houze 2011; Kumar et al. 2014; Shige et al. 2017). And the monsoon 53 

precipitation over the Myanmar Coast represents an important heat source in the tropical climate 54 

system, which plays a seminal role in the variation of the tropospheric temperature gradient 55 

between ocean and land and Asian monsoon circulation (Kumar et al. 2014). The earliest onset of 56 

the South Asian Summer Monsoon (SASM) typically occurs in the Bay of Bengal (BOB) and 57 

Myanmar Coast, i.e. the latter is the land that first experiences the summer monsoon and monsoon 58 

precipitation (Wang 2002; Fosu and Wang 2015). Given its particularity in the monsoon system, 59 

the Myanmar Coast is very sensitive to the SASM changes, which are well reflected in monsoon 60 

precipitation over this region. Consequently, the monsoon precipitation changes over the 61 

Myanmar Coast can serve as an important indicator of the SASM changes. Studying precipitation 62 

changes in the Myanmar Coast related to the SASM can also provide valuable information for 63 

understanding precipitation variability in downstream SASM regions, e.g., Southwest China 64 

(Takahashi and Yasunari 2006). Therefore, we believe Myanmar Coast provides an appropriate 65 

test bed for studying the summer monsoon and monsoon precipitation and thus choose this region 66 

as the research area. 67 

Myanmar Coast concerned in this study is located in the northwestern part of the Indochina 68 

Peninsula and the northeast bank of the BOB (Fig. 1). It is one major grain-producing region in 69 

Myanmar and even in the world with a third of the country's population, thanks to abundant 70 

precipitation here. Since this region’s economy depends heavily on rain-fed agriculture and related 71 

industries (Sein and Zhi 2016), the precipitation change here is closely related to local people’s 72 

livelihood and socioeconomic and remains an important scientific issue (Kumar et al. 2014; Shige 73 

et al. 2017).  74 

The climate system in Myanmar Coast is predominated by the SASM. According to the 75 

Asia-Pacific monsoon division by Wang (2002), Myanmar Coast is located in the Indian monsoon 76 

subsystem. This region experiences three different weather seasons in the year: the winter or dry 77 

and cool season from November to February, the summer or hot season from March to April, and 78 

the rainy or southwest monsoon season from May to October (Lwin 2000; Aung et al. 2017; 79 

Chhin et al. 2020). Climatologically, precipitation in the monsoon season accounts for 95% of 80 

total precipitation while the remaining 5% occurs in the other half year. Monsoon precipitation 81 

plays an important role in agricultural productivity in this region, and its change under global 82 
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warming imposes a great social and economic impact on this region’s population (Gadgil and 83 

Sulochana 2004; Pang-chi and Hsu 2011). Quantifying and understanding recent changes of 84 

monsoon precipitation over this region is important to predict its future and reflect its past (Wang 85 

et al. 2012). 86 

Monsoon in the Myanmar Coast can be reviewed systematically because of its specific land-ocean 87 

configuration and shallow orography (Wang 2002; Kumar et al. 2014), and its variations call for 88 

specific studies. Interannual variations of monsoon precipitation in this region have been 89 

investigated in several studies (Sen Roy and Sen Roy 2011; Sein and Zhi 2016; Shrivastava et al. 90 

2017). However, most of these studies used a single precipitation dataset, which may give 91 

unreliable results due to data quality deficiency over this region where in-situ observations are 92 

sparse (Ghosh et al. 2009; Wang et al. 2011; Wang et al. 2013). And recent trends of monsoon 93 

precipitation over the Myanmar Coast have not been studied. This motivates us to conduct a 94 

comprehensive investigation into recent trends of monsoon precipitation over the Myanmar Coast 95 

using multiple precipitation data sets. 96 

Through this study, we expect to (1) robustly quantify recent ~40-year trends of the monsoon 97 

precipitation over the Myanmar Coast using different precipitation data sets and (2) understand 98 

mechanisms for the trends in the monsoon precipitation. 99 

 100 

Fig. 1. The topography of Myanmar Coast 101 

2. Data and Method 102 

2.1. Data 103 

Precipitation and other meteorological data used in this study include the following. 104 

1. Monthly precipitation from Global Precipitation Climatology Project (GPCP) version 2 105 

(Adler et al. 2003; Huffman et al. 2009), Global Precipitation Climatology Center (GPCC) 106 

(http://gpcc.dwd.de/), and Asian Precipitation-Highly Resolved Observational Data Integration 107 

towards Evaluation (APHRODITE) (Yatagai et al. 2012) are collected for precipitation trend 108 

analysis. All of these are gridded precipitation datasets that cover the majority of the globe 109 

completely, and again the spatial resolution and time span for each of these precipitation datasets 110 

are provided in Table 1. In this study, these different datasets are used together to identify and 111 

quantify precipitation trends since a single dataset may give spurious trends related to changing 112 
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observation systems (Paltridge et al. 2009). 113 

2. Daily precipitation from APHRODITE is used to count precipitation amount, days, and 114 

intensity in the specified period. 115 

3. Pentad precipitation from GPCP is used to determine the local onset date of the summer 116 

monsoon. 117 

4. European Centre for Medium-Range Weather Forecasts Interim Reanalysis (ERA-Interim), 118 

one of the most recent reanalysis datasets that cover the satellite era since 1979, is used to 119 

diagnosis the moisture budget associated with precipitation changes, determine the onset date of 120 

the large-scale monsoonal circulation, and investigate changes in the large-scale atmospheric 121 

circulation. 122 

5. Outgoing Longwave Radiation (OLR) from the National Oceanic and Atmospheric 123 

Administration (NOAA) is used to study the convection changes, and Extended Reconstructed Sea 124 

Surface Temperature version 5 (ERSSTv5) from NOAA is used to examine the sea surface 125 

temperature changes related to precipitation changes. 126 

Table 1. Precipitation Datasets Used 127 

Name Spatial Resolution Time Resolution Time Span 

GPCP 2.5° lat.× lon.  Monthly, Pentad 1979-2017 

GPCC 0.5° lat.× lon.  Monthly 1979-2016 

APHRODITE 0.25° lat.× lon.  Monthly, Daily 1979-2015 

The non-parametric Mann-Kendall statistical test (Kendall 1948; Kendall 1955) is applied to 128 

identify the significance of linear trends, and trends that are statistically significant at the 95% 129 

confidence level are highlighted. It should be noted that the influence of the autocorrelation on the 130 

freedom degree has not been considered, because of the short record in this study. 131 

2.2. Method 132 

To study mechanisms for the long-term changes in precipitation, we apply the diagnostic 133 

computation of the moisture budget (Eq. (1)), which means that precipitation is well balanced with 134 

moisture convergence and evaporation on the monthly or longer time scales (Seager et al. 2010; 135 

Seager and Henderson 2013; Li et al. 2014; Seager et al. 2014). 136 

 𝛿𝑃 ≈ 𝛿𝑀𝐶 + 𝛿𝐸 (1) 137 

where 𝛿 indicates changes in climatic fields, 𝑃 is precipitation, 𝐸 is evaporation, 𝑀𝐶 is the 138 

moisture convergence. Specifically, the changes in the moisture convergence 𝛿𝑀𝐶 can be broken 139 

down into thermodynamic components involving changes in atmospheric moisture content and 140 

dynamic components involving changes in atmospheric motion (Seager and Henderson 2013; Li et 141 

al. 2014): 142 

 𝛿𝑀𝐶 = 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑞𝑑𝑝𝑝𝑠0 ) ≈ 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑐𝑞𝑎𝑑𝑝𝑝𝑠0 ) + 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑎𝑞𝑐𝑑𝑝𝑝𝑠0 ) (2) 143 

where 𝑔  is gravitational acceleration, 𝜌  is the density of liquid water, 𝑝  is pressure, the 144 

subscript s denotes surface values, 𝒖 is horizontal wind vector, 𝑞 is specific humidity, and the 145 

subscript 𝑐 and 𝑎 denote climatology and anomalies relative to climatology, respectively. 146 

According to Eq. (1) and (2), the changes in precipitation 𝛿𝑃 can be given by Eq. (3):  147 

 𝛿𝑃 ≈ 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑐𝑞𝑎𝑑𝑝𝑝𝑠0 ) + 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑎𝑞𝑐𝑑𝑝𝑝𝑠0 ) + 𝛿𝐸 (3) 148 
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Here we neglect the quadratic nonlinear term 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑎𝑞𝑎𝑑𝑝𝑝𝑠0 ) that is the product of 149 

changes in both the mean specific humidity and flow, as in previous studies (Seager et al. 2010; 150 

Seager et al. 2014; Li et al. 2014). 151 

3. Result 152 

Quantitative analysis is mainly applied to the Myanmar Coast, which is delimited according to the 153 

monsoon division by Wang (2002) and the spatial pattern of climatological monsoon precipitation 154 

(Fig. 1). For simplicity, we refer to Myanmar Coast as “MC” hereafter. We first examine recent 155 

trends in total monsoon precipitation over MC using all three datasets mentioned above and their 156 

ensemble mean. Time series of accumulated precipitation throughout the monsoon season 157 

averaged over MC for the period 1979-2015 are shown in Fig. 2a. It shows that total monsoon 158 

precipitation exhibit a weak upward trend during 1979-2015 at the rate of 2.10% decade-1, not 159 

reaching the 95% confidence level. According to the monsoon process, the summer monsoon 160 

season of MC can be divided into three phases: onset phase (May), peak phase (June-August), and 161 

withdrawal phase (September-October) (Li and Ju 2013; Hrudya et al. 2020). Since the rainfall 162 

characteristics of different phases of the monsoon season are different from one another (Hrudya 163 

et al. 2020), we further examine trends in accumulated precipitation for each stage of the monsoon 164 

season (Figs. 2b-2d). Results show that the total precipitation during the onset and withdrawal 165 

phases both have increased significantly at rates of 15.01% decade-1 and 5.76% decade-1 166 

respectively, exceeding the 95% confidence level, while the total precipitation during the peak 167 

phase has decreased slightly (Figs. 2b-2d). Despite discrepancies between inter-annual variability 168 

of precipitation from different datasets, there are consistent trends in monsoon precipitation from 169 

all three datasets. The three datasets all show significant upward trends in precipitation during the 170 

onset and withdrawal phases and non-significant trends in precipitation during the peak phase.  171 

 172 

Fig. 2. Time series of accumulated precipitation (mm) during (a) the whole monsoon season, (b-d) the onset, peak, 173 

and withdrawal phase of the monsoon season averaged over MC during 1979-2015 from all three precipitation 174 

datasets (thin lines), and their ensemble means (thick lines). Dashed black lines indicate the linear fit of 175 

precipitation time series, and the trends (% decade-1 or mm decade-1) and confidence levels from the 176 

Mann-Kendall test are given. 177 

Despite precipitation during the onset and withdrawal phases increase significantly, the increasing 178 
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trend of the total monsoon precipitation is statistically insignificant. This is reasonable due to (1) 179 

precipitation decrease during the peak phase offsets part of precipitation increase during the onset 180 

and withdrawal phases; (2) total precipitation during the onset and withdrawal phases takes 181 

accounts for only 30.25% of the total monsoon precipitation, trends of the former tend to be not 182 

great enough to dominate trends of the latter. It is noteworthy that the contributions of 183 

precipitation during the onset and withdrawal phases to total monsoon precipitation have increased 184 

by 4.65% and 2.61% relative to the climatology during 1979-2015. Therefore, we focus on the 185 

precipitation increase during the two phases in this study. For simplicity, we refer to the onset and 186 

withdrawal phases as “MOP”, and “MWP” respectively.  187 

The increasing trends of precipitation during MOP and MWP over MC have been further validated 188 

by several other precipitation datasets. Results from four other common monthly global gridded 189 

precipitation datasets-CPC Merged Analysis of Precipitation, NOAA's Precipitation 190 

Reconstruction over Land, Climatic Research Unit, and University of Delaware gauge-based 191 

precipitation all show significant increases in accumulated precipitation during MOP and MWP in 192 

recent decades over this region (figures not shown). 193 

4. Explanations for precipitation increase during onset and withdrawal phases 194 

4.1. Mechanisms for the precipitation increase during the onset phase 195 

Figures 3a, 3c, and 3e show the spatial distribution of linear trends in amount, days, and intensity 196 

of precipitation during the onset phase (MOP) for the period 1979-2015 from APHRODITE 197 

respectively, while the time series of these three variables averaged over MC are shown in Figs. 3b, 198 

3d, and 3f respectively. For most of MC, precipitation amount and intensity both exhibit 199 

significant upward trends which are spatially consistent (Figs. 3a and 3e). Results show that 200 

precipitation amount and intensity averaged in MC both have increased significantly (95% 201 

confidence level; Figs. 3b and 3f), at rates of 36.26 mm decade-1 (15.56% decade-1) and 1.56 mm 202 

day-1 decade-1 (16.43% decade-1), respectively. Precipitation days didn’t change significantly. It 203 

demonstrates that the upward trend of precipitation amount during MOP is mainly contributed by 204 

the increase of precipitation intensity. 205 

 206 
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Fig. 3. Linear trends in precipitation (a) amount, (c) days, and (e) intensity during MOP for the period 1979-2015 207 

from APHRODITE (% decade-1 relative to the climatology). Time series of MOP precipitation (b) amount (mm), 208 

(d) days (days), and (f) intensity (mm day-1) averaged over MC. Dashed red lines are linear fits of the time series. 209 

Daily precipitation from ERA-Interim reanalysis also shows significant increasing trends in 210 

amount, and intensity of precipitation during MOP over MC (figures not shown), which is 211 

consistent with results from APHRODITE. Moreover, total precipitation during MOP from GPCP 212 

and ERA-Interim reanalysis both exhibit significant upward trends around MC and BOB, which 213 

are spatially consistent (Figs. 4a and 4b). 214 

 215 

Fig. 4. Linear trends in (a and b) precipitation from GPCP and ERA-interim, respectively, (c) the moisture 216 

convergence 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑞𝑑𝑝𝑝𝑠0 ), (d) the thermodynamic component 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑐𝑞𝑎𝑑𝑝𝑝𝑠0 ), (e) the dynamic 217 

component 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑎𝑞𝑐𝑑𝑝𝑝𝑠0 ), and (f) evaporation during MOP for the period 1979-2015 (shading, mm 218 

day-1 decade-1). Vectors in Fig. 4e are linear trends in 850-hPa horizontal winds (m s-1 decade-1). White dots 219 

indicate the 95% confidence level.  220 

Precipitation derived from ERA-Interim reanalysis exhibits trends spatially consistent with that 221 

from GPCP over the SASM region despite the magnitude is underestimated, which consolidates 222 

the reliability of trend analysis using ERA-Interim reanalysis. To explore the physical mechanisms 223 

for recent trends of precipitation during MOP, we compute trends of each component in the 224 

atmospheric moisture budget using data from ERA-Interim reanalysis and the method described in 225 

Section 2.2. Results show that trends in moisture convergence 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑞𝑑𝑝𝑝𝑠0 ) agree well 226 

with those in precipitation in terms of their magnitude and spatial distribution in the SASM region; 227 

particularly, they both show significant increasing trends over MC and BOB (Figs. 4b and 4c). 228 

And evaporation trends exhibit relatively weak magnitude and inconsistent spatial distribution 229 

with precipitation trends. This indicates that trends of precipitation are mainly caused by those in 230 

moisture convergence while those in evaporation play a minor role. By comparing Figs. 4c, 4d and 231 

4e, we observe that the dynamic contributors 𝛿(− 1𝑔𝜌 𝛻 ⋅ ∫ 𝒖𝑎𝑞𝑐𝑑𝑝𝑝𝑠0 ) , i.e., the changes of 232 

atmospheric motion, play a leading role in trends in moisture convergence over large parts of the 233 

SASM region, including MC and BOB, while the thermodynamic contributors 𝛿(− 1𝑔𝜌 𝛻 ⋅234 
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∫ 𝒖𝑐𝑞𝑎𝑑𝑝𝑝𝑠0 ), i.e., the changes in atmospheric moisture content, contribute less. Therefore, we 235 

conclude that the precipitation increase during MOP over MC is mainly caused by the increase in 236 

moisture convergence especially the dynamic component involving changes in atmospheric 237 

motion.  238 

To further study the changes in atmospheric motion that lead to the trends in moisture convergence 239 

over MC, we examine the recent trend in 850-hPa horizontal wind, which is shown in Fig. 4e. It is 240 

observed that significant increasing trends of cross-equatorial flow and low-level southwesterly 241 

wind during MOP in recent decades occur around the northern Indian Ocean, which tend to 242 

strengthen the monsoon circulation in the SASM region. The low-level southwesterly wind 243 

increase plays an important role in the increase in moisture convergence and hence that in 244 

precipitation over MC in recent decades. 245 

Climatologically, May is the onset date of the SASM, i.e., the transition phase from low-level 246 

easterly winds to southwesterly winds over the northern Indian Ocean. The strengthening of the 247 

southwesterly wind during MOP typically results from either an earlier onset of the SASM or the 248 

intensifying of the southwesterly wind after the monsoon onset. Since the meridional sea-land 249 

thermal difference dominates the SASM region and directly affects the onset of the SASM onset 250 

(Li 1996; Ueda 2009; Kong and Yu 2012), we further examine the recent trend of tropospheric 251 

temperature reflected by the atmospheric thickness between 500 hPa and 200 hPa during the 252 

period 1979-2015, which is shown in Fig. 5. It is observed that tropospheric temperature has 253 

increased in most of the SASM region, which is consistent with many previous studies. And 254 

troposphere over the Asian continent has warmed faster than that over the Indian Ocean (Fig. 5), 255 

which favors an earlier overturning of sea-land thermal difference in the pre-monsoon days and 256 

thus an earlier monsoon onset. We also compute trends in 200-hPa horizontal winds for 1979-2015 257 

and show them in Fig. 5. It illustrates that significant upper-level anticyclone circulation 258 

intensifying occur around northern India (Fig. 5), which favors stronger updrafts over this region 259 

including MC and thus strengthens the monsoon circulation. Both the meridional sea-land 260 

warming difference and enhanced low-level southwesterly during MOP imply that the onset of 261 

SASM may have advanced in recent decades. 262 

 263 

Fig. 5. Linear trends of atmosphere thickness between 500 hPa and 200 hPa (shading, m decade-1) during MOP for 264 

the period 1979-2015. Vectors indicate linear trends of 200-hPa horizontal winds (m s-1 decade-1) during MOP 265 

during 1979-2015. White dots denote the 95% confidence level. 266 

We further investigate the long-time change of monsoon onset and explore its impact on 267 
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precipitation during MOP over MC. Here we use two monsoon onset indexes, which are shown in 268 

Fig. 6. One is the change point (CHP) index for overall SASM onset, which is calculated using the 269 

method from Cook and Buckley (2009). The CHP index has been proven to have numerous 270 

advantages in defining seasonal monsoon transitions and be suitable for the SASM region (Walker 271 

and Bordoni 2016). We compute the CHP onset date in each year using moisture divergence from 272 

ERA-interim reanalysis. The other index is the local onset date of the summer monsoon over MC, 273 

which is determined using pentad precipitation data from GPCP and the method from Wang 274 

(2002). It should be noted that the local monsoon circulation directly affects MOP precipitation 275 

over MC (Aung et al. 2017). Results show that in climatology the summer monsoon bursts around 276 

11 May over MC, which is consistent with the results of Watanabe and Yamazaki (2014). It also 277 

indicates that the local onset of summer monsoon has advanced by about 17 days in recent 278 

decades (Fig. 6). Precipitation during MOP over MC increases along with the earlier onset of the 279 

monsoon during 1979-2015, and temporal variations of MOP precipitation and the monsoon onset 280 

date match well with each other (Fig. 6). The correlation coefficient of these two indices reaches 281 

-0.71, statistically significant at the 95% confidence level. Results demonstrate that the SASM 282 

onset also has advanced and its dates agree well with the local monsoon onset dates in MC during 283 

1979-2015 (Fig. 6), which is reasonable since this coastal region is typically the land that the 284 

SASM first break out. And a significant correlation coefficient of -0.74 (95% confidence level) is 285 

also detected between MOP precipitation over MC and the SASM onset dates. Thus, recent trends 286 

of MOP precipitation over MC and the monsoon onset, as well as their tight relationship, are 287 

robustly confirmed using the above two independent indexes. 288 

 289 

Fig. 6. Normalized and 3 years moving average time series of MOP precipitation over MC (blue), the local onset 290 

date of the summer monsoon over MC (yellow), the SASM onset date (green), and the IPO Tripole Index for the 291 

onset phase (red). Correlation coefficients between precipitation and other indexes are given in parentheses. It 292 

should be noted that the correlation coefficients are estimated using the non-smoothed time series. 293 

Based on the above results, we conclude that the increasing trend of precipitation during MOP 294 

over MC is directly caused by the advance of SASM onset since 1979. Now a new question arises 295 

is-What has led to the advanced monsoon onset? To explore the answer, we examine the 296 

correlation between the monsoon onset date over MC and the sea surface temperature (SST) 297 

anomalies in the Pacific and Indian oceans, which is shown in Fig. 7a. It is observed that the most 298 

significant positive and negative correlation appears in the central-eastern Pacific and in the 299 

northwest and southwest Pacific, respectively, which together exhibit an Inter-decadal Pacific 300 

Oscillation (IPO)-like pattern. It indicates that the monsoon onset typically breaks out early (late) 301 
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in the negative (positive) IPO phase. 302 

Several previous studies have documented the dynamic mechanisms of interdecadal variability in 303 

the Pacific Ocean affecting the onset of the Asian summer monsoon (Kong and Yu 2012; Xiang 304 

and Wang 2013; Watanabe and Yamazaki 2014). Watanabe and Yamazaki (2014) demonstrate 305 

that anomalous northern Pacific Ocean SST similar to that in the negative Pacific Decadal 306 

Oscillation phase intensifies land-sea thermal contrast in the Asian summer monsoon region via a 307 

stationary wave train propagating to central Asia, and thus promotes the advanced SASM onset in 308 

recent decades. Xiang and Wang (2013) prove that the earlier onset of the Asian summer monsoon 309 

since the late 1970s is mainly caused by a “grand” La Nina–like mean state change in the Pacific 310 

basin in the 1990s through the westward propagation of Rossby waves. Specifically, the advanced 311 

monsoon onset in BOB is proven caused by the enhanced zonal SST gradients in the equatorial 312 

Pacific (Xiang and Wang 2013). 313 

Based on these widely acknowledged mechanisms, we further explore whether IPO affects MOP 314 

precipitation over MC by influencing the summer monsoon onset. We regress SST anomalies onto 315 

MOP precipitation over MC, as shown in Fig. 7b. Results show that the correlation between the 316 

two features a negative IPO pattern, which implies that MOP precipitation over MC tends to 317 

increase (decrease) in the negative (positive) IPO phase. Furthermore, we examine the correlation 318 

between MOP precipitation over MC and an IPO Tripole Index, which is defined by Henley (2015) 319 

as the difference between SST anomalies averaged over the central equatorial Pacific and that over 320 

the northwest and southwest Pacific, as shown in Fig. 7. It indicates that the two indexes show a 321 

significant negative correlation, with a correlation coefficient of -0.61 (95% confidence level; Fig. 322 

6). 323 

 324 

Fig. 7. The correlation coefficients between SST anomalies during MOP with (a) the local onset date of the 325 

summer monsoon and (b) MOP precipitation over MC. White dots indicate the 95% confidence level. Black boxes 326 

denote the northwest (25°–45°N, 140°E–145°W), southwest (50°–15°S, 150°E–160°W), and central equatorial 327 

Pacific (10°S–10°N, 170°E–90°W). 328 

We also test the mutation of the monsoon onset dates and MOP precipitation over MC during 329 

1979-2015 using the Lepage test (LEPAGE 1971; Liu et al. 2011) and the moving t-test (Xiao and 330 

Li 2007). Results show that the two indices both exhibit robust decadal shifts in 1999, which are 331 
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corresponding to the phase transition of the IPO at the same time (Fig. 8). The abrupt decadal 332 

shifts of these three indices in the late 1990s are statistically significant at the 95% confidence 333 

level, using the Mann-Kendall test. Thus, we conclude that fundamentally the phase transition of 334 

the IPO in the late 1990s drives the advanced onset of the SASM and thus triggers the increase in 335 

MOP precipitation over MC in recent decades. 336 

 337 

Fig. 8. The normalized (a) IPO Tripole Index, (b) summer monsoon onset date over MC, and (c) MOP 338 

precipitation over MC for the period 1979-2015. The black dashed lines denote the mean value of these indices at 339 

each epoch separated by 1999. 340 

4.2. Mechanisms for the precipitation increase during the withdrawal phase 341 

To investigate the precipitation increase during the withdrawal phase (MWP), we first examine 342 

trends in precipitation amount, days, and intensity during MWP for the period 1979-2015 using 343 

daily precipitation from APHRODITE (Fig. 9). It is observed that precipitation amount and 344 

intensity during MWP both show significant increasing trends over most of MC, and trends of the 345 

two agree well in spatial patterns (Figs. 9a and 9e). And regional averaged precipitation amount 346 

and intensity both exhibit prominently upward trends which are statistically significant at the 95% 347 

confidence level (Figs. 9b and 9f), and their linear trends are 39.64 mm decade-1 (7.72% decade-1) 348 

and 0.79 mm day-1 decade-1 (8.03% decade-1), respectively. Meanwhile, precipitation days show 349 

no significant trends (Figs. 9c and 9d). It indicates that the increase of precipitation amount during 350 

MWP is mainly caused by the increase of precipitation intensity. 351 
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 352 

Fig. 9. Same as in Fig. 3 but for MWP. 353 

Daily precipitation from ERA-Interim also shows that precipitation amount and intensity during 354 

MWP over MC both have increased significantly (figures not shown), which consolidates results 355 

from APHRODITE. Total precipitation during MWP from GPCP and ERA-Interim both manifest 356 

significant increasing trends around MC and BOB, and precipitation trends derived from the two 357 

datasets agree well in spatial patterns (Figs. 10a and 10b).   358 

 359 

Fig. 10. Same as in Fig. 4 but for MWP.  360 

To explore the dominant physical mechanisms for precipitation changes during MWP, we examine 361 

changes in the moisture budget in the same way as in Section 4.1 and show results in Fig. 10. It 362 

demonstrates that evaporation during MWP shows weak decreasing trends over MC, which 363 

doesn’t contribute to the precipitation increase. Meanwhile, moisture convergence during MWP 364 

exhibits significant increasing trends around MC and BOB, and its trends show similar magnitude 365 

and spatial patterns with precipitation trends over the SASM region (Figs. 10b and 10c). This 366 

implies that moisture convergence changes play a dominant role in the precipitation increase 367 

during MWP. Furthermore, it is observed that trends in moisture convergence during MWP are 368 

mainly contributed by the dynamic component over most of the SASM region including MC, 369 

while the thermodynamic component plays a minor role (Figs. 10c, 10d, and 10e). Thus we 370 
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conclude that the increase in precipitation during MWP over MC is mainly caused by the increase 371 

in the dynamic component of moisture convergence, i.e., changes in atmospheric motion. 372 

To further study how the atmospheric motion changes during MWP over MC, we calculate trends 373 

in 850-hPa horizontal wind during MWP and show results in Fig. 10e. Accompanied by the 374 

strengthening of cross-equatorial flow around the equatorial western and eastern Indian Ocean, the 375 

low-level southwesterly intensifying during MWP appears around the Arabian Sea and BOB in the 376 

past decades, which is consistent with the moisture convergence increasing over the region (Fig. 377 

10e). And the southeasterly strengthening is observed around the south of the Himalayas, which 378 

together with the southwesterly strengthening over BOB comprises an anomalous cyclone-like 379 

circulation. This anomalous cyclone-like circulation implies the intensifying of the monsoon 380 

trough around the BOB, which facilitates the increase of moisture convergence and thus that of 381 

precipitation over this region. In addition, the latent heating induced by the increasing 382 

precipitation can induce a Rossby wave atmospheric response to the west (Matsuno 1966; Gill 383 

1980), which would enhance the low-level southwesterly around BOB (Hu et al. 2019). 384 

Since the monsoon circulation exhibits a three-dimensional structure, we further examine changes 385 

in mid-and upper-level circulation. Figure 11a shows trends of 500-hPa vertical velocities and 386 

OLR during MWP in the past decades. Significant enhancements in the ascending motion and 387 

convection are observed over MC and BOB, while significant descending motion strengthening 388 

and convection weakening occur around the southeastern Tibetan Plateau. This trend pattern of 389 

vertical velocities implies the strengthening of the meridional circulation cell around BOB, which 390 

is climatologically characterized by ascending motion south of the Himalayas and descending 391 

motion over the Tibetan Plateau (Li and Ju 2013). By comparing Fig.10b and 11a, we observe that 392 

the trend patterns of 500-hPa vertical velocities and OLR are both largely consistent with that of 393 

precipitation during MWP.  394 

 395 

Fig. 11. Linear trends of (a) 500-hPa vertical velocities (shading, 10-4 hPa s-1 decade-1) and OLR (contour, W m−2 396 

decade-1), (b) thickness of 500 hPa-200 hPa (shading, m decade-1) and 200-hPa horizontal winds (vector, m s-1 397 



14 

 

decade-1) during MWP for the period 1979-2015. Dots denote the 95% confidence level. 398 

We also compute linear trends in atmosphere thickness of 200 hPa-500 hPa and 200-hPa 399 

horizontal wind during MWP and show results in Fig. 11b. It shows that tropospheric temperature 400 

during MWP in most of the SASM region has warmed in recent decades. And the most significant 401 

warming appears around the Arabian Sea, Indian sub-continent, and BOB (Fig. 11b), which favors 402 

stronger updrafts and thus strengthens the monsoon circulation over the regions including MC. 403 

Meanwhile, an anomalous anticyclone at 200 hPa is located over these regions (Fig. 11b), 404 

implying stronger upper-level divergence and thus promoting the intensifying of the ascending 405 

motion. And an anomalous upper-level cyclone is observed around the southern Tibetan Plateau, 406 

which favors stronger descending motion over this region. Both the warming difference and 407 

anomalous upper-level circulation are favorable for the strengthening of the monsoon circulation.  408 

Based on the above results, we infer that the precipitation increase during MWP over MC is 409 

directly due to the enhances of the ascending motion and convection around this region, which is 410 

dynamically correlated to the anomalous cyclone-like circulation around the BOB as well as the 411 

strengthening of the cross-equatorial flow around the equatorial Indian Ocean. 412 

5. Discussion 413 

The study for MWP mainly addresses the internal atmospheric causes, and the possible external 414 

forcing remains to be explored. We examine the correlation of SST anomalies with precipitation 415 

during MWP over MC for 1979–2015, which is shown in Fig. 12. Results show that contrary to 416 

MOP, SST anomalies in southern Arabia and southern BOB exhibit positive correlation with 417 

precipitation during MWP (Fig. 12), which along with results of tropospheric temperature (Fig. 418 

11b) implies that anomalous SST over Arabia and BOB may be an important forcing for the 419 

precipitation increase during MWP. By compared Figs. 7b and 12, we observe that the influence of 420 

Pacific Ocean SST on precipitation during MWP also shows a La Nina–like pattern but smaller 421 

magnitude than that during MOP. Meanwhile, SST anomalies in the eastern Indian Ocean and the 422 

sea around Indonesia during MWP show a more significant influence, which is largely consistent 423 

with results in Sabeerali et al. (2012). Previous studies also reported the La Nina–like Pacific SST 424 

trend/interdecadal change, the eastern Indian Ocean SST increasing, and the strengthening and the 425 

westward shift of the Walker Circulation as a response to this anomalous SST forcing (Xiang and 426 

Wang 2013; Ma and Zhou 2016). These along with our results (Fig. 12) imply that the SST change 427 

in the Pacific and eastern Indian Ocean may be a crucial external forcing for the atmospheric 428 

circulation changes and the precipitation increase during MWP around MC. The detailed physical 429 

mechanisms for the impact of SST changes in the Pacific and the Indian Ocean on precipitation 430 

during MWP will be further pursued in the future. 431 

 432 

Fig. 12. The correlation coefficients between SST anomalies during MOP with (a) the local onset date of the 433 
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summer monsoon and (b) MOP precipitation over MC. White dots indicate the 95% confidence level. 434 

The variability of the summer monsoon and the seasonality of monsoon precipitation trends over 435 

MC is expected to affect vegetation growing and thus the rain-fed agriculture as well as regional 436 

hydrology. For instance, the majority of plantation crops are likely to benefit due to the increase in 437 

rainfall during MWP. On the other hand, this region is vulnerable to hydrological and 438 

meteorological disasters. Several previous studies reported tropical cyclones (TCs) in the BOB 439 

had intensified during the onset and withdrawal phases in recent decades and had a stronger 440 

impact on MC (Wang et al. 2013; Balaguru et al. 2014; Fosu and Wang 2015; Albert and 441 

Bhaskaran 2020; Jyoteeshkumar Reddy et al. 2021). Our results show similar change patterns in 442 

atmospheric circulation during the onset and withdrawal phases to results from Wang et al. (2013) 443 

and Fosu and Wang (2015), which are proven responsible for the TCs intensifying. Therefore, it 444 

deserves further study to assess and understand changes in BOB TCs and their contribution to 445 

changes of precipitation, especially heavy precipitation during the onset and withdrawal phase 446 

over MC. 447 

6. Conclusion 448 

In this study, we focus on recent trends in precipitation in the monsoon season over MC, which is 449 

an important rice-producing region in the world and the front land in the SASM region. Results 450 

from multiple precipitation datasets show that total precipitation in the monsoon season has 451 

increased slightly but not significantly, but precipitation during the onset and withdrawal phase of 452 

monsoon season over this region exhibits a significant increasing trend in recent decades. And the 453 

contribution of precipitation during the two phases to total monsoon precipitation both exhibit a 454 

significant upward trend. We examine recent trends in moisture budget related to the precipitation 455 

change during the two phases using ERA-interim reanalysis data. Results show that the dynamic 456 

component of moisture convergence plays a dominant role in the precipitation increase during the 457 

two phases, while changes in thermodynamic component and evaporation both contribute 458 

relatively little. By analyzing changes in atmospheric circulation, we infer that the upward trends 459 

in precipitation during MOP directly result from the advanced onset of the SASM. With the 460 

advanced onset of the SASM, the enhanced monsoon circulation during MOP promotes the 461 

intensified local moisture convergence, leading to increased precipitation over MC. Fundamentally, 462 

the advance of the SASM onset is triggered by the phase transition of IPO in the 1990s. And we 463 

conclude that the precipitation increase during MWP is directly due to the enhances of the 464 

ascending motion and convection around this region, which is dynamically correlated to the 465 

anomalous cyclone-like circulation around BOB as well as the strengthening of the 466 

cross-equatorial flow around the equatorial Indian Ocean.  467 
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Figures

Figure 1

The topography of Myanmar Coast. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 2

Time series of accumulated precipitation (mm) during (a) the whole monsoon season, (b-d) the onset,
peak, and withdrawal phase of the monsoon season averaged over MC during 1979-2015 from all three
precipitation datasets (thin lines), and their ensemble means (thick lines). Dashed black lines indicate the
linear �t of precipitation time series, and the trends (% decade-1 or mm decade-1) and con�dence levels
from the Mann-Kendall test are given.



Figure 3

Linear trends in precipitation (a) amount, (c) days, and (e) intensity during MOP for the period 1979-2015
from APHRODITE (% decade-1 relative to the climatology). Time series of MOP precipitation (b) amount
(mm), (d) days (days), and (f) intensity (mm day-1) averaged over MC. Dashed red lines are linear �ts of
the time series. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 4

Linear trends in (a and b) precipitation from GPCP and ERA-interim, respectively, (c) the moisture
convergence δ (-1/gp. ∫0psuqdp), (d) the thermodynamic component δ (-1/gp. ∫0psucqadp), (e) the
dynamic component δ (-1/gp. ∫0psucqadp), and (f) evaporation during MOP for the period 1979-2015
(shading, mm day-1 decade-1). Vectors in Fig. 4e are linear trends in 850-hPa horizontal winds (m s-1
decade-1). White dots indicate the 95% con�dence level.



Figure 5

Linear trends of atmosphere thickness between 500 hPa and 200 hPa (shading, m decade-1) during MOP
for the period 1979-2015. Vectors indicate linear trends of 200-hPa horizontal winds (m s-1 decade-1)
during MOP during 1979-2015. White dots denote the 95% con�dence level.



Figure 6

Normalized and 3 years moving average time series of MOP precipitation over MC (blue), the local onset
date of the summer monsoon over MC (yellow), the SASM onset date (green), and the IPO Tripole Index
for the onset phase (red). Correlation coe�cients between precipitation and other indexes are given in
parentheses. It should be noted that the correlation coe�cients are estimated using the non-smoothed
time series.



Figure 7

The correlation coe�cients between SST anomalies during MOP with (a) the local onset date of the
summer monsoon and (b) MOP precipitation over MC. White dots indicate the 95% con�dence level.
Black boxes denote the northwest (25°–45°N, 140°E–145°W), southwest (50°–15°S, 150°E–160°W), and
central equatorial Paci�c (10°S–10°N, 170°E–90°W). Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 8

The normalized (a) IPO Tripole Index, (b) summer monsoon onset date over MC, and (c) MOP
precipitation over MC for the period 1979-2015. The black dashed lines denote the mean value of these
indices at each epoch separated by 1999.



Figure 9

Linear trends in precipitation (a) amount, (c) days, and (e) intensity during MOP for the period 1979-2015
from APHRODITE (% decade-1 relative to the climatology). Time series of MOP precipitation (b) amount
(mm), (d) days (days), and (f) intensity (mm day-1) averaged over MWP. Dashed red lines are linear �ts of
the time series. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 10

Linear trends in (a and b) precipitation from GPCP and ERA-interim, respectively, (c) the moisture
convergence δ (-1/gp. ∫0psuqdp), (d) the thermodynamic component δ (-1/gp. ∫0psucqadp), (e) the
dynamic component δ (-1/gp. ∫0psucqadp), and (f) evaporation during MWP for the period 1979-2015
(shading, mm day-1 decade-1). Vectors in Fig. 4e are linear trends in 850-hPa horizontal winds (m s-1
decade-1). White dots indicate the 95% con�dence level.



Figure 11

Linear trends of (a) 500-hPa vertical velocities (shading, 10-4 hPa s-1 decade-1) and OLR (contour, W m−2
decade-1), (b) thickness of 500 hPa-200 hPa (shading, m decade-1) and 200-hPa horizontal winds
(vector, m s-1 decade-1) during MWP for the period 1979-2015. Dots denote the 95% con�dence level.



Figure 12

The correlation coe�cients between SST anomalies during MOP with (a) the local onset date of the
summer monsoon and (b) MOP precipitation over MC. White dots indicate the 95% con�dence level. Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.


