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Abstract

Understanding changes in monsoon precipitation patterns is crucial as it determines the occurrence, intensity, and duration
of floods and droughts in Bangladesh. This study investigates changes in monsoon precipitation patterns in different intensi-
ties and durations over Bangladesh and their possible teleconnection with large-scale atmospheric oscillations. The changes
in different thresholds at 29 stations in Bangladesh were analyzed using the Mann—Kendall (MK) test. Pearson correlation,
wavelet coherence (WTC), and multiple wavelet coherence (MWC) methods were also employed to analyze and understand
the potential linkage between the large-scale atmospheric circulations and monsoon precipitation indices. The results showed
a significant decreasing trend in light and moderate precipitation indices, P10, D10, P20, and D20, while an increasing
trend in heavy precipitation indices such as P60, D60, P60plus, and D60plus. The Pearson correlation analysis exhibited a
significant correlation between the monsoon precipitation indices and the atmospheric circulation indices. WTC analysis
revealed substantial coherence in the time—frequency bands of P10-Nino3.4, D10-Nino3.4, P20-SASMI (South Asian Sum-
mer Monsoon Index), P20-EASMI (East Asian Summer Monsoon Index), D20-SASMI, and P60plus-SOI (Southern Oscil-
lation Index) indices. MWC analysis affirmed the correlation and showed the influence of the ERAS reanalysis parameters,
i.e., temperature (T850) and geopotential height at 850 hPa (G850), mean total precipitation rate (MTPR), mean vertically
integrated moisture divergence (MVIMD), and summer evaporation (SEV) on the monsoon precipitation indices. The circula-
tion pattern changes, like increasing sea surface temperature, T850, and G850, MTPR, SEV, and decreasing MVIMD, might
work as the drivers of monsoon precipitation changes in Bangladesh. The findings can be helpful to address agro-economy
losses due to monsoon variability through agricultural planning, flood, landslide and water resources management.
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The monsoonal system is one of the most crucial elements
of the Earth’s hydrological cycle and a vital determinant
of the functionality of global circulation and environmental
systems. It is perhaps the main determinant of precipita-
tion climatology of south and east Asia (Serreze and Barry,
2010). The timing of monsoon arrival and its precipitation
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intensity and duration determine crop yields, hydroelectric
production, forest vegetation, water resources, and ecol-
ogy in the region (Turner and Annamalai, 2012; Mie Sein
et al. 2015; Yesilirmak and Atatanir, 2016; Zeng et al. 2019;
Dubache et al. 2019). Intense and more prolonged precipi-
tation in monsoon may lead to flood, whether the reverse
condition may lead to drought. It also plays a crucial role
in transferring heat from the tropic to higher latitude areas
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and regulating the Earth’s temperature (Loo et al. 2015).
The monsoon precipitation patterns showed a significant
change in recent years due to climate change (Guilbert et al.
2015; Zhang et al. 2017). Most climate models projected
an increase in precipitation extremes under global warming
(Zhang et al. 2018). The consequences can be the increas-
ing likelihood of heavy precipitation events and growing
drought-hit areas (Ashfaq et al. 2009; IPCC, 2013; Singh
et al. 2014; Xu et al. 2020), which can pose an imminent
threat to the livelihood of a vast population (Safdar et al.
2019). Besides, extreme precipitation scenarios are esti-
mated to be more frequent in the upcoming years over South
Asia under the changing climate (Donat et al. 2016; Islam
et al. 2021a). The effect would be much more severe for a
densely populated agricultural-based country like Bangla-
desh, where a slight variability in timing and the amount
of monsoon precipitation can severely affect agricultural
productivity, food security, and people’s livelihood (Mat-
sumoto, 1988).

Bangladesh receives almost 71% of its total annual pre-
cipitation during the monsoon (Islam et al. 2019). Some of
the heaviest precipitation events in the world occur in Bang-
ladesh during the monsoon (Matsumoto, 1988). This enor-
mous precipitation amount often causes severe floods in the
country. The country experienced some of the devastating
floods in recent years, which on average caused an economic
loss of $2.2 billion, equivalent to 1.5% of the country’s gross
domestic product (GDP) (Ozaki, 2016). Flood in 1998 inun-
dated nearly 60% of the land and caused economic dam-
age equivalent to 8% of the country’s GDP. Projections of
climate models suggest that the global precipitation system
will undergo many adjustments, which would profoundly
impact extreme weather events like thunderstorms (Azad
et al. 2021), droughts, and floods in many Asian countries,
including Bangladesh. Therefore, a better understanding
of monsoon precipitation changes in Bangladesh and their
relation to different ocean-atmospheric oscillation indices
and large-scale monsoon circulation patterns is vital for
Bangladesh.

Many studies have been conducted for characterization
of monsoon precipitation globally (Wang et al. 2012) and
regionally, e.g., Asia-Australia (Meehl et al. 2012), South
Asia (Turner and Annamalai, 2012), Southeast Asia (Loo
et al. 2015), East Asia (Yang et al. 2019), North America
(Luong et al. 2017), China (Huang et al. 2019), Eastern
China and Pacific region (Ping et al. 2009), Nepal and
Himalayas (Bhatt and Nakamura, 2005), Meghalaya Pla-
teau (Fujinami et al. 2017), Indonesia (Moron et al. 2010),
Pakistan (Safdar et al. 2019), India (Chaudhary et al. 2018).
These published studies covered a wide range of knowledge,
including monsoon precipitation concentration index, pre-
cipitation concentration degree, precipitation concentration
period, monsoon onset shifting, diurnal and interannual
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variability of monsoon season, intra-seasonal variability,
and raindrop size characteristics. Besides, forecasting and
projection on future monsoon precipitation were examined
in several studies (Yang et al. 2019; Loo et al. 2015).

Some studies have also been conducted to evaluate the
changes in precipitation patterns of Bangladesh (Ahmed
et al. 1996; Rahman et al. 1997; Ahasan et al. 2011; Shahid,
2010; Rahman et al. 2017; Khan et al. 2019; Rahman and
Islam, 2019; Islam et al. 2020; Fahad et al. 2021). Most
of these studies assessed monsoon precipitation changes
based on total precipitation received during the monsoon
season or focused on the precipitation of the whole year.
However, very few studies attempted to evaluate the spa-
tiotemporal changes in monsoon precipitation intensities
and durations (Shahid 2011; Montes et al. 2021), which are
extremely important to understand the changes in hydro-
logical hazard potential in the country. Besides, the prob-
able synoptic circulation driving the changes in monsoon
precipitation patterns is still less understood in Bangladesh
(Rafiuddin et al. 2010; Endo et al. 2015; Hassan et al. 2015).
The published studies mainly explored precipitation trends
and the possible reason behind such trends. For instance,
Rafiuddin et al. (2010) analyzed precipitation characteris-
tics in and around Bangladesh and stated that the monsoon
systems are large, stationery, or slow-moving. Hassan et al.
(2015) studied the trend and spatial distribution of mon-
soon precipitation using 12 rain-gauge data for the period
1951 —2012. Basher et al. (2018) analyzed extreme rainfall
indices trends over northeast Bangladesh during 1984-2016
for pre-monsoon and monsoon seasons using rainfall records
of only seven stations. Khan et al. (2019) observed the trends
in extreme precipitation and temperature indices in Bang-
ladesh during 1981-2010. Montes et al. (2021) evaluated
satellite-derived daily precipitation products based on obser-
vational data using percentile and threshold-based indices,
characterizing their intensity during the monsoon season in
Bangladesh. Fahad et al. (2021) explored the effects of sur-
rounding topography and sea surface temperature on sum-
mer monsoon precipitation in Bangladesh and the neigh-
boring areas. Nonetheless, these studies mainly focused on
average features or a specific aspect of precipitation activi-
ties in providing a general picture of changing patterns in
Bangladesh’s precipitation. As a result, for this region, a
comprehensive investigation on the spatiotemporal varia-
tions in monsoon precipitation, concentrating on the entire
monsoon, is still required.

But, the monsoon precipitation pattern in Bangla-
desh may be linked to different ocean-atmospheric indi-
ces (Wahiduzzaman and Luo, 2020). Recently, various
works addressed the relations between the East Asian sum-
mer monsoon index (EASMI) and summer monsoon rainfall
throughout the South and East Asian areas (Lin et al. 2019;
Chen et al. 2021), since EASMI is recognized as one of
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the essential aspects of the Asian monsoon (Li and Zeng,
2003; Wu, 2017). Ocean-atmospheric indices like Nino
indices are important determinant for summer monsoon
precipitation in Indian region (Shukla et al. 2011). Another
ocean-atmospheric index, SASMI, has teleconnection with
different precipitation indices used by Rahman and Islam
(2019). Southern Oscillation Index (SOI) is also crucial in
estimating precipitation in Bangladesh (Rana et al. 2007),
while Madden—Julian Oscillation (MJO) has intriguing
relationship with extreme precipitation in the Indian sub-
continent (Anandh and Vissa, 2020). In contrast, vertically
integrated moisture divergence is strongly associated with
the tropical atmospheric hydrological cycle on a seasonal
scale (Xu et al. 2016), while elevated geopotential height
with adequate moisture divergence flux can contribute
to precipitation variability in Bangladesh (Rahman and
Islam, 2019). An increase in sea surface temperature during
summer is generally accompanied by increased precipita-
tion over the tropical area (Roxy, 2014). Salahuddin et al.
(2006) found significant teleconnection between SST and
summer monsoon rainfall in Bangladesh. Besides, other
precipitation-related parameters, like temperature and sum-
mer evaporation, can also influence monsoon precipitation in
different intensities and durations. However, no attempt has
been made so far to investigate the joint influence of these
synoptic circulation pattern indices and large-scale circula-
tion indices on the changes in monsoon rainfall patterns in
Bangladesh. This highlights the need for an in-depth study
to fully understand the spatiotemporal changes in monsoon
precipitation patterns and the probable synoptic circulation
influencing such changes.

Nevertheless, this study is motivated to answer the fol-
lowing question: How do the monsoon precipitation for
different thresholds limits spatiotemporally change over
Bangladesh? Is there any teleconnection between the mon-
soon precipitation indices and ocean-atmospheric oscillation
indices? Is the synoptic circulation driving the changes in
monsoon precipitation in different intensities and durations?
Therefore, the objectives are to (1) investigate the spati-
otemporal changes in monsoon precipitation indices over
Bangladesh, (2) examine the teleconnection between the
monsoon precipitation indices and ocean-atmospheric oscil-
lation indices, and () investigate the synoptic circulation pat-
terns influencing the changes in monsoon precipitation over
Bangladesh. Compared to earlier research, this study has two
novel aspects. First, the changes in monsoon precipitation
patterns over Bangladesh is studied using indices that were
developed based on suitable threshold limits, particularly for
monsoon season precipitation in Bangladesh. Second, this
is may be the first attempt to assess both the influences of
large-scale circulation and synoptic circulation patterns on
the spatiotemporal changes in monsoon precipitation in dif-
ferent threshold limits. The findings can help anticipate the

changes in hydrological hazard potential and draw measures
to mitigate their effects.

2 Data and method
2.1 Description of the study area

Bangladesh, a country of South Asia, is geographically
located between 20 ° 34’ to 26 ° 38’ North latitude and 88
° 01’ to 92 ° 42’ East longitude. This is the biggest deltaic
country on the globe, occupying 147,570 km? area (Fig. 1).
The three vigorous rivers Padma, Jamuna, and Meghna, and
their tributaries encompass 80% of floodplains in Bangla-
desh, leaving out only the hilly parts in the northeast and
southeast. The alluvial soil in the country is vibrant to floods
and droughts. Being exposed to differential warming under
the great Himalaya Mountain in the North and the Bay of
Bengal (BoB) in the south, the circulation of southwest
monsoon and the alteration in precipitation systems domi-
nate the climate of the country (Rahman and Islam, 2019).
Overall, the climate is portrayed by pelter-bearing breezes,
humbly warm temperatures, and high air moisture. However,
this narrow flat lowland between Himalaya Mountain and
the BoB is very well suited for developing convection, as
the moisture conveyed by the monsoon winds from BoB
interacts with elevated regions (Ahmed et al. 2017). As an
outcome, floods, thunderstorms, and tidal floods are regular
incidents in this country. The country receives overwhelm-
ing precipitation, aside from certain parts in the west. Exten-
sive rainfall zones in the North, south, southeast, and upper
east annually receive rainfall between 2000 and 2500 mm,
and the northern and northwestern parts usually receive
annual precipitation from 3800 to 5000 mm (Shahid, 2010).
The least rainfall, around 1600 mm, is received mm in the
central west. The highest amount of precipitation occurs dur-
ing the monsoon, from June to September. Monsoon moist
wind from the BoB transported to the land by weak tropi-
cal depressions causes high precipitation during monsoon
(Ahmed et al. 2017). Rainfall in June is crucial for Bangla-
desh as the rainfed Aman rice productivity mostly depends
on it (Ghose et al. 2021).

2.2 Data sources and quality controls

Daily precipitation data of monsoon months (June, July,
August, and September) for 38 years (1980 to 2017) from 29
meteorological stations were collected from BMD (Bangla-
desh Meteorological Department), which are scattering over
the country (Fig. 1). Geographical and statistical informa-
tion such as latitude, longitude, elevation, maximum rainfall,
standard deviation, and mean precipitation of the meteoro-
logical stations is shown in Table 1.
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Fig. 1 Geographical location of the study area showing meteorological stations and elevation

Though BMD runs 35 meteorological stations across the
country, all of them do not have long-duration data records
(BMD, 2018). Twenty-nine stations that have fewer missing
values were selected for this study. These sites have missing
values below 5% during the study period. The missing val-
ues were filled using the daily rainfall records of the adjacent
stations. Detailed information about the missing datasets and
their filling process is provided in Table S1. For assuring
the quality of the data, all records were also validated by
the BMD personnel after a data quality check. Albeit, one
of the major impediments of trend analysis is the serial cor-
relation in data series. Hence, the auto correlation function
(ACF) was used to identify the presence of significant auto-
correlation in the data series (Fig. S1). The pre-whitening
approach was employed to eliminate the autocorrelation in
the specified rainfall time series. Afterwards, the results sug-
gested the absence of serial correlation in time series at most
of the stations. Besides, the Standard Normal Homogeneity
Test (SNHT) was performed on precipitation series at each
station at a significance level (p <0.05) to assure the qual-
ity of the data. The test results elicited that the datasets are
uniform and homogenous at all stations.

The monthly data of Nino3.4, SOI (Southern Oscillation
Index), SASMI (South Asian Summer Monsoon Index),
EASMI (East Asian Summer Monsoon Index), and MJO

@ Springer

(Madden—Julian Oscillation index) for the monsoon months,
June to September, for the period 1980 —2017 were used
to assess their influence on monsoon precipitation. The
Nino3.4 and SOI data were collected from the NOAA Earth
System Research Laboratory (https://www.esrl.noaa.gov/
psd/data/climateindices/), the SASMI and EASMI dataset
were obtained from the NCEP/NCAR monthly analysis data-
set (http://ljp.gcess.cn/dct/page/1), and the MJO dataset was
acquired from National Weather Service of NOAA (https://
www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_
mjo_index/pentad.shtml).

The European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis, ERAS, was used to identify the
synoptic atmospheric circulations responsible for monsoon
precipitation changes in Bangladesh. For this purpose,
ERAS data of sea surface temperature (SST), air temperature
(T850), geopotential height at 850 hPa (G850), wind speed),
mean vertically integrated moisture divergence (MVIMD),
mean total precipitation rate (MTPR), and summer season
evaporation (SEV) indices having a spatial resolution of
0.25°x%0.25° were collected for a selected domain of 0 to
50° north and 60 to 120° east, for the period 1980 —2017
from the ECMWF website, https://www.ecmwf.int/en/forec
asts/datasets/reanalysis-datasets/eraS. We have used these
data using GrADS 2.0.2.0ga.2 software where the data were
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Table 1 List of stations with latitude, longitude, and elevation; maximum, minimum, and mean monsoon precipitation per year and their stand-

ard deviation in Bangladesh

Station name Latitude Longitude Elevation (m) Maximum (mm) Minimum (mm) Mean (mm) Standard Deviation
Barishal 22.72 90.37 2.1 2128 978 1447.947 279.3569
Bhola 22.68 90.65 43 2500 1032 1590.763 319.7671
Bogura 24.85 89.37 17.9 1962 678 1238.921 319.3836
Chandpur 23.23 90.7 4.88 2967 842 1476.868 448.1323
Chattogram 22.22 91.8 5.5 3605 1358 2301.632 578.7649
Coxsbazar 21.45 91.97 7.5 4248 812 2894.368 602.0968
Cumilla 23.43 91.18 2.1 1978 813 1338.368 286.4941
Dhaka 23.77 90.38 8.45 2120 764 1349.711 351.3911
Dinajpur 25.65 88.68 37.8 2737 812 1487.263 376.3255
Faridpur 23.6 89.85 8.1 1760 766 1202.526 269.8835
Feni 23.03 91.42 6.4 3051 503 2118.316 464.6527
Hatiya 22.45 91.1 2.44 3288 29 2386.342 573.3883
Ishwardi 24.15 89.03 12.9 1449 573 1030.842 239.6395
Jashore 23.2 89.33 6.1 1967 675 1187.842 270.4933
Khepupara 21.98 90.68 1.83 2739 1422 2037.105 323.6983
Khulna 22.78 89.57 2.1 2046 720 1299.447 310.4086
M.Court 22.87 91.1 4.87 4010 1512 2295.079 481.2698
Madaripur 23.17 90.18 7 2311 826 1363.132 323.1732
Mymensingh 24.73 90.42 18 2325 947 1518.947 342.6904
Patuakhali 22.33 90.33 1.5 3217 1289 1941.158 380.8873
Rajshahi 24.37 88.7 19.5 1821 507 1052.342 259.9609
Rangamati 22.37 92.15 68.89 2930 1023 1791.158 472.4906
Rangpur 25.73 89.27 32.61 2861 861 1652.895 413.4627
Sandwip 22.48 91.43 2.1 4516 1007 2695.211 676.1439
Satkhira 22.72 89.08 3.96 1733 743 1217.395 241.0604
Sitakunda 22.63 91.7 7.3 3869 359 2323.526 681.5339
Sreemangal 243 91.73 21.95 2675 947 1419.026 328.4128
Sylhet 24.9 91.88 33.53 3958 1367 2724.974 559.4929
Teknaf 20.87 92.3 5 4939 1080 3517.789 632.0583

presented as the mean of the selected time series. Time
series data of T850, G850, MVIMD, SEV, and MTPR at
the observed station’s location were extracted and then aver-
aged to derive the country average. These data were used
to quantify their association with the precipitation indices
through Pearson correlation and multiple wavelet coherence.
SST was excluded from analyses because the meteorological
stations can not represent any SST value.

2.3 Definition of precipitation index based
on threshold limits

Precipitation can be classified in many ways, based on the
aim, region, and atmospheric data used, such as thresholds
for defining days with precipitation based on fixed values
and statistical quantiles (Lupikasza et al. 2011; Rahman and
Islam, 2019). Statistical quantiles or percentile-based indices
are defined in a way where the categories are not independent

of each other; i.e., heavy precipitation included very heavy
precipitation events (Wu et al. 2016). This could make it
difficult to quantify the contribution from different category
precipitation separately to total precipitation change (Tong
et al. 2019). In a subtropical region like Bangladesh, where
precipitation days vary significantly from 1 year to another,
the same precipitation amount can be distributed into differ-
ent years for different percentile indices (Rahman and Islam,
2019). It is crucial for flood and drought indication to define
thresholds of precipitation amount and number of precipita-
tion days in absolute values. Therefore, we opted for fixed
threshold value indices instead of percentiles to define mon-
soon precipitation patterns. A modified version of the thresh-
old limits used by Khatun et al. (2016) was considered in this
study to address precipitation of monsoon months to better
understand and evaluate the changes in monsoon precipita-
tion. The precipitation data was divided based on five dis-
tinct threshold values to derive ten indices (Table 2), which
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Table 2 Description of the monsoon precipitation indices based on the absolute threshold value

Indicator  Descriptive name Definition Unit
P10 Light precipitation Counted as light precipitation when precipitation amount is 4 to 10 mm mm
D10 Light precipitation days Precipitation days with 4 to 10 mm precipitation Days
P20 Moderate precipitation Counted as moderate precipitation when precipitation amount is 11 to 20 mm mm
D20 Moderate precipitation days Precipitation days with 11 to 20 mm precipitation Days
P35 Moderately heavy precipitation Counted as moderately heavy precipitation when precipitation amount is 21 to 35 mm mm
D35 Moderately heavy precipitation days  Precipitation days with 21 to 35 mm precipitation Days
P60 Heavy precipitation Counted as moderately heavy precipitation when precipitation amount is 36 to 60 mm mm
D60 Heavy precipitation days Precipitation days with 36 to 60 mm precipitation Days
P60plus  Very heavy precipitation Counted as very heavy precipitation when precipitation amount is more than 60 mm mm

D60plus  Very heavy precipitation days

Precipitation days with more than 60 mm precipitation

were light precipitation amount (P10), light precipitation
days (D10), moderate precipitation amount (P20), moder-
ate precipitation days (D20), moderately heavy precipitation
amount (P35), moderately heavy precipitation days (D35),
heavy precipitation amount (P60), heavy precipitation days
(D60), very heavy precipitation amount (P60plus), and very
heavy precipitation days (D60plus). Among these indices,
the light and moderate precipitation indices are almost simi-
lar to Khatun et al. (2016), although the moderately heavy,
heavy, and very heavy precipitation indices have some
modification. Khatun et al. (2016) used the rainfall range of
23-43 mm, 44-88 mm, and above 89 mm to describe mod-
erately heavy, heavy, and very heavy precipitation, respec-
tively. The difference is because of the use of different time
scales. Khatun et al. (2016) used the indices to describe the
precipitation of the entire year, whereas the present study
used only the monsoon season. Besides, most of the years,
some sites do not receive heavy precipitation (> 88 mm) in
the monsoon season. Therefore, the threshold limits were
rearranged to get enough data for all precipitation categories.
Here, P10, P20, P35, P60, and P60plus represent total pre-
cipitation amount, while D10, D20, D35, D60, and D60plus
represent the number of days with respective precipitation
limits. Light and moderate precipitation constitute most of
the precipitation days. Such events occur throughout the
monsoon and maintain soil moisture. Decreases in light and
moderate precipitation indices can be indicators for more
dry or low rainfall days, while increases in moderately heavy
precipitation indices can be indicators for a favorable condi-
tion for crop cultivation and better production. The increase
in heavy and very heavy precipitation indices indicates a
possible increase in floods.

2.4 Wavelet analysis
To evaluate the teleconnection between the monsoon pre-

cipitation indices and the large-scale ocean-atmospheric
indices, wavelet transform coherence (WTC) and multiple
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wavelet coherence (MWC) were employed. WTC and MWC
are widely utilized in the environment, geophysics, weather,
identifying climatic relationships, etc. (Wang et al. 2019;
Lee and Kim, 2019; Islam et al. 2021b; Ng and Chan, 2012;
Jerin et al. 2021). Wavelet analysis provides several advan-
tages and flexibilities from a time—frequency point of view.
It is very efficient in apprehending nonlinear relationships
and identifying significant periods and their changes. The
wavelet analysis is also employable to a non-stationary
time series. Another advantage is its adaptability to differ-
ent types of wavelet functions depending upon the nature of
data, allowing more efficient and accurate tracking of the
co-movements (Rahman et al. 2021). It can also specify the
strength and direction of the association, and the difference
between short, medium, or long-term relationships (Grinsted
et al. 2004).

2.4.1 Wavelet transform coherence

WTC can be used to capture the irregular correlations
between two events that are often impossible to get through
linear correlation analyses (Islam et al. 2021b). WTC quan-
tifies the covariance magnitude between two time series,
varies from 0 to 1 (0 < R? < 1). Number 1 refers to per-
fect coherence, whereas 0 refers to no coherence at all. This
range is defined as the cross-spectrum normalized square
by the smoothed individual power spectrum. The greater
the coherence, the more the symphony between two-time
series. The coherence can be defined simply by the follow-
ing equation:
2
’S(s‘lW (s)‘

Xy

R*(m,n) = (1)

2 2
S(s~! [W,(9)|-S(s! Wy(s)|

where x and y are two time series with their respective wave-
let transforms W,(s) and W (s). s indicates the smoothing
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over both time and scale. The Monte Carlo simulation
method was employed here to get the result.

Wavelet transform coherence method additionally reveals
the phase shift across the time dimension by specifying an
angle in an interval (Lee and Kim, 2019). The angle can
be stated as a phase difference; this reveals that the shared
cycles between the two data sets are negatively or positively
associated. This also displays which data series is ahead in
terms of the relationship between the data series at specific
frequency levels. Right-pointing arrows depict that the two
signals are in-phase, while left-pointing arrows indicate an
anti-phase signal; down-pointing arrows indicate that the
precipitation indices are ahead of the ocean-atmospheric
index, while up-pointing arrows indicate that the indices
lag behind the ocean-atmospheric index.

2.4.2 Multiple Wavelet Coherence

MWTC can examine the temporal variability influenced by
multiple factors in different time scales. Therefore, it pro-
vides a better understanding of the underlying processes
responsible for the change in the examined variable (Rah-
man et al. 2021). In MWC, the influence of two time series’
(x; and x,) on the response series (y) can be estimated using
the following equation:

Rz(y,xl) +R? (y,xz) —2Re[R(y,xl)4R(y,xl) * .R(xz,xl) *]

1 —Rz(xz,x,) (2)

R (5.3,.3,) =

The Sen’s slope estimator, introduced by Sen (1968), was
used to quantify the slope of a trend in monsoon precipi-
tation indices. The Mann—Kendall (MK) test was used to
detect the significance of the trends (Kendall, 1975; Mann,
1945). Details of the MK test and Sen’s slope estimator can
be found elsewhere in the literature (Li et al. 2018; Rahman
and Islam, 2019). The sequential version of the MK test
was also applied to detect an abrupt change in the mon-
soon precipitation time series. Details of this method can be
found in Praveen et al. (2020) and Islam et al. (2021a). The
bivariate Pearson correlation coefficient was also employed
to demonstrate the correlation between the monsoon precipi-
tation indices with large-scale ocean-atmospheric indices
and ERAS variables.

3 Results
3.1 Changes in monsoon precipitation indices

The areal average annual series of monsoon precipitation
indices (Fig. 2) showed that P10 (Fig. 2a), D10 (Fig. 2b),
P20 (Fig. 2¢), and D20 (Fig. 2d) indices were decreasing
at a rate of 0.254, 0.031, 0.281, and 0.021 per year, respec-
tively. The decreases were significant at p <0.05. It indicates

that light and moderate precipitation amounts and days are
decreasing remarkably, which might increase the frequency
of short-term droughts. No significant change was detected
for P35 (Fig. 2e) and D35 (Fig. 2f) during 1980 —2017.
On the contrary, P60 (Fig. 2g), D60 (Fig. 2h), P60plus
(Fig. 2i), and D60plus (Fig. 2j) were found to increase at a
rate of 0.432, 0.008, 1.136, and 0.018 per year, respectively.
Increases in heavy and very heavy precipitation amounts and
days imply an increased risk of monsoon floods.

3.2 Spatiotemporal changes in the monsoon
precipitation indices

The results of the Sen’s slope and MK test for each station
were shown in a spatial distribution map (Fig. 3) generated
through ArcGIS 10.6.1. The Sen’s slope value was shown
using Histogram-equalize technique, while the MK test
results were represented through multi-color triangle. The
MK test statistics for the indices vary between — 2.6034
and 2.905 and the Sen’s slope between —12.333 and
20.833. The Sen’s slope value (Fig. 3a) for P10 was in the
range of — 1.125 to 0.8. It showed a decreasing trend at
59% of the stations. The higher decreases were noticed at
10% of the stations, located in the north-central and south-
ern parts of Bangladesh. The Sen’s slope of D10 (—0.147
to 0.068) showed a similar trend pattern (Fig. 3b) like P10.
The D10 showed a decreasing trend at 55% of the stations,
of which significant decreases were noticed in the southern
region. It showed increasing trends at a few stations in the
North and eastern parts of the country. The rate of change
in P20 was between — 3.057 and 0.999 (Fig. 3c), where
declining trends were noticed at 55% stations distributed
randomly and increasing trends at 28% of the stations,
mostly located in the south. The changes in D20 were
in the range of —0.166 to 0.095. It decreased at 52% of
the stations distributed randomly over the country while
increasing at 28%, predominantly in the south (Fig. 3d).
P35 showed a change in the range of —2.992 to 3.466,
while D35 showed a change between —0.107 and 0.140.
The P35 (Fig. 3e) and D35 (Fig. 3f) decreased at 55% and
48% of the stations, respectively, and increased at some
stations in the south. In contrast, the P60, D60, P60plus,
and D60plus showed changes in the range of —5.393 to
5.107,-0.083 to 0.105, —12.333 to 20.833, and — 0.090 to
0.149, respectively. The P60 (Fig. 3g) and D60 (Fig. 3h)
increased at 41% of the stations, mostly located in the
southern region, while they showed decreasing trend at 31
to 38% of the stations located in the central and western
regions. The P60plus and D60plus showed an increasing
trend in the south and decreasing trends in the central and
southern regions (Fig. 3i—j). Overall, the results revealed
large spatial variability in the trends of different monsoon
precipitation indices.
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Fig.2 Linear regression trends for 10 precipitation indices: a P10, b D10, ¢ P20, d D20, e P35, f D35, g P60, h D60, i P60plus, and j D60plus in
Bangladesh during 1980-2017 (the cyan line is the annual time series of the designated index; the dashed red line is the linear trend line)

3.3 Teleconnection between the monsoon
precipitation indices and ocean-atmospheric
circulation

3.3.1 Correlation analysis
Five ocean-atmospheric circulation indices (Nino3.4, SOI,
SASMI, EASMI, and MJO) and five ERAS reanalysis indi-

ces (T850, G850, MVIMD, MTPR, and SEV) were chosen
to assess their influence on monsoon precipitation indices

@ Springer

in Bangladesh. The monsoon months of Bangladesh, such
as June, July, August, September, were considered to inves-
tigate the teleconnection of rainfall indices with circulation
indices. Pearson correlations between the country averages
of the monsoon precipitation indices with the large-scale
ocean-atmospheric circulation indices and the country aver-
ages of the ERAS reanalysis indices during 1980 —2017 are
shown in Fig. 4. The correlation analysis revealed that the
large-scale atmospheric circulation and ERAS reanalysis
indices were significantly associated with the monsoon
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precipitation indices. P10 and D10 showed a significant
inverse association with Nino3.4, MJO, and T850. P20
showed a positive correlation with SASMI, EASMI, and
SEV but a negative correlation with G850 and MVIMD,
while D20 showed a positive correlation with SASMI and
a negative correlation with MVIMD. The rest of the mon-
soon precipitation indices (P35, D35, P60, D60, P60plus,
and D60plus) showed no significant association with any
circulation indices. However, P60plus showed a high nega-
tive correlation with SOI. Therefore, its relation with circu-
lation indices was further investigated along with P10, D10,
P20, and D20 using the Wavelet coherence analysis. The
indices showed insignificant correlation was not considered
for WTC analysis to reduce noise. However, the influence of
ERAS5 reanalysis variables on the relationship of monsoon
precipitation indices with the large-scale atmospheric circu-
lation indices was analyzed using MWC.

3.3.2 Wavelet transform coherence analysis

The wavelet transform coherence between the country aver-
ages of monsoon precipitation indices and circulation indi-
ces is shown in Fig. 5. P10 and Nino3.4 (Fig. 5a) showed a
large coherence during the study period with a cycle of 4.5
to 7.5 years. Another coherence band was noticed from the
middle to the end of the study period. The P10 series was
ahead of the Nino3.4 series in both cases. A small red island
was observed between P10 and MJO (Fig. 5b), having an
out-of-phase relationship within the cone of influence dur-
ing 2002-2007 with a cycle of 2-3 years. WTC between
D10 and Nino3.4 (Fig. 5c¢) also showed two high coherence
bands: the first one had an oscillation period of 4.5-7.5 years
during 1980-2002, occupying both the inner and outer side
of the cone of influence, where the D10 series was leading
the Nino3.4 series by 90°; the second one, mostly remained
outside the cone of influence, lasts until the end of the time
series, where the D10 series was ahead of the Nino3.4 series.
For D10 and MJO, only a short out-of-phase coherence was
observed during 2003-2005 within the significant area
(Fig. 5d).

P20 and SASMI (Fig. 5e) showed significant in-phase
coherence during 1986-1997, with an oscillation of
1-5 years. WTC between P20 and EASMI (Fig. 5f) showed
three coherence bands within the area of significance. The
first one was approximately in-phase during 1990-1995
with an oscillation period of 3.5 to 4.5. Then, a high in-
phase coherence in the middle of the time series. The last
one shows an out-of-phase relationship during 2010-2013
with an oscillation period of 2-3 years. For D20 and SASMI
(Fig. 5g), a significant in-phase coherence was observed dur-
ing 1985-1990 with an oscillation period of 2 years. P60plus
and SOI (Fig. 5h) exhibited a coherence band that occupied

both the insignificant and significant areas. It expanded from
the beginning of the time series until 1993 in the 4-7 years
oscillation period, where P60plus was ahead of SOI. Over-
all, the results revealed significant coherence of monsoon
precipitation indices with circulation indices, except that the
coherence between P10 and MJO and D10 and MJO was
not much powerful. Therefore, these two combinations were
excluded from multiple wavelet coherence analyses.

3.3.3 Multiple wavelet coherence analysis

MWC is employed to reveal how the linear combination
of large-scale atmospheric circulation and ERAS reanaly-
sis series related to dependent precipitation indices series
(Fig. 6). For example, Nino3.4 and T850 were the independ-
ent series, and P10 was the dependent series in Fig. 6a.

Figure 6a and b exhibit a large coherence region within
the cone of influence, denoting a higher linear relationship
of P10 and D10 with the Nino3.4-T850 combination. In both
cases, a 3—7.5-year coherence cycle was observed for the
whole period and an 8.5-10-year cycle during 1996-2018.
MWC between P20 and SASMI-G850 combination revealed
a large coherence band, mostly inside the significant area,
during 1980-1998 with a cycle of 0-6 years (Fig. 6¢). The
combination of SASMI-MVIMD elicited some significant
short- and long-term coherence with P20 (Fig. 6d). A red-
colored band with a thick black contour appeared between
1980 and 1996, with a frequency ranging between 0—4 and
4-8. A second coherence band with an oscillation period of
2-6 years was noticed during 2002-2018, although some
of it was outside the significant region. Multiple coherence
bands appeared for P20 and SASMI-SEV (Fig. 6e) in the
shortest and longest periods. The first band was quite similar
to the first band of P20 and SASMI-MVIMD combination,
while the second band appeared during 1998-2004 in the
0-2 frequency bands.

The relationship between P20 and EASMI was
checked by adding the influence of G850 (Fig. 6f),
MVIMD (Fig. 6g), and SEV (Fig. 6h) on EASMI. The
results elicited a couple of coherence bands during
1980-1995 with cycles of 0—4 and 4-8 years. A hot
region was noticed within the 0—4 time—frequency bands
for all three indices. For the P20 and EASMI-MVIMD
pair, a long coherence band was found at the top of the
cone, running throughout the time series with an oscilla-
tion period of 9-10 years. A significant red region with
black contour is also visible for the P20 and EASMI-
SEV series during 2011-2014. Multiple coherence
bands were amalgamated around the center in the MWC
between P60plus and SOI-MTPR (Fig. 6i) and P60plus
and SOI-MVIMD (Fig. 6j). It reaffirmed the linear
relationship and high correlation among the indices.
Overall, the results indicate higher coherence between
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«Fig.3 Spatial distribution of the trends in 10 precipitation indices: a
P10, b D10, ¢ P20, d D20, e P35, f D35, g P60, h D60, i P60plus,
and j D60plus from 1980 to 2017 based on MK Test and Sen’s slope
analysis

monsoon precipitation and circulation indices when
ERAS reanalysis indices’ influence was considered.

4 Discussion

The trend analysis of the monsoon precipitation indices
revealed that light and moderate precipitation amounts
and days were decreasing, indicating increasing dry or low
rainfall days, which can affect Bangladesh’s soil moisture.
The abrupt shifting of these indices was also noticed, which
might be associated with the rapid warming of the sea sur-
face in the Indian Ocean (Fig. 7a), resulting in decreasing
precipitation. The land — sea temperature difference (Fig. 7a
and b) caused by such warming results in declining pre-
cipitation amounts and days over some Southeast Asia
regions (Roxy et al. 2015). Moderately heavy precipitation
amounts and days showed stationary behavior in this study.
They did not exhibit any potential turning point in the time
series either. The heavy precipitation amount and days were
increasing; among them, the heavy precipitation day index
has abrupt shifting in its time series, which might impact
flood occurrence in the monsoon season. Shahid (2010)
stated that an increase in SST of the Bay of Bengal might
cause increased heavy precipitation in Bangladesh, which
contradicts our finding as no significant change in SST over
the BoB was noticed. Instead, a substantial increase in SST
over the Indian Ocean was observed (Fig. 7a). The higher
temperature evaporates more water in the Indian Ocean,
which is then conveyed by the monsoon wind as moisture
and brings downpour. The results obtained in this study
aligned with Wu et al. (2016), where they reported similar
kinds of precipitation changes in China. Joshi and Rai (2015)
identified that the heavy precipitation is decreasing in north-
east India during positive Atlantic multi-decadal oscillation
(AMO) and negative Inter-decadal Pacific Oscillation (IPO),
which also contradicts our findings. In the present study,
most precipitation indices showed an increasing trend in the
southeastern regions and a decreasing trend in the northeast-
ern region. Rahman et al. (1997) found a changing precipi-
tation pattern at the stations located in the southeast hilly
area of Bangladesh. This spatial variation might occur due
to an abrupt change in precipitation during 2001 (Fig. S2),
which might be caused by the shifting of the synoptic cir-
culation indices (ERAS reanalysis indices) (Fig. 7) or the
weakening of the worldwide monsoon circulation (Chase
et al. 2003; Pant, 2003). The difference in ECMWEF ERA5
reanalysis datasets for the earlier period (1980-2001) and

the later period (2002-2017) was analyzed to examine the
influences of synoptic circulation indices on these increases.

Figure 7b elicits an increase in temperature by 0.2° Kel-
vin at 850 hPa all over Bangladesh during the monsoon
season for the period 2002-2017, which might affect the
change in monsoon precipitation. Figure 7c depicts a more
remarkable change of geopotential height at 850 hPa dur-
ing the monsoon season in the northwestern part of Bang-
ladesh and a comparatively lesser change in the country’s
remaining regions. A significantly greater change in geo-
potential height was noticed near the Himalayan Mountain
ranges, which supports anticyclone formation. The wind
circulation brings moisture from the anticyclonic zone to
the elevated Shillong plateau and Assam and then enters
Bangladesh from the northeastern part and passes through
to India's West Bengal. These wet air circulations create
a favorable atmosphere for precipitation formation. Fig-
ure 7d delineates small changes in mean vertically inte-
grated moisture divergence (MVIMD) in the northern
and south-central parts, while no change in other parts
of the country might be the reason for spatial variation of
precipitation patterns in Bangladesh. Besides, MVIMD
decreases significantly near the country's northern bound-
ary causes precipitation intensification and floods in the
north region. The total precipitation rate remained stable
for most of Bangladesh’s territory, but it increased in the
northern part (Fig. 7e). Bangladesh’s surroundings showed
anomalies in the total precipitation rate, which might be a
reason for changing precipitation patterns within the coun-
try. Apart from these, the variation in land cover and land
use may indirectly affect the natural climate system (John
et al. 2009). More evaporation from the sea near the BoB
coast during the summer (Fig. 7f) season may be a prob-
able cause for increasing heavy or very heavy precipita-
tion in the monsoon season. The higher evaporation makes
more moisture available to form a denser cloud and these
thicker clouds formed during the summer season carried
by wind circulation, which often condensed during the
monsoon season and caused increasing heavy precipita-
tion. Besides, the spatial heterogeneity of the heavy pre-
cipitation indices can be affected by topography, which is
considered a vital factor (Huang et al. 2019).

The influences of the synoptic circulation pattern indices
on the monsoon precipitation indices can also be seen in the
Pearson correlation and wavelet analysis. The Pearson cor-
relation analysis (Fig. 4) revealed that all the precipitation
indices are correlated with most ERAS reanalysis indices.
Besides, WTC (Fig. 5) and MWC (Fig. 6) showed coherence
between P10 and Nino3.4, which became stronger under the
influence of T850. Likewise, the coherence between D10
and Nino3.4 improved, considering the effect of T850. Simi-
lar improvement was also noticed between P20 and SASMI
and P20 and EASMI, considering the effects of the ERA5
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Fig.4 Pearson’s correlation coefficient between the 10 thresholds-
based monsoon precipitation indices with ocean-atmospheric circula-
tion and ERAS reanalysis indices in Bangladesh during 1980-2017
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reanalysis indices like G850, MVIMD, and SEV, and the
coherence between P60plus and SOI, considering the influ-
ence of MTPR and MVIMD. The results indicate a signifi-
cant influence of synoptic circulation indices on most mon-
soon precipitation indices. Apart from this, precipitation is
related to altitude in space (Liu et al. 2013) and time (Zhang
et al. 2014) at a regional scale. Bangladesh’s monsoon
comes from the Bay of Bengal and passes through the plain
to the North and northeast before being turned to the west
and northwest by the Himalayas’ foothills (Shahid, 2010).
Rahman et al. (1997) noted that northeastern Bangladesh
causes orographic uplifting and convectional overturning of
low-level moist air from the BoB, which might have implica-
tions in spatiotemporal precipitation changes.

The ocean-atmospheric circulation indexes like Nino3.4,
SOI, SASMI, EASMI, and MJO are essential in determin-
ing monsoon precipitation distribution (Rahman and Islam,
2019). Wang et al. (2017) noted that the monsoon climate’s
inter-annual change might derive from thermodynamic
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feedback systems, including Nino3.4 and SOI. Rahman and
Islam (2019) identified SASMI and EASMI as an influenc-
ing factor of precipitation in Bangladesh, supporting our
result as SASMI and EASMI have a significant relationship
with monsoon precipitation in the form of moderate pre-
cipitation indices. Akhoury and Avishek (2019) identified
a strong correlation between SOI and monsoon precipita-
tion in India, not matching our results. On the contrary,
Revadekar and Kulkarni (2008) identified strong correla-
tions between the intensity and frequency of extreme pre-
cipitation events and Nino3.4 in India, which is similar to
our result in the sense of light precipitation. Moron and
Robertson (2014) also found a weak correlation between
monsoon rainfall of West Bengal (adjacent to Bangladesh)
and Nino3.4 and SST during June-September. Hossain
et al. (2001) noticed a reduction of precipitation in the east-
ern region of Bangladesh owing to the adverse effects of
SOI during El Nifio episodes, which does not support our
result as SOI did not exhibit a significant correlation with
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the precipitation indices, although very heavy precipitation
shows high coherency with SOI. The possible cause is that
the wind flow is predominantly easterlies at the lower lev-
els with strong westerlies above during the El Nino years.
This scenario produces a vertical wind shear in the region,
which suppressed the cyclone genesis; hence, strong east-
erly waves can be associated with heavy precipitation in
Bangladesh. The MJO is also regarded as an influential
factor for cyclogenesis on a global scale (Roman-Stork and
Subrahmanyam 2020. Anandh and Vissa (2020) found that
during the Indian summer monsoon, extreme rainfall events
are strongly associated with the active and suppressed
phase of MJO over the east coast of India, which contra-
dicts our results. We found that MJO is associated with the
light precipitation indices only.

Nonetheless, monsoon precipitation patterns in Bang-
ladesh were changing in the contexts of decreasing light
precipitation events and increasing heavy precipitation
events. Besides, the indices were found responsive to
ocean-atmospheric circulations. Therefore, protection
of agriculture, ecosystem, fish culture, water resources,
and thus, the country’s overall economy from frequent
flooding during the monsoon season is required. The
findings of this study can be helpful in the aspect of bet-
ter decision-making to adopt adequate flood prevention
techniques and planning water resources use and man-
agement in Bangladesh. However, anthropogenic activi-
ties like natural resources exploitation, land use pattern
change, burning fossil fuel and greenhouse gas emission,
deforestation, evaporation paradox, and cloud microphys-
ics for aerosol loading might influence the monsoon pre-
cipitation system in Bangladesh. Hence, future research
should focus on the specific impacts of local drivers or
other global climatic cycles. Also, owing to the intercon-
nected nature of several large-scale oscillations, statisti-
cal approaches such as Pearson correlation analysis and
wavelet analysis cannot clearly separate the interaction
effect of numerous climatic oscillations. As a result, this
study was conducted without explicitly analyzing the
interrelationships between various climatic cycles.

5 Conclusion

This study developed and evaluated ten threshold-based pre-
cipitation indices for the monsoon season to investigate the
spatiotemporal changes in monsoon precipitation patterns in
Bangladesh for the 1980 —2017 period. Wavelet transform
coherence analysis was adopted to explore the teleconnec-
tion between the monsoon precipitation indices and the large-
scale ocean-atmospheric circulation indices. Multiple wavelet
coherence was employed to examine the relationship between
these indices under the influences of the synoptic circulation

patterns. The probable mechanisms behind the changes in
monsoon precipitation patterns in Bangladesh were also inves-
tigated. This study led to the following significant conclusions:

1. The light and moderate monsoon precipitation indi-
ces decreased, while the heavy precipitation indi-
ces increased significantly in Bangladesh during
1980 —2017. On a spatial scale, most indices showed
decreasing tendency predominantly in the northwest,
while increasing tendency in the country’s southeast.

2. The monsoon precipitation indices showed some
remarkable teleconnection with the large-scale ocean-
atmospheric indices. For example, light precipita-
tion indices showed a significant negative correlation
with Nino3.4 and MJO, while moderate precipitation
amounts showed a significant positive association with
SASMI and EASMI. Besides, the moderate precipitation
day and very heavy precipitation amount showed sig-
nificant association with SASMI and SOI, respectively.
Wavelet coherence analysis also revealed strong coher-
ence between these indices.

3. The ECMWF-ERAS reanalysis data exhibited signifi-
cant increases in SST, temperature, and geopotential
height at 850 hPa, total precipitation rate, and summer
evaporation, and decrease in MVIMD, which might
influence the changing monsoon precipitation patterns
over Bangladesh in recent years. Pearson correlation and
multiple wavelet coherence analysis also affirmed the
influence of these indices on the monsoon precipitation
indices.

4. The outcomes of this study can provide an understand-
ing of the impacts of monsoon climate variability on
agriculture, especially for growing crops and harvesting.
This output can also provide an understanding of poten-
tial drought and flood in monsoon in different regions
of Bangladesh. The information generated in this study
can be used to manage, monitor, and anticipate floods;
predict future precipitation patterns; and enhance early
warning systems. Besides, the methodology adopted in
this study can be replicated in other regions, considering
the climatic conditions are similar.

5. The limitation of this study lies in two perspectives.
First, this study did not consider the station-wise tel-
econnection between the precipitation and ocean-
atmospheric indices, rather considered the country
average. Second, global climate change scenarios and
other global climatic oscillation indices, i.e., Atlantic
Multidecadal Oscillation, Pacific Decadal Oscillation,
and North Atlantic Oscillation, were not considered in
this study. However, future studies should focus on clos-
ing these shortcomings, along with analyzing the rela-
tionship between anthropogenic activities and monsoon
precipitation system in Bangladesh.
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