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Abstract
This study analyzed the trends of extreme daily rainfall indices over three meteorological stations located in the eastern 
region of Bangladesh from 1960 to 2000. The climate change-related indices included frequency-based indices: number of 
heavy rainfall days and consecutive dry and wet days, and intensity-based indices: annual wet-day rainfall total, daily and 
consecutive five-day maximum rainfall, very and extremely wet days and simple daily intensity index. The magnitude of 
trends in extreme rainfall indices time series was determined using the nonparametric Sen’s slope estimator method, and 
the statistical significance of the trends was analyzed using the Mann–Kendall test. The rainfall trends exhibited regional 
patterns. Overall, results suggested an increase in annual rainfall over the study area; however, a tendency toward reduc-
tion of rainfall in the wet season was observed. Analysis of extreme rainfall indices demonstrated non-significant increase 
in frequency of heavy rainfall days, decrease in consecutive dry days and increase in consecutive wet days coupled with 
regional decline in daily and consecutive five-day maximum rainfall in the monsoon.
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1 Introduction

Precipitation is a primary component of the global hydro-
logical cycle and a major climatic element directly affect-
ing the availability of water resources [36]. It is widely 
accepted that one of the most visible consequences of 
global atmospheric warming has been the modification 
in water cycle [4], and the subsequent influence on agri-
cultural and socioeconomic development of any region 
[7, 46]. Consequently, precipitation irregularity, extreme 
precipitation events and concomitants of these climatic 
changes are of major concern in recent years.

Several studies have been carried out over different 
parts of the globe with regard to the changing rainfall pat-
terns [12, 18, 19, 28, 31, 45]. They indicate a small positive 
global trend, even though large areas have been instead 
characterized by negative trends. Investigations of cli-
matic parameters were assessed to detect precipitation 
trends in Feidas et al. [13], Jain et al. [22], Chattopadhyay 

and Edwards [9], and Zhang et al. [55], which reveal that 
precipitation trends vary from coherent spatial patterns, 
in particular months or seasons, to highly regionalized 
patterns. Studies such as Vincent and Mekis [48], Alex-
ander et al. [3], Vincent et al. [47], Donat et al. [11], Yazid 
and Humphries [54], Rahimi et al. [34], and Nashwan and 
Shahid [32] examined the trends and variations in indices 
representing extreme precipitation. They indicate sig-
nificant trends for extreme rainfall days, rainfall intensity, 
and a tendency toward wetter conditions over various 
parts of the globe. Moreover, the extent of future rainfall 
change has also been estimated using different simulation 
techniques [18, 23, 30]. These studies project significant 
increase in rainfall extremes, dry spells, and reduction in 
precipitation in the wet season.

Variations in regional and local climate largely depend 
on regional and local features. As such, trends in regional 
climate may not always match with those on a global scale 
[37]. This warrants the need for assessment of climate 
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variability on a smaller scale to improve our understand-
ing of long-term regional climate trends. Regardless of 
the huge volume of climate change studies over differ-
ent parts of the world, global pictures of changes in cli-
mate extremes typically show large areas with sparse data 
coverage [14], such as parts of South Asia. Rahman et al. 
[36] pointed out a major dimension of climate change for 
South Asia includes erratic and highly intensive precipita-
tion events with large variability at monthly scale. Such 
abnormal precipitation characteristics can have adverse 
consequences at multi-dimensional scale on a country like 
Bangladesh. In reviewing relevant studies in Bangladesh, 
there is limited information about past climate change at 
the national level. In the past, studies were carried out on 
the annual and seasonal rainfall trends over Bangladesh [1, 
37, 39, 42, 43]. These studies reported high rainfall variabil-
ity, erratic seasonal patterns and declining rainfall trend 
over various parts of the country. Studies on the variability 
of extreme rainfall events in Bangladesh include Shahid 
[44] and Basher et al. [6]. These studies saw a decreasing 
trend in consecutive wet days and an increasing trend in 
consecutive dry days, particularly for the northern parts of 
Bangladesh. Ahmed and Alam [2], Islam [20], Rahman and 
Ferdousi [35] and Bhuyan et al. [8] performed analysis of 
rainfall projections and uncertainties from climate models 
for different regions over Bangladesh. Rahman et al. [36] 
demonstrated the spatial variations of an extreme rainfall 
indicator over Bangladesh using regional climate model 
projected results. Ara and Ostendorf [5] and Hossain and 
Paul [17] discussed on the food security and food policies 
and disaster mitigation measures in relation to rainfall 
events in Bangladesh. Despite the existing studies illustrat-
ing the rainfall variability and extremes over Bangladesh, 
additional research is required to better understand the 
nature and magnitude of the changes in extreme precipi-
tation at regional scale.

In this paper, the rainfall data from four decades 
(1960–2000) in three districts located in eastern regions 
of Bangladesh were analyzed in order to evaluate the mag-
nitude of the regional changes in extreme precipitation 
statistically. Specifically, the trends, variability and regional 
patterns of frequency-based and intensity-based extreme 
rainfall indices recommended by ETCCDI were assessed 
and analyzed at annual, seasonal and monthly scales.

2  Materials and methods

2.1  Study area and data description

Geographically, Bangladesh stands on the northern 
shoreline of the Bay of Bengal, extending between 
20°34′–26°38′N latitude and 88°01′–92°41′E longitude. 

The area has a tropical monsoon climate characterized 
by heavy seasonal rainfall, high temperatures, and high 
humidity [38]. In general, maximum summer temperatures 
range between 38 and 41 °C, while winter temperatures 
over most parts of the country vary between 16 and 20 °C 
[39]. Rainfall total varies from 1400 mm in the west to more 
than 4300 mm in the east of the country, with 2300 mm 
being the country-wide average. Monsoon months June 
and July typically receive the most rainfall, 470 mm and 
525 mm, respectively, on average across the country. The 
average annual relative humidity ranges from 70.5% to 
78.1% over the country. Land elevations of the northeast 
region vary mostly between 21 and 30 m, while those at 
the southeast parts are mostly above 40 m [43].

In this paper, trend analysis has been performed 
for rainfall indices at Sylhet (24.53°N, 91.52°E), Comilla 
(23.27°N, 91.12°E) and Cox’s Bazar (21.43°N, 92.01°E) Dis-
tricts located in the northeast, mid-east and southeast 
regions of the country for 1960–2000 time frame. Sylhet 
has a subtropical climate and lush highland terrain. The 
rainy season from April to October is hot and humid in 
this region with heavy showers and thunderstorms. Nearly 
80% of the annual average rainfall of 4130 mm occurs 
between May and September. Located in the mid-east 
region of Bangladesh, Comilla has a tropical climate. In 
winter, there is much less rainfall in Comilla than in sum-
mer. The average annual rainfall is 2170 mm. Cox’s Bazar is 
located in the tropical monsoon southeast coastal region. 
The climate of Cox’s Bazar is mostly characterized by high 
temperatures, heavy rainfall, excessive humidity and dis-
tinct seasonal variations. The average amount of rainfall 
remains at 3670 mm. The selected districts are important 
from national agriculture and economic viewpoint. Sylhet 
and its surrounding areas are a traditional tea-growing 
region, which is heavily impacted by rainfall patterns. 
Comilla is the second-largest city of eastern Bangladesh 
and a hub of road communication for the eastern part 
of the country. Cox’s Bazar is the district headquarters in 
southeastern Bangladesh. A mix of small-scale agriculture, 
aquaculture, and marine and inland fishing in this region 
play important roles in the national economy, all of which 
are influenced by regional rainfall. The 1960–2000 time 
frame, consistent with previous studies [16, 25, 27, 49, 56], 
was used for convenience of comparison and relevance 
of the frequency and trends of the rainfall and extreme 
rainfall indices with other parts of the globe.

Daily rainfall data were obtained from the Bangladesh 
Meteorological Department (BMD). To maintain data qual-
ity, a month was considered as having complete data if 
there was less than or equal to 5 missing days, and a year 
was considered complete if all months were complete 
according to above criteria [38, 40]. Figure 1 shows the 
selected stations for analysis.
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2.2  Definition of rainfall indices

The joint CCI/CLIVAR/JCOMM Expert Team on Climate 
Change Detection and Indices (ETCCDI) has defined 
several climate change indices for the detection, meas-
urement, and characterization of climate variability and 
change. Ten precipitation indices approved by the ETC-
CDI have been used for characterizing the precipitation 
trends at three districts located in the eastern region of 

Bangladesh. These indices were categorized as frequency-
based and intensity-based. The extreme precipitation 
indices are presented in Table 1. Frequency-based indices 
include the annual count of days when rainfall is greater 
than 10 mm and 20 mm, consecutive dry days (CDD), and 
consecutive wet days (CWD), and the intensity-based 
indices consists of monthly maximum 1-day precipita-
tion, monthly maximum consecutive 5-day precipitation, 
annual total precipitation in wet days, and Simple Daily 
Intensity Index (SDII).

A day with minimum rainfall of 1 mm is considered as 
wet day. The CDD is calculated as the largest number of 
consecutive days where daily rainfall is less than 1 mm, 
while the CWD is the largest number of consecutive days 
where rainfall is greater than 1 mm. For the percentile-
based indices, R95p and R99p, the 95th and the 99th per-
centile of the rainfall on wet days in the observation period 
(1960–2000) is obtained, and the total daily rainfall greater 
than the 95th and the 99th percentile value is calculated. 
The daily intensity, SDII, is the ratio of the total precipita-
tion amount on wet days to the number of wet days.

2.3  Data quality control

Forty years of daily precipitation data (1960–2000) were 
used to calculate the precipitation indices. The precipitation 
series were tested first for homogeneity using the ‘RHtests_
dlyPrcp’ package, maintained by the Climate Research Divi-
sion at Atmospheric Science and Technology Directorate of 
Canada. This software package can be used to detect and 
adjust for multiple change points (shifts) that could exist in 
a data series that may have first order autoregressive errors 
[52]. It is built on the principle of penalized maximal t test 
[53] and the penalized maximal F test [50, 51]. Based on anal-
ysis, no significant change point was identified in the daily 
precipitation time series at Sylhet, Comilla and Cox’s Bazar 

Fig. 1  Selected meteorological stations

Table 1  Extreme precipitation 
indices

Index Definition Unit

Frequency indices
R10mm Annual count of days when rainfall ≥ 10 mm days
R20mm Annual count of days when rainfall ≥ 20 mm days
CDD Maximum number of consecutive days with rainfall < 1 mm days
CWD Maximum number of consecutive days with rainfall ≥ 1 mm days
Intensity indices
RX1day Monthly maximum 1-day precipitation mm
RX5day Monthly maximum consecutive 5-day precipitation mm
R95p Annual total rainfall when rainfall > 95th percentile mm
R99p Annual total rainfall when rainfall > 99th percentile mm
PRCPTOT Annual total precipitation in wet days mm
SDII Average precipitation amount on wet days mm/day
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stations. The time series tested was therefore considered to 
be homogeneous.

2.4  Trend detection and characterization

A trend is a significant change over time exhibited by a 
random variable, detectable by statistical parametric and 
nonparametric procedures [28]. For trend detection in the 
climatic variables time series, nonparametric statistical pro-
cedures were applied in this study. The magnitude of the 
trend in a time series was determined using a nonparametric 
method known as Sen’s estimator [41], and the statistical sig-
nificance of the trend was analyzed using the Mann–Kendall 
(MK) test [24, 29].

The MK test compares the relative magnitudes of data 
rather than data values themselves [15]. The benefit of this 
test is that the data do not need to conform any statistical 
distribution. In this test, each data value in the time series is 
compared with all subsequent values. The MK statistic, S, of 
the series x is given by:

where sgn is the signum function. The variance associated 
with S is calculated from:

where m is the number of tied groups and tk is the number 
of data points in group k. In cases where the sample size 
n > 10, the test statistic Z(S) is calculated from:

Positive values of Z(S) indicate increasing trends, while 
negative Z(S) values reflect decreasing trends. Trends are 
considered significant if |Z(S)| are greater than the standard 
normal deviate Z1−�∕2 for the desired value of α.

The Sen’s approach was used in this study to quantify the 
significant linear trends in the time series. Widely used for 
determining the magnitude of trend in hydro-meteorologi-
cal time series [9, 22, 43], Sen’s slope has the advantage over 
the regression slope in the sense that it is not affected by 
gross data errors and outliers. The slope, Q, between any two 
values of a time series x can be estimated from:

S =

n−1∑
i=1

n∑
j=i+1

sgn
(
xj − xi

)

V (s) =
n(n − 1)(2n + 5) −

∑m

k=1
tk(tk − 1)(2tk + 5)

18

Z(S) =

⎧⎪⎨⎪⎩

S−1√
V (S)

, if S > 0

0, if S = 0
S+1√
V (S)

, if S < 0

Q =
xk − xj

k − j
, k ≠ j

For a time series x having n observations, there are a 
possible N = n(n − 1)∕2 values of Q that can be calculated. 
According to Sen’s method, the overall estimator of slope 
is the median of these N values of Q. The overall slope esti-
mator Q∗ is given by:

The confidence interval of the slope is calculated from 
the same array of ordered slopes Qi using indexes M1 and 
M2 [9]. The lower and upper limits of the confidence inter-
val are the M1th and (M2 + 1)th largest of the N-ordered 
slope estimates Qi. Indices M1 and M2 are determined from:

where

where S is the MK test statistic, and C∝ is the confidence 
interval. Using tabulated Z values for cumulative normal 
distribution, the 95% confidence interval is calculated 
using Z1−0.05∕2 = 1.96. The confidence band of a time series 
depends on the sample size and variance of the data. A 
time series with very low variance and higher sample size 
may result in a narrow confidence interval. In general, the 
narrower the interval (at a given confidence level), the less 
uncertainty there is about the results.

3  Results

3.1  Rainfall trends

Annual total rainfall in the northeast region is highest 
among the country, ranging from 3040 to 5620  mm, 
with an average of 4130 mm at the Sylhet station during 
1960–2000. For the same time frame, the annual total rain-
fall at Comilla varied between 1240 and 3430 mm, with a 
mean of 2170 mm. The annual precipitation total ranged 
from a low of 1300 mm to a high of 5120 mm at the Cox’s 
Bazar station located in the southeast region, with a mean 
of 3670 mm during 1960–2000. The annual rainfall amount 
in the mid-eastern region is relatively lower than the 
northeast and southeast regions. The standard deviation 
of annual rainfall at Sylhet, Comilla and Cox’s Bazar stations 
was 635 mm, 434 mm and 758 mm, respectively, indicat-
ing that rainfall at Cox’s Bazar is slightly more variable than 
other two regions. Station-wise monthly and seasonal 
average rainfall quantities are presented in Tables 2 and 3. 

Q
∗ =

{
Q(N+1)∕2, N is odd

QN∕2+Q(N+2)∕2

2
, N is even

M1 =
(
N − C∝

)
∕2

M2 =
(
N + C∝

)
∕2

C∝ = Z1−∝∕2

√
Var(S)
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Monsoon (June–October) season receives a majority of the 
rainfall at these stations: 72.9% at Sylhet, 73.8% at Comilla, 
and 85.8% at Cox’s Bazar. Dry (November–February) and 
pre-monsoon (March–May) seasons receive about 2–4% 
and 11–24% of the annual rainfall totals. Monsoon rainfall 
at Cox’s Bazar was found to be more variable than other 
two locations based on the calculated standard deviations.

Results of Mann–Kendall trend test show that annual 
rainfall at Sylhet and Cox’s Bazar has increased over time, 
the magnitudes of which are 89 mm/decade and 1.7 mm/
decade, respectively. In contrast, Comilla has experienced 
a decreasing trend in the annual rainfall with a magni-
tude of 41 mm/decade, which translates to a decline of 
164 mm annual rainfall over the study period. However, 
these trends are not statistically significant. Figure 2 pro-
vides detailed depiction of the annual rainfall data, along 
with the calculated trend slope and 95% confidence limits 
on the slope for the selected stations.

Table 2 presents the results of Mann–Kendall trend 
test and Sen’s Slope estimator test for the monthly rainfall 
amounts during 1960–2000. Monthly precipitation for all 
months showed a positive trend, except for June, at Sylhet 

station. The trend during March was found to be statisti-
cally significant at p value 0.05. On the other hand, the 
monthly variability in rainfall seems to be higher at the 
Cox’s Bazar station. Negative trends are observed during 
June, July, August, and October months. These months 
typically receive most of the rainfall at Cox’s Bazar station, 
which tends to be declining. In contrast, increasing trends 
during February and September at this station are statis-
tically significant. Declining rainfall trends are observed 
from June to October at Comilla station, the trend during 
June being statistically significant at 99% confidence level. 
On the contrary, the trends during February, March and 
May at this station are found to be positive, all of which 
are statistically significant.

Examining the rainfall trends on the seasonal scale 
reveals the extremity of the climate condition, as the 
temporal distribution of rainfall seems to be shifting from 
monsoon (June–October) to pre-monsoon (March–May) 
season, particularly in the mid-east and southeast regions 
of the country. The increasing trend in annual rainfall at 
Sylhet is reflected in the seasonal trends. All seasons 
exhibited positive rainfall trends at this station, the trend 

Table 2  Monthly precipitation 
trend detection and 
characterization, 1960–2000

Significance: ** for p < 0.01, * for p < 0.05, + for p < 0.1

Month Sylhet Comilla Cox’s Bazar

Mean (mm) Sen’s Q  
(mm/decade)

Mean (mm) Sen’s Q  
(mm/decade)

Mean (mm) Sen’s Q  
(mm/decade)

January 10 0.00 7 0.00 6 0.00
February 49 0.00 21 4.21+ 16 0.56*
March 128 25.37* 56 16.43* 31 1.14
April 344 18.87 148 4.00 95 16.13
May 549 23.25 284 45.52* 283 27.19
June 814 − 16.48 397 − 63.40** 848 − 15.99
July 820 8.18 446 − 40.91 980 − 11.83
August 632 4.13 344 − 32.50 724 − 32.21
September 526 49.05 245 − 13.57 353 38.26+

October 218 3.52 169 − 3.79 240 − 28.99
November 29 0.00 42 0.00 76 5.49
December 9 0.00 10 0.00 14 0.00

Table 3  Seasonal precipitation 
trend detection and 
characterization, 1960–2000

Significance: * for p < 0.05, + for p < 0.1

Month Sylhet Comilla Cox’s Bazar

Mean (mm) Sen’s Q  
(mm/decade)

Mean (mm) Sen’s Q  
(mm/decade)

Mean (mm) Sen’s Q  
(mm/decade)

Pre-monsoon 1021 85.06* 488 68.94* 409 60.00+

Monsoon 3010 54.07 1601 − 141.43* 3145 − 51.33*
Dry 97 0.84 80 6.11 113 20.63
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during pre-monsoon being statistically significant at 95% 
confidence level. However, at the Comilla and Cox’s Bazar 
regions, the monsoon rainfall sees statistically decreas-
ing trends at 95% confidence level. On the other hand, 
pre-monsoon rainfall has increased significantly at both 
stations at 95% confidence level. The high magnitude of 
decreasing monsoon rainfall (− 141.43 mm/decade) at 
Comilla region is perhaps contributing to the decreasing 
trend in annual rainfall total. At Cox’s Bazar, the changes 
during monsoon and pre-monsoon seem to offset each 
other. At Sylhet and Cox’s Bazar stations, rainfall in Septem-
ber is experiencing the most increase due to the temporal 
and seasonal shift.

Overall, increasing trend in annual total rainfall in the 
eastern regions of Bangladesh is consistent with previ-
ous studies [26, 37, 43], who found an increasing trend 

in rainfall over Bangladesh after 1960. As expected, previ-
ous studies observed highly regionalized rainfall patterns 
in the neighboring areas. The rainfall trends, however, are 
comparable to the magnitude of the trends obtained in 
this study, such as − 3.01 to 75.4 mm/decade over north-
east India [22], − 24.1 to 49.3 mm/decade over western and 
southeastern India [21], and − 62.9 to 27.5 mm/decade 
over Nepal [33]. Jain and Kumar [21] observed increasing 
trend in annual rainy days coupled with decrease in annual 
rainfall total over eastern regions of India, which agrees 
with the findings for Comilla region in this study. They also 
reported a decrease in long-term monsoon rainfall over 
Assam and Meghalaya states of India, which are located 
at close proximity to the study area in this paper. Based 
on seasonal analysis, Jain et al. [22] and Deshpande et al. 
[10] also observed negative trends of − 30.3 to − 2.0 mm/

Fig. 2  Trend analysis of annual precipitation at selected stations, 1960–2000
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decade in monsoon rainfall over major river basins of India. 
Basher et al. [6] reported decreasing trend in the monsoon 
seasonal total rainfall over northeast Bangladesh. Shahid 
[43] detected a significant increase in pre-monsoon rainfall 
over Bangladesh. The above findings are consistent with 
the annual and seasonal magnitudes and trend directions 
of rainfall in the analyzed eastern districts of Bangladesh.

3.2  Rainfall indices trends

Figures 3, 4 and 5 provide detailed illustration of the pre-
cipitation indices, along with the calculated trend slope 
and 95% confidence limits on the slope for Sylhet, Comilla 
and Cox’s Bazar stations during 1960–2000. Magnitude 
and statistical significance of these trends are tabulated in 
Table 4. Negative sign of the slope of a trend line indicates 
decline, while positive sign indicates a rise.

3.2.1  Frequency indices

Frequency indices comprise R10mm, R20mm, consecutive 
dry days (CDD), and consecutive wet days (CWD). Yazid 
and Humphries [54] designated R10mm and R20mm as 
number of days with heavy rainfall and very heavy rain-
fall, respectively. The annual frequency of the heavy rain-
fall day (R10mm) index has a range of 56–102 days each 
year. Among the three stations, the lowest number of 
heavy rainfall days occurred at Comilla, while the Sylhet 
had the highest number of heavy rainfall days. All the sta-
tions exhibited non-significant positive trends of order 
0.36–1.82 days/decade.

The annual frequency of very heavy rainfall day 
(R20mm) was found to be lowest at Comilla station 
(35 days/year). Cox’s Bazar and Sylhet had 55 days/year 
and 67 days/year having very heavy rainfall. Comilla exhib-
ited a negative trend in the R20mm; however, the trend 
was not statistically significant. On the other hand, Cox’s 
Bazar and Sylhet displayed non-significant positive trends 
for R20mm. The fact that R10mm showed a rising trend, 
but a falling R20mm trend at Comilla illustrates a case of 
extreme climate condition. Decrease in number of days 
with very heavy rainfall (≥ 20 mm) is perhaps contributing 
to the declining annual rainfall trend at this station.

The consecutive dry days (CDD) index in the eastern 
region of Bangladesh ranged between 58 and 72 days 
each year. Sylhet station displayed the least frequency 
for CDD. All three stations showed negative CDD trend. 
Among them, the negative trend at Cox’s Bazar was sta-
tistically significant at 95% confidence level.

The regional pattern of the consecutive wet days 
(CWD) index showed a range of 11–29 days each year in 
the selected districts. All stations were found to exhibit 
positive trends for CWD of order 0.59–0.95 days/decade; 

however, these trends were not statistically significant. 
A declining CDD trend and an increasing CWD trend at 
Comilla region, combined with its declining annual rain-
fall trend, reveal that the quantity of daily rainfall has 
decreased in the area although more days are seeing rain-
fall events. The contributing factor could be the decreasing 
pattern of monsoon rainfall in the region.

3.2.2  Intensity indices

Intensity indices comprised of PRCPTOT, R95p, R99p, 
RX1day, RX5day, and SDII. The mean climatology of daily 
maximum rainfall (RX1day) in the area has a range from 
145 to 208 mm as shown in Table 4. Mann–Kendall and 
Sen’s Slope trend analysis revealed negative RX1day trends 
at Comilla and Cox’s Bazar stations, while Sylhet displayed 
a positive slope for RX1day. However, none of these trends 
were statistically significant.

The mean climatology of the 5-day maximum rainfall 
(RX5day) was similar in pattern as RX1day. The northeast-
ern and southeastern regions have a higher intensity of 
five-day maximum rainfall ranging from 444 to 518 mm, 
while mid-eastern area has a lower intensity of five-day 
maximum rainfall of 287 mm. Like RX1day trends, RX5day 
trends at Comilla and Cox’s Bazar locations were negative. 
The negative trend of 21.94 mm/decade at Cox’s Bazar was 
statistically significant at 90% confidence level.

The mean climatology of the annual wet-day rain-
fall total (PRCPTOT) varies from 2165 mm at Comilla to 
4174 mm at Sylhet. Comilla station displayed non-signifi-
cant negative PRCPTOT trend of order 40.57 mm/decade. 
The trends at Sylhet and Cox’s Bazar were positive; how-
ever, the magnitude of the trends varied from as low as 
1.67 mm/decade at Cox’s Bazar to as high as 88.75 mm/
decade at Sylhet. None of these trends were found to be 
statistically significant.

The mean climatology of very wet days (R95p) and 
extremely wet days (R99p) ranged from 551 to 1035 mm 
and 171 to 336 mm, respectively. The resulting patterns of 
both R95p and R99p indices were similar. Mann–Kendall 
and Sen’s Slope trend analysis revealed statistically signifi-
cant negative R95p trend (p value 0.05) of order 13.09 mm/
year at Cox’s Bazar station. The trend at Comilla was 
− 38.67 mm/decade, although not statistically significant. 
On the contrary, Sylhet station exhibited non-significant 
positive R95p trend. R99p trend at Sylhet was also positive, 
however statistically insignificant.

The Simple Daily Intensity Index (SDII) is an index rep-
resenting extreme precipitation to evaluate the intensity 
of rainfall. It depends on the annual rainfall amounts and 
annual rainy days, meaning trends of both annual rainfall 
amount and annual rainy days have impacts on the trend 
of SDII. The SDII ranges from 20 mm/day at Comilla to 
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Fig. 3  Precipitation indices trends at Sylhet station, 1960–2000. Solid straight lines indicate the linear trend, and dashed straight lines indi-
cate the 95% confidence limits estimated with Sen’s Slope estimator method
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Fig. 4  Precipitation indices trends at Comilla station, 1960–2000. Solid straight lines indicate the linear trend, and dashed straight lines indi-
cate the 95% confidence limits estimated with Sen’s Slope estimator method
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30 mm/day at Cox’s Bazar. Based on the SDII value guide, 
the intensity of rainfall at Comilla, Sylhet and Cox’s Bazar 
can be categorized as ‘high intensity’ (20–25 mm/day), 

‘strong intensity’ (25–30 mm/day), and ‘very strong inten-
sity’ (over 30 mm/day), respectively. Such highly inten-
sive rainfall has high erosion-potentials that can lead to 

Fig. 5  Precipitation indices trends at Cox’s Bazar station, 1960–2000. Solid straight lines indicate the linear trend, and dashed straight lines 
indicate the 95% confidence limits estimated with Sen’s Slope estimator method
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long-term flooding events. Trends analysis of SDII displays 
decreasing trends at all stations. Of these trends, Comilla 
has the highest magnitude of − 1.53 mm/day per decade, 
which is statistically significant at 95% confidence level. 
The decreasing annual rainfall is perhaps responsible for 
the significant negative SDII trend at Comilla. For the other 
two locations, decrease in SDII suggests to the decrease in 
annual rainy days.

The RX1day and RX5day indices were further analyzed 
at monthly and seasonal scale. Tables 5 and 6 present 
the results of Mann–Kendall trend test and Sen’s Slope 
estimator test for the monthly and seasonal RX1day and 

RX5day indices during 1960–2000 at the selected sta-
tions in the eastern region of Bangladesh. Pattern of the 
monthly RX1day and RX5day trends agrees well with the 
monthly precipitation trends shown previously in Table 2. 
Both RX1day and RX5day showed decreasing trends dur-
ing monsoon months (June–October) at Comilla station. 
RX1day trend in June at Comilla was statistically significant 
at 95% confidence level. At Cox’s Bazar, monsoon months, 
except for September, showed declining trends for both 
RX1day and RX5day indices. However, these trends were 
not statistically significant. At Sylhet station, daily maxi-
mum rainfall (RX1day) displayed a non-significant negative 

Table 4  Precipitation 
indices trend detection and 
characterization, 1960–2000

Sen’s slope estimates are per decade

Significance: * for p < 0.05, + for p < 0.1

Index Sylhet Comilla Cox’s Bazar

Mean Sen’s Q Mean Sen’s Q Mean Sen’s Q

Frequency indices
R10mm (days) 101.6 1.82 55.9 0.36 76.2 1.25
R20mm (days) 67.3 0.00 35.2 − 0.56 55.4 1.29
CDD (days) 58.7 − 2.22 71.9 − 4.57 83.2 − 9.05*
CWD (days) 29.1 0.95 11.2 0.59 21.0 0.91
Intensity indices
PRCPTOT (mm) 4174.2 88.75 2165.3 − 40.57 3784.1 1.67
R95p (mm) 1034.7 55.77 551.3 − 38.67 914.4 − 130.91*
R99p (mm) 336.4 12.27 171.1 0.00 223.8 0.00
RX1day (mm) 207.9 8.82 144.5 − 3.96 202.2 − 7.58
RX5day (mm) 444.3 4.19 286.6 − 5.94 516.7 − 21.94+

SDII (mm/day) 26.1 − 0.25 20.2 − 1.53* 30.3 − 0.76

Table 5  Monthly and seasonal 
RX1day (mm) trend detection, 
1960–2000

Sen’s slope estimates are per decade

Significance: * for p < 0.05, + for p < 0.1

Month/season Sylhet Comilla Cox’s Bazar

MK–Z Sen’s Q MK–Z Sen’s Q MK–Z Sen’s Q

January 0.55 0.00 0.52 0.00 0.96 0.00
February − 0.67 − 1.54 1.24 1.61 2.01 0.33*
March 0.79 3.33 1.57 5.10 1.40 0.64
April 0.70 4.00 0.10 0.36 0.76 3.16
May − 0.01 0.00 − 0.06 − 0.42 0.87 7.35
June − 0.54 − 4.44 − 2.04 − 10.98* − 0.90 − 6.86
July 1.41 10.38 − 0.70 − 3.75 − 0.14 − 0.80
August 0.10 0.49 − 0.79 − 4.78 − 1.64 − 11.50
September 0.30 3.10 − 0.10 − 0.88 1.71 10.62+

October − 0.12 − 0.55 − 0.63 − 4.14 − 2.07 − 14.48*
November − 0.04 0.00 0.12 0.00 1.13 4.03
December 1.01 0.00 0.59 0.00 1.01 0.00
Dry 0.97 4.11 1.13 5.00 1.48 10.94
Pre-monsoon 1.99 28.90* 0.93 10.55 1.60 14.79
Monsoon 1.25 22.09 − 0.45 − 10.93 − 1.76 − 30.00+



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:576 | https://doi.org/10.1007/s42452-019-0602-5

trend during February, June and October, while the 5-day 
maximum rainfall (RX5day) exhibited non-significant nega-
tive trends during February and June. The positive RX1day 
and RX5day trends in February at Cox’s Bazar station were 
statistically significant at 95% and 90% confidence levels. 
This is consistent with the statistically significant positive 
trend of monthly precipitation at this station. Seasonal 
analysis shows that both RX1day and RX5day during mon-
soon are decreasing at Comilla and Cox’s Bazar regions, 
the RX1day trend at Cox’s Bazar being statistically signifi-
cant at 90% confidence level, while pre-monsoon season 
exhibited positive trends for both indices at these stations. 
Among them, RX5day trends were statistically significant. 
The increasing trends of RX1day and RX5day during all 
seasons at Sylhet are consistent with its overall increasing 
annual rainfall trend. Analysis of the daily maximum rain-
fall (RX1day) and 5-day maximum rainfall (RX5day) indices 
reaffirms that the temporal distribution of monthly rainfall 
appears to be shifting from monsoon (June–October) to 
pre-monsoon (March–May) season, particularly in the mid-
east and southeast regions of Bangladesh.

Overall, the trends and variability of rainfall extremes 
over eastern Bangladesh agree with those of neighboring 
regions. For example, Yazid and Humphries [54] observed 
trends of − 8.5 to 11.2 days/decade for CDD, − 14.9 to 
11.6 days/decade for CWD, − 7.4 to 5.4 days/decade for 
R10mm, − 4.5 to 2.9  days/decade for R20mm, − 6.7 to 
1.1 mm/decade for RX1day, − 13.9 to 22.3 mm/decade 
for RX5day, and − 0.7 to 0.9 mm/day per decade for SDII 
indices over Indochina Peninsula countries (Vietnam, Thai-
land, Myanmar, Cambodia, Laos, parts of Malaysia, China, 

Bangladesh, and India). Basher et al. [6] reported trends of 
− 1.9 to 2.0 days/decade for CDD, − 3.3 to 0.4 days/decade 
for CWD, − 76.4 to 43.2 mm/decade for PRCPTOT, − 11.7 to 
2.5 mm/decade for RX1day, − 25.4 to − 2.7 mm/decade for 
RX5day, and − 2.4 to 1.5 mm/day per decade for SDII over 
northeastern region of Bangladesh. Deshpande et al. [10] 
observed trend of − 0.3 to 0.5 days/decade for heavy rain-
fall days (R10mm) over major river basins of India. Rahimi 
et al. [34] reported trends of − 12.4 to 2.5 mm/decade 
for RX1day, − 5.7 to 4.4 mm/decade for RX5day, − 1.4 to 
0.5 mm/day per decade for SDII, − 1.5 to 0.5 days/decade 
for R10mm, − 0.4 to 0.7 days/decade for R20mm, − 5.5 to 
1.8 days/decade for CDD, − 0.8 to 4.3 days/decade for CWD, 
− 22.5 to 16.2 mm/decade for R95p, − 23.8 to 12.2 mm/dec-
ade for R99p, and − 28.2 to 62.8 mm/decade for PRCPTOT 
indices over different parts of Iran.

4  Discussion

Results of Mann–Kendall trend test showed that average 
annual rainfall at Sylhet (northeast) and Cox’s Bazar (south-
east) areas has increased over time and has decreased at 
Comilla (mid-east) region. However, these trends were not 
significant. Although statistically significant positive trends 
were obtained for some months, a tendency toward reduc-
tion of rainfall in the wet monsoon season was observed. 
More importantly, the temporal distribution of rainfall pat-
terns appeared to become more variable in the monsoon 
season. Historically, these months have received most 
of the annual rainfall in this region. As monsoon rainfall 

Table 6  Monthly and seasonal 
RX5day (mm) trend detection, 
1960–2000

Sen’s slope estimates are per decade

Significance: * for p < 0.05, + for p < 0.1

Month/Season Sylhet Comilla Cox’s Bazar

MK–Z Sen’s Q MK–Z Sen’s Q MK–Z Sen’s Q

January 0.51 0.00 0.53 0.00 0.86 0.00
February − 0.34 − 0.83 1.30 2.07 1.94 0.40+

March 0.86 4.06 1.59 10.00 1.01 0.48
April 0.77 7.65 0.78 7.20 1.42 10.91
May 0.13 2.50 0.97 12.22 1.64 13.79
June − 1.40 − 17.50 − 1.57 − 20.00 − 0.66 − 16.11
July 0.77 16.74 − 0.81 − 12.86 − 1.41 − 27.75
August 0.26 3.64 − 1.19 − 11.25 − 0.55 − 6.99
September 0.24 4.81 0.08 0.32 0.92 11.55
October 0.56 6.33 − 0.36 − 3.33 − 1.64 − 23.24
November 0.70 1.31 0.42 0.45 1.05 7.93
December 0.64 0.00 0.38 0.00 0.75 0.00
Dry 1.28 10.66 1.57 10.87 1.46 17.28
Pre-monsoon 1.66 48.74+ 2.05 37.64* 1.88 30.84+

Monsoon 0.79 25.98 − 0.92 − 27.76 − 1.54 − 72.73
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becomes more variable, local crops will begin to experi-
ence failure, and systemic changes in agricultural resource 
allocation and planning will be required [39]. The increase 
in daily temperatures may be responsible for the decrease 
in rainfall during the monsoon [40]. The rainfall variability 
in the southeastern hilly region during the early post-mon-
soon may be associated with the depressions or cyclone 
rain effects, which have been increasing in recent decades 
making the rainfall highly variable [37].

Analysis of trends in the extreme rainfall indices exhib-
ited highly regional patterns. Frequency of heavy rainfall 
days demonstrated statistically non-significant increas-
ing trends at Sylhet and Cox’s Bazar, but a non-significant 
negative trend at Comilla. This may perhaps be contribut-
ing to the decreasing annual rainfall pattern at Comilla. 
Consecutive dry days exhibited negative trends, while 
consecutive wet days displayed positive trends at all sta-
tions. The trends of intensity-based indices were found to 
be rather regional in nature. For example, the wet days, 
daily maximum rainfall and consecutive 5-day maximum 
rainfall trends were negative at Comilla and Cox’s Bazar, 
but positive at Sylhet. Analysis of the daily maximum and 
5-day maximum rainfall indices at monthly scale indicated 
a tendency toward reduction in monsoon rainfall. The Sim-
ple Daily Intensity Index (SDII) trends were negative across 
all stations.

Despite future uncertainties, trend analysis of extreme 
rainfall indices in the current study indicates that the 
rainfall pattern in the eastern regions of Bangladesh 
will become more variable. Rainfall is a vital part of the 
hydrologic cycle, and therefore its quantity, frequency 
and variability will affect the water resources, runoff, 
streamflows, soil moisture and groundwater recharge 
[22]. These changes will subsequently have impact on 
agriculture, food supply, irrigation and hydropower in 
the area of concern. For example, the monsoon floods are 
necessary for fertilizing the paddy fields and replenishing 
fish stocks in the haor lakes [6]. Thus, the declining trend 
of monsoon rainfall detected for the eastern districts of 
Bangladesh can affect paddy and fish production in this 
region. The increasing trends obtained for the daily maxi-
mum and 5-day maximum rainfall in the pre-monsoon, 
although statistically non-significant, may have implica-
tions for the flash flooding and long-term riverine flood-
ing. The amount and distribution of total rainfall in wet 
days (PRCPTOT), especially during the pre-monsoon, influ-
ence the water levels in the seasonal haor lakes. Subse-
quently, the increasing trend of pre-monsoon rainfall and 
decreasing trend of consecutive dry days in the eastern 
regions of the country may help to increase soil moisture 
contents as well as Boro rice productivity [6]. This can also 
reduce the pressure on groundwater for irrigation in the 
areas. Similarly, reduction of winter rainfall can potentially 

impact production of winter crops such as wheat, vegeta-
bles and potatoes [33]. The Simple Daily Intensity Index 
(SDII) trends have implications for erosion-potentials that 
can lead to long-term flooding.

5  Conclusion

In this paper, rainfall data over a 40-year period 
(1960–2000) from three meteorological stations located in 
the eastern parts of Bangladesh were analyzed to evaluate 
the magnitude of regional changes in rainfall and extreme 
rainfall temporally. Analysis of extreme rainfall at annual, 
seasonal and monthly scales was based on frequency-
based and intensity-based indices recommended by ETC-
CDI. The magnitude of trends of these rainfall indices was 
determined using the nonparametric Sen’s slope estima-
tor method, while the statistical significance of the trends 
were analyzed using the Mann–Kendall test. The rain-
fall trends exhibited regional patterns at monthly scale. 
Although results suggested an overall increase in annual 
rainfall over the region of concern, a tendency toward 
reduction of rainfall in the wet season was observed. The 
annual rainfall patterns were consistent with previous 
studies. Frequency-based indices displayed statistically 
non-significant increase in heavy rainfall days, decrease in 
consecutive dry days and increase in consecutive wet days. 
Regional decline in intensity-based indices such as daily 
and consecutive 5-day maximum rainfall was observed in 
the monsoon season. Overall, the magnitudes of trends 
and variability of rainfall extremes over the eastern parts 
of Bangladesh agree with those of neighboring regions. 
Although the analysis of rainfall and extreme rainfall indi-
ces did not show any clear trend for the eastern region of 
Bangladesh as a whole, the local trend directions, magni-
tude and patterns identified for rainfall may provide use-
ful information on the regional climate change. The asso-
ciation of rainfall and extreme rainfall trends with flood, 
drought, food supply and availability of water with respect 
to current and projected climate scenarios are some of the 
potential extensions and applications of this study.
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