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Abstract There has been a growing concern on temporal variations on drought characteristics
due to climate change. This study compares meteorological drought characteristics for two
different periods to quantify the temporal changes in seasonal droughts of 18 weather stations
of the country. Fifty-five years rainfall and temperature data are divided into two different
thirty-year periods, 1961-1990 and 1985-2014 and standardized precipitation evapotranspi-
ration index (SPEI) for those periods are calculated to assess the changes. Four seasons in this
study are selected as two major crop growing seasons namely, Rabi (November to April) and
Kharif (May to October) and two critical periods for crop growth in term of water supply
namely critical Rabi (March—April) and critical Kharif (May). Results show that moderate,
extreme, and severe Rabi droughts has increased in 11, 9, and 4 stations out of 18 stations,
respectively, and Kharif severe and extreme droughts has increased in 8§ and 9 stations,
respectively, In addition, the frequency analysis shows that the return periods have decreased
during 1985-2014 at the stations where it was high during 1961-1990 and vice versa. This has
made the spatial distribution of return periods of droughts more uniform over the country for
most of the seasons. Increased return period of droughts in highly drought prone north and
northwest Bangladesh has caused decrease in average frequency of droughts. Consequently,
this result corresponds that Bangladesh experiences fewer droughts in recent years. Trend
analysis of rainfall and temperature data reveals that significant increase of mean temperature
and no significant change in rainfall in almost all months have increased the frequency of
droughts in the regions where droughts were less frequent.
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1 Introduction

Rises in temperature due to global warming has affected evapotranspiration and atmospheric
water storage, and thereby changed precipitation patterns all over the world (Middelkoop et al.
2001; Wang et al. 2016). Number of studies reported increasing trend in drought frequency and
intensity in recent decades due to the changes in precipitation pattern (Dai 2011; Ahmed et al.
2016). Dai (2011) reported that the percentage of global dry areas increased by about 1.74%
per decade during 19502008 with major increases over Africa, East Asia and South Asia.
Bangladesh is also experiencing a clear shift in climate variables (Siddik and Rahman 2014;
Rahman and Lateh 2017; Bari et al. 2016; Rahman and Lateh 2016; Shahid et al. 2016). It has
been reported that changes in rainfall pattern has caused increased extreme weather events
(Shahid 2011; Nowreen et al. 2015; Dastagir 2015) and hydrological disasters (Karim and
Mimura 2008; Islam et al. 2010; Dasgupta et al. 2014; Dasgupta et al. 2015; Xenarios et al.
2016) in the country.

Government report show that droughts in Bangladesh occur on average twice in a decade
(CCCB 2009). Agricultural losses from drought are more severe than from floods in Bangla-
desh (World Bank Bangladesh 1998). Droughts in 1973 led to famine in 1974, droughts in
1978-1979 reduced crop production by 2 million tons and droughts of 1994-1995 led to a
decrease in rice and wheat production of 3.59 million ton (Rahman and Biswas 1995).
Recently Xenarios et al. (2016) reported that the flood-prone and saline affected regions in
Bangladesh are less vulnerable to climate change compared to drought prone areas.

Number studies reported changes in drought pattern in neighboring countries of Bangladesh
including India and China due to global climate change (Mishra and Liu 2014; Chen and Sun
2015; Wang et al. 2017). Increased frequency of droughts in Bangladesh in recent years is also
reported by Miyan (2015). On contrary government report (CCCB 2009) of crop damages due
to natural hazards suggests that impact of drought has reduced in recent years. It is often
remarked that this is due to reduction of drought risk after implementation of mitigation
measures like extensive use of groundwater. However, no study has been conducted so far to
assess how the recent changes in climate has altered drought severity in Bangladesh.

Thus, the major objective of this study is to assess the changes in drought characteristics of
Bangladesh using meteorological drought index. Standardized precipitation index (McKee
et al. 1993) is most widely used due to its capability to assess drought severity, frequency and
duration solely from precipitation data. However, evapotranspiration plays an important role in
defining drought severity (Hu and Willson 2000; Tsakiris and Vangelis 2005; Vicente-Serrano
et al. 2010), particularly in tropical region. Therefore, standardized precipitation evapotrans-
piration index (SPEI), which combines the effect of rainfall and temperature to quantify the
condition of droughts (Vicente-Serrano et al. 2010) is used in this study.

Crops in Bangladesh are mainly grown during two seasons namely, Kharif (May—Novem-
ber) and Rabi (December—April). The moisture supply from rainfall is enough to support rain-
fed crops during Kharif. On the other hand, Rabi season is characterized by dry sunny weather
and the crop in this season is grown under irrigation. Rice is the major crop in Bangladesh and
about 55% of rice (Boro rice) is grown during Rabi season under irrigation scheme and the rest
are grown (mainly Aman rice) during Kharif. Water deficit during the flowering period of Boro
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rice (March—April) is very critical for rice yield and therefore, drought during this period
causes fatal damage to crop production. Similarly, late arrival of monsoon can cause damage to
rain-fed crop and therefore, insufficient rainfall in May is very critical of Aman rice. In this
study, droughts during two cropping seasons namely, Rabi and Kharif as well as two critical
periods of rice namely, flowering period of Boro rice (March—April) or critical Rabi (CR) and
beginning of monsoon (May) or critical Kharif (CK) are separately studied. Therefore,
droughts during these two periods, termed as Rabi critical and Kharif critical in this study,
were also considered.

Impacts of climate change on characteristics of droughts during crop growing seasons are
assessed in this study. Droughts are destructive when they coincide with crop growing season,
particularly with the critical period of crop growth (Alamgir et al. 2015; Ahmed et al. 2016).
Therefore, the methodology used in this study can provide better assessment of the changes in
droughts having significant impacts in agriculture and economy of Bangladesh.

2 Materials and Methods
2.1 Study Area and Data

Bangladesh experiences a tropical humid climate characterized by wide seasonal variations in
rainfall, moderately warm temperatures and high humidity. The average annual rainfall of the
country varies from 1472 mm in the northwest to 4032 mm in the northeast (Fig. 1). Almost
80% of total annual rainfall occurs during Kharif season. The average temperature ranges from
7.2 °C to 12.8 °C during winter and 23.9 °C to 31.1 °C during summer (Shahid 2010).

Monthly rainfall and average temperature data recorded at 18 stations distributed over
Bangladesh (Fig. 1) for period 1961-2014 are collected from Bangladesh Meteorological
Department for this study.

2.2 Procedure
Procedure followed to quantify the temporal changes in seasonal droughts is outlined below:

1. Observed data are divided into two separate 30 years period namely, 1961-1990 (P1) and
1985-2014 (P2) and SPEISs for cropping seasons are computed, individually.

2. Return periods of droughts during different seasons are analyzed for P1 and P2 to show
the differences of droughts.

3. Trends in monthly rainfall and temperature for the time period 19612014 are assessed
and results are analyzed to understand the possible causes of the changes in drought
pattern.

Details of the methods used for estimation of droughts and trend analysis are given below.
2.3 Standardized Precipitation Evapotranspiration Indices
SPEI calculates the status of droughts based on the difference between precipitation and
potential evapotranspiration (PET). The SPEI values are not sensitive to PET estimation

method (Stagge et al. 2014). Therefore, any method based on availability of data can be
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Fig. 1 Spatial distribution of rainfall in Bangladesh and location of rain gauges

4

chosen to calculate PET. In this study, Thorthwaite method (Thornthwaite 1948) was used to
calculate PET,

10T, \*
PET = 16Nm( I‘“) (1)

where N, is the correction factor defined based on the latitude of the area and the month of the
year; Ty, is the monthly average of daily mean temperature (°C); / is a heat index, which is
calculated for the whole year; and « is a coefficient which can be calculated from /. Details of
the calculation of PET using Thornthwaite method can be found in Vicente-Serrano et al.
(2010).

The accumulated water profit or loss series can be constructed using the following formula:

DX = Y& !(P,.,—PET,), n>k (2)

n

where P is precipitation and £ is the time scale (month), n is the calculation frequency, and D is
the difference between P and PET for the month i.
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Parameter D can have negative values and therefore, three-parameter distributions are needed to fit
the distribution of D. Previous studies suggest that the log-logistic distribution fit best to D values
compared with other three-parameter distributions (Yang et al. 2016). Therefore, in the present study
the probability distribution function of D is estimated using a three-parameter log-logistic distribution,

g1
o4
1 — 3
)] 0
where «, 3, and 'y are scale, shape, and origin parameter, respectively.
The SPEI can be obtained as the standardized values of F(D). Drought can be categorized

based on SPEI values as follows: moderate (—1.5 < SPEI<—1.0), severe (—2.0 < SPEI<-1.5),
and extreme (SPEI<-2.0) drought.

F(D) =

2.4 Estimation of Return Period of Seasonal Droughts

Annual maximum series (AMS) of SPEI is used to estimate the return period of seasonal SPEI
values using frequency analysis. The AMS is the most severe drought event in each year (the
greatest drought magnitude), provided that it exceeds a given threshold (Sung and Chung
2014). Because the drought frequency analysis uses the non-zero values, a correction should
be conducted using non-exceedance probability (F'), according to the following expression:

Fl=g+(1=q)F (4)

where F is the non-exceedance probability value obtained by using frequency analysis on the non-
zero values, and q is the probability of zero values, which can be calculated as the ratio of the
number of time intervals without drought occurrences to the total number of time intervals in the
recording period (Santos et al. 2011; Ahmed et al. 2016). In this study, the SPEI values of different
seasons are fitted with Normal, Lognormal, Weibull, Gamma and Extreme Value-I distributions.
Kolmogorov-Smirnov (KS) test is conducted to estimate the goodness of fit to a particular
distribution. The KS test statistics show that the null hypothesis of sample distribution similar
to Lognormal distribution cannot be rejected for any seasonal SPEI series. Therefore, Lognormal
distribution is used in the study for the estimation of distribution parameters of seasonal droughts.

2.5 Trend Analysis by Mann-Kendall test

MK test is a non-parametric trend test which uses ordered time series to analyze trend. It
estimates the normalized test statistic Z to estimate significance of trend. In the present study,
confidence level of 95% is taken as thresholds to classify the significance of positive and

negative trends. At the 95% significance level, the null hypothesis of no trend is rejected if
| Z|>1.96. Details of Mann-Kendall test can be found in Sneyers (1990).

3 Results
3.1 Trends in SPEI

To assess the changes in droughts, SPEI time series was divided into two periods,
P1(1961-1990) and P2(1985-2014). World Meteorological Organization (WMO)
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recommended thirty-year period for climatic trend analysis. As the total period of
available data is limited to 55 years, an overlap of five years is used to assess the
trend. Trends in droughts for P1 and P2 are analyzed separately to show the temporal
changes. Obtained Z-values for P1 and P2 of 18 stations for all the 4 seasons are
shown in Fig. 2. It shows a clear increasing trend in SPEI values during P2 and
decreasing trend during P2 for all seasons in most of the stations.

Increases in Rabi SPEI values at 95% level confidence are observed at 7 out of 18
stations for P1. The SPEI values at all those 7 stations are found to decrease at 95%
level of confidence for P2. Similar trends are observed for SPEI values in other
seasons. The SPEI values for Kharif are fond to decrease at 5 stations during P2.
Significant decrease in SPEI is observed at 8 stations for CR and at 3 stations for CK
during P2. This indicates that dryness in Bangladesh has increased in all the four
seasons under study. This also indicates that droughts in recent years (1985-2014)
happen more frequently than in the past period (1961-1990).

(a) Rabi = 1961-1990 mu1985-2014
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Fig. 2 Z-statistics of SPEI trend over two periods: 1961-1990 (blue bar) and 1985-2014 (red bar) during
different cropping seasons: a Kharif; b Rabi; ¢ KC; d RC. The dashed horizontal line at Z = 1.96 represents the
critical value of Z at 95% level of confidence
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3.2 Changes in Drought Events

Numbers of drought events with various severities for P1 and P2 are compared to assess the
change in different categories of droughts. Numbers of moderate, severe and extreme Rabi and
Kharif droughts for P1 and P2 are shown in Fig. 3a and b, respectively. The upper graph shows
the number of droughts with various severities during P1, and the lower graph shows the
number of droughts for the same severities during P2. The figure shows that number of
moderate Rabi droughts has increased at 11 stations, severe droughts at 9 stations and extreme
droughts at 4 out of 18 stations. Extreme Rabi drought occurred only in 1 station during P1,

(a) B Moderate M Severe M Extreme

Drought Events
(1961-1990)

Drought Events
(1985-2014)

® 2 «®@ N - PR TR ' »n = - o -

5t & Z 2252 8% §E;¢;

A £ &5 ®w =2 § =B 2 UE"‘ =§ =
£ 8 8 A £ % & @2 3 2 - @
o © A g 2 P & g &

Drought Events
(1961-1990)

|

Drought Events
(1985-2014)

Rangpur

E“E“Nﬂhh@ﬁ:w;ﬁg s g
Z 2 » £ & 3 28 £ 5 £ £ 5 g B £ § £
'Emsg’“égE3§QE-2.g E.g:z-
= S = a £ " I i @

Fig. 3 Number of drought events with various severities during a Rabi; and b Kharif seasons over two periods,
1961-1990 and 1985-2014
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but at 5 stations during P2. At Rajshahi (northwest Bangladesh), it occurred twice during P2.
This indicates increases in Rabi drought events.

Decrease in moderate droughts and increase in severe and extreme droughts during Kharif
season is observed at most of the stations in Bangladesh (Fig. 3b). A distinct change in extreme
drought pattern is also observed. The extreme droughts during P2 are not observed at the
stations where they were experienced during P1. On the other hand, some of the stations not
experienced any extreme Kharif droughts for P1, are found to experience one or two extreme
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Fig. 4 Number of drought events with various severities during (a) CR; and (b) CK seasons over two periods,
1961-1990 and 1985-2014
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Kharif droughts for P2. This indicates not only the increase in drought events, but also the
changes in spatial pattern of droughts due to climate change.

Numbers of droughts occurred in CR and CK for P1 and P2 are shown in Figs. 4a and b,
respectively. All categories of droughts are found to increase in most of the stations during
these two seasons. However, droughts, particularly severe and extreme droughts during both
the seasons are found to decrease at the stations located in the north and northwest Bangladesh,
which are historically more prone to droughts.

3.3 Changes in Return Period of Droughts

Return periods of different categories of droughts for all the four seasons are computed to
assess the changes in drought frequency between periods P1 and P2. Besides, drought maps
for different seasons are also prepared to show the changes in spatial pattern in return period of
seasonal droughts (not shown here). Figure 5 shows the range of return periods (in year) of
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Fig. 5 Changes in the return period of different categories of droughts between periods P1 and P2 for a Rabi; b
Kharif; ¢ CR; and d CK
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different categories of droughts for P1 and P2. The country wise averages of drought return
periods are also shown in figure using cross (x) symbol. Figure 5 shows that the country used
to experience moderate Rabi drought with an average return period below 29 years during P1.
It was less frequent in southeastern region (29 years) and more in northwest part (23 year). The
frequency of moderate Rabi drought increased in all over the country during P2. It became
more frequent in southwest part (return period near to 18 year) in recent years. Similar changes
are also observed for severe and extreme Rabi droughts. The range of return periods of severe
and extreme Rabi droughts over Bangladesh were 3543 and 52-56 years, respectively during
P1, which changed to 2643 and 3658 years, respectively in P2. This indicates that both the
severe and extreme Rabi droughts have become more frequent.

Ranges of return periods of moderate, severe and extreme Kharif droughts were 13-32, 22—
45 and 28-57 years during P1 (Fig. 5b). It changed to 21-22, 30-31 and 4142 years in recent
years (P2). This indicates that all categories of Kharif drought have become uniformly
distributed over the country. However, the average return period of moderate, severe and
extreme Kharif droughts which were 21, 28 and 39 years for P1 increased to 22, 31 and
41 years for P2. This indicates that average frequency of Kharif droughts has decreased over
the whole country.

Figure 5S¢ shows less changes in the return period of different categories of droughts during
CR. The return period of all categories of droughts has increased in the region where those
were less and decreased in the regions where those were high. Therefore, the ranges of return
period of CR droughts over Bangladesh have reduced. For example, ranges of return period of
moderate, severe and extreme droughts during CR were 21-46, 32-70 and 40-123 years,
respectively during P1, which reduced to 22-35, 34-52 and 4670 years, respectively during
P2. The average values of the return periods of different severities of droughts indicate that the
frequency of CR droughts have decreased in recent years.

Figure 5d shows no change in the lower range and a slight increase in the upper
range of the return periods of moderate drought during CK season. This means no
change in the return period of moderate droughts in the drought prone areas and
decrease in the frequency of moderate droughts in less drought prone area for CK. On
the other hand, the range in the return period of severe drought changed from 24 to
59 years for Pl to 32-38 years for P2. This means that the frequency of severe
droughts has decreased in high drought prone area and increased in less drought
prone areas. A complete different pattern in extreme droughts is observed for two
periods. Frequency of CK extreme droughts are found to increase in high drought
prone areas and decrease in less drought prone areas.

Overall, frequency of all categories of droughts in most of the seasons has
increased in the regions which are historically considered as less prone to droughts
and increase in the regions, particularly in the north and northwest Bangladesh where
droughts were more frequent. Changes in return periods of droughts have made spatial
distribution of droughts more uniform in most of the seasons under study. However,
due to increase in the return period of droughts in north Bangladesh in all the seasons
except Rabi, the country experiences less frequency of droughts in recent years.

3.4 Trends in Rainfall and Temperature

Trends in rainfall and mean temperature during different months for the period 1961—
2014 are analyzed to understand the causes of changing pattern of droughts in
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Table 1 Trends in mean monthly temperature/rainfall at different stations of Bangladesh. The positive/negative
sign represents increase/decrease at 95% level of confidence

Station Winter Pre-monsoon Monsoon Post-monsoon

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

South Barishal e 4/ e Al A 4 4/ +/
M.Court +— EEATIE AN Y ++ A A e +/ +/+
South west  Jessore +e 4 A A+ e A+ e +/e
Khulna Heo /e /e o—
Satkhira ot 4o 4fe 4/
North west Bogra A YA VAR T +/e
Rajshahi —/* +/* +e A= A /e —/* —/+
North Rangpur ot e A 4 4 4+ +/+
Dinajpur —/e +/* 4 e e 4 o/+ —/—
Central Mymens ot Al /e e e A 4/
Dhaka e Al e A e e e e 4/ +/e +/*
Faridpur ++ e EPATEE VORE VURE +/o
North east ~ Srimongal /- o/t /e /e /e /e +/e +/e
Sylhet = e A 4 4/ +e o A/ Ao A/ A/ +/* +/*
South east  Chittagon e e A+ e e Ao 4o /e
Comilla +e 4/ +e +—  +/— o+
Cox’Baz e e A/ A/ A+ A 4/ He A+t +/ +/e
Rangamati —/» —/» —/» +e 4o 4/ +/e +/* +/e

Bangladesh. Trends in monthly average of daily mean temperature and monthly total
rainfall at 18 stations are given in Table 1. The positive sign (+) in the table indicates
increase, the negative sign (—) indicates decrease, and the symbol dot (.) indicates no
change in temperature or rainfall. The first sign in each cell of the table shows the
change in temperature and the second sign shows the change in rainfall. The table
shows significant increase in temperature at most of the stations in all the months.
Particularly, it is found to increase at all stations during most of the Kharif months.
Significant increase in temperatures is found more prominent at the stations located in
the eastern part of the country. On the other hand, temperature at stations located in
western part of Bangladesh is found to increase only in monsoon and decrease in
winter.

Significant changes in rainfall are found very few compared to temperature. It is found to
increase at highest number of station in May. Changes in rainfall in other months are found
significant only at few stations. Overall, significant changes are found more at the stations
located in the western part of Bangladesh compared to eastern part.

Increase in temperature in most parts of Bangladesh and almost no change in
rainfall are the cause of decrease of the return of period of droughts in most of the
stations in all the seasons. Overall, temperature in western part, particularly northwest
part of Bangladesh has increased less compared to other parts. Rainfall in some
months has increase at some of the stations located in western part of Bangladesh.
The changes in temperature and rainfall pattern have caused a shift in spatial pattern
in droughts. The droughts which were more frequent and severe in the northwest part
of Bangladesh have found to occur with similar or less frequency in recent years. On
the other hand, eastern, particularly southeastern part which was less prone to
droughts is found to experience more frequent droughts in almost all seasons.

@ Springer



1566 Mohsenipour M. et al.

4 Discussion

Bangladesh has a tropical monsoon climate characterized by wide seasonal variations in
rainfall. Therefore, seasonal droughts occur due to deficit of rainfall in a particular season.
This study reveals a change in spatial pattern in drought frequency in Bangladesh. The
frequency of droughts in drought prone regions like northwest and northern Bangladesh has
reduced. On the other hand, the regions which were usually considered less prone to droughts
are found to have more frequent droughts. However, the frequency of droughts in those areas is
still less compared to droughts which were usually faced in northwest Bangladesh in the past.
This has made the spatial distribution of the frequency of occurrence of drought in Bangladesh
more homogeneous. Overall, country wise average of return period of seasonal droughts with
various severities has increase or in other words, the frequency of drought has been reduced.
This is mainly due to increase in the return period of droughts in high drought prone areas.

This can also be justified from the trends in crop damage reports of Bangladesh. Reported
droughts and there impacts in recent years showed that number of crop damaging droughts has
decreased in Bangladesh in recent years (CCCB 2009). No significant drought occurred after
the last reported worst droughts in 1994—1996. Planning Commission, Bangladesh (2009) also
reported that out of 11 major droughts occurred in Bangladesh after independence in 1971,
four occurred in 70s, three in 80s, three in 90, and only one in 2000-2009. This indicates a
decrease in droughts in Bangladesh.

In SPEI time series, a number of meteorological droughts are noticed after 1996 in some
stations. However, those meteorological droughts are not reported as those droughts did not
affected crop production in the region. This indicates that though meteorological droughts exist
there as before, it has no impact on agriculture due to the changes in spatial pattern of droughts.
These droughts in recent years have occurred in the regions where crop cultivation during that
season is less.

Changes in drought pattern has been reported in recent studies in neighboring countries of
Bangladesh (Pal and At-Tabbaa 2011; Mishra and Liu 2014; Wang et al. 2014; Chen and Sun
2015; Ge et al. 2016; Wang et al. 2017). Pal and At-Tabbaa (2011) reported an increasing
tendency in moderate droughts over India including the northeast part of India bordering
Bangladesh for the period 1871-2005. An increase in moderate droughts by 66% and severe
droughts by 79% in northeast India for the period 19512010 have also been reported by
Mishra and Liu (2014). Present study found increase in all categories of droughts in most of
the seasons in the eastern regions of Bangladesh bordering northeast of India. This study also
collaborates with the findings of Ge et al. (2016) that the severity of droughts is increasing in
the areas of India where rice is the major crop. Similar changes in drought pattern in China
have been reported in recent years. Wang et al. (2014) found significant increase in dry
conditions in Central China for the period 1961-2012 in terms of both SPI and SPEIL Chen
and Sun (2015) reported that droughts have become more frequent and severe across China
since the late 1990s. Wang et al. (2017) found northwest China became significantly wetter
and central China became more arid over the period 1961-2009 due to changes in climate.

The present study suggests that the droughts during cropping seasons of Bangladesh are
changing with the changes of climate. Overall, there is a decrease in average drought
frequency in major crop growing seasons. Trend analysis of rainfall and temperature data
reveals that significant increase of mean temperature in almost all the months and no
significant change in rainfall in any of the months are the cause of increasing frequency of
droughts in the regions where droughts were less frequent.
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5 Conclusion

The drought patterns during cropping seasons have changed in Bangladesh in recent years due
to the changes in spatial and temporal pattern of rainfall and temperature. This study reveals
that frequency of droughts has increased in the regions which are historically considered as
less prone to droughts and increase in the region, particularly the north and northwest
Bangladesh where droughts were more frequent. Changes in return periods of droughts have
made spatial distribution of droughts more uniform in all the crop growing seasons under
study. Increase in the return period of droughts in north and northwest Bangladesh in most of
the seasons has made droughts less frequent in Bangladesh in recent years. Analysis of
reported crop damage by droughts in recent years collaborates the finding. The study indicates
that changes in spatial pattern in rainfall and temperature have changed the spatial and
temporal pattern of droughts in Bangladesh. In future, global climate model projected rainfall
and temperature data can be used to understand the possible future changes in drought pattern.
Furthermore, the changes in hydrological and socio-economic droughts should be studied in
order to assess the impacts of droughts on agricultural production and population.

Acknowledgments We are grateful to Universiti Teknologi Malaysia (UTM) for providing financial support of
this research through research grant (Vote No. 06H36). This study was also supported by funding from the Basic
Science Research Program of the National Research Foundation of Korea (NRF-2016R1D1A1B04931844).

References

Ahmed K, Shahid S, Bin Harun S, Wang X-J (2016) Characterization of seasonal droughts in Balochistan
Province, Pakistan. Stoch Env Res Risk A 30(2):747-762

Alamgir M, Shahid S, Hazarika MK, Nashrrullah S, Harun SB, Shamsudin S (2015) Analysis of meteorological
drought pattern during different climatic and cropping seasons in Bangladesh. JAWRA Journal of the
American Water Resources Association 51(3):794-806

Bari SH, Hussain MM, Husna N (2016) Rainfall variability and seasonality in northern Bangladesh. Theor Appl
Climatol 129(3-4):995-1001

CCCB (2009) Report. Department of Environment, Ministry of Environment and Forest, Bangladesh

Chen H, Sun J (2015) Changes in drought characteristics over China using the standardized precipitation
evapotranspiration index. J Clim 28(13):281-299

Dai A (2011) Characteristics and trends in various forms of the Palmer Drought Severity Index (PDSI) during
1900-2008. J Geophys Res 116:D12115

Dasgupta S, Hossain MM, Huq M, Wheeler D (2015) Climate change and soil salinity: The case of coastal
Bangladesh. Ambio 44(8):815-826

Dasgupta S, Kamal F A, Khan Z H, Choudhury S, Nishat A (2014) River salinity and climate change: evidence from
coastal Bangladesh. Policy research working paper; no. WPS 6817. World Bank Group, Washington, DC

Dastagir MR (2015) Modeling recent climate change induced extreme events in Bangladesh: a review. Weather
and Climate Extremes 7:49-60

Ge Y, Cai X, Zhu T, Ringler C (2016) Drought frequency change: An assessment in northern India plains. Agric
Water Manag 176(1):111-121

Hu Q S, Willson G D (2000) Effects of temperature anomalies on the Palmer Drought Severity Index in the
central United States. Int J Climatol 20(15):1899—1911

Islam AS, Bala SK, Haque MA (2010) Flood inundation map of Bangladesh using MODIS time-series images.
Journal of Flood Risk Management 3(3):210-222

Karim MF, Mimura N (2008) Impacts of climate change and sea-level rise on cyclonic storm surge floods in
Bangladesh. Glob Environ Chang 18:490-500

McKee T B, Doesken N J, Kleist J (1993) The relationship of drought frequency and duration to time scales.
Paper presented at the Proceedings of the 8th Conference on Applied Climatology 179-183

Middelkoop H, Daamen K, Gellens D, Grabs W, Kwadijk JC, Lang H, Wilke K (2001) Impact of climate change
on hydrological regimes and water resources management in the Rhine basin. Clim Chang 49(1-2):105-128

@ Springer



1568 Mohsenipour M. et al.

Mishra A, Liu SC (2014) Changes in precipitation pattern and risk of drought over India in the context of global
warming. Journal of Geophysical Research B: Solid Earth 119(13):7833-7841

Miyan MA (2015) Droughts in Asian least developed countries: vulnerability and sustainability. Weather and
Climate Extremes 7:8-23

Nowreen S, Murshed S, Islam AKMS, Bhaskaran B, Hasan M (2015) Changes of rainfall extremes around the
haor basin areas of Bangladesh using multi-member ensemble RCM. Theor Appl Climatol 19(1-2):363-377

Pal I, Al-Tabbaa (2011) Regional changes of the severities of meteorological droughts and floods in India. J
Geogr Sci 21(2):195-206

Planning Commission, Bangladesh (2009) Policy Study on Climate Change on Poverty and Economic Growth
and the Options of Coping with Adverse Impact of Climate Change in Bangladesh. Government of
Bangladesh, Dhaka

Rahman A, Biswas PR (1995) Devours resources. Dhaka Courier 11(42):7-8

Rahman MR, Lateh H (2016) Spatio-temporal analysis of warming in Bangladesh using recent observed
temperature data and GIS. Clim Dyn 46(9-10):2943-2960

Rahman M R, Lateh H (2017) Climate change in Bangladesh: a spatio-temporal analysis and simulation of recent
temperature and rainfall data using GIS and time series analysis model. Theor Appl Climatol 128(1-2):27—
41

Santos JF, Portela MM, Pulido-Calvo I (2011) Regional frequency analysis of droughts in Portugal. Water Resour
Manag 25(14):3537-3558

Shahid S (2010) Recent trends in the climate of Bangladesh. Clim Res 42(3):185-193

Shahid S (2011) Trends in extreme rainfall events of Bangladesh. Theor Appl Climatol 104(3—4):489-499

Shahid S, Wang XJ, Harun SB, Shamsudin SB, Ismail T, Minhans A (2016) Climate variability and changes in
the major cities of Bangladesh: observations, possible impacts and adaptation. Reg Environ Chang 16(2):
459471

Siddik MAZ, Rahman M (2014) Trend analysis of maximum, minimum, and average temperatures in
Bangladesh: 1961-2008. Theor Appl Climatol 116(3-4):721-730

Sneyers R (1990) On the statistical analysis of series of observations, Technical note No. 143. World
Meteorological Organization, Geneva

Stagge JH, Tallaksen LM, Xu C-Y, van Lenen HAJ (2014) Standardized precipitation-evapotranspiration index
(SPEI): Sensitivity to potential evapotranspiration model and parameters. Hydrology in a Changing World:
Environmental and Human Dimensions, IAHS Publ. 363. Interenational Association of Hydrological
Society, Wallingford, pp. 367-374

Sung JH, Chung ES (2014) Development of streamflow drought severity-duration-frequency curves using the
threshold level method. Hydrol Earth Syst Sci 18(9):3341-3351

Thomthwaite CW (1948) An approach toward a rational classification of climate. Geogr Rev 38:55-94

Tsakiris G, Vangelis H (2005) Establishing a drought index incorporating evapotranspiration. European Water
9(10):3-11

Vicente-Serrano SM, Begueria S, Lopez-Moreno JI (2010) A multiscalar drought index sensitive to global
warming: the standardized precipitation evapotranspiration index. J Clim 23(7):1696-1718

Wang Z, Li J, Lia C, Zeng Z, Zhong R, Chen X, Zhou X, Wang M (2017) Does drought in China show a
significant decreasing trend from 1961 to 2009? Sci Total Environ 579(1):314-324

Wang X-J, Zhang J-Y, Shahid S, Guan E-H, Wu Y-X, Gao J, He R-M (2016) Adaptation to climate change
impacts on water demand. Mitig Adapt Strateg Glob Chang 21(1):81-99

Wang W, Zhu Y, Xu R, Liu J (2014) Drought severity change in China during 1961-2012 indicated by SPI and
SPEIL Nat Hazards 75(3):2437-2451

World Bank Bangladesh (1998) Water resource management in Bangladesh: steps towards a new national water
plan, Report No. 17663-BD, The World Bank Bangladesh, Dhaka

Xenarios S, Nemes A, Sarker GW, Sekhar NU (2016) Assessing vulnerability to climate change: Are commu-
nities in flood-prone areas in Bangladesh more vulnerable than those in drought-prone areas? Water
Resources and Rural Development 7:1-19

Yang M, Yan D, Yu Y, Yang Z (2016) SPEI-based spatiotemporal analysis of drought in Haihe river basin from
1961 to 2010. Adv Meteorol. https://doi.org/10.1155/2016/7658015

@ Springer


https://doi.org/10.1155/2016/7658015

	Changing Pattern of Droughts during Cropping Seasons of Bangladesh
	Abstract
	Introduction
	Materials and Methods
	Study Area and Data
	Procedure
	Standardized Precipitation Evapotranspiration Indices
	Estimation of Return Period of Seasonal Droughts
	Trend Analysis by Mann-Kendall test

	Results
	Trends in SPEI
	Changes in Drought Events
	Changes in Return Period of Droughts
	Trends in Rainfall and Temperature

	Discussion
	Conclusion
	References


