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21 Abstract: This study aims to assess the spatiotemporal characteristics of meteorological droughts in

22 Bangladesh during 1981-2015 using the Effective Drought Index (EDI). Monthly precipitation data
23 for 36 years (1980-2015) obtained from 27 metrological stations, were used in this study. The EDI
24 performance was evaluated for four sub-regions over the country through comparisons with
25 historical drought records identified at the regional scale. Analysis at a regional level showed that
26 EDI could reasonably detect the drought years/events during the study period. The study also
27 revealed that the overall drought severity had increased during the past 35 y; the most significant

28 increasing trend was observed in the central region. The characteristics (severity and duration) of
29 drought were also analysed in terms of spatiotemporal evolution of the frequency of drought events.
30 It was found that the western and central regions of the country are comparatively more vulnerable
31 to drought. Moreover, the southwestern region is more prone to extreme drought, whereas the
32 central region is more prone to severe droughts. In addition, the central region was more prone to
33 extra-long-term droughts, while the coastal areas in the southwestern as well as in the central and
34 north-western region were more prone to long-term droughts. The frequency of droughts in all
35 categories significantly increased during the last quinquennial period (2011 to 2015). The seasonal
36 analysis showed that the north-western areas were prone to extreme droughts during the Kharif
37 (wet) and Rabi (dry) seasons. The central and northern regions were affected by recurring severe
38 droughts in all cropping seasons. Further, the most significant increasing trend of the drought-
39 affected area was observed within the central region, especially during the pre-monsoon (March-
40 May) season. The results of this study can aid policymakers in the development of drought
41 mitigation strategies in the future.
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44 1. Introduction

45 Drought is a short-lived, and perhaps the most complex of chronic natural calamities that is
46  characterised by the lack of precipitation and can cause substantial economic loss as well as human
a7 suffering [1]. According to Wilhite and Glantz [2], droughts are classified as meteorological,
48  agricultural, hydrological, and socio-economical droughts. Meteorological drought occurs when the
49  rainfall deficit for a stated period (day, month, season or year) exceeds a certain threshold, usually
50  defined as a proportion of the long-term average (minimum 30 y). Meteorological drought is typically
51  anexpression of precipitation’s departure from normal over a specific period [3]. At present, drought
52  isregarded as one of the most frequent natural disasters in Bangladesh [4], given its adverse impact
53  onagricultural production and the environment. Moreover, the frequency and intensity of droughts
54 have been continuously increasing in recent years, which have had a significant effect on agricultural
55 production [5].

56 Droughts are mostly seasonal phenomenon in Bangladesh because of the wide variation in
57  seasonal rainfall. Most of these droughts primarily occur in pre-monsoon (March-May) and post-
58 monsoon (October-November) period [6]; however, in some extreme cases, the pre-monsoon
59  droughts can persist into the monsoon season due to delay in the onset of monsoon rains. Moreover,
60  the vulnerability to drought varies by region. Some studies have projected that, in the near future,
61  precipitation would increase in most of the regions of Bangladesh but decrease in the southwestern
62  region [7]. Spatiotemporal characteristics of historical droughts can provide relevant data for
63  predicting future droughts [8]. Therefore, spatiotemporal characteristics of meteorological droughts
64  over Bangladesh must be monitored to anticipate their negative impacts and mitigate potential losses
65 and damages. Moreover, accurate assessment and mapping of droughts can play a vital role in
66  understanding the characteristics of regional drought for using in drought monitoring, and early
67  warning might help planning the efficient use of water resources and agricultural production.

68 Drought indices are used to characterise droughts in terms severity, duration, and areal extent
69  [9]. Over the years, several drought indices (DIs) have been proposed and developed to identify the
70  spatiotemporal pattern of droughts and quantify their intensity. Most of the drought indices have
71 been developed for a specific region and are limited in terms of their applications to different climatic
72 conditions given the inherent complexity of drought phenomena. However, a universal drought
73 index that can be generalised across all regions has not been developed [10].

74 Several studies have been conducted on drought assessment in Bangladesh and its impacts [11-
75 19]. Most of these studies quantify drought severity by using the standardized precipitation index
76 (SPI) [20], while very few studies have been conducted using the Palmer drought severity index
77 (PDSI) [21], and the Standardized Precipitation Evapotranspiration Index (SPEI) [22]. PDSI and SPI
78 are the most widely used indices in current meteorological drought studies; however, both these
79  indices have limited application. For example, PDSI was initially developed for quantifying drought
80  severity in the Great Plains in the USA. Moreover, soil moisture calculation using PDSI has been
81  known for its inaccuracy and complex procedure [23]. On the other hand, SPI is calculated based on
82  averaged monthly precipitation for a certain period. Therefore, the time steps involved in SPI tend to
83  produce several different values for the same period. Thus, SPI does not take into account the water
84  resources generated by rainfall that may have already been lost due to outflow as well as the effect
85  of evaporation. Moreover, SPI assigns tends to assign equal weight to temporally different

86  precipitation events, thereby resulting in inaccuracy in predicting drought severity [24]. SPEL which
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87  takes into account both rainfall and potential evapotranspiration (PET), requires a large amount of
88  data for determining drought severity. Moreover, the use of different PET calculation methods
89  produces different SPEI values for the same period. To overcome these limitations, Byun and Wilhite
90  [25] developed Effective Drought Index (EDI). EDI is calculated only using rainfall data as in the case
91 of SPI; however, there are some differences. First, EDI values can be calculated in daily time steps as
92  well as in monthly time steps. Second, EDI utilises a variable time period for taking into account total
93  precipitation. For example, although the primary summation period is 365 days or 12 months, if the
94  drought continues beyond 365 days or 12 months, the summation period is extended to include the
95  additional days or months; on the other hand, SPI considers only a fixed period. Third, the
96  precipitation is summed using the time-reduction function. Hence, when compared to other drought
97  indices, EDI was found to be more responsive to drought conditions, and could capture the real
98  essence of the meteorological drought situations in the study area. Several that have examined the
99  suitability of drought indices have suggested that EDI quantifies droughts more precisely than other
100 DIs [26, 27, 28, 33, 34]. In particular, Kamruzzaman et al. [34] empirically demonstrated the
101  superiority of EDI over SPI when monitoring both long-term and short-term droughts in Bangladesh.

102 Although there are several studies that have attempted to investigate droughts in Bangladesh,
103 most of them utilised weather information from a few stations, without considering nationwide
104 weather data. [15, 16, 18, 19, 35]. Only a handful of studies have utilised nationwide weather data by
105  using mainly SPI indices [4, 12, 14, 17, 32]. Literature review suggest that droughts in Bangladesh
106  have usually been investigated in terms of the season and year of their occurrence. Most of the studies
107  have characterised the drought events in terms of severity and frequency; however, very few studies
108  have considered the areal extent of drought [19, 29]. For example, Alamgir et al. [4] investigated
109  meteorological drought for different cropping seasons of Bangladesh using SPI indices; the study
110  revealed the variation in the spatial characteristics of droughts corresponding to different seasons. In
111  [14], researches assessed drought years in terms severity of meteorological drought using both 3- and
112 6-month time scales of SPI during the period between 1971-2010. In [17], estimated the metrological
113 drought event over Bangladesh that occurred during 1961-1990 using SPI and PDSI; the drought was
114  compared with the historical drought record. The study showed that that regional analysis can detect
115  80% of the past drought events. Mondal et al. [12] modelled the spatial and temporal variations of
116  meteorological drought year and severity in different areas of Bangladesh using SPIs during 1981-
117  2010. However, no previous study was found to characterise the drought events considering drought
118  duration. Therefore, there is a need for comprehensive study on the spatiotemporal characteristics
119  concerning frequency, severity, duration, and the areal extent of meteorological drought event to
120  better understand the conditions of drought in different regions of Bangladesh.

121 To that end, this study attempts to explore the suitability of EDI for evaluating the
122 spatiotemporal characteristics of meteorological drought across different regions in Bangladesh.
123  Precipitation data from 27 stations for the period between 1981-2015 were used to gain insights into
124 the regional drought characteristics across Bangladesh. Moreover, in this study, frequency, severity,
125  and duration of drought events as well as their spatiotemporal patterns are analysed. In addition, the
126  spatial attributes of seasonal drought and temporal characteristics of the areal extent of drought are

127  presented.
128


https://doi.org/10.20944/preprints201909.0274.v1
https://doi.org/10.3390/w11122437

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2019 d0i:10.20944/preprints201909.0274.v1

40f22
129 2. Materials and Methods

130 2.1 Study area

131  The study area covers Bangladesh, which is situated in the latitudes between 20°34" and 26°38" N and
132 longitudes between 88°01" and 92°41" E in South Asia. Bangladesh is bounded by India along the
133 west, north, and northeast borders; it borders Myanmar in the south-east. The Bay of Bengal
134  demarcates the southern border with a long coastline (Figure 1). Although the elevation in the
135  northern part of the country can go up to 105 meters above sea level, most of the area in Bangladesh
136  is less than 10 meters above sea level. The predominance of agriculture land is evident, given that
137  3/4th of the total geographical area is under cultivation, followed by forest cover including orchards,
138  asshown in Figure 2.

139 Bangladesh is among the most vulnerable countries to the increasing effects of global climate
140  change. It regularly experiences natural disasters such as floods, drought, tornadoes, and tidal bores
141  [39]. In the recent past, Bangladesh has experienced drought at regular intervals; on average,
142  Bangladesh experiences drought at least once in 2.5 y [12]. Although drought is a periodic occurrence
143 in many parts of the country, the northwest region of Bangladesh is the most susceptible to drought
144 because of the high variability in rainfall [19]. This area is also comparatively dry and is characterised
145 by sandy soils, receiving much lower rainfall than the national average [36]. Moreover, the sandy
146  soils have lower moisture retention capacity and high infiltration rate [37]. In addition, the Farakka
147  barrage constructed in the upstream of the Ganges River has also had significant impact on the
148  regional microclimate, aggravating the drought scenario.

149 To analyse drought conditions over the entire country, Bangladesh meteorological department
150  (BMD) stations have been separated into four sub-regions, as shown in Figure 1, considering the
151  topography, land use, and rainfall anomalies. The four regions are termed: (i) northern region (R1; 5
152 stations), (ii) southwestern region (R2; 9 stations), (iii) central region (R3; 4 stations), and (iv) eastern
153  region (R4; 9 stations).
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156 Figure 1: Location of meteorological station and regions in the study area
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159 Figure 2: Land use map (left) and elevation map (right) of Bangladesh
160 2.2 Rainfall data

161 Bangladesh has a subtropical monsoon climate, characterised by wide seasonal variations in
162  temperatures, rainfall, and humidity. The four recognised seasons are as follows: a hot, humid
163 summer from March to May; a wet, warm, and rainy monsoon season from June to September;
164 autumn from October to November; and a dry winter from December to February. Moreover, the
165  cropping season in Bangladesh is categorised into Pre-kharif (March-June), Kharif (July-October), and
166  Rabi (November-February).
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168 Figure 3: (a) Monthly distribution of rainfall four different regions of Bangladesh and
169 (b) Spatial distribution of rainfall from 1980 to 2015
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171 At present, there are 35 weather stations in Bangladesh operated by the BMD. However,
172 continuous rainfall records of more than 30 y are available only at 27 stations. In the present study,
173 the time series of monthly rainfall between 1980 and 2015 for the 27 meteorological stations were
174  used to diagnose the droughts. One of the major challenges with observational data is missing data.
175  Roughly <2% of the data was missing, which was replaced by the averaged values of the same month
176  from neighbouring stations. Figure 3(a) shows the monthly rainfall distribution in four different
177  regions as well as over Bangladesh. The average annual rainfall recorded was 2462.14 mm from 1980
178  to 2015. Approximately 80% of the annual rainfall is received during the monsoon months (June to
179  October) because of the weak humid depressions that are conveyed from the Bay of Bengal into
180  Bangladesh by the damp monsoon winds [38]. The spatiotemporal variability of rainfall is one of the
181  main features of the climate of Bangladesh. Figure 3(b) shows the spatial distribution of mean annual
182 rainfall in Bangladesh during the study period. As shown in the figure, rainfall in Bangladesh
183  fluctuated from about 1400 mm in the western region to more than 4000 mm in the eastern region of
184 the country from 1980 to 2015. Moreover, the higher rainfall received in the northeast can be
185  attributed to the additional uplifting effect of the Meghalaya plateau.

186
187 2.3 Historical drought data
188 The history of drought in Bangladesh has been poorly documented. However, major historical

189  drought events of Bangladesh within the study period (1981-2015) were obtained from different
190  sources and study reports [6, 17, 39, 40, 41]. Most of the drought records were prepared based on the
191  crop damage data due to extreme and severe drought events in different parts of the country, as
192  shownin Table 3. Post-independence, Bangladesh has experienced droughts in 1973, 1978, 1979, 1981,
193 1982, 1989, 1992, 1994, and 1995. However, the droughts of 1973, 1979, and 1994-1995 were the most
194 severe in recent history, leading to a loss of 3.5 million tons of rice (in terms of agricultural
195  production) in the north-western region alone[6]. Moreover, during the 2006 drought in the north-
196  western part of Bangladesh, the average crop production reduced by 25-30% [42, 43]. According to
197  the Bangladesh Bureau of Statistics (BBS) [38], between 2009 and 2014, natural disasters in the country
198  accounted for damages (agricultural products and infrastructure) to the tune of 22521.60 million USD;
199  of these, 5.74 % damage and casualties were attributed to droughts, which accounted for 126.33
200  million USD. In addition to agricultural crops, drought also affected orchards, forests, and the

201  environment. Overall, 20 drought-years were recorded during the study period, as shown in Table 1.

202
203 2.4 Calculation of Effective Drought Index (EDI)
204 Effective Drought Index (EDI) was developed by Byun and Wilhite [25] to monitor the duration

205  and severity of droughts using the concept of effective precipitation (EP). They defined effective
206  precipitation as a function of the current month’s rainfall and weighted rainfall over a defined
207  preceding period, computed using a time-dependent reduction function. The EDI calculation process

208  wused in this study is as follows:

209 EP,= Y [(¥%-,Pm)/n] (1)

210 DEP = EP — MEP @)
211 EDI = DEP/ST(DEP) 3)
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212  First, the stored water due to precipitation is accumulated over one year, while also considering the
213  losses due to evaporation. In Eq. 1, EP is the monthly cumulative effective precipitation; Pm is the
214 precipitation for m months before the particular month, 7 is the duration of the preceding period, and
215 i is the duration of aggregate rainfall, initialised at 12 months (overall precipitation duration).
216  Therefore, the actual drought index is calculated for a period of one year from the onset of
217  precipitation.

218 Second, the mean effective precipitation (MEP) is calculated for each calendar month. The MEP
219 s calculated for the it value of each calendar month. Therefore, the MEP of January is the mean of 30
220  values for January collected over a period of 30 y.

221  Third, the deviation of EP (DEP) is determined from the MEP (Eq. 2). A negative DEP indicates a
222  drier than the average climate. If the DEP is continuously negative, i in Eq. 1 is increased by the
223  number of months for which DEP is negative. In other words, the number of dry months is added to
224 12 months. For example, if the negative DEP continues for two months, i is 14, and Egs. 1, 2, and 3
225  are re-calculated. Finally, the DEP is standardised, where ST (DEP) indicates the standard deviation
226 of each month’s DEP. Using these functions, the EDI helps us consider the standardised deficit, or
227  surplus, of the deposited water quantity.

228 EDI was initially developed to monitor drought conditions for periodic time steps.
229  Subsequently, it was extended to monitor droughts on a monthly basis [27, 30, 31, 44-46].

230

231 2.5 Definition of drought characteristics

232 The level of dryness is classified according to the EDI classification proposed by Kim et al. [26],
233  asshown in Table 1. In this study, droughts were categorised based on duration, as shown in Table
234 2.
235 Table 1: Drought classification based on severity [26]
EDI value Category
-1.00 to -1.49 Moderate Drought
-1.50 to -1.99 Severe Drought
-2 or less Extreme Drought
236
237 Table 2: Drought classification based on drought duration
Duration (Months) Category
Months <3 Short-term
6 >=Month >3 Medium-term
12 >=Month > 6 Long-term
Months > 12 Extra long-term
238 A negative value implies that the region is drier; conversely, a positive value (>0) indicates that

239  the region is wetter. In this study, each drought event is analysed in terms of drought duration and
240  severity.

241 In this study, the date of drought onset is considered to be the month in which the EDI first
242  reaches -1.0, and the termination date is considered to be the month when the EDI regains the value
243  of -1.0. The duration between the start and the end date is defined as the drought duration, as shown
244  inFigure 4.
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245 Drought frequency is represented by the number of events (months) per quinquennial as well
246  as by the number of events per 35 y (the whole period).

Moderate Severe Extreme

drought drought drought /

0 >
8.

247
2438 Figure 4: The schematic illustration of drought characteristics (duration, severity) with EDI time series
249
250 In addition to duration and severity, areal extent is also regarded as a major characteristic of

251  metrological drought. In this study, the Inverse Distance Weight (IDW) algorithm was used to
252  spatially extrapolate the monthly EDI data to the entire study area. Then, the interpolated maps are
253  analysed for the four different regions to estimate the areas under different severities of droughts for
254 each month. In this study, the zonal statistics as a table function of ArcGIS software (v10.6) was used
255  to calculate the areal extent.

256

257  3.Results and discussions

258 3.1 Reconstruction of Historical drought

259 The meteorological drought over Bangladesh was analysed using the EDI method by using
260  monthly rainfall time series data (1981-2015). Average rainfall data from the stations in the individual
261  sub-regions were used for calculating EDI. According to Dash et al., [17], the regional average rainfall
262  data of neighbouring stations provide better information for drought diagnose when compared to
263  the individual station analysis. Moreover, given that drought is a regional phenomenon, detecting
264  historically recorded drought events using monthly rainfall time series data from the stations is a
265  challenging task.

266 The historical records of major drought events in Bangladesh were used in the study for
267  validating the results obtained using EDI. In Bangladesh, historical drought records only recognise
268  severe and extreme drought events as major droughts. Therefore, in this study, extreme (EDI < -2.0)
269  and severe (-2.0< EDI <-1.5) droughts were considered for the evaluation of the results obtained using
270  EDL In addition, the results of a previous study obtained using SPI [12, 14] were used as the
271  benchmark for the present study. The results show that the proposed method can detect historically
272  recorded droughts better than SPIs.

273 Figure 5 shows the major droughts events (severe and extreme) occurred in different parts of
274  Bangladesh in 1981, 1982, 1983, 1985, 1986, 1987, 1989, 1992, 1993,1994, 1995, 1999, 2004, 2006, 2009,
275 2010, 2011, 2012, 2013, 2014, and 2015. It was found that the drought years obtained from EDI

276  calculations based on regional analysis could partially or fully detect most of the recorded drought
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years, with the exception of 1984 and 1988. However, the EDI values suggest that different parts of
Bangladesh experienced droughts in 1993, 1999, 2003, 2004, and 2007, which were not included in
historical drought records. This may be attributed to the relatively shorter duration of these droughts,
which lasted for 1, 1, 2, 1, and 1 months in 1993, 1999, 2003, 2004, and 2007, respectively. In addition,

poor documentation practices may also be responsible for the exclusion of these droughts in the

historical drought records. It should be noted that droughts in Bangladesh are recorded based on the

only crop damage criterion. Further, the results of this study pertaining droughts 2003 and 2004 were
partially supported by SPI-based studies [12, 14]. Therefore, it can be said that EDI can be used to

reproduce the real essence of drought events.

Table 3. Historical records of drought years and drought-affected areas and the results of drought
detection using EDI (this study) and SPI (previous studies) over Bangladesh (1981-2015)

Historical major drought' EDI based major drought SPIs based SPI-3 based

Year major major drought

Recorded Affected areas Classified Affected areas drought 14
1981 recorded WC Partially identified ER - Identified
1982 recorded WC Partially identified SWR - Identified
1983 recorded WC Partially identified NR Identified -
1984 recorded WC Not identified - -
1985 recorded WC Partially identified ER Identified Identified
1986 recorded WC Partially identified SWR and ER - -
1987 recorded WC Partially identified ER - -
1988 recorded WC Not identified - - -
1989 recorded ER, SWR, and CR Identified ER, SWR, and CR - -
1992 recorded WC Identified WC Identified -
1993 - - Identified SWR and ER
1994 recorded NR, SWR, and CR Identified WC Identified -
1995 recorded NR, SWR, and CR Identified WC Identified -
1997 - - - - - Identified
1999 - - Identified ER - Identified
2002 - - - - Identified -
2003 - - Identified CR - -
2004 - - Identified SWR Identified Identified
2006 recorded NR Identified NR Identified Identified
2007 - - Identified NR - -
2009 recorded NR, SWR, and CR Identified CR Identified -
2010 recorded NR, SWR, and CR Identified NR, SWR, and CR - Identified
2011 recorded NR, SWR, and CR Partially identified NR and CR Identified -
2012 recorded NR, SWR, and CR Partially identified NR and CR - -
2013 recorded NR, SWR, and CR Identified NR, SWR, and CR - -
2014 recorded SWR, CR, and ER Identified WC - -
2015 recorded SWR Identified SWR - -

WC=Whole country, NR=Northern region, SWR=South-western region, CR=Central region, ER= Eastern region

*Observation Source: Banglapedia [4], CCC [40], Dash et al. [17], BBS [39], Personal communication with BMD staff (2017)

**SPIs (SPI-1, SPI-3, SPI-6, SPI-9, and SPI-12) based study source: Mondal et al. [12]

*** SPI-3 based study source: Rahman and Lateh [14]

+Partially indicates the cases that EDI detected the recorded partial areas.

3.2 Temporal variation of drought
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295 To examine the temporal variation in the characteristics of drought, we used linear regression
296  methods to detect the changing trends in the magnitude of EDI values at a significance level of p =.01
297  for different regions of Bangladesh. The temporal variations in the severity of droughts occurring in
298  the northern, southwestern, central, and eastern regions are illustrated in Figure 4(a)—(d). The
299  declining EDI values observed from the analysis signifies an increasing drought severity for the study
300  area. The most significant decreasing trend in EDI values was observed in the central region;
301  however, this decreasing trend was milder in the eastern region. No significant trend was observed
302  in the north and south-west regions of Bangladesh. It can be said that the meteorological drought

303  severity shows an overall increasing trend in the study area.

304
(a) Northern region
35
2s | y = -TE-05x + 2.5025
2 1 P -value = 0.939
!.2 4
% 05
> 0
a8 -05 4
[
s ]
2 4
2.5 1
34
35
i (b) Southwestern region
31 y =-3E-05x + 0.8548
2 i P-value = 0,358
15 4
o 11
;s L“||JII| RETEEN i7" [J t
a-05
w o
A5 4
24
25 4
34
-35 -
i (c) Central region
25 ] y =-0.0001x + 3.5273
15 P-value = 0.030
Z o8 g g
g3 Wy
45 -
2 4
25 4
34
35 4
= (d) Eastern region
21 y = -2E-05x + 0.7623
2 P-value = 0.012 i
o 11
£41 L|Ihl I
S -05 1y
woy
1.5
2
-25
43
3 3 > & & IO S R S D & O e
\\'&*\\‘&ﬁ‘“ﬁ&ﬁ\*{‘ﬁ&ﬁ&*Q’*ﬁ'&i‘&{\&@&(‘*@*&vi'&qi'&ii&ﬁ&i*ﬂ& \\‘5'@\\'*“ RSN \\"“@\\"“ﬁ&%@ \\"& \\'&Q \\’*@ \\'*(‘Q \\"@
Time period
®mED| ~——Linear (EDI)
305
306 Figure 5: EDI values calculated from observed rainfall data at (a) northern, (b) south-western, (c) central and
307 (d) eastern sub-regions of Bangladesh during 1981-2015.
308
309 3.3 Drought severity
310 The severity of a drought event was defined based on the lowest EDI value for each event. The

311  total study period was divided into seven quinquennial periods (1981-85, 1986-90, 1991-95, 1996-00,
312 2001-05, 2006-2010, 2011-2015) for understanding the temporal changes in the frequency of droughts

313  over time. For each period, the number of events for each level of severity was enumerated at each
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314  station and averaged over the separated region, as shown in Table 4. The drought events showed an
315  increasing trend in terms of drought frequency.

316 The results showed that the highest number of drought events (24) was observed in the central
317  region (R3) and the lowest number (15) was observed in the eastern part (R4). For the regions R1-R4,
318  5.39%, 6.67%, 7.66%, and 3.27% of the total drought events were classified as severe; on the other
319 hand, 3.19%, 2.86%, 1.23%, and 2.18% were classified as extreme. The remainder of the drought events
320  (67.73%) were classified as moderate droughts. The highest number of extreme drought events,
321  accounting for 1.36% of the total drought events was observed in the eastern region during 1981-1985,
322  followed by 1.09% in the southwestern region during the last quinquennial period. No extreme
323  drought events were observed in all regions during 1995-2000. Likewise, no extreme drought events
324 were observed in the northern region, eastern region, and central region during 1986-90, 20012010,
325  and 1986-2010, respectively. However, the highest number of extreme drought events (3.19%) was
326  observed in the northern region (R3), while the lowest number (1.23%) was observed in the central
327  region during the study period. Moreover, increased frequencies of extreme drought were found in

328  the south-western and central region, followed by the northern region, during the last quinquennial.

329 Table 4: Regional drought events by severity
Spatial range | Northernregion = South-western region  Central region Eastern region
Classification (R1) (R2) (R3) (R4)
(Severity)
No. of Station 5 9 4 9
1981 to 1985 Moderate 1.00 (1.23%) 2.22(2.72%) 1.50(1.84%) 1.11(1.36%)
Severe 0.60 (0.74%) 0.44(0.54%) 0.50(0.61%) -
Extreme 0.40 (0.49%) 0.33(0.41%) 0.25(0.31%) 1.11(1.36%)
1986 to 1990 Moderate 1.60 (1.96%) 2.00(2.45%) 1.00(1.23%) 1.44(1.77%)
Severe 0.20 (0.25%) 1.00(1.23%) 0.75(0.92%) 0.78(0.95%)
Extreme - 0.22(0.27%) - 0.11(0.14%)
1991 to 1995 Moderate 1.60 (1.96%) 1.33(1.63%) 2.00(2.45%) 1.56(1.91%)
Severe 0.80 (0.98%) 0.56(0.68%) 1.25(1.53%) 0.56(0.68%)
Extreme 0.80 (0.98%) 0.56(0.68%) - 0.22(0.27%)
1995 to 2000 Moderate 1.80 (2.21%) 2.44(3.00%) 2.50(4.90%) 1.11(1.36%)
Severe 0.20 (0.25%) 0.56(0.68%) 0.5(1.23%) 0.11(0.14%)
Extreme - - - -
Moderate 1.60 (1.96%) 1.78(2.18%) 4.00(4.90%) 1.89(2.31%)
2001 to 2005 Severe 0.20 (0.25%) 0.89(1.09%) 1.00(1.23%) 0.22(0.27%)
Extreme 0.20 (0.25%) 0.11(0.14%) - -
Moderate 1.80 (2.21%) 2.44(3.00%) 2.75(3.37%) 1.89(2.31%)
2006 to 2010 Severe 1.00 (1.23%) 1.00(1.23%) 1.25(1.53%) 0.22(0.27%)
Extreme 0.80 (0.98%) 0.22(0.27%) - -
Moderate 2.80 (3.43%) 3.44(4.22%) 2.75(3.37%) 1.67(2.04%)
2011 to 2015 Severe 1.40 (1.72%) 1.00(1.23%) 1.00(1.23%) 0.78 (0.95%)
Extreme 0.40 (0.49%) 0.89(1.09%) 0.75(0.92%) 0.33(0.41%)
Average number of regional 19.20 (£5.36) 23.44(+8.40) 23.75 (£3.30) 15.22(+7.89)

Parenthesis are expressed as the percentage of total drought events occurred during the study period

330
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331 The highest number of severe drought events (1.72% of total drought events) was observed in
332  the northern region (R1) during the last quinquennial, followed by the central region (1.53% of total
333  drought events), during 1991-95 and 2006-10, respectively. On the other hand, the lowest number
334 (0.14% of total drought events) was observed in the eastern region during 1995-2000. No severe
335  drought events were observed in the eastern region during 1986-1990. Moreover, all categories of
336  droughts showed shown an increasing trend in terms of frequency over the study period (with the
337  exception except extreme drought in the eastern region). Thus, from the above, the northern region
338  clearly experiences extreme droughts, whereas the central region experiences severe drought.
339  Moreover, all categories of droughts have shown increased frequency during the last quinquennial
340  from 2011-2015.

341 In addition, the spatial pattern of drought frequency by drought category (moderate, severe,
342  extreme) was investigated based on the total number of drought events occurring during the entire
343  study period. The total number of drought events accumulated during the study period at each
344  station for each level of severity (Table 1) were then interpolated using the IDW algorithm (Figure 6).
345  The spatial analysis of drought can help in identifying the areas frequently affected by drought as
346  well as delineating the most drought-prone areas. Figure 6 illustrates the spatial pattern of the
347  averaged drought frequency over the study period by drought category, based on the level of
348  severity. The results suggest that the occurrence of drought events varies by regions as well as
349  severity. Comparatively, it was observed that moderate droughts occurred more frequently than
350  severe and extreme droughts during the study period.

351 The western part of north Bangladesh and a small portion along the coastal area in the southwest
352  region were extreme drought-prone regions as shown in Figure 6(a). The severe drought-prone
353  regions were found in the northern, southwest, and the central areas (Figure 6(b)). Further, the spatial
354  pattern suggest that most of Bangladesh is moderately drought-prone, and a higher drought
355  frequency was observed in the south-western regions (Figure 6(c)). The spatial analysis of the
356  occurrence of droughts (different categories) indicates that the northern, south-eastern, and central
357  regions of the country are comparatively more vulnerable to drought. Extreme droughts were
358  observed most frequently in the western part of the country. However, the eastern part of the country

359  was observed to be less vulnerable to droughts.
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362 Figure 6: Spatial distribution of droughts during 1981-2015: (a) Extreme; (b) Severe; (c) Moderate severities.
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363 Therefore, this result agrees with the previous studies on drought occurrences in Bangladesh
364  that were based on SPI indices. For example, Rafiuddin et al. [1] stated that the northern, south-
365  eastern, and central regions are the most severe drought-prone regions in Bangladesh. They studied
366  droughts over Bangladesh during the period between 1961-1990 using an SPI time scale of 1-month,
367 3-months, and 6-months. According to Rahman and Lateh [14], the northern, north-western, western,
368  south-western, and central regions of Bangladesh were more prone to drought based on the 3-month
369  time scale of SPI indices during the period between 1971-2010. However, Hasan et al. [47] pointed
370  outthat the frequency of extreme drought increased in the north-western and decreased in the eastern
371  regions of Bangladesh, based on 3-month time scale SPI indices. They also expressed that extreme
372  drought events reduced, while severe and moderate drought events increased. The results of this
373  study are in agreement with previous studies; however extreme drought was shown to have
374  increased in frequency during the last quinquennial (2010-2015) because of the recent changes in the
375  precipitation pattern.

376
377 3.4 Drought duration
378 Table 5 shows the frequency of droughts by event duration at regional scale. The frequency of

379  droughts was determined based on the average number of drought events for the stations within
380  each region and categorised durations. It can be seen that short-term droughts lasting less than 3-
381  months have a higher occurrence rate than the droughts lasting longer than 3-months.

382 Table 5 shows that short-term droughts comprised 68.51% of the total drought events occurred
383  in all the regions (R1-R4) during the entire study period. In Bangladesh, short-term droughts are
384  generally observed more frequently because the country receives more than 100 mm rainfall in the 9-
385  month period between March and October; thus, droughts in Bangladesh rarely last for extended
386  periods.

387 In addition, the frequency of short-term droughts showed an increasing trend over the study
388  period for all regions; the highest frequency (4.91%) was observed in the central region during 2001
389 2005, .followed by the southwestern region (4.77%) during 2010-2015. The frequency of medium-
390  term drought also showed an increasing trend in the northern and eastern regions, while a decreasing
391  trend was observed in other regions. In particular, the highest number of medium-term droughts
392  (1.47%) were observed in the northern region during 2006-2010. Interestingly, occurrence of long-
393  term drought showed a decreasing trend in the southwestern region. The highest number of long-
394  term drought events (1.23%) were observed in the central (R3) region during the period between
395  1986-1990. The results suggest that occurrence of extra long-term droughts in the eastern region
396  decreased and an increasing trend was observed in in other regions. The highest number of extra
397  long-term drought events (1.53%) was observed in the central region during the last quinquennial
398  period. In northern and southwestern regions, occurrence of all categories of droughts showed an
399  increasing trend during the last quinquennial; however, no medium-term and extra long-term
400  droughts occurred in the central and eastern region. In general, a lower frequency of drought

401  occurrence was observed in the eastern region for the entire study period.

402
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403 Table 5. Regional drought events by duration
Spatial range Northern region South-western region Central region Eastern region
Classification (R1) R2) R®3) (R4)
(Duration)
No. of Station 5 9 4 9
Short-term 1.00(1.23%) 2.33(2.86%) 1.50(1.84%) 1.44(1.77%)
1981 to 1985 Medium-term 0.20(0.25%) 0.44(0.54%) 0.25(0.31%) 0.11(0.14%)
Long-term 0.60(0.74%) 0.22(0.27%) 0.50(0.61%) 0.11(0.41%)
Extra long-term 0.20(0.25%) - - 0.22(0.27%)
Short-term 1.40(1.72%) 2.22(2.72%) 1.00(1.23%) 1.67(2.04%)
1986 to 1990 Medium-term 0.20(0.25%) 0.56(0.68%) 0.50(0.61%) 0.22(0.27%)
Long-term 0.20(0.25%) 0.44(0.54%) 1.00(1.23%) 0.22(0.27%)
Extra long-term - - - 0.22(0.27%)
Short-term 2.00(2.21%) 1.22(1.50%) 1.25(1.53%) 1.33(1.64%)
1991 to 1995 Medium-term 0.40(0.49%) 0.33(0.41%) 0.50(0.61%) 0.11(0.14%)
Long-term 0.40(0.49%) 0.89(1.09%) - 0.11(0.95%)
Extra long-term 0.40(0.49%) - 0.25(0.31%) 0.78(0.95%)
Short-term 1.40(1.72%) 2.56(3.13%) 2.5(3.06%) 1.22(1.50%)
1996 to 2000 Medium-term 0.20(0.25%) 0.22(0.27%) 0.50(0.61%) -
Long-term 0.40(0.49%) 0.22(0.27%) - -
Extra long-term - - - 0.11(0.14%)
Short-term 1.60(1.96%) 2.33(2.86%) 4.00(4.91%) 2.11(2.59%)
00l too00s | Medium-term - 0.11(0.14%) 0.50(0.61%) -
Long-term 0.40(0.49%) 0.22(0.27%) 0.25(0.31%) -
Extra long-term - 0.11(0.14%) 0.25(0.31%) -
Short-term 1.40(1.72%) 3.22(3.95%) 3.25(3.98%) 1.56(1.91%)
2006 too0gg  Medium-term 1.20(1.47%) 0.33(0.41%) - 0.44(0.41%)
Long-term) 0.60(0.74%) - 0.50(0.61%) 0.44(0.41%)
Extra long-term 0.40(0.49%) 0.11(0.14%) 0.25(0.31%) 0.33(0.14%)
Short-term 2.60(3.19%) 447(4.76%) 2.75(3.37%) 2.00(2.45%)
ol ton0ys | Medium-term 0.80(0.98%) 0.68(0.68%) - 0.33(0.41%)
Long-term 1.00(1.23%) 0.95(0.95%) 0.75(0.92%) 0.33(0.41%)
Extra long-term 0.20(0.25%) 0.14(0.14%) 1.25(1.53%) 0.44(0.54%)
Average number of drought 19.20 (£5.36) 23.44(+8.40) 23.75 (+3.30) 15.22(+7.89)
Parenthesis are expressed as the percentage of total drought events occurred during the study period
404
405 The spatial patterns of drought frequency by event duration were mapped based on the number

406  of drought events for different drought durations (short-term, medium-term, long-term, and extra
407  long-term). Figure 7 illustrates the spatial patterns of averaged drought frequency over the study
408  period by event duration. As shown in Figure 7(a), the extra long-term drought-prone area was
409  mainly located in the central region. Long-term drought was found to be prominent in the northern,
410  central, and in a small part of the southern region (Figure 7(b)). Medium drought-prone areas were
411  observed in the northern and southern regions; however, their occurrence was more prominent in
412  the south-western region (Figure 7(c)). Further, the spatial pattern suggests that most of the areas are
413  very short-term drought-prone; on the other hand, a greater frequency was observed in the south-
414  western regions (Figure 7(d)). The results indicate that, overall, the western and central regions are

415  most vulnerable to drought.
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417 Figure 7. Spatial pattern of drought events during 1981-2015: (a) Extra long-term; (b) Long-term; (c) Medium-
418 term; (d) Short-term drought duration

419 3.5 Spatial distribution of seasonal drought

420 In this study, in order to determine seasonal drought-prone areas, the spatial distributions of

421  seasonal drought frequency were developed based on the averaged counts of drought events
422  occurring during each cropping season (Pre-Kharif, Kharif, and Rabi) of Bangladesh. Seasonal
423  droughts were analysed spatially, based on the number of drought months occurring in each season
424 by drought category (moderate, severe, and extreme). The total number of drought months in each
425  season accumulated by category at each station during the study period was then interpolated using
426  the IDW algorithm (Figure 8). The spatial analysis of seasonal drought helps to identify areas that are
427  most vulnerable to drought. In 2001, Bangladesh Agricultural Research Council (BARC) produced
428  three different maps for pre-Kharif, Kharif, and Rabi seasons by considering soil and climate factors
429  such as available moisture holding capacity, soil percolation rate, temperature, and rainfall
430  uncertainty. These maps were used to validate the agricultural-drought prone areas derived the
431  results of the present study.

432 The pre-Kharif season is characterised by irregular rainfall and high temperatures (>40°C in
433  March/May). This climate trend has adverse effects on all pre-Kharif crops such as T. aus, particularly
434 in regions where the agricultural infrastructure limited. The spatial distribution of extreme, severe,
435 and moderate droughts during the pre-Kharif season is shown in Figure 8(al), (b1), and (c1). The
436  observed map indicates the small region in the north-eastern part of Bangladesh, which is covered
437 Dby Rajshahi station and its neighbourhood areas, is prone to extreme droughts, as shown in Figure
438  8(d1). This may be attributed to the changes in precipitation pattern between 2002-2015 in this region.
439  Rainfall data analysis for pre-kharif season indicates a decreasing trend in rainfall in Dhaka station
440  (0.78% per year), which was more severe than that in Rajshahi station (0.27% per year) during the
441  period between 2002-2015. Therefore, it can be said that the Dhaka station and its surrounding
442  regions experienced extreme drought in the recent past.

443 During the study period, the major share of rainfall (78.5%) in Bangladesh was received during
444 the Kharif season. Therefore, rainfall during the Kharif season is critical to the agriculture production
445  and food security of Bangladesh. Moreover, this rainfall is the major source of groundwater recharge.
446  Therefore, any deficit in rainfall during the Kharif season severely affects Kharif crops. In addition,
447  non-replenishment of groundwater adversely affects groundwater-based irrigation during the Rabi

448  and pre-Kharif seasons. Therefore, droughts occurring during the Kharif season are most hazardous
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449  for Bangladesh compared to any other cropping seasons [4]. According to Karim et al. [43], droughts
450  in the period between June/July and October result from dry conditions in the highland areas,
451  especially in the north-western region. Drought affects the critical reproductive stages of T. Aman
452  rice, thereby reducing its yield, particularly in those areas with low soil moisture-holding capacity.
453  In addition, such droughts also have a significant impact on fisheries and other household-level
454  activities.

455
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456
457 Figure 8: Spatial distribution of seasonal drought in Bangladesh during 1981-2015: Upper row indicates the Pre-
458 Kharif (March-June) with (a1) Extreme; (b1) Severe; and (c1) Moderate Severities, middle row shows the Kharif
459 (July-October) droughts with (a2) Extreme; (b2) Severe; and (c2) Moderate Severities, and bottom row indicates
460 the Rabi (November-February) droughts with (as) Extreme; (bs) Severe; and (c3) Moderate severities. Right side
461 column shows the corresponding observed agricultural drought map prepared by BARC in 2000

462

463 The spatial distribution of extreme, severe, and moderate droughts during Kharif season is
464  shown in Figure 8(a2), (b2), and (c2), respectively. The results suggest that extreme droughts occurred
465  frequently in the northwest and middle of the eastern part of Bangladesh. Further, occurrence of
466  severe droughts was prominent in the central and a small part of the northern region (Figure 8(b2)).
467 Moreover, the northern, southwestern, and central regions were found to be susceptible to moderate
468  droughts (Figure 8(c2)). However, the observed map indicated that the eastern part of the country
469  was not susceptible to extreme and severe droughts during the Kharif season, particularly at
470  Srimangal station and its surrounding areas. This can be attributed to the recent changes in rainfall
471  pattern in that area. It is evident that recently, the average rainfall has shown a decreasing trend in

472  Kharif season; the average annual rainfall decreased at a rate of .08% per year during the period
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473  between 2002-2015; on the other hand, an increasing trend was observed (rate of .07% per year)
474 during the period between 1981-2001. Therefore, the drought prone areas must be updated to reflect
475  the recent changes in the weather characteristics over Bangladesh.

476 Rabi droughts are believed to occur due to the cumulative effect of dry days and low soil
477  moisture. This drought affects all Rabi crops, such as Boro rice, wheat, pulses, and potatoes. The
478  spatial distribution of extreme, severe, and moderate droughts during the Rabi season are shown in
479  Figure 8(a3), (b3), and (c3), respectively. The frequency of moderate droughts during the Rabi season
480  is higher in the central and southwestern regions (Figure 8(c3)). The spatial distributions of extreme,
481  severe, and moderate droughts during Rabi season developed in this study exhibit considerable
482  similarities to the observed map.

483 3.6 Variation of the drought-affected area

484 The spatiotemporal variation in the drought-affected regions was evaluated based on the
485  monthly EDI values determined for the 27 stations during the study period. The interpolated maps
486  were used to estimate the drought-affected areas in each month for different regions by each level of
487  drought severity.

488 Linear regression methods were used to observe trends in the drought affected areas at different
489  significance levels (p = 0.001, 0.01, and .05) for the different regions of Bangladesh to examine the
490  variations in the drought areas. Table 6 lists the percent changes in the drought-affected areas on a
491  decade basis. Overall, the most significant increasing trend in terms of the drought-affected regions
492  was observed in the central region; on the other hand, a decreasing trend was observed in the eastern
493  region during the study period.

494 Table 6 shows that the highest change in drought-affected area for moderate, severe, and
495  extreme drought was 3.46 % per decade in May, 1.38% per decade in March, and 0.32 % per decade
496  in May, respectively, within the central region. However, the most significant decreases in drought-
497  affected area was observed for extreme and severe drought with a rate of 0.34% per decade in
498  February and 0.39% per decade in January-March, respectively, in the eastern region. Moreover, only
499  a statistically significant increasing trend of moderate drought was found in April within the same
500  region. According to the drought records, the north-western regions of Bangladesh were most
501  vulnerable to droughts [6]. However, this research indicates that the central region has recently
502  emerged as the most drought vulnerable region, especially in March-May because of the high rainfall

503  variation in this area.
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504
505 Table 6. Trends per decade regional series of the monthly drought area

Region Drought Drought area increase/(-)decrease (% per decade) during 1981-2015
category Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Extreme 0.15 0.17 0.22 0.01 -0.07 -0.02 0.12 0.12 0.24 0.05 0.12 0.09

NR Severe 033 0.30 0.55 0.10 0.11 0.14%** 0.87% 0.77** 0.40 -0.18 -0.02 0.06
Moderate 1.61 1.05 1.37* 1.15 2.27%** 0.36* 1.69 1.46* 1.12 1.63* 1.68* 1.20*
Total 2.09 1.52 2.14% 1.26 2.25% 0.48** 2.68 2.35%* 1.76 1.50 1.78 1.35
Extreme -0.02 0.02 0.09 0.04 0.08 0.02 0.03 0.06 0.08 0.05 0.08 0.04

SWR Severe 0.03 0.25 0.34 0.52 043 0.24* 0.22 0.07 0.40 0.03 0.05 0.05
Moderate 0.18 0.45 1.34 1.30* 1.75%* 0.89 0.55 0.44 0.17 0.36 042 0.14
Total 0.19 0.72 1.77 1.86 2.26* 1.15 0.8 0.57 0.65 0.44 0.55 0.23
Extreme 0.05* 0.07** 0.13*** 0.36 0.32* 0.00 0.08* 0.00 0.05* 0.07* 0.03 0.04

CR Severe 0.71** 0.81** 1.38** 0.84 0.66** 0.49* 1.07*** 0.31* 1.21* 0.59 0.56 0.62
Moderate 1.60* 1.76* 215 2.71%** 3.46*** 1.62** 2.08*** 1.30 0.53 125 1.30 1.37
Total 2.36** 2.64** 3.66*** 3.91%* 4445 2.11* 3.23%** 1.61* 1.79 1.91% 1.89 2.03*
Extreme -0.32%* -0.34** -0.32** -0.12* -0.13** -0.07** -0.05 -0.08* -0.09* -0.13* -0.15** -0.14**

ER Severe -0.39*** -0.39*** -0.39** 0.01 -0.31 -0.23** -0.01 -0.24 -0.14* -0.3** -0.35** -0.33**
Moderate -0.65 -0.18 0.65 1.33* 0.96 -0.25 0.20 -1.14 -0.59 -0.98 -0.74 -0.52
Total -1.36 -0.91 -0.06 1.21 0.52 -0.55 0.15 -1.46 -0.82 -1.41 -1.24 -0.99

506  Level of Significance 0.001 “***,” 0.01 ***, 0.05"*
g
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507 4. Conclusions

508 In this study, EDI was used to assess the spatiotemporal characteristics of meteorological
509  droughts between 1981 to 2015 in Bangladesh. The performance of the EDI indices in terms of
510  detecting droughts was evaluated through comparisons with historical drought records. The results
511  showed that EDI indices are suitable tools for detecting, monitoring and assessing drought conditions
512 by regional analysis.

513 The study provides a comprehensive description about the severity, frequency, duration, and
514  areal extent of drought during the study period (1981-2015) in Bangladesh. The results of the study
515  showed that the central region of Bangladesh experienced an increasing trend in terms of drought
516 occurrence and severity, duration, and areal extent; on the other hand, the opposite trend was
517  observed in the eastern region. In terms of areal extent, the highest increasing trend was observed
518  during March-May in the central region because of the variability in rainfall. Moreover, all categories
519  (based on severity and duration) of drought were shown to exhibit increased frequency during the
520  last quinquennial period from 2011 to 2015, although with some exceptions. Spatial analysis revealed
521 that drought occurred all over the country; however, it was more prominent in the central and
522  western parts of the country, and less frequent in the eastern region. In addition, the seasonal spatial
523  analysis showed that extreme drought was prominent in the north-western and central parts of
524  Bangladesh during the Kharif and Rabi seasons. The study showed that the central and northern
525  regions of Bangladesh were more vulnerable to severe drought during all seasons. However, the
526  north-western regions of Bangladesh were most vulnerable to droughts. However, the present study
527  indicates that the central regions should be newly included as drought prone region because of the
528  recent changes in the climatology, particularly in the Pre-kharif season. Therefore, the central region
529  of Bangladesh should be prioritised for developing future drought management strategies.

530 The study also showed that EDI can be a useful tool for identifying drought-prone areas, could
531  find potential applications for monitoring climate change-induced drought evolution at a regional
532  and national level in Bangladesh. The information on drought derived in the present study will help
533  researchers understand the recent spatiotemporal patterns of drought events over Bangladesh. The
534  outcomes may be used in developing anticipative strategies to mitigate socio-economic losses as well

535  as damages to agricultural production in the drought-prone regions of Bangladesh.
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