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Abstract: Droughts are more damaging when they occur during crop growing season. This research

assessed the spatial distribution of drought risks to crops in Bangladesh. Catastrophe theory-based

weighting method was used to estimate drought hazard, exposure, and risk by avoiding potential

human bias. Ten major crops, including eight different types of rice, wheat, and potato, were selected

for evaluation of drought risk. Results showed that 32.4%, 27.2%, and 16.2% of land in Bangladesh

is prone to extreme Kharif (May-October), Rabi (November-April), and pre-Kharif (March-May)

droughts, respectively. Among the major crops, Hybrid Boro rice cultivated in 18.2% of the area

is found to be highly vulnerable to droughts, which is followed by High Yield Varity (HYV) Boro

(16.9%), Transplant Aman (16.4%), HYV Aman (14.1%), and Basic Aman (12.4%) rice. Hybrid Boro

rice in 12 districts, different varieties of Aman rice in 10 districts, and HYV Boro rice in 9 districts,

mostly located in the north and northwest of Bangladesh, are exposed to high risk of droughts. High

frequency of droughts and use of more land for agriculture have made the region highly prone to

droughts. The methodology adopted in this study can be utilized for unbiased estimation of drought

risk in agriculture in order to adopt necessary risk reduction measures.

Keywords: seasonal droughts; catastrophe theory; crop vulnerability; drought risk; Bangladesh

1. Introduction

Droughts, floods, pests, labor shortage, price fluctuations, and political factors influence risks

to agricultural production in most countries in the world [1–4]. However, the effects of climate on

agriculture are more significant compared to other factors. Drought is a global phenomenon, which

occurs as a consequence of variability in climate [5–8]. Among the natural disasters, droughts have

much more devastating effects, and thus are the costliest natural disaster [9,10]. There are different

types of droughts, but meteorological droughts are most widely studied as they are the trigger for the

other kinds of droughts [11,12].
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Bangladesh is amongst the top disaster-prone countries in the world [13]. Droughts constitute

a major natural disaster that often affects the agronomics of the country [14]. The critical drought in

1978–79 [15] affected 44% of the populace and 42% of areas cultivated in Bangladesh [16,17]. According

to [18], the vulnerability of the land in Bangladesh to droughts is up to 2.7 million hectares annually.

Estimates by the Climate Change Cell of Bangladesh showed that 83% of the Kharif and Rabi crop

lands are exposed to different severities of droughts.

Drought management measures have been taken by the Bangladesh government to reduce

drought effects. However, the governmental initiatives for drought management have focused largely

on response and drought recovery, with not much attention paid to monitoring, preparation, and

mitigation of droughts. Attention has been drawn in recent years from a crisis approach to a risk

approach in the management of droughts across the globe. Reliable drought risk assessment is an

important aspect of managing droughts [7], as it cements the relationship between the hazard and

the society.

Studies have been conducted to assess drought impacts on agriculture [2,4], crop production [17],

land degradation [19], the economy [20], and the society [21] of Bangladesh. Drought characterization

during cropping seasons has been assessed [2,6,14,22]. However, these studies didn’t give any

indication of seasonal drought risks, especially for cropping periods. The economic impact of droughts

are more pronounced when they overlap with the crop growing period [5,6,23]. This emphasizes the

need to estimate seasonal drought hazards and their risk to crops.

Drought risk maps are generally prepared through integration of drought hazard, vulnerability,

and exposure maps. Generally, weighted integration methods are used for preparation of risk

maps [14,24], where weights are estimated using either data-driven or knowledge-driven methods.

In data driven methods, the weights are estimated from observed data, while in knowledge driven

approach, it is estimated from previous knowledge [25,26]. In data-driven methods, the influence

of one factor over the others is estimated only from observed data, and therefore, subjectivity in

weighting can be avoided [25,27]. Catastrophe theory is one such method which can be particularly

applied where sudden effects arise as a result of gradually changing forces [25,28,29]. Therefore, it can

be an effective approach to assess drought risk. Catastrophe theory has been applied successfully in

the field of water resources, such as water security assessment [30], water quality assessment [31,32],

evaluation of groundwater potential [5,26], and flood risk assessment [33].

The assessment of the spatial distribution of seasonal drought risks to crops in Bangladesh using a

catastrophe theory-based weighting method is the major objective of this study. The main criteria used

in the study for evaluating drought risk are: (1) hazard with regard to its severity and return period;

(2) exposure in respect of crop area and crop yield; and (3) risk as a function of hazard and exposure.

It is expected that the maps generated in this study can be used for adaptation planning for reduction

of droughts risks, and for sustainable development of agriculture in Bangladesh. Furthermore, the

proposed methodology can be applied for unbiased estimation of drought risk in agriculture or any

other sector for better management of disaster risk.

2. Materials and Methods

2.1. Description of the Study Area

The climate in Bangladesh is of the tropical monsoon type, characterized by rainfalls varying

widely seasonally, and high temperature and humidity [34,35]. Annually, the average rainfall within

the country varies between 1500 and 4300 mm from the northwest to the northeast [36]. In addition,

annual and seasonal variability of rainfall is very high, which has made the country prone to

droughts [13,22,37]. The effect of droughts on agriculture is significant in Bangladesh [38]. There

is direct or indirect involvement of a significant population of Bangladesh in different agricultural

activities [39]. Crop production is vital in the agricultural sector relating to food security, income

generation, poverty reduction, and political stability in Bangladesh. Therefore, reduction of crop
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production due to natural hazards significantly affects the economy and livelihoods of the people of

the country.

2.2. Data and Sources

Fifty-year (1961–2010) monthly rainfall data recorded at 29 stations across Bangladesh were used

in this study (Figure 1). However, there are missing data for some stations during 1971; hence, the data

for the year at all stations were discarded. The percentage of missing data was found to be less than

2% after removal of records for the year 1971.

 
Figure 1. Location of rain gauges in Bangladesh.

Administrative district level data of cultivated land area and yield per hectare of land averaged

for the period 2001–2011 were collected from the Yearbook of Agricultural Statistics of Bangladesh [40].

Data for ten major crops were collected, namely, Local Aus (L Aus), High Yield Variety Aus (HYV Aus),

Basic Aman (B Aman), High Yield Variety Aman (HYV Aman), Transplant Aman (T Aman), Local Boro

(L Boro), High Yield Variety Boro (HYV Boro), Hybrid Boro (H Boro), Wheat, and Potato. Cultivation

periods of the crops are shown in Table 1. Wheat and potato are grown during November–April, which

is known as Kharif season. The rice varieties L Aus, HYV Aus, B. Aman, HYV Aman, and T Aman

are grown during May–October, which is known as Rabi season. The rice varieties L Boro and HYV

Boro are grown during January–May, which are affected by droughts during March–May, known as

pre-Kharif season. Therefore, it is imperative to assess drought risk to crops during Kharif, Rabi, and

pre-Kharif seasons.
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Table 1. The crop calendar of Bangladesh. The shaded gray areas in the table indicate the

cultivation periods.

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

L Aus/HYV Aus/B Aman/HYV
Aman/T Aman/HYV Boro

L Boro/HYV Boro

Wheat/Potato

2.3. Methodology

The drought risk to crops was conceptualized from the definition of risk defined by

Intergovernmental Panel for Climate Change [41]. Drought is a natural hazard which may have

adverse effects on crops. The possibility of crop losses due to droughts is the drought risk to crops. The

drought risk to crop depends on exposure of the crop to droughts and the propensity of the exposed

crop to droughts. Therefore, the drought risk to crops can be defined as,

Risk = Hazard × Vulnerability × Exposure, (1)

Vulnerability is hazard-specific, such as tolerance of crop to droughts (water stress), and floods (excess

of water) are different. Vulnerability of crops to drought depends on their tolerance to water stress.

Zhang et al. [42] reviewed the impacts of droughts on wheat yields from 60 published studies and rice

yields from 55 studies. They reported that drought affects rice and wheat differently during growth

stages. However, the overall impacts of droughts on wheat and rice yields are more or less the same.

It caused a decrease in wheat yield by 27.5% and rice by 25.4%. It indicates that vulnerability of wheat

and rice to droughts is the same. As the vulnerability of different crops to drought is constant, it was

not considered for the development of risk maps. Therefore, the drought risk to crops was estimated

from probability of occurrence of droughts and the exposure of crops to droughts,

Risk = Hazard × Exposure, (2)

A weighted overlay index method was used in this study to assess hazard and exposure.

Catastrophe theory [43] fuzzy membership functions were used to derive weights for this purpose.

Four steps were used for this purpose: (a) establishment of sub-systems, (b) derivation of indicators,

(c) standardization of indicator values, and (d) application of catastrophe models for normalization.

Finally, drought risk to crops was computed from hazard and exposure. The steps are discussed below

in details.

2.3.1. Sub-Systems of Hazard and Exposure

The catastrophe multi-criteria evaluation method draws on the analytic hierarchy of catastrophe

theory, and thus considered subject matter as a system which is divided into several subsystems

with different evaluation indicators according to the inner mechanisms of the system being

assessed [26,30,33]. Following the analytical hierarchy of catastrophe theory, drought hazard and

crop exposure to droughts were considered as two individual systems in this study. The drought

hazard system was considered as composed of three sub-systems according to different frequencies

of droughts during crop growing seasons, namely 10-, 50-, and 100-year return period droughts.

Different return periods of droughts have different characteristics in terms of areal extents and intensity.

Ahmed et al. [12] reported that areal extent of higher return period droughts is greater compared to

lower return periods. The intensity of the higher return period of droughts is also greater compared to

the lower return period. Therefore, different return periods of droughts were taken into consideration

in defining drought hazard. A 10-year return period droughts or occurrence of droughts once in a

decade indicates recurrent droughts, while 50- and 100-year return periods indicate less frequent and

rare occurrence of droughts, respectively. Alamgir et al. [6] reported that the spatial characteristics of
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droughts in Bangladesh for those return periods vary widely for different seasons. Therefore, those

return periods were selected for the estimation of drought hazards during different crop growing

seasons. The system of crop exposure was considered to have two sub-systems—total cultivated area

of the crop and yield of the crop per hectare. The effect of droughts on crops is greater if the cultivated

area and crop yield is greater. Therefore, those two were considered as the sub-systems that define

crop exposure.

2.3.2. Classification of Indicators of Sub-Systems

Data of each sub-system was used to derive indicators. Drought severity (SPI values) of different

return periods of droughts were used to derive indicators of different sub-systems of drought hazard.

The cultivated area and crop yield values in different sub-districts of Bangladesh were used to derive

indicators of the two sub-systems of crop exposure.

The standardized precipitation index (SPI) estimated for the last month of a cropping season with

a time-step equal to the span of the season in months was used to estimate drought in the season.

For example, the HYV Aus is grown during May to November (6 months period). Therefore, 6-month

SPI estimated in the month of November was considered as droughts during HYV Aus growing

season. The droughts estimated using this procedure can have a single value for each year. Therefore,

the return period of droughts for a cropping season with particular severity can be calculated as the

inverse of its probability of occurrence in a year. SPI values less than -0.5 of a season were fitted with

the most suitable probability distribution function (PDF) for the estimation of the return periods of

droughts (SPI values). The years without droughts (SPI ≥ -0.5) were assigned a value of zero and

frequency analysis was conducted for the SPI values less than -0.5. All the SPI values less than -0.5

were fitted using distribution function in order to estimate the intensities of different return periods of

droughts. Obtained frequency (F) was corrected to account for the zero values [2],

F′ = q + (1 − q)F, (3)

where q is the probability of zero values. The return period was finally estimated from the corrected

frequency. Details of the calculation of the return period of seasonal SPI can be found in [2,5,6,44].

In the present study, 10-, 50-, and 100-year return period SPI values for each crop were estimated

at each station. Kriging method was used for interpolation of SPI values for mapping different return

periods of droughts. Justification of using kriging for interpolation of SPI in Bangladesh can be found

in [6]. In order to produce the district scale drought hazard maps, the overlaying of the drought

hazard maps on the Bangladesh district map was conducted. The obtained maps were overlaid on

the district map of Bangladesh to generate a district scale drought hazard map using area weighted

overlay method [44].

The SPI values for different return periods were decomposed into number of levels using Jenks

optimization method to derive indicators. The number of indicators and the data range of the indicators

can change the weight of a sub-system significantly [45]. Jenks method [46] divides data in an optimum

way so that the variance among data within a class is minimal, but the variance among the mean

values of data in different classes is maximal. It classifies data based on inherent properties of data

without any user interference, and thus reduces subjectivity in decision making [46]. Besides, Jenks

optimization is better suited to classify data into small number of groups. The maximum control

variable that can be used in catastrophe models is limited to 5. Therefore, Jenks method can be a

suitable option to be used with catastrophe models for derivation of indicators. The indicators were

derived according to the natural variability of sub-system data and then used to estimate the weight of

the sub-systems.
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2.3.3. Standardization of Data

A linear standardization approach was used to make the indicators dimensionless in order to

eliminate the influence of different indicators in computation of weight. Lower values of SPI indicate

higher severity of droughts, while higher values of crop cultivated area and crop yield indicate more

exposure. Therefore, two different formulas were used for data standardization in a range between 0

and 1. The SPI values for different return periods were standardized as,

x′i =
xi (max) − xi

xi (max) − xi (min)
(4)

The crop cultivated area and crop yield data were standardized as,

x′i =
xi − xi (min)

xi (max) − xi (min)
(5)

where xi is the mean value of indicator i; and xi (max) and xi (min) are the maximum and minimum

values of the indicator i.

2.3.4. Normalization of Indicators Using Catastrophe Models

Catastrophe theory considers the subject matter as a system consisting of several subsystems.

It assesses the changes in the state of the system with the changes of the variables that control

the system, i.e., sub-systems. For example, the state of crop exposure system is controlled by two

subsystems—total cultivated area of the crop and yield of the crop per hectare. In the catastrophe

method, the relationship of state variable with control variables is determined by catastrophic fuzzy

membership functions. Catastrophe models were used to normalize the standardized values of the

indicators (obtained using Equations (4) and (5)) to resolve the incompatibility among the standardized

data [31]. The catastrophe models were used for the estimation of a single index, e.g., drought hazard

or exposure. Therefore, five catastrophe models having one state variable, as listed in Table 2, were

used in this study. The normalization formulas of the five catastrophe models are also given in Table 2.

Table 2. Normalization formulas of the catastrophe models.

Control Variable State Variable Model Name Normalization Formula

2 1 Cusp xa = a1/2 and xb = b1/3

3 1 Swallowtail xa = a1/2; xb = b1/3 and xc = c1/4

4 1 Butterfly xa = a1/2; xb = b1/3; xc = c1/4 and xd = d1/5

5 1 Wigwam xa = a1/2; xb = b1/3; xc = c1/4; xd = d1/5 and xe = e1/6

Catastrophe models can be used for a maximum of five control variables. Therefore, Jenks

optimization was allowed to classify the sub-system data into a maximum of five classes. The method

classified the sub-system data into 2 to 5 indicators according to inherent characteristics of the data. The

weight of a sub-system was estimated using different catastrophe models depending on the number of

indicators of the sub-system. For example, the Swallowtail normalization formula was used when the

number of indicators was three.

where a, b, c, d, and e are the mean values of ranges of an indicator and xa, xb, xc, xd, and xe are

the normalized values.

2.3.5. Estimation of Drought Risk Index

The general procedure used for the estimation of drought risk to crops is outlined below:

1. The drought risk to crops was considered as a product of drought hazard (severity and frequency)

during a cropping season and exposure of crops to drought;
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2. The drought hazard and exposure were considered as two systems, each consisting of a number

of sub-systems;

3. The data of each sub-system were classified using a Jenks optimization algorithm to obtain the

indicators of the sub-system;

4. The mean of each indicator was standardized into a dimensionless number in the range of 0 to 1

which were considered as the rank;

5. The catastrophe model was then used to estimate the normalized value of fuzzy membership

function from the standardized values, which was considered as the weight of the sub-system;

6. The drought hazard and exposure were estimated using Equations (6) and (7), respectively.

Hazard = ((D10w × D10r ) + (D25w × D25r ) + (D100w × D100r ))/(D10w + D25w + D100w )), (6)

Exposure = ((Aw × Ar ) + (Yw × Yr ))/(Aw + Yw ), (7)

where w refers to weight, r refers to rank, D10, D25, and D100 represent the return periods of 10-,

25-, and 100-year droughts, A refers to cultivated area, and Y represents crop yield.

3. Result and Discussion

3.1. Seasonal Drought Hazard

Drought hazards during different crop growing seasons were investigated based on return periods

of 10, 50, and 100 years. As the major crops are grown during the Kharif, Rabi, and pre-Kharif seasons

in Bangladesh, drought hazards during these three seasons were estimated. Preparation of drought

hazard maps during Kharif season are discussed here as an example. The spatial patterns of the 10-,

50-, and 100-year return period SPI values during Kharif season are presented in Figure 2a–c. The

SPI values estimated for a particular return period at different stations were interpolated and then

intercepted with the Bangladesh district map to measure the drought hazard of each district using

the area-weighted average method. Using the Jenks classification scheme, different classes of the SPI

or indicators of each sub-system were obtained. This produced different number of indicators for

different sub-systems of drought hazard. For example, the 10-year return period SPI values in Kharif

season were classified into two indicators: −0.5 to −1.38 and −1.39 to −2.00. Four indicators were

used for the 50-year return period Kharif drought: −0.5 to −1.42, −1.43 to −2.44, −2.45 to −3.11, and

−3.12 to −3.99. Lastly, two indicators were used for the 100-year return period drought: −2.68 to

−2.86 and −2.87 to −3.2.

The mean value of each indicator was calculated and standardized to estimate the ranks. The ranks

were then used to estimate the weight of the sub-system using catastrophe theory. The results of

Kharif drought are elaborated in Table 3. The mean SPI values of each category of droughts are

given in the third column of Table 3. The values were used to calculate the rank for each category

of droughts of a particular return period and to derive weights of that particular drought return

period using catastrophe theory. For example, there are four indicators of Kharif 50-year return period

droughts. Therefore, Butterfly model was used for estimation of weight. The standardized values are

normalized using Butterfly model as, xa = a1/2 = (0)1/2 = 0; xb = b1/3 = (0.376)1/3 = 0.0532; xc =

c1/4 = (0.701)1/4 = 0.2415; and xd = d1/5 = (1)1/5 = 1. The weight was calculated as the average

of normalized value, (0.0+0.0532+0.2415+1)/4 = 0.545. Similarly, weights of other sub-systems were

calculated. Obtained values of ranks and weights are given in the fourth and fifth columns of Table 3.
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(a) 
 

(b) 

 

(c) 

 

(d) 

Figure 2. Kharif drought severity with (a) 10-, (b) 50-, and (c) 100-year return periods, and (d) the

drought hazard map generated using Catastrophe weighting method.
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Table 3. Calculation of weight and ranks of Kharif drought.

Sub-System Indicators (SPI) Mean Value Rank Weight

Kharif 100-year
return period

−2.68 − −2.86 −2.770 0
0.5

−2.87 − −3.20 −3.035 1

Kharif 50-year
return period

−0.50 − −1.42 −0.960 0

0.545
−1.43 − −2.44 −1.935 0.376
−2.45 − −3.11 −2.780 0.701
−3.12 − −3.99 −3.555 1

Kharif 10-year
return period

−0.50 − −1.38 −0.940 0
0.5

−1.39 − −2.00 −1.695 1

The calculated ranks and weights were used to prepare the Kharif drought hazard maps of

Bangladesh using Equation (6). The estimated hazard index was classified into four groups and named

as low, moderate, high, and very high to prepare the map of Kharif drought hazard, as shown in

Figure 2d. The figure reveals that droughts during Kharif season are more apparent in the northwestern

part of Bangladesh.

Drought hazard maps for Rabi and pre-Kharif seasons were prepared in a similar way. Areas

affected by different seasonal droughts are shown in Figure 3. Results show about 32.4% area of

Bangladesh is prone to Kharif drought of very high severity, about 10.0% experiences Kharif drought

of high severity, 41.8% area faces moderate drought, and the remaining 15.8% area experiences only

low Kharif droughts. On the other hand, about 27.2% area of Bangladesh is found to experience

Rabi drought of very high severity, 31.6% high severity, 27.2% moderate severity, and the remaining

14.1% experiences low severity Rabi drought. Affected area by very-high severity pre-Kharif drought

is found to be less (13.2%) compared to Kharif and Rabi droughts. About 47.5% of the area of

Bangladesh is affected by moderate severity of pre-Kharif drought and 30.0% area by high severity

pre-Kharif drought.

𝑥 = 𝑎 / = (0) / = 0  𝑥 = 𝑏 / = (0.376) / = 0.0532; 𝑥 =𝑐 / = (0.701) / = 0.2415;  𝑎𝑛𝑑 𝑥 = 𝑑 / = (1) / = 1

−  − −
− − −
− − −
− − −
− − −
− − −
− − −
− − −

Figure 3. Drought hazard during Rabi, Kharif, and pre-Kharif seasons.

3.2. Drought Exposure

Each of these two sub-systems of drought exposure was classified into different classes (indicator)

on the basis of the Jenks natural break classification scheme. The calculation of ranks and weights of

cultivated area and crop yield for L Aus rice is elaborated in Table 4, as an example. Both the cultivated

area and yield of L Aus rice was classified into four classes by Jenks optimization. Therefore, the

weights of yield and area were calculated by using Butterfly Catastrophe formula. Average values
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for each class are given in the third column of Table 4. The values were used in calculating the ranks

for each category of cultivated area or crop yield, as well as the weight of crop yield and cultivated

area using catastrophe theory. Obtained values of ranks and weights are given in the fourth and fifth

columns of Table 4. These numbers indicate that the crop yield has a larger influence on exposure

compared to the cultivated area of that crop. Calculated weights and ranks were used to estimate

exposure of crops to drought using Equation (7). District scale maps of cultivated area, crop yield, and

drought exposure of L Aus rice is shown in Figure 4, as an example.

Table 4. Calculation of weight and ranks of Local Aus (L Aus) rice.

Sub-System Indicators Mean Value Rank Weight

Area
(L Aus Rice)

19420−46447 32933 1

0.267
9532−19419 14475 0.409
3327−9531 6428 0.152

0 −3326 1663 0

Yield
(L Aus Rice)

1.30−1.66 1.47 1

0.353
0.99−1.29 1.13 0.730
0.44−0.98 0.7 0.389
0.0−0.43 0.21 0

(a) (c) (b) 

Figure 4. District level maps of (a) L Aus cultivated area, (b) L Aus yield, and (c) drought exposure of

L Aus Rice.

Figure 4a shows that L Aus rice is mostly cultivated in districts located in the south and south-east

parts of Bangladesh. The yield of L Aus rice (Figure 4b) is also high in those districts along with other

districts located in eastern Bangladesh. Therefore, the drought exposure of L Aus rice to drought was

also found to be very high in southern coastal districts. Besides that, high exposure of L Aus rice to

drought was found in some other districts sporadically distributed over the country.

Exposure maps to droughts for other crops were prepared in a similar way. The maps were

analyzed to estimate the exposed areas of different crops to droughts. Figure 5 shows the exposure of

crops to droughts. It shows that the most exposed crop to droughts in Bangladesh is the HYV Aman

rice. The HYV Aman rice cultivated in 18.1% of the country is highly exposed to droughts. This is

followed by H Boro (17.8%), HYV Boro (10.7%), HYV Aus (7.2%), Wheat (7.0%), and L Aus (5.5%).

Among the crops considered in this study, potato is found to be the least exposed to droughts. It was
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found that potato cultivated in 79% of the country is of low exposure. This is followed by L Boro

(62.3%), wheat (59.6), T Aman (59.2%), and L Aus (59.1%).

Figure 5. Composite vulnerability of crops to drought. 
Figure 5. Composite vulnerability of crops to drought.

3.3. Drought Risk to Crop

The drought hazard and exposure maps were integrated using Equation (7) to prepare the drought

risk map for crops. The exposure map of a particular crop was integrated with the drought hazard

map of the season when it is grown, following the crop calendar shown in Table 1. For example, the

crops B. Aman, HYV Aman, and T Aman were integrated with the drought hazard map of Kharif

season. The drought risk maps of different crops are shown in Figure 6.

(a) (b) 

Figure 6. Drought Risk Map of (a) L Aus and (b) HYV Aus grown during Kharif.

Figure 6a,b shows L Aus and HYV Aus crops are grown during Kharif season, which poses high

drought risk in only a few areas of northwest Bangladesh. However, both crops were found to have

moderate risk in some other regions, like southern and eastern parts of Bangladesh.
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Drought risk maps of T Aman and HYV Aman rice grown during monsoon are presented,

respectively, in Figure 7a,b. It shows that T Aman rice is highly prone to drought in most parts of the

country. On the other hand, the HYV Aman rice is highly exposed to drought risk in the north and

northwestern parts of the country.

(a) (b) 

(a) (b) 

Figure 7. Drought Risk Map of (a) T Aman and (b) HYV Aman grown during monsoon season

Figure 8a,b shows the drought risk to HYV Boro rice and H Boro rice in Bangladesh, which are

mostly grown during pre-Kharif season. Both maps show that HYV Boro rice and H Boro rice are

exposed to high droughts risks in the north and northwestern parts of the country. The HYV Boro rice

faces moderate risk to droughts in the central part of the country.

(a) (b) 

(a) (b) 

Figure 8. Drought Risk Map of pre-Kharif season (a) HYV Boro and (b) H Boro



Sustainability 2019, 11, 1442 13 of 17

The drought risk maps of L Boro and B Aman rice grown during Rabi seasons are presented,

respectively, in Figure 9a,b. Figure 10a shows that drought risk to L Boro rice is sparsely distributed

over the country. The drought risk to this crop is found only in 4 out of 64 districts of Bangladesh.

A similar pattern was found in drought risk to B Aman rice (Figure 9b).

(a) (b) 

(a) (b) 

Figure 9. Drought Risk Map of Rabi (Winter) season (a) L Boro and (b) B Aman

(a) (b) 

(a) (b) 

Figure 10. Drought Risk Map of Rabi (Winter) season (a) potato and (b) wheat.
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The drought risk to potato and wheat, which are grown during winter season, are presented in

Figure 10a,b, respectively. High drought risk to potato was found only in four districts located in

northwest Bangladesh. On the other hand, high drought risk to wheat was found in most northwest

districts as well as a few northern and central districts of Bangladesh.

These maps were analyzed to assess the risk of different crops to droughts in Bangladesh.

The results (Figure 11) show that drought risk is highest for T Aman rice. The T Aman rice cultivated

in 18.1% of the country faces high risk to droughts. This follows H Boro (17.8%), wheat (17.1%), and

HYV Boro (12.6%). Among all crops considered in this study, risk of L Aus to droughts was found to

be the least in Bangladesh.

Figure 11. Drought risk of crop over study area.

4. Conclusions

The spatial distribution of drought risk to major crops of Bangladesh is assessed in this study.

The seasonal drought hazards were estimated during different crop growing seasons using frequency

analysis of SPI values. The exposure of crops to droughts was estimated based on crop-cultivated land

and crop productivity. Finally, the seasonal drought hazard map was integrated with the crop exposure

map to prepare the map of drought risk to crops. This study has the novelty of using droughts in

different crop growing seasons in estimating drought risk, catastrophe theory in assessing weighting

of different themes, and ranks of different features of each theme to avoid potentially biased human

judgment in risk assessment.

It was found that T Aman rice cultivated during Kharif season is exposed to the highest risk of

drought in Bangladesh, which is followed by wheat, H Boro, HYV Boro, HYV Aus, wheat, and L Aus.

On the other hand, potato is found to be least exposed to droughts risk, followed by B Aman and L

Boro rice. The spatial distribution of droughts risk to major crops in Bangladesh reveals that crops

cultivated in the country’s northwestern part are the most droughts prone, followed by northern part

of the country. Generally, the north and the northwest regions of the country are more susceptible

to droughts, and crop damage due to droughts in these regions has been reported several times.

Therefore, the overall results of this study correspond with the general conception of drought risk

in Bangladesh.

Crop exposure to drought depends on many other factors, such as availability of irrigation facility,

surface, and groundwater resources. Studies can be conducted in the future to prepare the exposure

map by considering all these factors. Drought hazard was estimated in this study using SPI, which

only considers rainfall as a climatic variable. However, temperature is an influential factor to define

droughts, particularly in tropical regions. Therefore, it can be considered in the future to measure

drought hazard in Bangladesh. In this study, drought risk to crops was assessed based on easily

available data. It is envisaged that the method presented in this study be used for rapid and unbiased
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estimation of drought risk to crops. The maps generated here are crucial for adaptation planning and

mitigation of increased severity and frequency of droughts predicted due to climate change.
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