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Abstract
The combination of geographic information system (GIS) and analytic hierarchy pro-
cess (AHP) performs the drought vulnerability assessment of larger areas efficiently. The 
drought intensity and types are locale specific, and hence the spatial distribution helps in 
formulating the strategies to combat this natural hazard. With this view, the drought-prone 
and vulnerable areas in upper Bhima river basin from western India were delineated con-
sidering the ten associated parameters, viz. NDVI, rainfall, slope, vadose zone, soil depth, 
LULC, water harvesting structures, geomorphology, drainage density and groundwater 
level fluctuation. AHP was employed composing the pairwise and normalized pairwise 
comparison matrix to obtain the relative weight of each parameter. The cumulative effect 
of influencing parameters was considered to generate the drought zonation map of the 
region in the GIS environment. The resultant map depicts that about 24% area falls under 
the severe drought and about 31% area in moderate drought zones. This drought severity 
mapping could be helpful in preparedness and providing water scarcity relief measures to 
the affected villages in the region.

Keywords  Drought severity · AHP · GIS · Basaltic terrain · Western India

1  Introduction

Drought is a slow approaching hazard that manifests through diminished springs, stream 
flow, base flow, crop wilting, soil moisture reduction, dry wells, etc. Mostly, drought is a 
climate-driven phenomenon that has been studied time to time with different perspectives. 
However, the common goal has been to understand the driving forces and suggest drought 
management strategies. Since the phenomenon is recurring and having nonstructural 

Electronic supplementary material  The online version of this article (https​://doi.org/10.1007/s1106​
9-020-04350​-9) contains supplementary material, which is available to authorized users.

 *	 Bhavana N. Umrikar 
	 bnumrikar@gmail.com

1	 Department of Geography, Savitribai Phule Pune University, Pune, India
2	 Department of Geology, Savitribai Phule Pune University, Pune, India

http://orcid.org/0000-0002-6248-4069
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-020-04350-9&domain=pdf
https://doi.org/10.1007/s11069-020-04350-9
https://doi.org/10.1007/s11069-020-04350-9


	 Natural Hazards

1 3

impacts, diligent efforts are needed to address drought-related issues through immediate 
and long-term measures. Besides, the quantification of drought is very difficult because 
of the sector-specific scale (hydrological, meteorological, agricultural and socioeconomic). 
Moreover, the risk, severity and duration of drought vary from place to place with various 
outlooks worldwide and thus do not have any unanimously accepted definition (Van Loon 
et  al. 2016; Yihdego et  al. 2019). Generally, a deficit in precipitation from an expected 
mean within a time frame can be broadly identified as drought (Svoboda et al. 2002; Shef-
field and Wood 2012; Eslamian 2014; Kamali et al. 2017; Yihdego 2017).

As the drought hazard footprints are complex and significant, the prediction and miti-
gation require consideration of interdisciplinary factors. Various studies have focused on 
developing hydrometeorological drought indices for monitoring and evaluation (Palmer 
1965, 1968; McKee et al.1993; Vicente-Serrano et al. 2010; Golian et al. 2015; Thomas 
et  al. 2016; Murthy et  al. 2016; Vijaya Kumar el al. 2019). Apart from this, a growing 
trend of using RS-GIS and multi-criteria decision tools has been witnessed for mapping 
various natural hazards in recent decades (Pogarčić et al. 2008; Prathumchai et al. 2001; 
Chen et al. 2011; Pandey et al. 2012; Stefanidis and Stathis 2013; Palchaudhuri and Biswas 
2016; Zagade et al. 2018). GIS helps in figuring out various data sets necessary for disaster 
monitoring and also has the potential to integrate and analyze various types of data sets for 
larger areas (Chopra 2006; Tao et al. 2011). The availability of high-frequency remotely 
sensed data has helped in real-time monitoring and forecasting of natural hazards (Han 
et al. 2010). Decision-making by multi-criteria analysis is in vogue such as analytical hier-
archical process (AHP) that facilitates a multi-criteria comparison matrix (Saaty 1980) and 
also helps in removing the biases in judgment of weightage assigned to factors contributing 
to drought.

Drought is a major concern in the upper Bhima catchment area of western India (Gaur 
et al. 2007). Severe and prolonged droughts experienced in the last few decades have drawn 
the attention of developers, planners and researchers to this region. With this background, 
the present study has been carried out to develop a multi-parameter model revealing the 
spatial spread of drought in the hard rock terrain of Bhima River catchment, Maharash-
tra, India, by deploying integrated techniques of RS-GIS and analytical hierarchy process 
(AHP). The mapping has been carried out with a range of variables and aggregated meas-
ures of drought to identify vulnerable areas by integrating traditional hydrogeological field 
surveyed data, remotely sensed data and ancillary data for effective mitigation planning. 
Until now, no such drought susceptibility studies have been reported from this region; 
therefore, it would be the pioneer work that is crucial for preparedness of sectoral drought.

2 � Study area

The study area includes four sub-watersheds, namely BM-7, BM-17, BM-33 and BM-34, 
of upper Bhima river basin with a areal spread of 1778.16 sq. km representing Deccan 
Basaltic Province. It is bounded by 73°50′41″ to 74°40′07″ E longitude and 18°29′11″ to 
19°10′23″ N latitude falling in Survey of India toposheet numbers 47 J/5, J/6, J/9 and J/10. 
The area is situated on the border of Pune and Ahmednagar districts covering a part of 
Ambegaon, Junnar, Shirur talukas of Pune District and Shrigonda and Parner talukas of 
Ahmednagar District which is in rain shadow zone of Western Ghats (Fig. 1).

Ghod, the tributary of Bhima river, is the mainstream in the region, while Meena and 
Kukadi are the tributaries of Ghod river. The area receives monsoonal rain that begins in 
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the month of June and lasts till the end of September with an annual average of 497 mm. 
The return monsoon showers are received in the month of October and November. The 
study area experiences hot tropical climate with temperature raising up to 39 °C in sum-
mer months of April and May. The average yearly maximum temperature is about 32 °C 
and minimum 21 °C. Agriculture is the major land use in the region, and mostly rain-fed 
crops like millets, soybean, corn, wheat, etc., are popular. Besides, sugarcane is mostly 
observed in the central and lower part of the watershed. Groundwater is the prime source 
of domestic and irrigation, explored from large diameter dug wells tapping amygdaloidal, 
vesicular, fractured and jointed shallow basaltic aquifers. Due to the absence of primary 
porosity in basaltic rocks, the availability and movement of groundwater is restricted to the 
degree of weathering, jointing, fracturing and connectivity of vesicles in basalts. Moreover, 
the groundwater in the phreatic state joins the surface water in the form of base flow. As a 
result, the area faces drought, particularly the villages in hilly regions, very frequently.

3 � Data sources and methodology

To determine the drought-prone zones in the upper Bhima area, geospatial techniques inte-
grated with multi-criteria decision (AHP) method have been used considering the factors 
that are influencing drought vulnerability, namely NDVI, rainfall, slope, vadose zone, soil 
depth, LULC, water harvesting structures, geomorphology, drainage density and ground-
water level fluctuation. The details of various data sources, data preparation in GIS envi-
ronment and application of AHP method are discussed below:

Fig. 1   Location map of the study area
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3.1 � Generation of thematic layers

Rainfall variability with prolonged dry spells, hike in total dry days and light precipi-
tation events are related to drought (Sun et al. 2007; Dash et al. 2009; Liu et al. 2009; 
Mishra and Liu 2014; Pathak and Dodamani 2020); hence, daily rainfall data have been 
used to understand drought characteristics and the intensity in the area. The high-res-
olution (0.250 * 0.250 grid) precipitation data were downloaded from IMD Web site 
and converted to shape file using Open Grade Software. The sum of daily rainfall was 
performed using raster calculator, and the rainfall data from 13 rain gauge stations avail-
able on the Web site (https​://krish​i.mahar​ashtr​a.gov.in) of Department of Agriculture 
were merged to generate annual rainfall distribution map by IDW interpolation method 
for the drought assessment year (2018).

Normalized difference vegetation index (NDVI) is used for monitoring vegetation 
cover, identification of different crops, the health of plants and growth pattern of agri-
culture. The intensity and density of green cover are computed using the vegetative 
reflectance in red and near-infrared wavelengths (Eq. 1).

where ρRed and ρNIR are the reflectance for Landsat band 4 (630–680  nm) and band 5 
(845–885 nm), respectively.

Landsat 8 Operational Land Imager (OLI)/Thermal Infrared Sensor (TIRS) C1 
Level 1 was downloaded from USGS Earth Explorer (December 2018) to generate the 
NDVI and LU/LC layers of the area. Land slope is one of the decisive factors for run-
off–recharge ratio and also has an influence on groundwater availability. Slope layer has 
been generated using Cartosat Digital Elevation Model (DEM) downloaded from BHU-
VAN Web site, with 30 m resolution applying spatial analyst tool. The stream flow lines 
were extracted from DEM using hydro-tool, and a drainage density map was created by 
applying a line density algorithm in GIS.

The thickness of the vadose zone was determined during hydrogeological field sur-
veys and dug well inventory conducted in the study area. Soil depth and geomorphology 
maps were prepared by referring to the regional resource map of National Bureau of Soil 
Survey (NBSS) and National Atlas and Thematic Mapping Organization (NATMO), 
respectively. Landsat imagery was processed to understand the land use/land cover (LU/
LC) pattern in the area. Image processing and a supervised classification tool with max-
imum likelihood algorithm helped in performing the analysis. Hills, agriculture, barren 
land, fallow land, settlement, vegetation, and water body are the major classes defined 
to generate LU/LC theme. Existing surface water harvesting structures were manually 
digitized from Google Earth images and density of structures was computed using point 
density tool in GIS. Depth to the groundwater level data for pre- and post-monsoon sea-
sons were procured for the hydrogeological year 2018–2019, from the state groundwater 
organization for generating groundwater level fluctuation map. The flowchart of meth-
odology adopted during this study is shown in Fig. 2. The list of tanker-fed villages fall-
ing in the study area was procured (2018–2019) from Groundwater Surveys and Devel-
opment Agency, Pune (GSDA), to validate the drought zonation model.

(1)NDVI =
�
NIR

− �
Red

�
NIR

+ �
Red

https://krishi.maharashtra.gov.in
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3.2 � AHP model

AHP is a popular tool among the researchers that is capable of comparing the factors 
as per their relative importance over one another to determine the priorities. There-
fore, AHP was employed to decipher the drought-prone zones of the selected area. The 
assignment of weights to the influencing factors in hierarchical dominance framework 
has been carried out by following the steps as discussed below:

3.2.1 � Generation of a hierarchy structure

The process for spatial multi-criteria decision problems involves the development of a 
value structure of evaluation criteria wherein the objectives and the respective alterna-
tive follow a hierarchy relation (Malczewski 1999). The hierarchy structure has been 
designed for the various influential factors, namely NDVI, rainfall, slope, vadose zone, 
soil depth, LULC, water harvesting structures, geomorphology, drainage density and 
groundwater level fluctuation. The highest value is conferred to criteria of most signifi-
cance and lowest to the least important.

3.2.2 � Pairwise comparison matrix

The pairwise comparison matrix (PWCM) rates the factors according to their relation 
(strong or weak) with other factors and the degree of influence on drought severity. For 
the generation of PWCM of dimensions n × n (number of criteria compared), a scale of 
values ranging from 9 to 1/9, developed by Saaty (1977), was referred (Table 1).

Fig. 2   Methodology chart
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The highest rating, i.e., 9, hints the row factor to be more dominating over the col-
umn factor and vice versa with the lowest rating value 1/9. The expertise inputs were 
taken into consideration while deciding the ranks of influential factors.

3.2.3 � Consistency ratio (CR)

Consistency ratio is a single numerical index that verifies the consistency of PWCM 
(Saaty, 1980); if CR is less than 10% then the hierarchical structure and ranks are accepted. 
Saaty and Vargas (1991) recommended a revision of the preference matrix by the expert’s 
knowledge and experience, if the CR value is higher than 1. Consistency ratio is computed 
by using Eq. 2:

where CI = consistency index for the set of judgments and RI = random index.
Equation 3 has been used to calculate the CI:

Where λmax = greatest eigenvalue of preference matrix and n = order of matrix.
Eigenvalues are obtained by summing up the product of total weight and normalized 

weight of the evaluating criteria in the matrix. Further, the largest eigenvalue is considered 
as λmax to check the decision consistency of the PWCM.

RI values proposed by Saaty (1980) show the magnitude value for 10 criteria as 1.49 
(Table 2).

4 � Results and discussion

4.1 � Thematic maps

4.1.1 � Normalized difference vegetation index (NDVI)

Normalized difference vegetation index has been derived to understand the intensity and 
density of vegetation cover in upper part of Bhima river basin. This index extends lagged 

(2)CR =
CI

RI

(3)CI =
�
max

− n

n − 1

Table 1   Comparison matrix 
scale (Saaty 1977)

Comparison for parameters (1 to 9 scale)

Intensity of importance Definition

1.00 Equal
3.00 Moderate
5.00 Strong
7.00 Very strong
9.00 Extreme
2, 4, 6, 8 For compromises 

between the 
above
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response to drought and hence considered as an indirect factor in drought assessment. 
The NDVI value ranges from − 0.12 to 0.52 (Fig. 3). The map depicts that NDVI values 
between −  0.1 and 0.12 indicate the presence of water body, river or barren areas with 
exposed rocks occupying central part of the river basin. The index values varying from 
0.13 to 0.26 depict the agricultural crops, fruit orchards and shrubs that are covering the 
southeastern part of the study area. Few patches that are observed toward northwest (in 
and around village Manchar) reveal undulating terrain, steep slopes covered with grass or 
shrubs. The high index values are indicative of more greenness in plants, dense vegetation 
canopy, forest or tree plantation occupying the northwest part as well as the mouth (village 
Kashti) of the basin. The lowest rank was assigned to high NDVI values as there is a mini-
mum risk of drought and vice versa.

4.1.2 � Rainfall

The amount of rainfall, total rainy days, rainfall intensity and dry spells during rains have 
direct impact on drought severity. The dry spells between rainfall play very vital role in 
retaining moisture in soil zone and availability of water to various crops. Hence, it is the 
key factor in drought analysis. The normal average or above an average rainfall in a region 
experiences high surface runoff vis-a-vis high water levels in reservoirs, high cultivation 
of rain-fed crops and maximum aquifer saturation leading to elevated groundwater levels 
in dug wells. Rainwater is the prominent source of recharge in the study area. The rain-
fall distribution map was reclassified into five categories that depicts maximum rainfall of 
712.4 mm and minimum 259.72 mm (Fig. 4). The high rainfall occurs in the NW area due 
to its proximity to Western Ghats causing orographic rains and gradually decreases toward 

Fig. 3   NDVI
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SE part. Majority of the area (783 sq. km) falls under very low rainfall category (Table 3). 
The highest ranks are assigned to the areas receiving less rainfall due to high drought vul-
nerability, and the lowest ranks to the areas showing maximum rainfall.

4.1.3 � Slope

The land slope is a decisive factor in establishing the rainfall-to-runoff and rainfall-to-
recharge ratio. The land having high degree slopes experiences short rainwater residence 
time; hence, there is a meager possibility of infiltration. The slope of land has been divided 
into five categories, viz. flat–gentle (0°–2.2°), low (2.3°–5.7°), moderate (5.8°–12°), high 
(13°–21°) and very high (22°–47°). Thus, with increasing degree of slope the water infil-
tration rate decreases resulting in more runoff (Khaleghi et al. 2017). Slopes also play a 
very significant role in setting land-use pattern altering the natural recharge rate. Majority 
of the area (86.82%, Table 3) falls under gentle to flat slope, i.e., plateau region (Fig. 5). 
The slope increases toward NW, especially in the peripheral hilly region where high runoff 
is generated; therefore, high ranks are assigned to very high slope category. Hence, the 
hamlets and small settlements situated in hilly areas of upper Bhima basin face the drink-
ing water scarcity every year despite high rainfall. 

4.1.4 � Vadose zone

The vadose zone, also called as unsaturated zone or zone of aeration, consists of top soil 
layer, intermediate zone and capillary fringe belt above the water table. This zone charac-
teristically represents the void/pore spaces that are partially filled with water. The thickness 

Fig. 4   Rainfall distribution
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Table 3   Themes, AHP weights and area covered under each feature class

Sr. no Theme Classes Rank AHP weight Area (sq km) Area %

1 NDVI − 0.13–0.01 5 0.16743 409.633 23.0391
0.01–0.12 4 822.155 46.2406
0.13–0.19 3 433.864 24.4019
0.2–0.27 2 104.987 5.9048
0.28–0.54 1 7.354 0.4136

2 Rainfall 259.71–341.37 5 0.196972 783.01 44.0215
341.38–437.24 4 380.287 21.3801
437.25–520.67 3 182.25 10.2462
520.68–597.01 2 276.796 15.5617
597.02–712.40 1 156.357 8.7905

3 Slope 0–2.2 1 0.132175 1543.69 86.82
2.3–5.7 2 143.703 8.0821
5.8–12 3 43.388 2.442
13–21 4 21.774 1.2246
22–47 5 25.488 1.4335

4 Vadose zone 0.84–1.61 5 0.102781 888.417 49.9476
1.61–2.57 4 455.6 25.6163
2.57–3.42 3 378.531 21.2813
3.42–5.59 2 45.144 2.538
4.59–7.46 1 11.007 0.6188

5 Soil depth Very shallow 5 0.105779 705.834 39.695
Shallow 4 394.845 22.2053
Moderately deep 3 41.934 2.3583
Slightly deep 2 192.827 10.8441
Deep 1 442.719 24.8976

6 LU/LC Agriculture 2 0.063343 1080.801 59.7765
Barren land and hills 5 500.510 28.1451
Fallow land 3 58.070 3.2654
Settlement 4 70.391 3.9582
Waterbody and vegetation 1 68.551 3.8548

7 Density of WHS Very high 1 0.109515 96.362 23.4157
High 3 124.973 47.5202
Moderate 2 165.142 14.9112
Low 4 74.815 8.1442
Very low 5 56.843 6.0087

8 Geomorphology Denudational hills 5 0.034303 126.76 7.1356
Plateau 4 1531.83 86.2296
Alluvial plain 3 45.246 2.547
Flood plain 2 3.112 0.1752
Waterbody 1 69.505 3.9126
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and the hydraulic properties of the soil/rock material present in this zone play a signifi-
cant role in supporting the green vegetative cover. The amount of water that clings the soil 
particles is very crucial during drought conditions; hence, it is imperative to measure the 
water/moisture content in this zone. After fulfilling the water requirement of vadose zone, 
i.e., when the field capacity stage is approached, the excess water starts draining with the 
gravity in the zone of saturation; hence, thicker vadose zone imparts delayed effect to the 
aquifer recharge. The vadose zone thickness varies from 0.84 to 7.46 m below ground level 
(bgl). The thickness of vadose zone reduces toward southeastern and central parts of the 
basin (Fig. 6).

Table 3   (continued)

Sr. no Theme Classes Rank AHP weight Area (sq km) Area %

9 Drainage density Very high 5 0.040713 541.458 30.4635

High 4 409.179 23.0213

Moderate 3 417.947 23.5146

Low 2 235.981 13.2768

Very low 1 172.826 9.7236
10 Groundwater fluctuation 1.55–4.17 1 0.04699 8.155 0.4586

4.18–5.61 2 316.736 17.8124
5.62–6.8 3 575.287 32.3526
6.81–8.48 4 795.247 44.7225
8.49–12 5 82.754 4.6539

Fig. 5   Land slope
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4.1.5 � Soil depth

A well-defined soil horizon is developed at very few locations in the basin. The soil is red-
dish brown in color and exhibits mud cracks, which justifies the semiarid climate in the 
area. The soil wilting point is crucial in assessing the agricultural drought in a region. Due 
to urbanization and deforestation, the soil erosion rate is increasing especially in the NW 
part of the basin. The soil from the study area is sandy loam, sandy clay loam and loamy 
sand types, and it has been observed that the soil depth varies from 75 to 100 cm along the 
main river channel, valley, and valley fill regions. In the southern part of the study area, 
slightly deep (50 to 75 cm) soil layer is observed. Most of the area (61.69%, Table 3) shows 
very shallow to shallow depth of soil (< 10 cm) (Fig. 7). The moisture retaining capacity of 
soil facilitates the green cover and frequency of cultivation, and hence the highest ranks are 
allocated to the areas having poor or thin soil cover.

4.1.6 � Land‑use/land‑cover (LU/LC)

The land utilization type is a key factor in framing the hydrological setup of any river 
basin/watershed. The land use/land cover plays a fundamental role in drought severity 
mapping. The land cover generating more runoff contributes to scarcity of this precious 
resource. An object-based image analysis of upper Bhima catchment by Samal and Gedam 
(2012) revealed that there is a significant reduction in stream flow due to the urbanization, 
industrialization and conversion of wasteland into agriculture.

Agriculture, hills, barren land, fallow land, settlement, vegetation and water body are the 
land-use classes formulated to understand the land utilization pattern in the upper Bhima 
basin. Accuracy assessment analysis was conducted to check the correctness of land-use 
classes. The analysis revealed that 1080.801sq. km (59.78%) area has been covered by 

Fig. 6   Thickness of vadose zone
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agriculture, whereas 500.510 sq. km (28.15%) by barren land and hills and 197.01 sq. km 
(11.07%) area is covered by other land-use types (Table 3 and Fig. 8). Agriculture is the 
major land-use type; hence, water demand for irrigation is high in the area. The surface 
water irrigation is prominent in command area covering southeast part of the basin. Forest, 
agriculture and water body categories have been assigned with the lowest ranks because of 
the least possibility of drought hazard.

4.1.7 � Water harvesting structures (WHS)

In hard rock terrain like basalt, due to poor permeability, the surface water conservation 
structures are highly recommended to cater the domestic and agricultural needs. The objec-
tive and type of these structures vary according to their placement in runoff, recharge or 
discharge zones in watershed. The ridge to valley conservation measures are common, and 
success stories have been reported from Maharashtra.

Continuous contour trenching (CCT), cement nala bunds (CNB), check dam and farm 
ponds (FP) were observed throughout the area wherein majority of the WH structures have 
been built on moderate to plain land (Fig. 9). Apart from this, in the lower part of the basin, 
major masonry dam has also been observed. Artificial recharge to aquifers in the area is 
possible due to these WHSs. As majority of the area is agricultural, farm ponds, stream 
bunds and check dams are built on large scale to cater the irrigational demand. These struc-
tures conserve the post-monsoonal river discharge and facilitate winter crops as well as 
summer crops in few areas. The density of WH structures is high toward SE region. The 

Fig. 7   Soil depth
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Fig. 8   LU/LC

Fig. 9   Location of WHS
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high density of WHS indicates ample availability of surface water and less possibility of 
water scarcity; therefore, minimum ranks are given to the areas with high WHS density.

4.1.8 � Geomorphology

Majority of the area is a top plateau of the gigantic Deccan Volcanic Province (86.23%, 
Table  3). The other dominating morphology is of denudational hills and ridges, which 
occupy the northwestern part of the basin. The area exhibits various landform types, 
namely upper and middle plateau, alluvial plain, denudational hills and denudational 
slopes. Most of the study area is a part of upper and middle plateau (Fig. 10). The plateau 
area being gently sloping to flat, the surface runoff is moderate and thus availability of sur-
face water is more as compared to hilly area.

4.1.9 � Drainage density

The drainage density represents the total length of streams per unit area and expressed in 
km/sq. km. It is a sensitive parameter that, in many ways, links the landform attributes of 
the basin with the processes operating along stream course (Gregory and Welling 1973). It 
affects the rate of infiltration and surface discharge. A low drainage density indicates that 
most of the rainwater infiltrates in the subsurface and hence few channels are formed to 
carry the generated surface runoff (Rogers 1971). Drainage density reflects the relationship 
between erosive power of overland flow and the resistance of surface soils and rocks. Soil 
and rocks with a high infiltration rate reduce overland flow, and consequently drainage den-
sity is low in that region.

Fig. 10   Geomorphology
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The higher drainage density results in more surface water flow in that area and 
hence prone to drought condition as seen in the northwestern hilly region of the basin. 
About 30% of the area experiences high drainage density (Table 3). Thus, higher drain-
age density has been observed in the upper peripheral part and low drainage density in 
the southern and southeastern parts of the area (Fig. 11). The highest ranks have been 
assigned to the areas showing the highest drainage density because of the less soil–water 
interaction and poor infiltration.

4.1.10 � Groundwater level fluctuation

The phreatic aquifers are mostly occurring up to the depth of 15 m in the basin. The 
weathered/fractured zone is underlain by hard massive basalts that act as a base rock 
of the phreatic aquifer, limiting its downward extent. The groundwater in these shal-
low aquifers gets replenished annually, and therefore, the status of water levels and its 
fluctuation play a key role in the assessment of drought. The groundwater levels in dug 
wells deplete due to several reasons, viz. rainfall variation, groundwater withdrawal dur-
ing rainy season (prolong dry spell) for irrigating rain-fed crops, increase in the demand 
and due to the hydraulic connectivity with the deeper confined aquifers. Groundwater 
level fluctuation is directly proportional to drought severity. The average groundwater 
level fluctuation in the area ranges between 1.55 and 12 m (Fig. 12). High fluctuation 
(6–12  m) is observed in patches throughout the basin (highest ranks allocated) that 
mostly may be due to the unprecedented withdrawal for crop irrigation and domestic 
use.

Fig. 11   Drainage density
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4.1.11 � Weight assignment using AHP

As the matrix is symmetrical, the lower half numbers are just the reciprocal of the values 
allocated to corresponding upper diagonal cells. The comparison matrix has been designed 
considering ten influencing factors contributing to drought severity (Table  4). Table  5 
depicts the normalized pairwise comparison matrix.  

Priority vector was computed by considering the comparison matrix and weighted score 
values. The product of weighted sum and score generated consistency measure values. Fur-
ther, the average of consistency measure values was obtained to get the λ max (10.95). The 
closeness of λ max value to n (number of criteria) reflects the higher accuracy in judgment. 
The consistency index value obtained is 0.1060, and RI for the magnitude of 10 criteria is 
1.49. The CR value computed for drought severity zonation mapping is 0.071188 depicting 
the consistency in weights assigned to various factors.

4.1.12 � Reclassification and integration of the thematic layers

GIS executes the database operations such as query building, attribute modification and 
statistical analysis. This makes GIS different from other information systems and elevating 
its utility among a wide range of public and private enterprises for explaining events, pre-
dicting scenarios and planning strategies (Subramani and Deepa 2016).

Reclassification of the thematic raster layers into five categories was performed by 
assigning ranks between 1 and 5 to each sub-feature class of the corresponding theme. 
During the reclassification, certain feature classes were merged to form a single class, e.g., 
in LU/LC map out of seven feature classes, two classes, namely water body and natural 
vegetation, were allotted with the same ranks and merged into a single class. Likewise, 
based on necessities the number of classes was reduced for other themes also.

Fig. 12   GW level fluctuation



	 Natural Hazards

1 3

Ta
bl

e 
4  

P
ai

rw
is

e 
co

m
pa

ris
on

 m
at

rix

C
rit

er
ia

N
D

V
I

R
ai

nf
al

l
Sl

op
e

V
Z

SD
LU

LC
W

H
S

G
M

D
d

G
W

F

N
D

V
I

1
2

3
2

2
2

0.
5

3
3

7
R

ai
nf

al
l

0.
5

1
3

5
4

2
3

3
5

5
Sl

op
e

0.
33

33
0.

33
33

3
1

2
2

3
5

3
4

0.
33

3
Va

do
se

 z
on

e
0.

5
0.

2
0.

5
1

3
2

0.
5

3
4

5
So

il 
de

pt
h

0.
5

0.
25

0.
5

0.
33

33
1

2
2

4
5

6
LU

LC
0.

5
0.

5
0.

33
33

33
0.

5
0.

5
1

0.
33

33
33

2
2

4
W

H
S

2
0.

33
33

3
0.

2
2

0.
5

3
1

2
3

2
G

eo
m

or
ph

ol
og

y
0.

33
33

0.
33

33
3

0.
33

33
33

0.
33

33
0.

25
0.

5
0.

5
1

0.
5

1
D

d
0.

33
33

0.
2

0.
25

0.
25

0.
2

0.
5

0.
33

33
33

2
1

3
G

W
 fl

uc
tu

at
io

n
0.

14
28

0.
2

3
0.

2
0.

16
66

0.
25

0.
5

1
0.

33
33

33
1

Su
m

6.
14

28
5

5.
35

12
.1

16
67

13
.6

16
6

13
.6

16
16

.2
5

13
.6

66
67

24
27

.8
33

33
34

.3
33

33



Natural Hazards	

1 3

Ta
bl

e 
5  

N
or

m
al

iz
ed

 p
ai

rw
is

e 
co

m
pa

ris
on

 m
at

rix

C
rit

er
ia

N
D

V
I

R
ai

nf
al

l
Sl

op
e

Va
do

se
 z

on
e

So
il 

de
pt

h
LU

LC
W

H
S

G
m

D
d

G
W

F
Su

m
Sc

or
e

N
D

V
I

0.
16

2
0.

37
3

0.
24

7
0.

14
6

0.
14

6
0.

12
3

0.
03

6
0.

12
5

0.
10

7
0.

20
3

1.
67

4
0.

16
74

R
ai

nf
al

l
0.

08
1

0.
18

6
0.

24
7

0.
36

7
0.

29
3

0.
12

3
0.

21
9

0.
12

5
0.

17
9

0.
14

5
1.

96
9

0.
19

69
Sl

op
e

0.
05

4
0.

06
2

0.
08

2
0.

14
6

0.
14

6
0.

18
4

0.
36

5
0.

12
5

0.
14

3
0.

00
9

1.
32

1
0.

13
21

Va
do

se
 z

on
e

0.
08

1
0.

03
7

0.
04

1
0.

07
3

0.
22

0
0.

12
3

0.
03

6
0.

12
5

0.
14

3
0.

14
5

1.
02

7
0.

10
27

So
il 

de
pt

h
0.

08
1

0.
04

6
0.

04
1

0.
02

4
0.

07
3

0.
12

3
0.

14
6

0.
16

6
0.

17
9

0.
17

4
1.

05
7

0.
10

57
LU

/L
C

0.
08

1
0.

09
3

0.
02

7
0.

03
6

0.
03

6
0.

06
1

0.
02

4
0.

08
3

0.
07

1
0.

11
6

0.
63

3
0.

06
33

W
H

S
0.

32
5

0.
06

2
0.

01
6

0.
14

6
0.

03
6

0.
18

4
0.

07
3

0.
08

3
0.

10
7

0.
05

8
1.

09
5

0.
10

95
G

eo
m

or
ph

ol
og

y
0.

05
4

0.
06

2
0.

02
7

0.
02

4
0.

01
8

0.
03

0
0.

03
6

0.
04

1
0.

01
7

0.
02

9
0.

34
3

0.
03

43
D

d
0.

05
4

0.
03

7
0.

02
0

0.
01

8
0.

01
4

0.
03

0
0.

02
4

0.
08

3
0.

03
5

0.
08

7
0.

40
7

0.
04

07
G

W
 fl

uc
tu

at
io

n
0.

02
3

0.
03

7
0.

24
7

0.
01

4
0.

01
2

0.
01

5
0.

03
6

0.
04

1
0.

01
1

0.
02

9
0.

46
9

0.
04

69
C

R
 =

 0.
07

11
88

10
∑

 =
 1



	 Natural Hazards

1 3

The integration of thematic layers has been carried out by weighted overlay analysis, 
and the resultant map revealed the areas under variable degree of drought. This out-
put map was further reclassified using natural breaks method to divide the area into 
extreme, severe, moderate, mild and no drought zones (Fig.  13). The zonation map 
exhibits about 187sq km area (about 11%) under extreme drought condition having hills, 
fallow and barren land as major land use, low to moderate soil depth with poor water 
holding capacity, steep slopes, poor density of WH structures, high drainage density 
indicating more surface runoff and moderate to high groundwater level fluctuation occu-
pying majority of the northwestern part of the basin (Table 6).

While 427.24sq km (24.51%) area represents ‘severe drought,’ 547.03sq km (31.38%) 
area is covered under ‘moderate drought’ severity zone. In these zones, the larger area 
is under agriculture posing high demand of water with moderate density of water har-
vesting structures, built-up land, moderate thickness of vadose zone, moderate drainage 
density, low to moderate rainfall and high groundwater level fluctuation. Chinchni dam 
is constructed on Ghod river in the southeastern part of the study area, and canal irriga-
tion supports the agricultural practices in nearby areas. Moreover, the dug wells are in 

Fig. 13   Drought severity zonation map

Table 6   Drought severity classes 
with areal extent

Drought class Area (km2) Area (%)

Extreme drought 187.73 10.77
Severe drought 427.24 24.51
Moderate drought 547.03 31.38
Mild drought 429.80 24.65
No drought 151.52 08.69
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hydraulic connectivity with dam water; therefore, the region is under mild to no drought 
zone (Fig. 14). 

4.1.13 � Verification of drought severity model

The drought zonation map generated for the upper Bhima area has been validated by super-
imposing tanker-fed villages. High frequency of villages has been observed in extreme 
drought area followed by severe and moderate severity zones. The small habitations and 
hamlets situated in hilly terrain in the northwestern part of the study area face severe drink-
ing water scarcity and depend on the tanker water supply, especially in severe summer 
months.

5 � Conclusions and recommendations

Drought does not merely happen to be a natural phenomenon. It affects every climatic zone 
worldwide involving multiple sectors and hence draws the attention of researchers and 
planners to hazard mapping and risk assessment.

A study was conducted in parts of the upper Bhima river basin to explore the efficacy 
of integrated GIS and AHP techniques in drought hazard mapping. GIS helps in process-
ing spatiotemporal data of large areas in short duration and explicitly executes the data-
base operations such as query building and statistical analysis, whereas AHP facilitates 

Fig. 14   Superimposition of tanker-fed villages on drought zonation map
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the justifiable assignment of weights to influential parameters systematically with a reli-
able accuracy through pairwise comparison matrix to solve multi-criteria decision-making 
problems.

It has been found that the AHP is a powerful tool of normalization that removed the bias 
in weight allocation and efficiently established the hierarchical relationship among the fac-
tors affecting drought severity, viz. NDVI, rainfall, slope, vadose zone, soil depth, LULC, 
water harvesting structures, geomorphology, drainage density and groundwater level fluc-
tuation, wherein GIS helped to combine these weighted thematic layers to produce drought 
zonation map.

The resultant map revealed that the zones with extreme, severe, moderate, mild and no 
drought cover 187.73, 427.24, 547.03, 429.80 and 151.52 sq. km area, respectively. The 
villages falling in extreme or severe drought zones experience drinking water scarcity tak-
ing a large toll on the government functionaries to provide water to suffice the drinking and 
domestic needs. These villages have to be provided with relief measures like piped water 
supply schemes, gravity-based water supply, spring water storage tanks, exploring perched 
aquifers, etc. The water budget exercise at village level is recommended to understand the 
water requirement for drinking as well as irrigation purposes and accordingly shift from 
cash crop to local suitable crop and less water-intensive crop to combat the scarcity.

The present study underlined the paucity of hydrogeological field data, especially in 
hilly and highly undulating basaltic terrain. There is a need of establishing a network of 
piezometers and digital water level recorders/sensors that would help in characterizing the 
heterogeneous basaltic aquifer. Besides, in light of climate variability the high frequency 
rainfall, temperature and evapotranspiration data are necessary to strengthen the predicta-
bility of drought. This study brings out avenues for future research to evaluate vulnerability 
involving relevant socioeconomic and ecological factors.
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