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Tsunami Early Warning System:

An Indian Ocean Perspective

Prasad K. Bhaskaran* and P.C. Pandey

1. INTRODUCTION

Tsunamis are considered the most devastating natural hazard on coastal environments ever known. Densely
populated cities on coastal belts are the engines of economic growth and the centers of innovation for
global economy and hinterlands of respective nations. As we know most of global cities are located near
the coast facilitating trade and commerce. They are also located near the mouths of major perennial
rivers which serve as conduits for commerce connecting rest of the world. These locations place major
cities at a greater risk of natural hazards viz., cyclones, flooding, sea-level rise, tsunamis, etc. With the
increasing intensity of economic exploitation in coastal belts, there is also an increase in socio-economic
consequences resulting from the hazardous action of tsunami waves generated from submarine seismic
activity and other causes. On 26 December 2004, the countries within the vicinity of East Indian Ocean
experienced and witnessed the most devastating tsunami in recorded history. This tsunami was triggered
by an earthquake of magnitude 9.0 on the Richter scale at 3.4° N, 95.7° E off the coast of Sumatra in the
Indonesian Archipelago at 06:29 hrs IST (00:59 hrs GMT).

Historical records of past tsunamis reveal that the most damaging world tsunamis generated by
earthquakes during the past five decades are: (i) 1952 – Kamchatka Peninsula (Russian Far East): 18–19
m high (more than 2000 fatalities); (ii) 1960 – Chile: 25 m high (more than 500 fatalities); (iii) 1964 –
Alaska: 67 m (more than 100 fatalities reported); and (iv) 26 December 2004 - Indian Ocean: up to 30 m
high (more than 200,000 people dead) and 12 countries affected in three continents. The run-up levels
associated with the past Indian Ocean tsunamis are summarized in Table 1.

While earthquakes could not be predicted in advance, once the signatures of an earthquake is detected
it would have been possible to give warning of a potential Tsunami to the coastal stations. Such a warning
system at present is in place across the Pacific Ocean. However, the tsunami warning system in the
Indian Ocean had been set up quite recently after the 2004 event. In addition, coastal dwellers within the
Pacific Ocean littoral belt are educated to get high ground quickly following waves. However, those in
the Indian Ocean are quite unaware. In less than a day, tsunamis can travel from one side of the ocean to
the other. People living near areas where large earthquakes occur may find that the tsunami waves will
reach their shores within minutes of the earthquake. For these reasons, the tsunami threat for many areas,
e.g., Indonesia, Philippines, Java, etc. can be immediate for tsunamis resulting from nearby earthquakes
which take only few minutes to reach coastal areas, in comparison with sufficient response time for
tsunamis from distant earthquakes which take approximately about 3 to 22 hours reaching other coastal
destinations.

Tsunamis are rare in the Indian Ocean as the seismic activity is much less than what exist in the
Pacific. Historical records state that there have been seven tsunamis set off by earthquakes near Indonesia,
Pakistan and one at Bay of Bengal. Earthquakes occur due to collision of plates at their boundaries.
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Scientists now believe that one plate that comprised the landmass from India to Australia has broken up
into two (Orman et al., 1995). The earthquake location of recent 2004 Indian Ocean tsunami was near the
meeting point of Australian, Indian and the Burmese plates. Scientists have advocated that this is a
region of compression as the Australian plate is rotating counterclockwise into the Indian plate. The
implication of this also means that a region of seismic activity has become active in the South-eastern
Indian Ocean which has potential of triggering another deadly tsunami. Within the close vicinity of
India, there are two potential tsunamigenic zones: Andaman-Sumatra trench (East India) and the Makran
coast (West India).

Tsunamis are known as long gravity waves, and hence their travel time in the ocean depends only on
the water depth and gravity, at least to the zeroth-order. As of today, no technology exists to predict a
tsunami event well in advance (Synolakis, 1995). Contrary to popular belief, the tsunami travel times do

Table 1. Summary of tsunami occurrences in the Indian Ocean during 1700-2007 period

Sl. Affected location Run-up Date/Year Earthquake Source location
No. height (m) magnitude

at source

1 Tributaries of Ganges 1.83 12 April, 1762 N.A. Bay of Bengal
River (Bangladesh)

2 Port Blair, Andaman Islands 4.00 19 August, 1868 MW 7.5 Bay of Bengal
3 Car Nicobar Islands,

Nicobar Islands 0.76 31 December, 1881 MS 7.9 Car Nicobar Islands,
Andaman Sea

4 Dublat, India 0.30
5 Nagapattinam, India 1.22
6 Port Blair, Andaman Islands 1.22
7 Chennai 1.5 (wave 26 August, 1883 Krakatao Volcanic Islands of Java

height)  Eruption and Sumatra
8 Andaman & Nicobar Islands N.A. 26 June, 1941 MW 7.7 Andaman Sea

(12.5°N; 92.57°E)
9 Mumbai, India 1.98 27 November, 1945 MS 8.3 Arabian Sea

(24.5°N; 63°E)
10 Karachi, Pakistan 1.37
11 Ormara, Pakistan 13.0
12 Pasni, Pakistan 13.0
13 Victoria, Mahe Islands, 0.30

Seychelles
14 Not felt in India - 19 August, 1977 MS 8.1 West of Sumba

Islands, Indonesia
15 Cocos Islands, Australia 0.30 18 June, 2000 MS 7.8 Arabian Sea
16 13 countries surrounding 34.90 26 December, 2004 MS 9.0 West coast of

Indian Ocean rim directly Northern Sumatra,
affected Indonesian

Archipelago
17 Indonesia 1.0 28 March, 2005 MS 8.6 Indonesia
18 Java 2.0 17 June, 2006 MS 7.7 Indonesia

Source: Information from the website of NGDC (National Geophysical Data Centre, NOAA, USA; http://
www.ngdc.noaa.gov/hazard/tsu.shtml).
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not depend upon the magnitude of the under-water disturbance that generated the tsunami. For the Pacific
Ocean, it has been clearly demonstrated that the computed tsunami travel times using the zero-order
approximation are correct to plus or minus one minute for each hour of travel. The advantage of this
zero-order approximation is that tsunami travel times to selected locations around the rim of the Indian
Ocean as well as to selected island sites can all be pre-computed in advance once and for all. This set of
information can be stored in the electronic format as well as a tsunami travel time atlas format and can be
quickly accessed in real tsunami events with a minimum effort.

Isochrome charts on tsunami travel time were first made in 1947 by the American Coastal Service
after the Aleutian disastrous tsunami in the Pacific coast (Zetler, 1947). Subsequently, in 1971 these
charts were evaluated and about fifty such charts were used by the tsunami warning system (Holloway et
al., 1986). In concurrence with the disastrous tsunami of Hawaii on 1 April 1946 (Okal et al., 2002) from
an earthquake in the Aleutian Islands of USA, a Pacific Ocean tsunami warning system was established
based in Ewa Beach, Oahu Island, Hawaii, USA. In the immediate vicinity of islands, the catastrophe
resulting from a tsunami is advocated as enormous (Yeh et al., 1994).

The goal of this chapter is to present a brief review on tsunamis which affected Indian sub-continent,
current status of tsunami warning system for the Indian Ocean, and methodology used in the construction
of tsunami travel time charts for the Indian Ocean. Further, the importance of artificial neural network
(ANN) to expedite warnings has been demonstrated, which is considered an essential pre-requisite for
an early warning system in the Indian Ocean.

2. REVIEW ON TSUNAMIS AFFECTING THE INDIAN SUBCONTINENT

Though majority of reported tsunamis are from countries surrounding the Pacific Ocean rim, there are
also few reported cases of tsunamis in the Indian Ocean. Considering the vast length of Indian coastline
(7516 km), the threat arising from tsunami-genic event is potentially hazardous. From our past experiences,
the tsunami-genic earthquakes occurred mostly at these three locations, viz.; (i) the Andaman Sea, (ii)
geographical area about 400-500 kilometers South south-west off Sri Lanka, and (iii) in Arabian Sea
about 70-100 km south off Pakistan coast. The oldest record of tsunami in the Indian Ocean dates back to
November 326 B.C. earthquake near the Indus Delta (presently the Kutch region) where a major earthquake
destroyed the Macedonian fleet (Lietzin, 1974). Historical records of tsunamis in the Indian Ocean reported
1.5 m at Chennai resulting from August 8, 1883 Krakatao volcanic eruption in Indonesia. Also, an
earthquake of magnitude 8.25 occurred about 70 km south of Karachi, Pakistan on November 27, 1945.
This resulted in a large tsunami magnitude of about 11.0 to 11.5 m high in the west coast of India (Kutch
region) (Pendse, 1945). There are few more cases of earthquakes with a magnitude less than 8.0 which
have given rise to some smaller tsunamis. Bapat et al. (1983) reported a few more earthquakes along the
coast of Myanmar.

In the Andaman Sea, an earthquake of magnitude 8.1 occurred on June 26, 1941 resulting in a
tsunami affecting the east coast of India. According to non-scientific sources, the heights of tsunami
waves were in the order of 0.75 to 1.25 meters as no tide-gauges were in operation then. This was the
strongest earthquake ever recorded in the Andaman & Nicobar Islands prior to which was the 1881
Nicobar Islands earthquake (magnitude 7.9 on the Richter scale). Hindcast studies employing mathematical
calculations suggested that the height could be in the order of 1.0 meter. It is believed that nearly 5,000
people were killed by this tsunami in the east coast of India. Local newspaper sources are believed to
have mistaken the deaths and damage to a storm surge; however, a search of meteorological records
(Murty, 1984) does not show any storm surge on that day in the Coromandel Coast. Tremors from this
earthquake were felt in cities along the Coromandel (eastern) Coast of India and even in Colombo,
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Sri Lanka. This earthquake was followed by several powerful aftershocks (Tandon et al., 1974). Two
events of magnitude 6.0 struck within 24 hours of the main shock on June 27, 1941. The first occurred at
07:32:47 UTC and was followed by another at 08:32:19 UTC. Consequently, these were then followed
by 14 earthquakes of magnitude 6.0 until January 1942.

Considering the build-up of seismic activity in the Southeastern Indian Ocean and associated calamities
which resulted from the past tsunami-genic events, a comprehensive tsunami travel time (TTT) atlas for
the Indian Ocean was developed by Prasad et al. (2005) which can serve as an important tool for the
early warning of tsunami. We discuss in subsequent sections how this information from the TTT atlas
can be used in the context of ANN to reduce response time for an early warning system in the Indian
Ocean.

3. CURRENT STATUS OF TSUNAMI WARNING SYSTEM FOR

THE INDIAN OCEAN

Recognizing the imperative to put in place an Early Warning System for the mitigation of oceanogenic
disasters that cause severe threat to nearly 400 million population living in the coastal belt with devastation
of life and property, and further driven by the national calamity due to the Indian Ocean Tsunami of
December 26, 2004, the Ministry of Earth Sciences (MoES), Government of India, has taken up the
responsibility of establishing a National Tsunami Early Warning System (NTEWS). The Warning System
has been established by MoES as the nodal ministry at a cost of Rs. 1,250 million in collaboration with
the Department of Science and Technology (DST), Department of Space (DOS) and the Council of
Scientific and Industrial Research (CSIR), Government of India. The National Tsunami Early Warning
Centre has been set up at the Indian National Centre for Ocean Information Services (INCOIS), Hyderabad,
Andhra Pradesh, India.

Tsunami-genic zones that threaten the Indian coast have been identified by considering the historical
tsunamis, earthquakes, their magnitudes, location of the area relative to a fault, and also by tsunami
modeling. The east and west coasts of India including the island regions are likely to be affected by
tsunamis generated mainly by subduction zone related earthquakes from the two potential source regions,
viz., the Andaman-Nicobar-Sumatra island arc and the Makran subduction zone north of Arabian Sea.
The Indian Tsunami Early Warning System comprises a real-time network of seismic stations, Bottom
Pressure Recorders (BPR) and tide gauges to detect tsunami-genic earthquakes and to monitor tsunamis.

The Early Warning Centre receives real-time seismic data from the national seismic network of the
India Meteorological Department (IMD), New Delhi, and other international seismic networks. The
system detects all the earthquake events of magnitude greater than 6 occurring in the Indian Ocean in
less than 20 minutes of occurrence. BPRs installed in the deep ocean are the key sensors to confirm the
triggering of a tsunami. The National Institute of Ocean Technology (NIOT) has installed four BPRs in
the Bay of Bengal and two BPRs in the Arabian Sea. In addition, NIOT and Survey of India (SOI) have
installed 30 Tide Gauges to monitor the progress of tsunami waves. Integrated Coastal and Marine Area
Management (ICMAM) has customized the tsunami model for five historical earthquakes and the predicted
inundation areas. The inundated areas are being overlaid on cadastral level maps of 1:5000 representative
scales. These community-level inundation maps are extremely useful for assessing the population and
infrastructure at risk. High-resolution coastal topography data required for modeling is generated by the
National Remote Sensing Agency (NRSA), Government of India, using ALTM and CARTOSAT data.
INCOIS has also generated a large database of model scenarios for different earthquakes that are being
used for operational tsunami early warning.
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Communication of real-time data from seismic stations, tide gauges and BPRs to the early warning
centre is very critical for generating timely tsunami warnings. A host of communication methods are
employed for timely reception of data from the sensors as well as for dissemination of alerts. Indian
Space Research Organization (ISRO), Bangalore, has made an end-to-end communication plan using
INSAT. A high level of efficiency is being built into the communication system to avoid single point
failures.

A state-of-the-art early warning center is established at INCOIS (Indian National Centre for Ocean
Information Services) located in Hyderabad, Andhra Pradesh, with all the necessary computational and
communication infrastructure that enables reception of real-time data from all the sensors, analysis of
the data, generation and dissemination of tsunami advisories following a standard operating procedure.
Seismic and sea-level data are continuously monitored in the Early Warning Centre using a custom-built
software application that generates alarms/alerts in the warning centre whenever a pre-set threshold is
crossed. Tsunami warnings/watches are then generated based on pre-set decision support rules and
disseminated to the concerned authorities for action, following a Standard Operating Procedure. The
efficiency of the end-to-end system was proved during the large under-sea earthquake of 8.4 M that
occurred on September 12, 2007 in the Indian Ocean.

The National Early Warning Centre will generate and disseminate timely advisories to the Control
Room of the Ministry of Home Affairs (MHA) for further dissemination to the public. For the dissemination
of alerts to MHA, a satellite-based virtual private network for disaster management support (VPN DMS)
has been established. This network enables early warning center to disseminate warnings to the MHA, as
well as to the State Emergency Operations Centers. In addition, alert messages will also be sent by
Phone, Fax, SMS and e-mails to authorized officials. In case of confirmed warnings, the National Early
Warning Centre is being equipped with necessary facilities to disseminate the advisories directly to the
administrators, media and public through SMS, e-mail, fax, etc. The cyclone warning network of IMD
and electronic ocean information boards of INCOIS could be effectively used for disseminating warnings
directly to the public.

Periodic workshops will be organized in future for the user community by INCOIS to familiarize
them with the use of tsunami and storm surge advisories as well as inundation maps. Easily understandable
publicity material on earthquake, tsunami and storm surges will be generated by INCOIS and will be
distributed in future to the general public for awareness.

4. ORGANIZATION OF TRAVEL TIME CHARTS

The locations for the present study have been chosen mainly for population centers around the Indian
Ocean (Fig. 1). Also, any location deserving special consideration, even if it is not a major population
center, has also been included. Database on countries surrounding the Indian Ocean rim was first identified.
Accordingly, 35 countries surrounding the Indian Ocean has been selected listing major cities and
population. Table 2 summarizes the country name and number of locations used in this study.

The study domain encompasses starting at the south-eastern end of the Indian Ocean (west coast of
Australia) and proceeding northward to Bay of Bengal, then to the Arabian Sea. It should be noted that
the Red Sea and the Persian Gulf (Arabian Gulf) are part of the Arabian Sea system which have experienced
Tsunamis in the past, one notable example being the Arabian Sea tsunami of November 27, 1945. From
the Red Sea, we proceed southward along the east coast of Africa until the Cape of Good Hope, and that
limits the geographic domain for the TTT computation, as our interest here is only the Indian Ocean and
not the Atlantic Ocean. Figure 2 depicts the earthquake locations for which TTT computations were
conducted.
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Table 2. List of countries and corresponding number of coastal stations used for generating
Tsunami Travel Time (TTT)

Country Number of Country Number of Country Number of
locations locations locations

Australia 19 Malaysia 12 Singapore 1
Bahrain 1 Maldives 1 Somalia 8
Bangladesh 3 Mauritius 1 South Africa 11
Brunei 1 Mozambique 9 Sri Lanka 15
Comoros 2 Myanmar 9 Sudan 2
Egypt 3 Oman 5 Taiwan 2
India 47 Pakistan 3 Tanzania 7
Indonesia 31 Philippines 11 Thailand 6
Iran 3 Qatar 2 U.A.E. 3
Kenya 3 Reunion 4 Vietnam 8
Kuwait 1 Saudi Arabia 3 Yemen 2
Madagascar 10 Seychelles 1
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5. COMPUTATION AND DESCRIPTION OF TSUNAMI TRAVEL TIME CHARTS

The technique used to compute travel times over the entire grid is an application of Huygens principle
which states that all points on a wave-front are point sources for secondary spherical waves. From the
starting point, times are computed to all surrounding points. The grid point with minimum time is then
taken as the next starting point and times are computed from there to all surrounding points. The starting
point is continually moved to the point with minimum total travel time until all grid points have been
evaluated. In the countries surrounding the Indian Ocean rim, 250 locations as mentioned above were
selected for this study. The travel time of tsunami waves from the epicenter to various coastal regions has
been evaluated for all the sample points identified.

On 26 December 2004, the countries in the Eastern Indian Ocean experienced the most devastating
tsunami in recorded history (Bindra, 2005). This tsunami was triggered by an earthquake of magnitude
9.0 on the Richter scale off the coast of Sumatra in the Indonesian Archipelago at 06:29 hrs IST (00:59
hrs GMT). The extent of damage resulting from this tsunami has been cited in the post-tsunami field
survey (Chapman, 2005). The dispersive signals of this energetic event were recorded by hydrophones
and seismic stations in coastal locations around the Indian Ocean rim (Hanson and Bowman, 2005). The
computational example for this Indian Ocean tsunami using our computational algorithm is shown in
Fig. 3.

Fig. 2 Geographical coordinates of 250 past earthquake events in the Indian Ocean for which TTT
were computed.
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The most basic information a tsunami warning center requires is ETA (Expected Time of Arrival) of
the first tsunami wave at selected coastal locations from the area of tsunami generation in the ocean.
Almost always, the first wave in a tsunami event is not the wave with the greatest amplitude; nevertheless,
tsunami travel time charts are generally constructed for the first wave, rather than the wave with the
highest amplitude. Advanced knowledge of travel time for the first wave provides some additional valuable
time for the evacuation of people, if and when evacuation is needed. In addition, tsunami travel times can
be pre-computed, independent of the seismic moment magnitude of the earthquake, only for the first
wave. The heights of the subsequent waves are not known until the event actually happens, and hence no
pre-determination of the travel time of the highest wave can be made.

To the zeroth order, tsunami travel times are governed by the long gravity wave formula, which
defines the speed of travel of the tsunami as equal to the square root of water depth, multiplied by the
acceleration due to gravity (Murty et al., 1987). Of course there are higher order correction terms to the

Fig. 3 Travel time of tsunami waves that resulted from the 26 December, 2004 event in the Indian Ocean.
The contour intervals are sampled at every half an hour.
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speed of tsunami travel, based upon dispersion characteristics. While these higher order terms are of
scientific interest, nevertheless, for practical purposes, one can ignore the contributions from these terms,
and use the simple long wave formula.

The calculation algorithm adopted by the authors for computing the isochromes tables is based on

the well-known Huygens method and is actually a group of methods which obtain the time required for
passing a given space interval with a given speed (Yuri et al., 1995). In this technique all the nodes of the

calculated grid are partitioned into three sets, set M1 containing the nodes with finally calculated tsunami
travel times, set M2 contains the nodes with preliminary estimated values that may later be refined and

set M3 the nodes with arrival time that has not been obtained yet. Each node (U) is associated with the
notion of its domain of influence (Su) which is aggregate of neighboring nodes satisfying criterion of

proximity. It is considered that during one step of an algorithm the perturbation can cover the distance
from the specified node only to its nearest pattern neighbors.

At the initial time all the nodes in the domain of the initial perturbation are assigned zero value of the
arrival time (T0) corresponding to the time of beginning of the earthquake and included in the set M 0

2.

The remaining nodes of the calculation domain are included in M 0
3. Then the nodes of  M 0

2 with patterns
not influenced by the ones of the set M 0

3
 are transferred to the set M 1

1
 and excluded from further calculations.

The algorithm afterwards acquires the regular character. Hence, at the nth step the exhaustive search of
the nodes from the set M n

2
 is performed in order of increasing tsunami travel times known at this point of

time.

Let the node A � M n
2 (1)

and  TA =  min{TAi} (where, Ai�� M n
2); then the node for B such that B � SA the tentative estimate (A) of

arrival time is found from the relation:

T = TA + TAB  (2)

where TAB = 
2

�
AB

A B

L
C C  which is the time of perturbation propagation from the node ‘A’ to ‘B’.

Here LAB = R × arccos (sin�A × sin�B + cos�A × cos�B × cos��) denotes the distance from node ‘A’

to ‘B’ through the great circle arc; ‘R’ stands for the radius of the earth; and � ic gh  is the local rate of

perturbation propagation (hi denotes the depth of the i-th node and ‘g’ the acceleration due to gravity).

In case where, B � M n
3, relation from (Equation 1) first yields the value of ‘T’ and the node ‘B’ itself

is transferred to 1
2
�nM , and if B � 

2
nM , the value of ‘T’ is refined from the minimizing relation:

TB = min{TA, TA + TAB} (where A � SB 	
2
nM )  (3)

After the values of T, 
B : B � SA are obtained from Equations 1 and 2, the node ‘A’ is transferred to

the set 1
1
�nM . This procedure is repeated to the next node A �

2
nM  satisfying the condition (Equation 1)

and so on until the set 
2
nM  is exhausted. For the next (n+1) time step, the algorithm is reproduced

without any changes and the computation goes on until step ‘k’ where all calculation node of the water

area are included in the set 
1
kM .

For the Pacific Ocean, it has been shown that the travel time charts are accurate to plus or minus one

minute, for each hour of travel. There is no reason to expect that the travel time charts will be less precise
for the Indian Ocean. This level of error is considered acceptable for tsunami warning purposes. Since, at

present one cannot predict precisely the location and time of occurrence of a tsunami-genic earthquake;
it is not possible to construct tsunami travel time charts for all possible future tsunamis. In any case,
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travel time information is required for coastal locations, where disaster mitigation procedures have to be

invoked during real tsunami events. However, tsunami travel time charts are reversible, in the sense that
the travel times are exactly the same, no matter in which direction the tsunami travels on a given chart,

i.e., from an epicenter in the ocean to a coastal site or vice-versa (i.e., from a coastal site to an epicenter
in the ocean). Once a reasonable number of tsunami travel time charts are prepared for the Indian Ocean,

for selected coastal and island locations, as well as for all historical tsunami events, it is quite probable
that for any future tsunami events, the travel time information that is required could be quickly and

effortlessly obtained from these charts.

6. APPLICATION OF ARTIFICIAL NEURAL NETWORK IN

TSUNAMI TRAVEL TIME PREDICTION

Artificial Neural Networks (ANNs) are inspired by the biological nervous system. Composed of elements

operating in parallel, the network function is primarily determined by connections (weights) between

elements. A neural network can be trained to perform a particular function by adjusting the values of

these weights between elements. Commonly neural networks are adjusted, or trained so that a particular

input leads to a specific target output. The network can be trained based on a comparison of the output

and the target until the network output matches the target within a specified error level (supervised

learning). In this study, different combinations of input were used to train the network. The trained

network can be validated with the data that has not been used for training. If the system performs well

with the validation data, the system can be deployed real time to perform a specific job.

Neural networks can be trained to solve problems that are difficult for conventional computers.

Neural networks have been trained to perform complex functions in diverse fields of application which

include nonlinear regression, classification, identification, pattern recognition and control systems (Hinton,

1992; Navone and Ceccatto, 1994; Bishop, 1995; Venkatesan et al., 1997; Silverman and Dracup, 2000;

Li et al., 2005). The supervised training methods are commonly used, but other networks can be obtained

from unsupervised training techniques which can be used where there are no input/output pairs as such

but only input data. This for instance may be used to identify groups of data (Hopfield Networks).

Neural network approach has been also used to solve inverse problems which include a methodology

to assess the severity of a tsunami based on real-time water-level data near the source (Yong et al., 2003).

This inverse method which uses tsunami signals in water-level data to infer seismic source parameters is

extended to predict the tsunami waveforms away from the source. The present study which involves the

prediction of Tsunami Arrival Time is within the domain of nonlinear regression where MLP is used to

tackle the nonlinearity in the data. A brief description of the MLP used to tackle the prediction problem

is provided below.

An MLP (Fig. 4) is a feed forward network consisting of three classes of layers: the input layer, the

hidden layers (a network can have several hidden layers) and the output layer. The inputs to the network

are given at the input layer and the number of input nodes would be equal to the number of input

parameters. The input nodes receive the data and pass them onto the hidden layer nodes (neurons). The

neuron model and the architecture of a neural network then determine how the input is transformed into

an output. This transformation involves computation and can be represented with detailed mathematical

algorithms. The perceptron then computes single output from multiple real-valued inputs by forming a

linear combination according to its input weights and then possibly putting the output through a nonlinear

activation function. This can be expressed mathematically as (Simon, 1998):
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y = 
1

( )
�

� ��
N

i i
i

w x b , where w denotes the vector of weights, x the vector of inputs, b the bias and � the

activation function. The supervised learning problem of the MLP can be solved with the back-propagation
algorithm. This algorithm consists of two steps. In the forward pass, the predicted outputs corresponding
to the given inputs are evaluated and in the backward pass, partial derivatives of the cost function with
respect to the different parameters are propagated back through the network (Bishop, 1995). It may be
noted that chain rule of differentiation gives very similar computational rules for the backward pass as
the one in the forward pass. The networked weights can then be adapted using a gradient-based optimization
algorithm. The entire computational process is then iterated until the weights have converged (Simon,
1998).

7. DEVELOPMENT OF MODEL FOR TSUNAMI ARRIVAL TIME PREDICTION

The technique used to compute travel times over the study domain is an application of Huygens principle
which states that all points on a wave-front are point sources for secondary spherical waves. From the
starting point (actual epicenter location), travel times are computed to all surrounding equidistant grid
points. The grid point with minimum time is then taken as the next starting point (new location) and
computation is performed thereafter to all surrounding points. The starting point is then continually
moved to the point with minimum total travel time until all grid points have been evaluated. For the
countries surrounding the Indian Ocean rim, 250 coastal locations were selected for this study. The travel
time of tsunami waves from the epicenter to various coastal regions were evaluated for all the sample
points identified. This technique was used for multiple tsunami-genic locations in the Indian Ocean rim
facilitating the development of a comprehensive ETA database (Prasad et al., 2005), which has been
used for training the neural network in the present study. For the benefit of the readers, a detailed
methodology of ETA computations and further skill assessment with available observations for the 26
December 2004 event in the Indian Ocean was investigated (Prasad et al., 2006).

Fig. 4 Structure of an artificial neural network (Bishop, 1995).
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7.1 Data for Artificial Neural Network

This ANN-based study computes a new travel time chart which is highly efficient in the prediction of
ETA to several coastal destinations in the Indian Ocean for any given epicenter location in the study
domain. The input to the ANN model comprises the location of the underwater earthquake source viz.,
latitude and longitude and the ETA from the comprehensive database. In the 250 coastal destinations of
countries surrounding the Indian Ocean rim (Fig. 1), ETA for 47 coastal destinations is within the purview
of Indian sub-continent. The ANN model for this study has been trained to perform prediction to these 47
coastal destinations. The coastal locations used for this study is chosen mainly from high density population
centers depicted in Fig. 2. Minutiae shown in Table 3 list the country name and number of locations
taken from the comprehensive database of ETA for the present study. The epicenters of all past tsunami-
genic events in the Indian Ocean were compiled from information obtained from NGDC (National
Geophysical Data Center, NOAA, Boulder, USA; http://www.ngdc.noaa.gov/hazard/earthqks.html).
Figure 2 illustrates the epicenter locations of the past earthquake events (250 locations) having magnitude
greater than 6.0 on the Richter scale used in the comprehensive ETA database.

Table 3. Computed Expected Arrival Time (ETA) to 250 coastal stations for the December 26, 2004
tsunami event in the Indian Ocean

Location
Country City Population# Latitude Longitude Arrival time

(Degree) (Degree) (hour)

1. South Africa Mtunzini 12,050 28.97S 31.77E 11.222
Durban 2,117,650 29.87S 30.99E 11.002
Ladysmith 89,087 28.02S 32.66E 10.6756
Port St Johns 1,46,132 31.62S 29.53E 11.032
East London 212,323 32.97S 27.87E 11.4353
Port Elizabeth 1,100,000 33.96S 25.59E 12.131
Grahamstown 62,640 33.19S 26.31E 12.22
Mosselbaai 55,100 34.18S 22.13E 12.9163
Cape Agulhas 26,182 34.83S 20.00E 13.3881
Pietermaritzburg 229,000 29.36 S 30.23 E 11.1826
Cape Town 2,350,000 33.93S 18.47E 13.5143

2. Mozambique Pemba 84,897 12.58S 40.30E 9.34164
Nacala 158,248 14.31S 40.34E 9.38824
Angoche 74,624 16.17S 39.97E 9.64704
Pebane 1,274 17.23S 38.17E 10.2653
Quelimane 150,116 17.53S 36.58E 11.7402
Beira 397,368 19.50S 34.52E 13.8161
Vilanculos 19,371,057 22.02S 35.32E 10.8631
Inhambane 52,370 23.02S 35.92E 10.3011
Maputo 966,837 25.58S 32.32E 11.3468

3. Tanzania Mtwara 1,128,523 10.20S 40.20E 9.07369
Lindi 791,306 09.56S 39.61E 9.06953
Kilwa 171,057 08.55S 39.30E 9.31335
Dar es Salaam 1,292,973 06.50S 39.12E 9.52655
Tanga 1,642,015 05.05S 39.02E 9.27646

(Contd.)
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Table 3. (Contd.)

Location
Country City Population# Latitude Longitude Arrival time

(Degree) (Degree) (hour)

Zanzibar 391,002 06.10S 39.20E 9.68088
Wete 186,013 05.04S 39.43E 9.1367

4. Kenya Lamu 2,249 02.28S 40.90E 9.14886
Malindi 64,300 03.12S 40.05E 9.06343
Mombasa 1,880,000 04.02S 39.43E 9.04207

5. Somalia Berbera 200,000 10.47N 45.03E 9.17937
Boosaso 90,100 11.28N 49.18E 8.27345
Ras Hafun 5,000 10.48N 51.33E 7.79386
Eyl 682 08.00N 49.82E 7.69955
Obbia 386 05.33N 48.50E 7.82298
Mogadishu 1,262,000 02.06S 45.37E 7.8039
Merca 173,100 01.48N 44.50E 8.18546
Kisimayo 201,600 00.22S 42.32E 8.51144

6. Sudan Suakin 10,500 19.08 S 37.17  E 10.3177
Port Sudan 730,000 19.38 N 37.08 E 13.5179

7. Egypt Hurghada 182,526 27.15 N 33.50 E 15.492
Suez 417,610 30.00 N 32.30 E 18.5576
Al-Ghardaqah 71,800 23.88 N 35.27 E 14.6119

8. Yemen Aden 519,822 12.45N 45.00E 8.96302
Al Mukalla 890,246 14.33N 49.02E 8.12144

9. Saudi Arabia Jeddah 2801481 21.53N 39.17E 14.1548
Rabigh 31,963 22.50 N 39.05 E 14.0922
Al Qunfudhah 1,772 19.03N 41.04E 13.8529

10. U.A.E. Sharjah 320,095 25.20N 55.24E 11.8153
Abu Dhabi 398,695 24.28N 54.25E 14.8918
Dubai 669,181 25.271N 55.329E 11.4325

11. Qatar Doha 285,000 25.15N 51.36E 15.3089
Dukhan 9,835 25.3N 50.8E 18.6514

12. Bahrain Manama 143,035 26.236N 50.583E 16.4257
13. Kuwait Kuwait 28,747 28.59N 47.52E 19.3276
14. Iran Bandar-e-Bushehr 143,641 28.59N 50.46E 16.2342

Bandar Abbas 273,578 27.12N 56.15E 10.3892
Jask 66,128,965 25.642N 57.772E 8.2053

15. Oman Salalah 156,530 16.56N 53.59E 7.45856
Sur 66,785 22.34N 59.32E 7.46266
Muscat 540,000 23.37N 58.36E 7.90009
Duqm 4,269 19.65N 57.7E 7.60163
Masirah 841 20.417N 58.833E 7.29651

16. Pakistan Karachi 9,856,318 24.53N 67.00E 8.43242
Gwadar 185,498 25.10N 62.18E 7.66909
Jiwani 25,000 25.117N 61.733E 8.20665

17. Bangladesh Chittagong 6,545,078 24.05N 91.00E 6.37145
Cox Bazaar 1,757,321 21.26N 91.59E 4.44494
Dhulasar 27,046 21.87N 90.23E 5.20506

(Contd.)
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18. Myanmar Sittwe 107,620 20.15N 92.09E 3.76803
Kyaukpyu 19,456 19.45N 93.55E 4.47832
Sandoway 4,000 18.47N 94.45E 3.94103
Kadonkani 47,382,633 15.83N 95.18E 5.6117
Yangon 2,513,023 16.47N 96.10E 4.37541
Mawlamyine 219,961 16.30N 97.37E 4.53773
(Moulmein)
Tavoy 139,900 14.12N 98.30E 6.14122
Mergui 177,961 12.43N 98.56E 4.62463
Kawthaung 41,994,678 10.02N 98.53E 3.87474

19. Thailand Bangkok 7,506,700 13.45N 100.35E 26.6819
Surat Thani 153,500 09.06N 99.20E 24.5288
Songkhla 294,200 07.13N 100.37E 22.0887
Phuket 211,000 07.53N 98.24E 2.1819
Ranong 163,160 9.962N 98.638E 4.27555
Satun 270,802 6.617N 100.067E 4.61174

20. Taiwan Hsin-chu 384,384 24.80N 120.98E 12.0184
Kao-hsiung 1,500,000 22.60N 120.28E 10.563

21. Malaysia Georgetown 180,573 05.25N 100.20E 4.28901
Klang(Kelang) 563,173 03.02N 101.26E 6.98943
Kuala Lumpur 1,297,526 03.09N 101.41E 6.98113
Melaka 369,222 02.15N 102.15E 8.50881
Johor Bahru 384,613 01.28N 103.46E 10.8117
Kuantan 283,041 03.49N 103.20E 16.611
Kuala Terengganu 250,528 05.20N 103.08E 18.0761
Kota Bahru 233,673 06.07N 102.14E 20.1728
Kuching 579,900 01.53N 110.33E 15.4757
Bintulu 116,600 03.20N 113.02E 12.503
Kota Kinabalu 24,821,286 05.98N 116.06E 11.1984
Sandakan 24,385,858 05.86N 118.06E 9.18603

22. Brunei Bandar Seri 46,229 04.93N 114.96E 11.8372
23. Indonesia Jayapura 145,200 02.28S 140.38E 9.13068

Namlea 124,084 03.25S 127.12E 6.28019
Ambon 313,100 03.43S 128.12E 6.35841
Bula 57,474 03.12S 130.45E 6.94673
Tobelo 3,860 01.75N 127.98E 7.77472
Manado 398,900 01.29N 124.51E 7.55753
Majene 1,268,500 03.55S 118.98E 5.94927
Ujung Pandang 1,091,800 05.10S 119.20E 5.7257
Kupang 165,500 10.22S 123.63E 5.12295
Sumbawa Besar 52,654 08.50S 117.42E 4.87692
Mataram 306,600 08.35S 116.07E 4.21647
Denpasar 435,000 08.39S 115.13E 4.10912
Surabaya 3,092,400 07.17S 112.45E 8.02103
Semarang 1,366,500 07.00S 110.26E 7.81216
Yogyakarta 419,500 07.49S 110.22E 3.41068
Jakarta 8,987,800 06.09S 106.49E 4.7177

(Contd.)

(Contd.)
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Table 3. (Contd.)

Location
Country City Population# Latitude Longitude Arrival time

(Degree) (Degree) (hour)

Genteng 79,652 07.35S 106.33E 2.6125
Bandar Lampung 832,400 05.30S 104.30E 2.45704
Mentok 26,709 02.07S 105.20E 10.3857
Tanjungbalai 142,506 01.00N 103.32E 11.2742
Langsa 117,256 04.47N 97.98E 3.17407
Banda Aceh 291,300 05.35N 95.20E 0.761689
Meulaboh 4,775 04.17N 96.15E 0.567799
Sibolga 22,513 01.70N 98.80E 1.97274
Padang 721,500 01.00S 100.20E 1.80631
Bengkulu 262,100 03.50S 102.12E 2.24429
Pontianak 449,100 00.03S 109.15E 12.8599
Ketapang 1,680 01.83S 109.98E 10.7732
Bandjarmasin 534,600 03.20S 114.35E 10.1546
Balikpapan 448,700 01.25S 116.83E 7.54061
Tarakan 98,800 03.33N 117.63E 7.71036

24. Madagascar Antsiranana 220,000 12.25S 49.20E 8.3672
Antalaha 75,000 14.88S 50.27E 7.67597
Toamasina 230,000 18.10S 49.25E 7.91618
Manakara 25,689 22.15S 48.00E 8.2238
Cape St Marie 31,592,805 25.57S 45.17E 9.50308
Toliary 150,000 21.50S 43.74E 10.3438
Morondava 33,372 20.32S 44.28E 10.4581
Tambohorano 406,564 17.50S 43.59E 9.63051
Mahajanga 200,000 15.40S 46.25E 8.71684
Hell Ville 23,050 13.40S 48.28E 8.62156

25. Seychelles Victoria 20,050 04.63S 55.47E 7.37542
26. Comoros Moroni 629,000 11.67S 43.27E 8.69479

Dzaoudzi 690,948 12.80S 45.30E 8.42018
27. Maldives Male 74,069 04.00N 73.00E 4.09193
28. Mauritius Port Louis 127,855 20.10S 57.30E 6.87434
29. Reunion Saint-Benoit 101,804 21.03S 55.71E 7.01025

Saint-Denis 236,599 20.87S 55.46E 7.07017
Saint-Paul 138,551 21.00S 55.27E 7.3678
Saint-Pierre 229,346 21.27S 55.53E 7.14395

30. Sri Lanka Kankesanturai 31,506 9.85N 80.08E 4.09997
Mullaittivu 7,900 09.25N 80.80E 3.09918
Trincomalee 91,000 08.38N 81.15E 3.13302
Batticaloa 515,707 7.72N 77.73E 3.46255
Okanda 9,594 06.65N 81.77E 2.55246
Hambantota 11,734 6.12N 81.12E 2.67229
Matara 643,786 5.95N 80.55E 2.73498
Galle 97,000 06.05N 80.10E 2.88227
Moratuwa 177,190 06.45N 79.55E 2.93046

(Contd.)
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Dehiwala-Lavinia 209,787 06.51N 79.52E 2.94426
Colombo 642,163 05.56N 79.58E 2.80593
Negombo 121,933 07.12N 79.50E 3.08903
Talalla 78,023 08.13N 79.70E 3.38355
Mannar 106,235 8.98N 79.92E 4.41793
Jaffna 177,190 09.45N 80.02E 4.71506

31. Singapore SingaporeCity 4,163,700 01.22N 103.55E 10.948
32. Philippines Laoag 89,468,677 18.23N 120.60E 10.2071

Quezon City 2,173,831 14.38N 121.00E 11.1002
Manila 1,581,082 14.40N 121.03E 11.1002
Bulan 28,529 12.66N 123.88E 9.406
Mindaro 81,159,644 13.00N 121.00E 9.89557
Iloilo 365,820 10.68N 122.55E 9.27341
Cebu City 718,821 10.18N 123.54E 9.73164
Siaton 64,258 09.08N 123.08E 8.67981
Palawan Is 737,000 9.50N 118.50E 8.81906
Zamboanga City 601,794 06.54N 122.04E 7.76695
Davao 1,725,355 7.08N 125.63E 8.23129

33. Australia Melbourne 3,488,800 37.50S 145.00E 12.5851
Adelaide 1,110,500 34.52S 138.30E 12.121
Nhulunbuy 3,202 12.50S 136.93E 14.293
Crocker 14,375 11.03S 136.63E 11.7589
Bathurst I 37,001 11.75S 130.68E 9.78129
Darwin 108,200 12.25S 130.51E 9.47687
C. St Lambert 20,976 14.28S 127.71E 9.12529
C. Leveque 12,330 16.41S 122.91E 6.05995
Broome 13,218 17.97S 122.25E 6.53677
Port Hedland 14,288 20.40S 118.60E 7.00693
Dampier Downs 770 18.52S 123.45E 9.1031
Onslow 700 21.68S 115.20E 5.95066
Exmouth 2,400 21.90S 114.16E 5.10908
Carnarvon 7,392 24.85S 113.75E 6.38753
Kalgoorlie 36,852 27.70S 114.16E 6.50292
Geraldton 27,258 28.81S 114.60E 6.23176
Perth 1,397,000 31.57S 115.52E 6.28896
Bunbury 26,369 33.33S 115.56E 6.77029
Albany 23,913 34.95S 117.90E 7.10817

34. Vietnam Haiphong 1,447,523 20.47N 106.41E 15.1392
Hon Gai 129,394 20.57N 107.05E 14.7076
Vinh 175,167 18.45N 105.38E 14.4124
Dong Hoi 40,290 17.53N 106.58E 13.7196
Hue 260,489 16.30N 107.35E 13.3015
Da Nang 369,734 16.04N 108.13E 12.9678
Qui Nhon 201,972 13.40N 109.13E 12.1071
Nha Trang 263,093 12.16N 109.10E 12.1088

35. India Rapur 5,380 23.05N 68.83E 8.71781
Kandla 175,000 23.00N 70.10E 10.1083
Dwarka 33,614 22.25N 69.05E 7.96334

(Contd.)

(Contd.)
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Porbandar 133,083 21.44N 69.43E 6.99742
Veraval 141,207 20.53N 70.27E 7.22848
Diu 21,576 20.40N 71.02E 7.74814
Bhavnagar 510,958 21.45N 72.10E 9.10254
Daman 113,949 20.25N 72.57E 8.5291
Dadar & Nagar Haveli 220,451 20.05N 73.00E 8.63183
Mahim 42,798 19.66N 72.76E 8.55693
Mumbai 11,914,398 18.55N 72.50E 7.47182
Ratnagiri 70,335 17.13N 73.32E 7.14562
Malvan 18,675 16.05N 73.50E 6.58475
Panaji 1,170,000 15.25N 73.50E 5.92902
Murmagao 189,383 15.25N 73.56E 5.99745
Karwar 62,960 14.83N 74.15E 6.28768
Kumta 27,597 14.48N 74.41E 6.26771
Bhatkal 31,785 13.96N 74.58E 6.04996
Mangalore 398,745 12.55N 74.47E 5.01031
Kozhikode 2,613,683 11.15N 75.43E 4.7295
Cochin(Kochi) 550,000 09.58N 76.20E 4.64342
Quilon(Kollam) 391,300 08.90N 76.63E 4.64503
Trivandrum 744,739 08.41N 77.00E 4.17903
Kanyakumari 208,149 08.07N 77.58E 3.92992
Thoothukkudi 216,058 08.50N 78.12E 3.73327
Rameswaram 38,035 09.28N 79.37E 3.90142
Nagapattinam 94,965 10.77N 79.88E 3.56652
Karaikal 170,640 10.59N 79.50E 4.57374
Pondicherry 735,004 11.59N 79.50E 3.36741
Chennai 4,216,268 13.08N 80.19E 3.57933
Nellore 378,947 14.27N 79.59E 3.71164
Chirala 85,455 15.98N 80.08E 4.22424
Machilipatnam 215,043 16.15N 81.20E 4.08971
Visakhapatnam 969,608 17.45N 83.20E 3.64451
Gopalpur 114,189 19.27N 84.95E 4.21065
Puri 157,610 19.50N 85.58E 3.79441
Haldia 170,695 22.03N 88.03E 5.62307
Henhoaha 1,018 06.80N 93.81E 0.961126
Misha 2,660 08.00N 93.36E 1.44183
Kakana 4,291 09.11N 92.81E 1.58246
Nachuge 2,233 10.71N 92.35E 2.06832
Port Blair 100,186 11.68N 92.77E 1.92749
Coco Channel 2,233 14.08N 93.30E 2.46952
Kavaratti Is 10,113 10.53N 72.71E 4.52211
Androth Is 10,000 11.00N 73.16E 4.54489
Chetlat Is 51,707 11.76N 76.83E 5.38175
Minicoy Is 9,957 08.48N 73.02E 4.20262

# Population database is based on the latest information available through various sources from internet.

Table 3. (Contd.)

Location
Country City Population# Latitude Longitude Arrival time

(Degree) (Degree) (hour)
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7.2 Network Learning Principles and Algorithms

The input is transformed to an output through the hidden layers. Input vectors and the corresponding
output (target) vectors are used to train the network until it can approximate a function, associate input
vectors with specific output vectors, or classify input vectors in an appropriate way as defined. It has
been shown that networks with biases, sigmoid layers and a linear output layer are capable of approximating
any function with a finite number of discontinuities. In the present work, the back-propagation feed
forward type network is used for training the system where the objective is to minimize the global error
E given as:

E = 
1 � pE
P

 (4)

and

EP = 
21

( )
2

�� k ko t  (5)

where P is the total number of training patterns (the number of input/output pairs used for training), Ep is
the error for the p-th pattern, ok is the network output at the k-th output node and tk is the target output at
the k-th output pattern.

In this type of network the error between the target output and the network output are calculated and
this is back propagated. The term back-propagation refers to the manner in which the gradient is computed
for nonlinear multilayer networks. Standard back-propagation is a gradient descent algorithm. There are
a number of variations on the basic algorithm that are based on other standard optimization techniques.
A brief description on the working principle of a back-propagation neural network is given below.

7.3 Back-Propagation Learning

Back-propagation is a widely used algorithm for supervised learning with a multilayer feed forward
layer network which implements the repeated application of the chain rule to compute the influence of
each weight in the network with respect to an arbitrary error function E (Dayhoff, 1990):
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In the above equation [Eqn. (6)], ijw  is the weight from the neuron j to neuron i, is  is the output, and inet
is the weighted sum of the inputs of neuron i. Once the partial derivative for each weight is known, the
error function is minimized by performing a simple gradient descent (Zurada, 1992):

wij (t + 1) = wij (t) – � 
( )



 ij

E t
w

 (7)

7.4 Resilient Back-Propagation Learning

Multilayer networks typically use sigmoid transfer functions in the hidden layers. Sigmoid functions
cause a problem while training a multilayer network using steepest descent since they compress an
infinite input range into a finite output range and are characterized by the fact that their slope must
approach zero as the input gets large. The gradient can have a very small magnitude; and therefore, cause
small changes in the weights and biases, even though the weights and biases are far from their optimal
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values. The purpose of the resilient back-propagation training algorithm is to eliminate contamination in
the magnitudes of the partial derivatives. Only the sign of the derivative is used to determine the direction
of the weight update; the magnitude of the derivative has no effect on the weight update. This adaptive
update value evolves during the learning process based on its local sight on the error function E, according
to the following learning rule (Reidmiller and Braun, 1993):
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The resilient back-propagation algorithm has been used in this study to train the neural network system.

8. NETWORK ARCHITECTURE AND PARAMETERS

The performance of the network depends on the network architecture and network parameters chosen to
model the system. Extensive trial and error tests have been performed with the comprehensive ETA
database (Barman et al., 2006). Based on this study, configurations mentioned below are near optimum
for the current prediction model.

8.1 Network Architecture

The optimum parameters of network architecture for prediction of tsunami travel time were chosen with
the configuration comprising two hidden layers with number of neurons ranging from 25 to 30 in each
hidden layer (recommended value for this study is 30). The transfer functions comprise the tan-sigmoid
functions in the hidden layers and the linear transfer function in the output layer. This is a useful structure
for regression problems.
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8.2 Network Parameters

Based on an earlier study (Barman et al., 2006), the following parameters are recommended as an optimum
configuration of the ANN network:

(i) Mean Squared Error (MSE) used in this study is 0.25.

(ii) Learning Rate and Momentum Factor: It was found that the performance of resilient back-

propagation is not very sensitive to the settings of these training parameters.

The resilient back-propagation has been used to train the system as we noticed convergence to the
specified MSE is obtained very fast using this algorithm. In fact, not many algorithms are able to converge
to the specified error level. Besides Resilient back-propagation, we used another algorithm called
Levenberg-Marquardt (More, 1978) which is also able to converge, but it was found that the time of
convergence is much greater than the former, typically about 100 times or so.

Prudently trained back-propagation network performs significantly well and tends to deliver
reasonable estimates when presented with input parameters. Typically, a new input leads to an output
similar to the correct output for input vectors used in training that are similar to the new input being
presented. This generalization property makes it possible to train a network on a representative set of
input/target pairs and get good results without training the network on all possible input/output pairs.

8.3 Training and Testing of ANN Model

For this study, 240 data points of past earthquake locations in the Indian Ocean taken from the ETA
database were used. For each of this earthquake event, we have computed tsunami travel time to 250
coastal destinations in the 35 countries surrounding the Indian Ocean rim which is published in the TTT
atlas for Indian Ocean. Using the above defined network parameters, we demonstrated that ANN model
is quite robust in tackling the non-linearity in the ETA database (Barman et al., 2006). Numerical
experiments were conducted with different combinations of data-points within the ETA database. In this
experiment, grouping of data within ETA is under two steps: (i) first set for training and testing, and (ii)
second set for validation which is not exposed to ANN during the learning stage. This set is used to check
the performance of the network with unseen data, and thus gives a measure of the network skill with real-
time data. Since performance of ANN solely depends on the nature of data being trained, the performance
of ANN model is questionable for a new earthquake location which is not within close vicinity of TTT
model. Hence, a situation which is rare to the training and testing set cannot be predicted well. For the
Indian Ocean, as seen in Fig. 2, considering the homogeneity in the distribution of earthquake locations
from past tsunami-genic events the highest degree of probability for an earthquake is within the vicinity
of Sumatra, Indonesia, etc. Therefore, under this circumstance the nonlinear technique based on ANN
can be suitably used for a real-time prediction of ETA for countries surrounding the Indian Ocean rim.

9. SIMULATION RESULTS

The results of ETA simulations using ANN with different network configurations for coastal destinations
in India (47 locations) are presented below. To study the effectiveness of the nonlinear technique, the
selection of validation points from ETA database was judicially grouped into three categories. Of the
total 240 locations, skill assessments were performed with 80, 60 and 48 points, respectively as shown in
Tables 4, 5 and 6. High values of correlation (around 95%) between the model outputs and the observations
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Table 4. Simulation results for 80 validation data when trained with 160 data (Combination 1)

Validation Data: 1 out of every 3 in ETA Database

Total number of data 240 Number of inputs 2
Training-Testing data 160 Number of outputs 47
Validation data 80

Neurons Goal Training time Training Validation correlation
(minutes) correlation Minimum Maximum Average

[20 20] 0.3 1 0.9799 0.945 0.9603 0.9553
[20 20] 0.25 1 0.9833 0.929 0.9632 0.9525
[20 20] 0.2 2 0.9866 0.9465 0.9658 0.9563
[25 25] 0.3 1 0.9802 0.9406 0.9692 0.9537
[25 25] 0.25 1 0.9834 0.9289 0.9539 0.9429
[25 25] 0.2 1 0.9866 0.9103 0.9475 0.9252
[30 30] 0.3 1 0.9801 0.9322 0.966 0.955
[30 30] 0.25 1 0.9834 0.9436 0.968 0.959
[30 30] 0.2 1 0.9866 0.9486 0.9655 0.9585

Table 5. Simulation results for 60 validation data when trained with 180 data  (Combination 2)

Validation Data: 1 out of every 4 in ETA Database

Total number of data 240 Number of inputs 2
Training-Testing data 180 Number of outputs 47
Validation data 60

Neurons Goal Training time Training Validation correlation
(minutes) correlation Minimum Maximum Average

[20 20] 0.3 1 0.979 0.9866 0.9886 0.9874
[20 20] 0.25 2 0.9819 0.9711 0.9797 0.9755
[20 20] 0.2 3 0.9855 0.979 0.9844 0.9809
[25 25] 0.3 1 0.9782 0.961 0.9772 0.9686
[25 25] 0.25 1 0.9819 0.9601 0.9718 0.967
[25 25] 0.2 8 0.9855 0.8206 0.8592 0.8431
[30 30] 0.3 1 0.9783 0.9544 0.9688 0.9615
[30 30] 0.25 1 0.9819 0.9652 0.9754 0.9667
[30 30] 0.2 > 10 0.9842 0.9585 0.9699 0.9651

shown in Tables 4, 5 and 6 suggest the feasibility of the model that can predict tsunami arrival time when
the underwater earthquake locations is provided within the study domain.

The correlation between the known and predicted ETA using three different combinations of data for
an optimally trained network with two hidden layers using 30 neurons each trained to a mean square
error of 0.25 using the resilient back-propagation is shown in Figs 5, 6 and 7 corresponding to Tables 4,
5 and 6, respectively. An optimum selection of 25 neurons each was found to be sufficient keeping in
mind the skill factor of prediction of ETA using ANN.
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Table 6. Simulation results for 48 validation data when trained with 192 data (Combination 3)

Validation Data: 1 out of every 5 in ETA Database

Total number of data 240 Number of inputs 2
Training-Testing data 192 Number of outputs 47
Validation data 48

Neurons Goal Training time Training Validation correlation
(minutes) correlation Minimum Maximum Average

[20 20] 0.3 1 0.9784 0.943 0.9518 0.9471
[20 20] 0.25 1 0.9821 0.941 0.9567 0.9513
[20 20] 0.2 1 0.9856 0.951 0.9597 0.9573
[25 25] 0.3 1 0.9785 0.9452 0.9624 0.9545
[25 25] 0.25 1 0.9821 0.9503 0.9572 0.9534
[25 25] 0.2 1 0.9857 0.9464 0.9557 0.9511
[30 30] 0.3 1 0.9786 0.9489 0.9612 0.9543
[30 30] 0.25 1 0.984 0.9497 0.9588 0.9548
[30 30] 0.2 1 0.9856 0.9402 0.9554 0.9485

Fig. 5 Actual and predicted outputs (Validation data, Combination 1) for the best correlated output (Left)
and the worst correlated output (Right) for 47 coastal locations in Indian sub-continent.

10. CONCLUDING REMARKS

An effective tsunami early warning system is achieved when all persons in vulnerable coastal communities
are prepared and respond appropriately, and in a timely manner, upon recognition that a potentially
destructive tsunami is approaching. Timely tsunami warnings issued by a recognized tsunami warning
center are essential. When these warning messages are received by the designated government agency,
tsunami emergency response plans must already be in place so that well-known and practiced actions are
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immediately taken to evaluate the scientifically-based warning, and communicate an appropriate course
of action to ordinary citizens. Tsunami preparedness programs must be implemented on a national level
so that good decisions can be made without delay.

In this chapter, we discussed travel times for the first wave of tsunami approaching the coast which
has been subsequently verified by the computation carried out for the recent December 2004 Indian
Ocean tsunami from tide gauges as well as signatures of satellite tracks. It does not provide information

Fig. 7 Actual and predicted outputs (Validation data, Combination 3) for the best correlated output (Left)
and the worst correlated output (Right) for 47 coastal locations in Indian sub-continent.

Fig. 6 Actual and predicted outputs (Validation data, Combination 2) for the best correlated output (Left)
and the worst correlated output (Right) for 47 coastal locations in Indian sub-continent.
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on the arrival times of subsequent waves, nor does it provide information on how many waves will be in
the tsunami event, which wave in succession will be the highest, at what time each wave will arrive at a
given location on the coast line, the run-up along littoral belts and resulting inundation, how strong the
currents will be in each wave, exactly at what locations should people and domestic animals be evacuated,
how long should they be evacuated, at what time it will be safe for them to return, nonlinear dispersive
effects of tsunami waves, etc. To obtain detailed information about all these parameters, separate numerical
models of tsunami generation and propagation, and of coastal inundation should be developed. The
importance of such study in computing TTT is to extend this computational algorithm for multiple
tsunami-genic locations in the Indian Ocean rim facilitating development of ETA database. This basic
information can be used as extremely important database for early response in the development of tsunami
warning systems.

We demonstrated here how soft computing tools like ANN could handle the non-linear system where
the prediction of ETA at different coastal destinations of Indian sub-continent is achieved in a real-time
mode. The algorithm uses earthquake locations and computed travel time from the ETA database. It
could be advocated that the major advantage of using ANN in a real-time tsunami travel time prediction
is its high merit in producing ETA at a much faster time and simultaneously preserving the consistency
of prediction. The model using ANN performs a rapid computation of ETA (on average of four seconds)
compared to the conventional travel time model which takes approximately 60 minutes. The correlation
is found very high for the unseen data as noted from different combinations of training and testing the
ANN. The importance of this model is highly justified for a tsunami warning system where the time
involved in computing ETA and the issue of warning messages to coastal destination is a critical factor.
The proposed method is expected to have direct practical applications for a real-time tsunami warning
system for the Indian Ocean as well as the global oceans. For the benefit of the readers, an atlas on
comprehensive database of Tsunami Travel Time for the Indian Ocean is available at http://
www.iitkgp.ac.in/topfiles/tsunami.html. Finally, the validation capability of the model was found to be
satisfactory and reliable which suggests its applicability for real-time prediction.

In context of known natural disasters such as earthquakes, floods, cyclones, storm surges, landslides,
volcanic eruptions, etc., warning systems exist for most of these disasters except for earthquakes.
Developed nations like the USA and Japan are prepared to cope even with earthquakes. Hence, developing
nations need to gear up with technology which can be helpful in the event of natural disasters. In case of
a tsunami event, the basic and vital information is the time of arrival at various coastal destinations of a
nation and hinterland. In this context, we demonstrated the importance of ANN as a tool for an effective
tsunami warning system. However, an effective tsunami warning system is a composite feedback
mechanism starting from in situ bottom pressure sensors, communication linkage from sensors via satellite
to land-based stations and final processing of information at a nodal agency for an alert warning to
various coastal destinations. The discussion in this chapter pertains to the computation of TTT and how
this vital information can be expedited using soft computing tools like ANN. For the operational purpose,
database within ETA needs to be periodically updated by TTT computations for earthquake locations
which is the future scope not covered in this study. Overall, it can be concluded that modern technology
can prevent or help in minimizing the loss of life and property provided we integrate all essential
components in the warning system and put it to the best possible use.
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Real-Time Flood Forecasting by a

Hydrometric Data-Based Technique

Muthiah Perumal* and Bhabagrahi Sahoo

1. INTRODUCTION

Flooding, an age-old global problem, has been increasing at a worrisome pace in recent years. However,
natural flooding of large areas did not create more dangerous situation in a prehistoric world. With the
expansion of anthropogenic activities, there is destruction of natural drainage systems and with increasing
urbanization there is reduction in the opportunity for rainwater infiltration, resulting in an increase of
surface runoff potential, and thereby increasing the loss of lives and economic damages due to floods.
Further, global climate change induced extreme rainfall events trigger flash floods in both urban and
rural watersheds making the severity of flood hazards many fold. According to the Report of the Sub-
Group on Flood Management for the XI Five Year Plan (2007-2012), Central Water Commission, Ministry
of Water Resources, Government of India (CWC, 2006), on an average, 7.55 million hectares of land in
India is affected by flood annually, of which 3.54 million hectares is the cropped area. Besides these,
1589 lives and 94,839 heads of cattle are lost in addition to damaging 1.22 million houses annually. The
value of damages to crops, houses, and public utilities alone accounts for about Rs. 1805 crore (US $361
million) per annum. Some recent instances of such type of devastating floods could be the 2008 Bihar
flood in the Kosi River, 2007 Bangladesh flood in the Padma River as shown in Fig. 1 and 2005 Mumbai
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Fig. 1 Map of South Asia showing some recently flood-affected areas.
(Source: http://news.bbc.co.uk/1/hi/world/south_asia/6927389.stm)
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flood in the Mithi River. The areas prone to floods in the Indian subcontinent are illustrated in Fig. 2
(shaded in red color).

Early efforts to reduce flood-related deaths and damages were primarily devoted to flood control
measures such as construction of levees, flood walls, dams, storage reservoirs, channelization of rivers,
channel improvements, drainage improvements, diversion of flood waters, and watershed management
– all of these measures fall under the category of structural measures to control flood problems. Given
the impossibility of building larger and larger structures to cope up with the extremely low probability

Fig. 2 Areas prone to floods in the Indian Subcontinent (CWC, 2006).
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flood events, the structural measures alone cannot completely circumvent risk of flood hazards. Hence,
an important role is left to the non-structural measures to be compared, evaluated and actuated in real-
time, which implies the need for accurate flood forecasts with a sufficient lead-time to allow for proper
response action. Consequently, flood forecasting with sufficient lead-time has become an important non-
structural measure for flood hazard mitigation and for minimizing flood related deaths. Therefore, it is
essential that reliable flood forecasting methods be employed which is physically based, less data intensive
and, over and above, is easily understood by the field engineers.

In light of the above facts, the analysis presented in this chapter focuses on this specific aspect of
flood forecasting by studying the use of a variable parameter Muskingum stage-hydrograph (VPMS)
routing method as a component model of a hydrometric data-based deterministic forecasting model. It
would be shown later in this chapter that the use of a physically based component in a forecasting model
enables the use of a simple stochastic error-updating model to estimate the forecast error. The estimation
of forecast error is made in the proposed model using a two-parameter linear autoregressive model with
its parameters updated at every time interval of 30 minutes at which the stage observations are made.
The proposed forecasting model is tested considering several flood events which occurred in a 15 km
river reach selected along the Tiber River, in Central Italy, bounded by upstream Pierantonio and
downstream Ponte Felcino gauging stations.

This chapter deals with an overview of the flood forecasting and early warning system being adopted
worldwide, technical aspects of the proposed hydrometric data-based VPMS routing model and its
frameworks for floodplain flow condition as well as real-time application, and a case study demonstrating
the application of the proposed model.

2. FLOOD FORECASTING AND EARLY WARNING SYSTEM: AN OVERVIEW

Flood forecasting and warning systems are cost-effective means of reducing the damaging impacts of
floods. These real-time flood forecasting methods in practice can broadly be categorized as ‘discharge
forecasting’ and ‘stage forecasting’. The real-time discharge forecasting obtained by rainfall-runoff
modeling is generally less accurate than that obtained by the channel routing of an upstream discharge
hydrograph (Srikanthan et al., 1994). However, in headwater catchments with no information on discharge
hydrographs, these forecasting methods are very much useful. The various rainfall-runoff modeling
approaches used in flood forecasting are: (i) Unit Hydrograph (UH) approach for linear catchment
modeling; (ii) Non-linear catchment routing models, viz., RORB model, Watershed Bounded Network
Model (WBNM), RAFTS model, and URBS model (Carroll, 1992); (iii) Loss models, viz., Constant
loss rate (�-index) method (Reed, 1982), Variable loss rate method, Constant proportional loss model
(NERC, 1975), Variable proportional loss model (NERC, 1975), and Initial loss-continuing loss model
of Bureau of Meteorology, Australia; (iv) Non-linear storage models, viz., Inflow-Storage-Outflow model
(Lambert, 1969, 1972), Isolated event model (NERC, 1975), and Generalized non-linear storage model
(O’Connell, 1980); (v) Conceptual models, viz., Sacramento model, SAMFIL model (Vermuleulen and
Snoeker, 1991), IPH-II model (Bertoni et al., 1992), Australian Water Balance Model (AWBM) (Boughton,
1993), NAM model (Refsgaard et al., 1988), SBV model (Bergstrom, 1976, 1992), Tank model (Sugawara,
1979), Probability distributed model (Moore and Jones, 1991), Alabama rainfall-runoff model (Henry et
al., 1988), Xinanjiang model (Zhao et al., 1980), ARNO model (Todini, 1996), and Variable Infiltration
Capacity (VIC) model (Liang et al., 1996); (vi) Spatially distributed models, viz., SIMPLE model
(Kouwen, 1988), TOPOG model (O’Loughlin et al., 1989), TOPMODEL (Beven and Kirkby, 1979),
and SHE model (Abbott et al., 1986a, 1986b); (vii) Transfer function models (Harpin, 1982; Powell,
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1985; Cluckie and Ede, 1985; Owens, 1986; Troch et al., 1991); and (viii) Statistical methods, viz.,
Constrained linear systems (Natale and Todini, 1977), IHACRES model, and Filter separation auto-
regressive model.

Furthermore, the real-time discharge forecasting in long river systems can be obtained by different
flood routing methods. These flood routing methods can be categorized as: (a) Statistical routing methods,
(b) Artificial intelligence-based methods (e.g., Artificial Neural Network, Fuzzy logic, and Genetic
Algorithm); (c) Hydrologic routing methods, viz., Muskingum method, Muskingum-Cunge method
(Cunge, 1969), variable parameter Muskingum-Cunge method (Ponce and Yevjevich, 1978), multilinear
Muskingum discharge routing method (Perumal, 1992), multilinear discrete cascade model (Perumal,
1994a), and non-linear reservoir-type channel routing method (Georgakakos and Bras, 1982); and (d)
Hydraulic routing methods, viz. kinematic wave routing method, diffusion wave routing method, and
variable parameter Muskingum discharge (VPMD) routing method (Perumal, 1994b, 1994c). However,
there are a few stage routing methods available in the literature which can be used for real-time flood
forecasting. The hydrologic stage routing methods include ‘statistical methods’, ‘artificial intelligence-
based methods’, ‘multilinear Muskingum stage routing method’ (Perumal et al., 2009b), and ‘multilinear
discrete cascade model’. Similarly, the hydraulic stage routing methods include ‘de Saint-Venant equations
and their simplifications’, and ‘variable parameter Muskingum stage (VPMS) routing method’ (Perumal
and Ranga Raju, 1998a, 1998b, Perumal et al., 2007). Among the various models enlisted above, this
chapter focuses only on the VPMS routing method amenable for real-time flood forecasting.

The current developments in computer technology, coupled with advances in telemetry system for
automatic data acquisition, not only allows the improved forecasting of any magnitude of flow at any
point in a watershed, but also enables the automatic operation of the hydro-systems affected by the
forecasted flow. The development of hydrological forecasting system involves various sub-systems which
deal with historical and real-time data collection, data transmission, database management, forecasting
procedure (modeling), forecast dissemination, and forecast evaluation and updating. Technological
advances in the field of flood forecasting under these subsystems, which deal with technical aspects of
forecasting, can be mainly divided into three groups: (1) data collection, (2) transmission, and (3) analysis
for developing a forecasting model. With the recently improved hydrological instrumentation, automatic
acquisition system of a wide range of hydrological data that includes automated rain gauges and river
stage recorders, radar to detect the likely areas that would receive precipitation and its intensity, satellite
based methods, and radio and satellite telemetry for transmission of data, the modern flood forecasting
service systems have reached at a high point of development. The relevance of the flood forecasting as a
significant flood abatement measure can be recognized from the fact that many agencies are now involved
in real-time flood forecasting services in the world as discussed briefly herein.

At the beginning of modernization of flood forecasting services long before, only the government
agencies were able to provide this service as they were the prime agencies responsible for the collection
and dissemination of hydrologic data in real-time, its archival and processing needed for the forecasting
purposes. However, with the rapid development of technology in data acquisition, telemetry, launching
of many communication satellites and, above all, rapid development in computer technology resulting in
cheaper desktop computers, it has become now that real-time satellite down-link systems for basin-wide
hydrologic data are no longer the prerogative of government agencies. Affordable, easy-to-use hardware
and software installations are within the reach of even small hydro-systems operators and they can get
timely hydrologic forecasts for the efficient and environment friendly operations of the hydro-systems.
While this is the scenario of flood forecasting technology in developed countries, the same is not prevailing
in many developing countries. Since in most developing countries management of water resources
is under the control of government agencies and flood evacuation and relief measures are their
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responsibility, the implementation of flood forecasting systems is mostly carried out by these government
agencies or the agencies designated by them such as the World Meteorological Organization (WMO),
aid agencies and, in some countries, by private companies.

The WMO Hydrological Operational Multipurpose Sub-program (HOMS) is intended to promote
the transfer of hydrological technology between the member countries of WMO for use in their water
resources projects. The technology is made available to users in the form of various kinds of components,
for instance, manual and computerized techniques for data collection, processing and analysis; commonly
used hydrological models; manuals describing field or office procedures; and instruments specifications.
The WMO has been entrusted with technical supervision of the establishment of a large number of
Forecasting Operational Real-Time Hydrological Systems (FORTH) in developing countries of Asia,
Latin America, and Africa. However, over the past several years, many of these countries which have
installed the hydrological forecasting systems with the technical assistance of WMO are modernizing
these systems with the improved data acquisition systems, telemetry and advanced forecasting software,
which have been well-tested and operational in developed countries. Some of the other factors responsible
for the modernization are the assistance of the developed countries in installing improved flood forecasting
systems in the form of bilateral aid, emergence of many private companies in developed countries for
manufacturing electronic sensors and telemetry systems needed for real-time flood forecasting, and ever
reducing costs of desktop computers. The notable countries which are playing major role in advancing
the flood forecasting technology in other parts of the world, apart from their own countries, are the
United States of America (USA), Canada, Denmark and The Netherlands. While the USA and Canada
have developed easy-to-install advanced data collection instruments and telemetry systems, countries
such as Canada, Denmark and The Netherlands have developed improved hydrological forecasting tools.
A brief description of the activities of these agencies in real-time flood forecasting is presented herein.

The National Weather Service (NWS) of National Oceanic and Atmospheric Administration (NOAA)
is the federal agency responsible to issue forecasts and warning of floods in the USA. Although many
cities, counties or other local flood management agencies are involved now-a-days in the operation of
local flood warning systems, the NWS is still the principal national agency responsible for flood forecasting
and warning in the entire USA. The local agencies coordinate with NWS in getting the forecasting
technology implemented in their area and continuously get technical guidance. The NWS uses the National
Weather Service River Forecast System (NWSRFS) as the foundation of hydrologic forecast system.
NWSRFS is a suite of hydrologic and hydraulic models that contains all the programs necessary to
produce hydrologic forecasts for a river basin. The NWSRFS provides the basic framework for a national
river forecast and flood warning system. The current available operations, which form the components
of the NWSRFS are:

(a) Temperature index snow accumulation and ablation model
(b) Sacramento soil-moisture accounting model
(c) Antecedent Precipitation Index (API) rainfall-runoff models used in the Missouri Basin, Ohio

basin, Middle Atlantic States, North-Central USA, and South-Western USA
(d) Unit hydrograph with a constant and variable baseflow option
(e) Lag and K, Muskingum, layered coefficient and Tatum routing procedures
(f) Flood Wave Model (FLDWAV)
(g) Reservoir model that allows the user to select and combine thirteen modes of regulation to

simulate the operation of a single independently controlled reservoir
(h) Stage/discharge conversion using single-valued rating curves with log or hydraulic extensions

and dynamically induced loop ratings
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(i) Simple flow adjustment and blend procedure
(j) Simplified channel loss procedure
(k) Computation of mean discharge from instantaneous values
(l) Set timeseries values to zero

(m) Add and subtract timeseries
(n) Weight timeseries
(o) Change the time interval of a timeseries
(p) Plot instantaneous discharge
(q) Operational hydrograph display
(r) General timeseries plot
(s) Daily flow plots (calibration used only), and
(t) Statistical package (calibration)

While most of the precipitation data are collected by the NWS or its designated agencies in real time,
the stream gauge data for most of the streams are received from the USGS stream network. Expanded
use of telemetry at the USGS streamflow stations and refinement of telemetry equipment continue to
improve the timeliness and reliability of data that are transmitted for forecasting purposes. The automated
surface observatory systems are now replacing the manual weather observations, and advanced
telecommunication systems are improving the integration and distribution of data. The US Army Corps
of Engineers has developed the HEC-RAS and HEC-HMS modeling packages for flood forecasting in
large river basins.

The Danish Hydraulic Institute (DHI) of Denmark has developed a range of most advanced flood
management software, viz., MIKE 11, MIKE 11 GIS, MIKE 21, MIKE FLOOD WATCH, and MIKE
SHE, and they have been used in many of the flood forecasting systems implemented for the large river
basins in the world. In the majority of flood management projects carried out, DHI-Water and Environment
has also been responsible for the overall project management at the implementation stage. Some of the
flood forecasting projects implemented by DHI-Water and Environment are: Flood management in Poland;
Flood management in Czech Republic; Anglican flow forecasting modeling system, UK; Flood forecasting
for barrage operation, Malaysia; Inflow forecasting for hydropower optimization, Wales, UK; Expansion
of flood forecasting and warning services, Bangladesh; Flood forecasting for middle river Yangtze, China;
Real-time flood forecasting in Italy; Environment Waikato flood forecasting system in New Zealand;
Ping River basin flood forecasting project in Thailand; and Pilot flood forecasting system for Lower
Colorado River, Texas, USA.

Flood forecasting and warning in Canada has evolved into a network of forecast system across the
country. There are five provisional streamflow centers in Canada. In addition, the power generation
companies such as Hydro BC and Hydro-Quebec have developed advanced flood forecasting systems
for operating a cluster of reservoirs and run-of-the river plants under their control for power generation.
These companies are implementing the technology adopted in their forecasting systems for other countries
also. Furthermore, some of the private companies such as Riverside Technology, Inc. (Rti), USA, and
Water and Monitoring System International (WMSI), Canada are implementing the flood forecasting
systems developed in the USA and in Canada, respectively, and also in other parts of the world.

Technologically, every flood forecasting model operates on two modes, viz., simulation mode, and
operation mode (on-line forecasting). A flood forecasting model in the simulation mode attempts to
produce the response of the system for the past recorded precipitation or upstream flow input. The
response of the model is compared with the recorded response at the point of forecasting interest and, if
both do not match, either the model structure is changed or the parameters are modified till the matching
is done satisfactorily. Once the structure of the model and its parameters are identified during the calibration
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phase, the model can be used for forecasting purposes and it is said to be used in operational mode.
While the basic structure of the model is not changed in the operational mode, the parameters need to be
changed considering the current catchment conditions due to the variation of the input and subsequent
change in other components of the rainfall-runoff process.

Moreover, the flood forecasting models are typically made up of two components: (i) deterministic
flow component, and (ii) stochastic flow component. While the former is determined by the hydrologic/
hydraulic model, the latter is determined based on the residual (error) series of the difference between
the forecasted flow for a specified lead time and the corresponding observed one. The residual series
reflects both the model error, due to the inability of the model used for forecasting to correctly reproduce
the flow process, and the observational error while measuring the flow. It is imperative, therefore, to use
an appropriate approach to reduce the model error.

The following section describes about the physical basis of the VPMS model used as a component
model for flood forecasting.

3. VARIABLE PARAMETER MUSKINGUM STAGE-HYDROGRAPH

ROUTING METHOD

The variable parameter Muskingum stage-hydrograph routing method, henceforth referred to as the
VPMS method, was developed by Perumal and Ranga Raju (1998a, 1998b) directly from the Saint Venant
equations. The form of the routing equation developed is same as that of the Muskingum method, by
replacing the discharge variable by the stage variable and hence, the reason for adherence of the term
“Muskingum”. Further, the parameters vary at every routing time interval and they are related to the
channel and flow characteristics by the same relationships as established for the physically based
Muskingum method (Apollov et al., 1964; Cunge, 1969; Dooge et al., 1982; Perumal 1994b, 1994c).
The detail development of this method is presented below (e.g., Perumal and Ranga Raju, 1998a; Perumal
et al., 2007).

3.1 Concept

The VPMS method has been developed using the following concept: During steady flow in a river reach
having any shape of prismatic cross-section, the stage and, hence, the cross-sectional area of flow at any
point of the reach is uniquely related to the discharge at the same location defining the steady flow rating
curve. However, this situation is altered during unsteady flow, as conceptualized in the definition sketch
(Fig. 3) of the variable parameter Muskingum routing reach of length �x, in which the same unique
relationship is maintained between the stage and the corresponding steady discharge at any given instant
of time, recorded not at the same section, but at a downstream section (section 3 in Fig. 3) preceding the
corresponding steady stage section (mid-section in Fig. 3).

3.2 Theoretical Background

The routing method is derived from the Saint Venant equations, which govern the one-dimensional
unsteady flow in channels and rivers without considering lateral flow and are given by:

0

 
� �

 

Q A
x t

 (continuity equation) (1)



176 Natural and Anthropogenic Disasters: Vulnerability, Preparedness and Mitigation
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where Q = discharge; A = cross-sectional area of flow; So = channel bed slope; Sf = energy slope; g =
acceleration due to gravity; v = average velocity over cross-section, and y = depth of flow. The notations
x and t denote the space and time variables, respectively.

The derivation of the method involves the assumptions which enable the simplification of the unsteady
flow process by assuming the channel reach to be prismatic and the gradients 
y/
x, (v/g)(
v/
x) and
(1/g)(
v/
t), which, respectively, denote the longitudinal water surface gradient, the convective and the
local acceleration gradients, remain constant at any instant of time in a given reach. The latter assumption
implies that the friction slope Sf is constant over the computational reach length at any instant of time
and, hence, the flow depth varies linearly. It has been shown by Perumal and Ranga Raju (1998a, 1998b;
1999) that the use of the assumption of constant Sf  and the Manning’s friction law governing the unsteady
flow enable to arrive at the simplified momentum equation expressed as:
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where m  = an exponent which depends on the friction law used ( m = 2/3 for the Manning’s friction law,

m = 1/2 for the Chezy’s friction law); R = hydraulic radius (A/P); and P = wetted perimeter.
Using Eqn. (3), it may be shown that the celerity of the flood wave can be expressed as:
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Note that the application of Eqn. (4) for unsteady flow in rectangular channels yields the same celerity
relationship as given in the report of NERC (1975).

Using Eqns (1), (2), (3) and the expression of discharge using Manning’s friction law, Sf can be
expressed as follows:

Fig. 3 Definition sketch of the stage–hydrograph routing method.
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where F is the Froude number which is mathematically expressed as:
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Use of Eqn. (5) in the expression for discharge QM at the middle of the computational channel reach,
using the Manning’s friction law, and its simplification based on the binomial series expansion leads to
the simplified expression for QM as:

QM = 

2

2 2
3

3
3

3

3

/
1

/

/
2 1

/

� �� �
 
� �� � �� 
 
 �� � 
� ��

� �� �
 
 
�� �� �
 � 
 
 �� �

M
M

o

P R yQ m F
A y QQ

xA P R yS m v
y A y

 (7)

Eqn. (7) expresses the discharge QM in terms of normal discharge Q3, corresponding to yM, the flow
depth at the middle of the reach. The section where Q3 passes corresponding to yM is located at a distance
L downstream of the midsection and is expressed as:

L = 

2

2 2
3

3

3

/
1

/

/
2 1

/

� �� �
 
� �� � �� 
 
 �� �� �
� �� �
 
 
�� �� �
 � 
 
 �� �

M
M

o

P R yQ m F
A y

A P R yS m v
y A y

 (8)

where the subscripts M and 3  attached with different variables denote these variables at midsection and
section 3, respectively.

Use of Eqns (1), (3) and (4) leads to the following expression (Perumal and Ranga Raju, 1998a,
1998b):


 
�

 

y yc
t x = 0  (9)

It was pointed out by Perumal and Ranga Raju (1998a, 1998b) that although the form of Eqn. (9) is
same as that of the well-known kinematic-wave equation (Lighthill and Whitham, 1955), it is capable of
approximately modeling a flood wave in the transition range between the zero-inertia wave, governed by
the convection-diffusion equation (Hayami, 1951) and the kinematic wave, including the latter. The
characteristic of this new wave type governed by Eqn. (9), termed as the approximate convection-diffusion
(ACD) equation, has been investigated in detail by Perumal and Ranga Raju (1999).

Applying Eqns (4) and (9) at section 3 of Fig. 3 and its simplification leads to (Perumal and Ranga
Raju, 1998a, 1998b) the governing differential equation of the Muskingum type routing, using stage as
the operating variable in place of discharge, and it is expressed as:
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where yu and yd denote the stages at the upstream and downstream of the reach, respectively. Using the
similarity between the governing differential equation of the Muskingum method in discharge formulation
and that of Eqn. (10), it is inferred that the travel time K of the Muskingum type stage routing method can
be expressed as:
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and the weighting parameter *, after substituting for L from Eqn. (8), can be obtained as:
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The product term (
A/
y)3[1 + m(P
R/
y)/(
A/
y)]3 v3, present in the denominator of Eqn. (12), can
be replaced by the simple expression deduced from Eqn. (4) as:
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Expressing in terms of c3, Eqn. (13a) is modified as:
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Using Eqn. (13a), Eqn. (12) is modified as:
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After neglecting inertial terms of the Saint Venant equations, Eqn. (14a) can be expressed as:
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where the subscript 3 attached with these variables denote the section 3, wherein the discharge passing is
the normal discharge corresponding to the stage at the middle of the Muskingum reach.

Use of Eqns (11) and (14b) in Eqn. (10) leads to a form similar to that of the Muskingum routing
equation, but using stage as the operating variable instead of discharge, and it is expressed as follows:

yd, j+1 = C1 yu, j+1 + C2 yu, j + C3 yd, j  (15)
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where yu, j+1 and yd, j+1 denote the upstream and downstream stages at time ( j+1)�t, respectively; yu, j and
yd, j

 denote the upstream and downstream stages at time j�t, respectively, where �t is the routing time
interval; and the coefficients C1, C2 and C3 are expressed as:
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4. EXTENSION OF THE VPMS METHOD FOR ROUTING IN A TWO-STAGE

COMPOUND CROSS-SECTION CHANNEL REACH

4.1 Channel Reach Details

It is assumed that the channel reach is characterized by a two-stage uniform compound cross-section
with a trapezoidal main channel flow section and an extended trapezoidal floodplain section as shown in
Fig. 4. It is, further, assumed that the entire channel reach is characterized by a uniform or representative
Manning’s roughness coefficient irrespective of main or floodplain channel. This assumption may not be
strictly valid in practice. Since the main aim herein is to develop a simplified hydraulic routing method
using stage as the main routing variable, such an assumption helps to reduce complications in the
development of the method.

4.2 Development of Celerity-Stage Relationship

Stage-hydrograph routing using the VPMS method, either in a single section (main channel section) or a
compound section channel reach, involves the use of Eqns (11), (14b), (15), and (16a–c). Estimation of
the parameters K and *, given by Eqns (11) and (14b) at every routing time interval, involves the variables
Q3, c3, and (
Q/
y)3. One of the important parameters in flood routing process is the celerity at which the
flood wave travels along the river reach downstream. The average celerity of a flood wave can be estimated
as the average travel time of the flood peaks of the hydrographs recorded at either end of a reach (Wong

Fig. 4 Compartmentalization of the compound channel section into a main channel (shade)
and two floodplains (1 and 2) for celerity computation.
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and Laurenson, 1983, 1984). Celerity, corresponding to any discharge, Q can also be estimated using the
rating curve at a particular cross-section as:

c = 
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Alternatively, Q can be estimated analytically by Eqn. (4).

Note that the wave celerity relationship is not unique during unsteady flow due to differing relationships
established when the flood is in the rising and falling stages. Following Eqn. (21), it is expected that the
celerity versus stage relationship to have a discontinuity at the intersection of the full-bank flood level
(corresponding to the top width of the main channel cross-section) and the bottom width of the floodplain
cross-section, due to sudden increase of the wetted perimeter.

4.2.1 Celerity-Stage Relationship for the Main Channel
When the depth of flow in the channel ranges between zero and ym (see Fig. 4), the unsteady flow
corresponds to the main channel flow traversing within the simple trapezoidal section. The celerity of
flow at any section of the main channel flow reach can be expressed using Eqn. (4) as:
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where Qmain is the discharge at the section where celerity is computed; and
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The longitudinal gradient of water depth 
y/
x can be estimated using backward difference scheme as:
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where yu and yd, respectively, correspond to flow depths, at any instant of time, at the upstream and the
downstream of the conceptual reach length �x.

4.2.2 Celerity-Stage Relationship for the Floodplain Channel
When the flow depth exceeds ym, the flow occupies the floodplain. For the estimation of celerity under
this condition, the flow is compartmentalized into flow in the main channel and in the two symmetrical
compartments above bank-full level as shown in Fig. 4. It may be noted that the main channel flow
section above the bank-full level corresponds to a rectangular section having the width corresponding to
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the top-width of the main trapezoidal channel section. Accordingly, the compound channel discharge
encompassing the flow in the floodplain is expressed as follows:

Qcompound = Qmain + Q1 + Q2 (20a)

where Qmain is the flow in the main channel, and Q1 and Q2, respectively, are the flow components of the
floodplain channel compartments 1 and 2. Equation (20a) may be written in terms of the flow area and
velocity of respective compartmentalized sections as:

Qcompound = Amain vmain + A1v1 + A2v2  (20b)

where vmain, v1, and v2 are the velocities in the main channel section, and in the floodplain channel
compartments 1 and 2, respectively.

Using Eqn. (17), the wave celerity for the compound section may be expressed as:
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The expression for (
Qcompound) may be estimated from Eqn. (20a) as:
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Each of the derivatives of the right hand side of Eqn. (22) may be expressed using Eqn. (13a) as
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Similarly, the second and the third terms of the Eqn. (22) can be expressed as:
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where the velocities of unsteady flow in different compartments of the compound channel section can be
expressed using the Manning’s friction law and the momentum Eqn. (2), after neglecting the acceleration
terms, as follows:
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Substituting Eqns. (23a–f ) in Eqn. (22) leads to
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Substituting Eqn. (24) in Eqn. (21), the celerity of the flow when it exceeds the main channel section
may be modified as (Perumal et al., 2007; Sahoo, 2007):
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where
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4.3 Routing Procedure

The procedure described below is adopted while routing using the VPMS method.
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The stage at the outlet of the reach is estimated using the recursive Eqn. (15). The parameters K and
* vary at every routing time interval in a two-step process: In the first step, by estimating the unrefined
stage estimate yd,j+1 for the current routing time interval using the values of K and *, estimated at the
previous time step and, subsequently, using this estimate and yu,j+1, the flow depth at the middle of the
reach is estimated as

yM = (yu,j+1 + yd,j+1) /2  (27)

The initial values of K and * are estimated using the initial steady flow in the reach.
Similarly, the depth of flow at section 3 of Fig. 3 is computed as:

y3 = ' (, 1 , 11� �* � � *u j d jy y  (28)

Using yM, given by Eqn. (27), the discharge at section 3 is computed in the following manner depending
on whether yM is within the main channel section or in the compound channel section:
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where Amain,M, A1,M and A2,M are evaluated at the midsection of the reach using Eqns (26c) and (26f),

respectively, and
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When y3
 - ym, the wave celerity c3 is estimated by using Eqn. (18) corresponding to y3; and when y3 > ym,

the wave celerity c3 corresponding to flow depth y3 of the compound channel section is estimated by
using Eqn. (25).

Corresponding to the estimated values of yM and y3, obtained using Eqns (27) and (28), respectively,
the value of (
Q/
y)3 is estimated using Eqns (13b), (18) and (19a–f) or (24) and (26a–i) depending on
whether yM is within the main channel section or extends into the floodplain channel section, respectively.
In the second step, using these values of Q3,c3 and (
Q/
y)3,  the refined values of K and * are estimated
using Eqns (11) and (14b), respectively, for the current routing time interval, which are, then, used to
estimate the refined stage-hydrograph estimate using Eqns. (15) and (16a–c).

5. APPLICATION OF VPMS MODEL FOR REAL-TIME FLOOD

FORECASTING

The variable parameter Muskingum stage routing model applicable for forecasting purposes is written
by modifying Eqn. (15) as (Perumal et al., 2009a):

,( )ˆ � � Ld j t Ty = 1 , 2 , 3 ,(( 1) ) ,( )ˆ� � � � � � �� � �
L Lu j t u j t d j t T est j t TC y C y C y e  (31)

where j�t is the time of forecast, ŷ  denotes the forecasted stage values and TL is the forecasting lead
time. The minimum TL is �t, the routing time interval at which the stage measurements are made, and
this corresponds to one time interval ahead of forecast. The maximum lead time interval that can be
adopted depends on the accuracy of the obtained forecast. The larger the TL, the poorer would be the
accuracy of the forecast.
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In order to apply the VPMS routing method in a river reach for real-time flood forecasting purposes,
an error updating model also needs to be developed for estimating the forecast error, which when added
to the model estimated forecast for a given lead time would yield the final forecasted flow at the site of
interest. It is proposed to use a second-order linear autoregressive error updating model of the following
form for forecasting the error at time (j�t+TL) (Perumal et al., 2009a):

,( )� � Lest j t Te = 1 , 2 ,( 1) ( )� � � � �� � �
Lobs j t obs j t j t Ta e a e  (32)

where eobs,j�t and eobs,( j–1)�t are the forecasting errors estimated at time j�t and (j–1)�t, respectively, and
�' j�t+TL) is the random error (white noise). However, the flow depth forecasting can be made only after the
lapse of certain initial period of the forecasting event, known as the warm up period. The difference
between the observed stage and the VPMS routed stage in the warm up period is considered as the actual
error and its series is assumed to be stochastic in nature. The initial parameters a1 and a2 of the error
update model are assessed using this error series estimated in the warm up period. The duration of initial
warm up period considered for developing the error update model should not be long to render the
forecasting exercise to be of no practical use for forecasting the given event, and, at the same time, it
should not be too short resulting in numerical problem while estimating the parameters 

1a  and 
2a  using

the least squares approach. The parameters a1 and a2 are updated in real-time on the basis of the last
available observations.

6. CASE STUDY AND RESULTS

The proposed forecasting model consisting of the VPMS routing method as the basic model, and the
second-order linear autoregressive model as the error updating model, is applied for forecasting flow in
a 15 km reach along the Tiber River of Central Italy (Fig. 5). The selected reach is bounded by Pierantonio
and Ponte Felcino gauging stations and has an average bed slope (So) of 0.0016. This average bed slope
is estimated from the elevation difference of the two gauging stations considered herein.

Note that the approximation of the VPMS method for routing a given stage-hydrograph in a river
reach requires the use of an equivalent prismatic channel reach; this involves the approximation of the
actual river reach sections at the two ends to an equivalent prismatic section with a one-to-one relationship
established between the flow depth of the actual section of a given flow area with the corresponding flow
depth of the prismatic channel section of the same flow area. Based on the surveyed cross-sections at the
ends of the actual river reach, it was considered appropriate to approximate the actual reach by a compound
trapezoidal section reach. Accordingly, the surveyed cross-sections of the actual reach were overlapped
and a two-stage trapezoidal compound section geometry with bm = 25 m, ym = 5 m, bf = 59.5 m and z1 =
z2 = 2.5 (see Fig. 6) as required for the prismatic channel reach conceptualization of the VPMS routing
method was finalized by a trial and error approach by fitting the best relationships between the actual
flow depths and the equivalent trapezoidal section ones as: (yu-trap = 0.8887 yu-actual + 0.11) for Pierantonio
section and (yd-trap = 1.0582 yd-actual – 0.1308) for Ponte Felcino site. yu-trap and yd-trap are the equivalent
upstream and downstream flow depths in the trapezoidal channel section corresponding to the flow
depths yu-actual and yd-actual in the actual river section. Using the upstream section relationship, the observed
stage hydrograph of any event was converted to equivalent trapezoidal section stage hydrograph to
enable the routing using the VPMS method and, using the relationship (yd-actual = 0.945 yd-trap + 0.1236),
developed on the basis of the downstream relationship, the routed hydrographs of the equivalent trapezoidal
section was converted to the actual end section estimated hydrograph.

For studying the applicability of the proposed forecasting model, 12 flood events recorded concurrently
at Pierantonio and Ponte Felcino stations were used. The details of these events, each recorded at half-
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Fig. 5 Index map of the upper Tiber River in Central Italy.

an-hour intervals, are shown in Table 1, where also the details of wave travel time, percentage of lateral
flow and actual and equivalent trapezoidal peak flow depths at both stations are reported. The accuracy
of the proposed forecasting model was studied using a warm up period of five hours and considering five
forecast lead times (1.0, 1.5, 2.0, 2.5 and 3.0 hours). The efficiency of the forecast was evaluated using
two criteria: Nash-Sutcliffe (NS) criterion (Nash and Sutcliffe, 1970) and Persistence criterion (PC). As
the NS criterion is well known in hydrological literature, only the Persistence criterion is explained
herein. The Persistence criterion compares the prediction of the proposed model against that obtained by
the no-model, which assumes steady state over the forecasting lead time, and is evaluated as follows:
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Tables 2 to 6 show the forecasting results for peak flow depth forecast at Ponte Felcino station for all
the selected flood events and for all the investigated lead times. The results also include the accuracy of
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Fig. 6 Cross sections of the upper Tiber River at Pierantonio (upstream) and
Ponte Felcino (downstream) gauging stations.

Table 1. Pertinent characteristics of the flood events studied

Pierantonio section Ponte Felcino section

Flood event Wave travel Lateral Actual peak Equivalent Actual peak Equivalent
time (h) inflow (%) stage (m) trapezoidal stage (m) trapezoidal

peak stage (m) peak stage (m)

December 1996 1.50 1.90 4.74 4.32 4.22 4.33
April 1997 1.50 6.50 5.07 4.62 4.57 4.70
November 1997 1.00 5.40 4.22 3.86 3.81 3.90
February 1999 2.00 4.40 5.06 4.61 4.52 4.65
December 1999 0.00 24.70 2.71 2.52 2.79 2.82
December 2000 2.00 Flooding 5.92 5.37 5.25 5.42
April 2001 2.00 0.20 3.68 3.38 3.23 3.29
November 2005 2.5 Flooding 7.10 6.42 6.92 7.19
3rd December 2005 1.00 3.60 5.10 4.64 4.42 4.55
5th December 2005 1.00 5.70 5.49 4.99 4.76 4.91
30th December 2005 2.00 1.90 4.99 4.54 4.34 4.46
February 2006 1.50 28.40 2.28 2.14 2.64 2.66
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where y and ŷ denote the observed and the forecasted flow depth values, respectively.
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peak stage reproduction, error in time to peak stage, Nash-Sutcliffe (NS) efficiency and Persistence
criterion (PC) efficiency. Some of the floods studied herein are characterized by the flooding events
(December 2000 and November 2005) with flow spilled over the main channel almost in the entire
stretch of the reach and also received unaccounted lateral flow.

Figures 7 to 10 show some typical forecasted events for various lead times. The given inflow
hydrograph and the corresponding observed outflow hydrograph are also shown in these figures. It is
inferred from the results given in Tables 2 to 6 that up to a lead time of 3.0 h, only two flood events
(December 1999 and February 2006) could not be successfully forecasted as reflected by their PC estimates
(<50%). These two events are characterized by significant lateral flows (>25% of inflow hydrograph
volume). As the proposed forecasting model has been developed using the assumption of no lateral flow

Table 2. Results of the forecasting model for a lead time of one hour (err_ypeak
 = percentage error in

peak stage; err_tpeak = error in time to peak stage)

Event err_ypeak (%) err_tpeak (h) NS (%) PC (%)

December 1996 0.08 –1.50 99.82 93.80
April 1997 –0.20 –0.50 99.95 97.80
November 1997 0.97 –3.00 99.87 96.15
February 1999 –0.77 –0.50 99.90 96.59
December 1999 1.95 1.00 99.79 78.68
December 2000 –0.64 0.50 99.80 90.11
April 2001 –0.61 0.50 99.67 95.66
November 2005 0.06 0.00 99.87 90.54
3rd December 2005 –1.29 1.00 99.74 95.26
5th December 2005 –0.17 0.50 99.80 93.66
30th December 2005 0.02 0.00 99.91 92.60
February 2006 1.50 1.00 99.62 81.56

Mean absolute value 0.69 0.83 99.81 91.87

Table 3. As for Table 2, but for a lead time of 1.5 hours

Event err_ypeak (%) err_tpeak (h) NS (%) PC (%)

December 1996 0.53 –1.00 99.70 95.33
April 1997 –0.77 0.00 99.85 97.01
November 1997 1.86 –2.50 99.79 97.13
February 1999 –0.27 0.50 99.93 98.94
December 1999 2.53 1.50 99.49 75.67
December 2000 –0.82 –1.00 99.66 92.10
April 2001 1.06 –0.50 99.57 97.44
November 2005 –0.38 0.00 99.66 88.97
3rd December 2005 –0.48 –0.50 98.89 90.59
5th December 2005 0.39 0.00 99.59 94.12
30th December 2005 0.96 0.00 99.87 94.95
February 2006 3.40 0.00 98.86 74.01

Mean absolute value 1.12 0.63 99.57 91.36
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Table 4. As for Table 2, but for a lead time of 2.0 hours

Event err_ypeak (%) err_tpeak (h) NS (%) PC (%)

December 1996 0.96 –0.50 99.33 94.06
April 1997 –0.31 –2.00 97.38 92.83
November 1997 2.60 –3.50 99.40 95.33
February 1999 0.43 0.50 99.62 96.54
December 1999 2.94 2.00 98.79 66.30
December 2000 –0.12 –8.50 99.30 90.53
April 2001 3.72 0.00 97.79 92.29
November 2005 –0.65 1.00 99.36 88.06
3rd December 2005 1.62 –8.00 95.54 77.98
5th December 2005 1.51 –3.00 98.58 88.34
30th December 2005 1.17 1.50 99.67 92.65
February 2006 5.70 0.50 97.20 62.68

Mean absolute value 1.81 2.58 98.50 86.47

Table 5. As for Table 2, but for a lead time of 2.5 hours

Event err_ypeak (%) err_tpeak (h) NS (%) PC (%)

December 1996 3.82 –4.50 97.81 87.22
April 1997 0.77 –1.50 97.93 84.36
November 1997 5.78 –4.00 98.17 90.65
February 1999 3.16 –4.00 98.18 89.21
December 1999 3.63 2.50 97.04 45.34
December 2000 3.95 –8.50 98.17 83.65
April 2001 7.92 –1.00 90.73 78.61
November 2005 –0.94 2.00 98.86 86.05
3rd December 2005 7.74 –7.50 86.25 54.76
5th December 2005 5.87 –4.00 94.66 71.37
30th December 2005 1.75 0.50 98.88 83.90
February 2006 7.81 1.50 94.07 47.23

Mean absolute value 4.43 3.46 95.90 75.20

in the considered reach, it is expected that the efficiency of the model would be poorer in forecasting the
flow depth when that event is associated with significant lateral flow. Though the error update model
can, to some extent, improve the forecasts in the event of lateral flow, it may not give reliable forecasts
when there is significant lateral flow in the reach.

It can be seen from Figs 7 to 10 and from the forecast results of other events (not shown herein) that
for almost all the events studied the update error model overestimates the forecast error when the rate of
increase of rising limb suddenly decreases resulting in increased forecast error around this time zone.
The minimum PC estimated for the forecasted events is greater than 60%, except for three events
(December 1999, 3rd December 2005 and February 2006) out of which two events are characterized by
significant lateral flow.

Overall, the results presented herein show that the hydrometric data-based VPMS model can be
efficiently used as the forecasting model for practical river engineering problems. The other advantages



Real-Time Flood Forecasting by a Hydrometric Data-Based Technique 189

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

December 1996
s
ta

g
e

(m
)

time (hours)

inflow hydrograph
observed outflow
forecast outflow (1.0 hour)
forecast outflow (1.5 hours)
forecast outflow (2.0 hours)
forecast outflow (2.5 hours)
forecast outflow (3.0 hours)

Fig. 7 December 1996 event: comparison between the observed and forecasted stage hydrographs for different
lead times at Ponte Felcino section. The input stage hydrograph at Pierantonio site is also shown.

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

November 1997

s
ta

g
e

(m
)

time (hours)

inflow hydrograph
observed outflow
forecast outflow (1.0 hours)
forecast outflow (1.5 hours)
forecast outflow (2.0 hours)
forecast outflow (2.5 hours)
forecast outflow (3.0 hours)
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Fig. 10 As for Fig. 7, but for the event of November 2005.
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of this model includes its capability to compute the downstream discharge hydrograph corresponding to
the routed or forecasted downstream stage hydrograph, establishment of sectional rating curves, and
celerity-stage, celerity-discharge relationships in ungauged and semi-gauged river basins (e.g., Perumal
et al., 2007).

7. APPLICABILITY CRITERIA FOR THE VPMS MODEL

Identifying a suitable simplified method for application to a given flood routing problem is a difficult
task. Several researchers have attempted to provide criteria for the selection of the appropriate routing
methods (Henderson, 1966; Woolhiser and Liggett, 1967; Ponce et al., 1978; Daluz, 1983; Fread, 1985;
Ferrick, 1985; Price, 1985; Dooge and Napiorkowski, 1987; Marsalek et al., 1996; Moussa and Bocquillon,
1996; Singh, 1996; Tsai, 2003) for the application to a given routing problem with or without considering
any downstream boundary condition. Among these criteria, the one introduced by Ponce et al. (1978) has
found its place in standard textbooks (French, 1986; Ponce, 1989; Chaudhry, 1993; Viessman and Lewis,
1996; Singh, 1996). However, the criteria by Ponce et al. (1978) were established on the basis of at least
95% accuracy in the wave amplitude when compared with the dynamic wave after one propagation
period. The linear stability analysis used in arriving at these criteria considers the first-order approximation
of the shallow water wave propagation which is treated as an infinitesimal disturbance imposed to the
initially steady uniform flow. The common features of these criteria include the assumptions of a prismatic
channel and a sinusoidal wave of arbitrary amplitude. However, in reality, flood waves found in natural
rivers differ significantly from the assumption of sinusoidal shape and also they exhibit nonlinear behavior.
Hence, the assumptions behind the development of these criteria are inherently contradictory with the
characteristics of real life flood waves.

Ferrick and Goodman (1998) pointed out that large amplitude flow increases of practical interest
must be described by the nonlinear equations. Since linear stability theory is valid for small perturbations
from the reference flow, and the real world flood waves are frequently very large in amplitude, the linear
analysis used in the development of the Ponce et al. (1978) applicability criteria is questionable (Crago
and Richards, 2000). Further, Zoppou and O’Neill (1982) tested the criteria of Ponce et al. (1978) for a

Table 6. As for Table 2, but for a lead time of 3.0 hours

Event err_ypeak (%) err_tpeak (h) NS (%) PC (%)

December 1996 7.79 –5.00 94.74 78.10
April 1997 2.65 –7.50 95.48 75.72
November 1997 10.09 –3.50 96.26 86.55
February 1999 11.26 –3.50 95.27 80.04
December 1999 4.02 4.50 95.87 45.41
December 2000 8.79 –8.50 96.23 75.88
April 2001 13.58 –0.50 79.09 65.16
November 2005 –1.22 2.50 98.15 84.07
3rd December 2005 13.06 –6.50 74.75 39.59
5th December 2005 10.42 –3.50 90.50 63.89
30th December 2005 2.46 0.00 97.80 77.68
February 2006 9.85 2.00 90.88 41.20

Mean absolute value 7.93 3.96 92.09 67.77
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real life flood routing problem of a 33.2 km reach of the Australian river Yarra between Yarra Grange and
Yering, for assessing the applicability of the diffusive and kinematic wave models as approximations to
the dynamic wave model. A good agreement was obtained in all cases studied using the kinematic wave
model, despite the criteria of Ponce et al. (1978) predicting that it would be unsuitable for routing under
these circumstances. On the basis of these considerations, Zoppou and O’Neill (1982) and Perumal and
Sahoo (2006) cautioned the river engineers and hydrologists about the limitations of these criteria. In
light of subsequent development of improved simplified methods, which have moved from the domain
of complete linear models to that of variable parameter models, duly accounting for the non-linear
characteristics of a flood wave, this caution seems to have a greater significance. Hence, the applicability
criteria advocated by Ponce et al. (1978) for identifying an appropriate flood wave model for a given
routing problem may be replaced by alternative criteria with physical significance, given the non-linear
mechanism of flood wave propagation in real-world rivers.

Perumal and Sahoo (2007) showed that one of the logical ways of developing these alternative
criteria can be by directly incorporating the magnitude of the scaled water profile gradient
(1/So)(
y/
x), which is used for the classification of flood waves (Henderson, 1966; NERC, 1975) as
kinematic or diffusive. In fact, such an applicability criterion was advocated by Price (1985) for the
simplified routing method developed by him, but it is too restrictive with |(1/So)(
y/
x)| - 0.05. The
hydrograph characterized by the presence of (1/So)(
y/
x) signifies a diffusive flood wave and its absence
signifies a kinematic flood wave (NERC, 1975). The scaled gradient can be estimated at every routing
time level of the given hydrograph at the inlet of the routing reach.

On the basis of an extensive study by Perumal and Sahoo (2007), it is revealed that the applicability
of the VPMS model to be assessed at the inlet of the reach for routing a given hydrograph requires
satisfying the criteria (1/So)(
y/
x)max - 0.79 and (1/So)(
y/
x)max - 0.63 for stage routing and discharge
computation, respectively.

8. CONCLUSIONS

River stage forecasting at any downstream ungauged site plays a vital role in a comprehensive and
coordinated planning for flood hazard mitigation and evacuation work. The adaptive parameter estimation
methods employing the Kalman filtering technique may not be worth the effort for real-time flood
forecasting (Ahsan and O’Connor, 1994). In such a scenario, the application of the simplified physically
based model like the variable parameter Muskingum stage-hydrograph routing (VPMS) method along
with a simple error updating technique, such as the one proposed in this chapter, is much more useful for
real-time flood forecasting at a river gauging site. Based on the forecasting performance for different
events investigated, it can be inferred that the proposed model has the potential for practical forecasting
applications in hydrometric data-based modelling provided that the adopted forecasting lead time is not
longer than the mean wave travel time of the selected river reach. Further investigations through different
case studies need to be carried out in order to verify the proposed forecasting model accuracy. Furthermore,
as a future study, the model formulation presented in this chapter may be extended by accounting for
significant lateral flow contribution entering along the selected river reach.
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1. INTRODUCTION

Droughts are manifestations of significant shortages in all domains of the water cycle. They have adverse
impacts on the environment, water availability and water quality, water supply system, hydropower
generation, navigation, groundwater balances, vegetation cover, agricultural production, etc. of the affected
region. Drought is a regular part of natural cycles and single-most weather related natural disaster affecting
livelihoods, developmental activities, natural resources (water, soil, and biodiversity) and economy of a
country (http://en.wikipedia.org/wiki/Drought). Although droughts may persist for several years, even a
short, intense drought can cause significant damage and severely affect local economy. This global
phenomenon has a widespread impact on agriculture. Indeed drought is one of the most serious problems
arising from climate variability for human societies and ecosystems (Yurekli and Kurune, 2006). The
occurrence of droughts is not limited to a particular region. It has been observed that their impact has
been completely different in developed and developing nations because of several socio-economic and
political factors influencing both behavioral and management patterns. Even within the developing
countries, the effects of droughts can vary significantly, but the fact remains that the economically weaker
countries or groups in a country are most severely affected by the droughts.

According to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC, 2007), many parts of the developing world are very likely to warm during this century. South
Asia is likely to experience extreme climatic events associated with climate change, such as increasing
severity and frequency of floods and droughts, and the length of growing season and yield potential of
crops is expected to decrease in areas suitable for agriculture, particularly along the margins of semi-arid
and arid areas which are already drought prone. India may experience a rise of temperature of 1°C by the
year 2050 (IPCC, 2007; Sivakumar, 2008). By the end of the century, there will be a change in precipitation
by 5-25% over India with more reductions in the winter rainfall than the summer leading to droughts
during summer months (Lal et al., 2001; Prabhakar and Shaw, 2008).

Drought has been a recurring feature of Indian agriculture. Major parts of India having the probability
of three to four-year drought in a ten-year period in which, there is again a probability of getting one or
two years moderate and half year to one year severe drought. Due to the variability of climate in recent
past, more intense and longer droughts have been observed in wider areas since 1970, particularly in the
tropics and subtropics. The rainfed regions encompassing arid, semi-arid and dry sub-humid regions
(covering regions having rainfall less than 1150 to 1200 mm) are more prone to climatic variability and
drought (Ramakrishna et al., 2007). Rainfed agriculture is practiced in 90 Mha accounting 60% of
cultivated area and contributes 44% foodgrain production contributing 91, 91, 80, and 60% of coarse
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cereals, pulses, oilseeds and cotton, respectively. Besides this, 66% of livestock population is also
dependent on rainfed areas. Even with the completion of envisaged river linkage project covering various
parts of India, it is estimated that 50% would still remain rainfed (Vittal et al., 2006). On the top of it, the
projected changes in temperature and precipitation due to climatic variability will further aggravate the
water scarcity problem in already suffering rainfed regions (Lal et al., 2001; Prabhakar and Shaw, 2008).
These issues call for concerted efforts in addressing the drought as an opportunity, rather than as a
national calamity. A general belief about natural disasters like drought is that they are inevitable,
unavoidable and unmanageable. A change in this attitude following a scientific approach would help in
mitigating the effects of drought.

This chapter presents, besides the basics of droughts, the impacts of drought and the management of
agricultural drought in various agricultural drought regions of India with an emphasis on drought coping
practices in season and drought amelioration on a permanent basis. It also addresses issues concerning
meteorological and hydrological droughts, for example, efficient rainwater management, conservation
of soil moisture, crop and contingency planning, etc. Along with the existing policies and support systems,
new approaches or programs to combat droughts in the drought-prone regions are also discussed.

2. DEFINITION OF DROUGHT AND DROUGHT TYPES

Drought is a climatic anomaly, characterized by deficient supply of moisture resulting either from sub-
normal rainfall, erratic rainfall distribution, higher water need or a combination of all the three factors. In
general, drought means different things to different people. To a meteorologist it is the absence of rain,
while to the agriculturist it is the deficiency of soil moisture in the crop root zone to support crop growth
and productivity. To the hydrologist, it is the lowering of water levels in lakes, reservoirs, etc., while for
the city management it may mean the shortage of drinking water availability. Thus, it is unrealistic to
expect a universal definition of drought for all the fields (saarc-sdmc.nic.in).

There are several definitions of drought given by various experts (Thronthwaite, 1948; Ramdas,
1960; Van Bavel, 1953; Palmer, 1965). However there is no universally accepted definition of the term.
Drought is a multifaceted concept, which defies attempts at precise and objective domain. Most drought
definitions are based on meteorological observations, agricultural problems, hydrological conditions
and socio-economic considerations (Sharma et al., 2006). Schneider (1996) defined drought as an extended
period—a season, a year or several years of deficient rainfall relative to the statistical multiplayer mean
for a region. Dracup et al. (1980) considered four variables to define drought appropriately: (i) nature of
the water deficit, precipitation, soil moisture or stream flow; (ii) basic time unit of the data, e.g., month,
season or year; (iii) truncation which distinguishes low flows from normal/high flows, e.g., mean, median,
mode or other derived threshold value; and (iv) regionalization and/or standardization. Thronthwaite
(1948) described four types of droughts as permanent, seasonal, contingent and invisible. In India, the
definition given for meteorological drought by the India Meteorological Department (IMD) is most
widely used by Central and State Governments.

It is worth mentioning that drought is different from famine and desertification in respect of occurrence,
duration, types/kinds and extent and impact. According to the Encyclopedia Britannica, “famine is severe
and prolonged hunger in a substantial proportion of the population of a region or country, resulting in
widespread and acute malnutrition and death by starvation and disease”. Famines usually last for a
limited time, ranging from a few months to a few years. They cannot continue indefinitely, if for no other
reason than that the affected population would eventually be decimated. On the other hand, “desertification
is land degradation in the arid, semi-arid and dry sub-humid regions resulting from various factors,
including climatic variations and human activities” (UNCCD, 1995). One of the most important reasons
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for famine could be severe drought. Land degradation on a long-term basis leads to desertification in a
region and recurrent droughts in dry regions hasten the process of land degradation resulting in
desertification. Although the nature and magnitude of impacts of drought, famine and desertification
vary, the reasons of occurrence of these three hazards are intricately linked in a natural ecosystem in a
region impacting natural resources and livelihoods of human populations, survival, health and productivity
of animal populations, and economic conditions of a nation as a whole.

Based on the criteria, concept of its utilization and different schools of thought, drought is broadly
categorized into meteorological drought, hydrological drought, agricultural drought and socio-economic
drought.

Meteorological drought is said to occur when there is prolonged absence or marked deficiency or
poor distribution of precipitation over an area (Sarkar et al., 2005). India Meteorological Department
(IMD) defines meteorological drought as a situation when the seasonal rainfall received over an area is
less than 75% of its long-term average value and further classifies as ‘moderate drought’ if the rainfall
deficit is between 26-50% and ‘severe drought’ when the deficit exceeds 50% of the normal. Furthermore,
India Meteorological Department (IMD) defines drought week as a week in which rainfall is less than
half of its normal, drought year as a year when the annual rainfall is deficient by 25% of normal or more,
and severe drought year as a year when the annual rainfall is deficient by 50% of normal or more.
Hydrological drought is said to occur when there is marked depletion of surface water with dried up
lakes, rivers, and reservoirs. Often prolonged meteorological drought results in hydrological drought.
Linsley et al. (1988) defined hydrological drought as a period during which stream flows are inadequate
to supply established uses of water under a given water-management system, while Whipple (1966)
defined hydrological drought as one in which the aggregate runoff is less than the long-term average
runoff. Low snow accumulation in mountainous areas can lead to hydrological drought in adjacent
lowlands.

Agricultural drought refers to an extended dry period in which the lack of rainfall results in
insufficient moisture in the crop root zone causing adverse effects on arable crops. In view of the vagaries
in monsoon rainfall, agricultural drought can be anticipated to occur at any time within the crop growth
period of the rainfed crops. Hence, depending upon the occurrence, five distinct categories of agricultural
drought were identified, viz., early season drought (due to delay in the commencement of sowing rains),
mid-season drought (when there are breaks in the southwest monsoon), late season drought (due to early
cessation of rains, crops sometimes experience moisture stress in the reproductive phase), permanent
drought (due to inadequacy of soil moisture/rainfall to meet the water requirement of a crop during most
of the year) and apparent drought (rainfall in a region may be adequate for one crop but may not be
adequate for other crops) (Singh and Ramana Rao, 1988). Finally, socio-economic drought is said to
occur when the social fabric of a society is affected in terms of increase in unemployment, distress
migration, discontent, etc., which might have happened due to the disturbed economy of a region caused
by extreme meteorological and hydrological droughts (Sarkar et al., 2005).

3. CAUSES OF DROUGHT

The root cause for deficit rainfall that results in drought is the widespread and persistent atmospheric
subsidence arising from the general circulation of the atmosphere, ENSO phenomenon, deforestation
and degradation. One of the major reasons for droughts has been a strong link with El Nino Southern
Oscillation (ENSO) patterns (Gadgil et al., 2003) with the evidence of occurrence of 10 drought years
out of 22 during the ENSO period of 1965-1987, while there were only three drought years during 1921-
1964 (DAC, 2004). The recent droughts of 2002 and 2004 suggest the inherent vulnerability of the
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Indian monsoon system to El Nino phenomenon (Saith and Singh, 2006) and recent research clearly
demonstrated the linkage between ENSO and food grain production in India (Selvaraju, 2003; Prabhakar
and Shaw, 2008). With a warmer climate, droughts and floods could become more frequent, severe, and
longer-lasting. The potential increase in these hazards is a great concern given the stresses being placed
on water resources and the high costs resulting from recent hazards (http://www.drought.unl.edu/whatis/
cchange.htm). Due to change in climate, the water cycle will change and intensify, leading to changes in
water supply as well as flood and drought patterns (http://www.agu.org/sci_soc/policy/
climate_change_position.html). The extensive deforestation in vogue since centuries has altered the water
cycle, thus, enhancing the incidence of droughts.

Shortage of rainfall coupled with its erratic distribution during rainy season causes severe water
deficit conditions resulting in various intensities of droughts. In India, the seasonal rainfall (monsoon
rains) over the Indian sub-continent is a global phenomena associated with large-scale hemispherical
movement of air masses. Therefore, identification of the major atmospheric phenomenon that influences
the monsoon over Indian sub-continent is essential in drought management research. Two such
relationships, viz., (i) sea-surface temperature anomaly around the Indian sub-continent in relation to
atmospheric circulation, and (ii) large-scale pressure oscillation in atmosphere over southern Pacific
Ocean are found to be useful in this context. The El Nino event is one such phenomenon, which has
profound influence on the monsoon activity over Indian sub-continent. The Southern Oscillation Index
(SOI) is one important parameter in the predictive sixteen parameters model used by IMD for long-range
forecasting purposes. The study of the Indian summer monsoon over the country by India Meteorological
Department showed that all the drought years are El Nino years whereas all the El Nino years are not
drought years indicating thereby that various other factors also equally influence the monsoon over the
sub-continent. In this context, the winter circulation over the sub-continent, extended period of occurrence
of western disturbances (late in the season), strengthening of heat low over NW India in summer and
shifts in zonal cells over India are some of the important parameters that influence monsoon system over
the country. Some of the researchers are of the opinion that the sea-surface temperature anomaly in the
monsoon path is more important in predicting the monsoon rather than the pressure difference at far off
places in the globe. Such studies have been initiated, but definite conclusions are yet to be arrived at.
Therefore, successful prediction of monsoon over different parts of the country is still a problem and any
progress in this direction will help in forewarning the occurrence of droughts (saarc-sdmc.nic.in).

4. IMPACTS OF DROUGHT

As mentioned earlier, droughts are extreme hydrologic events causing acute water shortages which persist
long enough to trigger detrimental effects on human, vegetation, animal and ecosystem over a considerable
area. Unlike other natural disasters such as earthquakes, cyclones and floods, droughts don’t occur
suddenly, but their effects are prolonged and in some situations equally detrimental. In agriculture
dominating countries, the effect of prolonged drought is devastating. While the urban populations may
withstand drought to some extent, the vast rural populations are badly affected. The severity of the
drought depends on its duration, degree of water/moisture deficiency, and the size of the affected area.
Droughts have significant consequences in terms of reduction/elimination of agricultural production,
effect on energy generation, effect on livestock systems, population migration, and resources required
for mitigating the resulting hazards. The impact of drought over a region varies depending on which
economic activity is impaired. Since drought affects many economic and social sectors, scores of definitions
have been developed by a variety of disciplines and the approaches taken to define it also reflect regional
and ideological variations (saarc-sdmc.nic.in).
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Drought affects the overall economy of a country at macro (national) and micro (village and household)
levels, and its impact may be direct or indirect. The losses due to drought may be physical, social,
economic and environmental (Rathore, 2004). The extent and intensity of drought is determined by
prevailing economic conditions, the structure of the agricultural sector, management of water resources,
food reserves, internal and external conflicts, etc. Entitlements to produce and procure food are largely
affected at the micro level. The major impacts would be on agriculture, human and livestock systems.
Droughts in India, in the past, have periodically led to major Indian famines, including the Bengal
famine of 1770, in which up to one third of the population in affected areas died; the 1876-1877 and 1899
famine over five million and more than 4.5 million people died, respectively. Loss of assets in the form
of crop, livestock (mortality, loss in productivity, health and loss in fertility); and productive capital
damage as a direct consequence of water shortage or related power cuts; agro-based industries, domestic
water availability, health, household activities, etc. are some of the major casualties due to drought.
Droughts affect government policies, expenditure on food distribution, food imports, provisions of
subsidies, credit to affected productive sectors, law and order services etc., at one side and impact on
regional equality, employment, trade deficits, external debt and inflation on the other. The intensification
of household food insecurity, water related health risks and loss of livelihoods in the agricultural sector
are immediate. Impacts are also regional and on individual families. Further, the value of other crop
production loss was 370 million dollars compared to 125 million dollars averaged over 30 years.

Ramakrishna (1997), while discussing about the importance of rainfall variability vis-à-vis successful
crop production in the arid regions of India, indicated that the risk involved in successful raising of crops
and their choice depends on the nature of drought (chronic and contingent), probable duration of drought,
and the periodicity of occurrence within a season. He further added that the impact of drought on food
and agriculture is severe because as much as two thirds of the region’s agricultural land is rainfed with
large portions in arid and semi-arid regions. The effect of drought is more pronounced on fodder availability
compared to that of food grains. In the arid regions, where mean annual rainfall is less than 500 mm,
drought is almost an inevitable phenomenon during most parts of the year. In semi-arid regions, where
mean annual rainfall varies between 500 and 750 mm, drought occurs in 40 to 60% of the years due to
deficit seasonal rainfall or inadequate soil moisture availability between two successive rainfall events.
Even dry sub-humid regions, where rainfall varies between 750 and 1200 mm, do experience contingent
drought situations due to break monsoon conditions. As a result, drought management strategies have to
be identified separately for each climatic region and also for each major crop grown in those regions. The
effect of droughts on foodgrain production for the last 30 years reflected more in kharif season, rice
production, while scarcity of green quality fodder affecting animal health, animal draft power, milk
production, and further there would be more casualties of animals, particularly small ruminant as the
already overgrazed grasslands might have low quality/quantity forage with limited water-points in these
grazing areas.

5. DROUGHT FREQUENCY AND AGRICULTURAL DROUGHT

REGIONS IN INDIA

Drought is imminent in a vast country like India, which means insufficient soil moisture availability to
maintain normal biophysical and chemical phase for supporting plant growth. In India, the historical
analysis of drought over past 200 years given by Kulkshetra (1997) indicates that there was an occurrence
of five phenomenal droughts that affected more than 47.7% area of the country, of which two occurred
during the last quarter of the 20th Century. The occurrence of major droughts since 1801 in India is



202 Natural and Anthropogenic Disasters: Vulnerability, Preparedness and Mitigation

summarized in Table 1. There were 23 major droughts years (years with rainfall less than one standard
deviation below the mean) in India during the period 1871-2005. The frequency of droughts computed
based on the rainfall departures over the last 130 years (Fig. 1) indicated that maximum number of
droughts were observed in north-western part followed by central parts and the least in the north-east and
hilly regions (Ramakrishna et al., 2005).

Analysis of top six severest droughts during 1877 to 2005 in India (Table 2) indicated that the
rainfall deficit varied from –19 to –29.1%, whereas the geographical area affected ranged from 49 to
63%. Deficiency in the month of July (crop sowing period) was agronomically more critical for agricultural

Table 1. Reported drought events in India during past 200 years (Kulkshetra, 1997; Samra, 2006)

Period Drought Years Period Drought Years

1801-1825 1801, 1804, 1806, 1812, 1819, 1825 1901-1925 1901*, 1904, 1905*, 1907, 1911,
1918*, 1920

1826-1850 1832, 1833, 1837 1926-1950 1939, 1941*

1851-1875 1853, 1860, 1862, 1866, 1868, 1873 1951-1975 1951, 1965*, 1966, 1971, 1972*, 1974

1876-1900 1877*+, 1891, 1899*+ 1975-2005 1979*, 1982, 1985, 1987*+, 1988,
1992, 2002

*Severe drought years = 10 (>39.5% area affected); + Phenomenal drought years = 5 (> 47.7% area affected).

Fig. 1 Frequency of droughts during 1871-1999 in India (Ramakrishna et al., 2005).
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production and the deficit was highest in the recent drought of 2002 with severest economic losses
(Samra, 2006).

For example, the impact of 2002 drought was such that the water storage in 70 major reservoirs was
33% less than the average of previous 10 years, 22 Mha area was not sown and 47 Mha of the sown area
was subsequently damaged and foodgrain production reduced by 29 million tonnes, agricultural GDP
was reduced by 3.1% with Rs. 390 (US$9) billion loss of agricultural income, there was a loss of 1250
million person-days employment, and every day about 1.5 billion liters of drinking water was transported
by tankers, railways and other means (DAC, 2004). According to the Emergency Database (EM-DAT)
of Centre for Research on the Epideomology of Disasters (CRED, 2006), droughts have affected nearly
1,061 million people and killed 4.25 million people in India during 1900-2006.

Agricultural drought is recognized when available soil moisture is inadequate for healthy crop growth
causing extreme stress leading to wilting. Thus, drought in simplest terms is insufficiency in precipitation
normally required to meet crop productivity and can be a recurring phenomenon across a region (horizontal
drought) or occurring transient within a season based upon rainfall patterns and dry spells (vertical
drought). The horizontal and vertical droughts are inseparable. Agricultural drought is a climatic anomaly
characterized by deficient supply of moisture in root zone of soil resulting either from sub-normal rainfall,
erratic rainfall distribution, higher water need or a combination of all the three factors. This is compounded
by poor water holding capacity of soils and land topography. In India, the drought regions can be classified
into six regions based on the frequency of drought, climate, rainy season, soil quality and soil orders
(Vittal et al., 2003, 2005). They are as follows:

. Region 1: Chronic drought region of arid marginal rainy season - Aridisols.

. Region 2: Chronic drought region of arid sub-marginal rainy season—Vertisols/Alfisols.

. Region 3: Chronic drought region in dry semi-arid delayed rainy season—Vertisols/Alfisols.

. Region 4: Chronic drought region in dry semi-arid post rainy season—Vertic/Vertisols.

. Region 5: Ephemeral drought in wet semi-arid rainy season—Vertisols/Alfisols during early,
mid or terminal seasons.

. Region 6: Apparent drought region in dry sub-humid—Alfisols/Oxisols on upland, medium
land and low land.

Aridisols, Vertisols/Alfisols, Vertic/Vertisols, Oxisols are the soil orders dominantly occurring in the
respective drought regions. The information pertaining to droughts occurring across arid, semi-arid and
sub-humid regions, and spatial distribution of agricultural drought regions is shown in Figs 2 and 3,
respectively.

Table 2. All India rainfall deficits in the six major drought years in India during 1877-2005 (Samra, 2006)

Features Drought Years

2002 1987 1972 1918 1899 1877

Rainfall deficiency (percentage deviation -19.0 -19.0 -23.5 -23.9 -26.8 -29.1
from normal)

Area under deficient rainfall (%) 56 64 49 68 83 67
Number of meteorological sub-divisions (out of

36 in deficient and scanty categories of rainfall) 21 21 22 25 25 25
Deficiency of rainfall in July (percentage deviation -49 -29 -31 -48 -32 -43

from normal)
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Fig. 2 Types of droughts in rainfed regions in India (Vittal et al., 2003).
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The effective length of plant growing period is 12, 19, 20, 22, 31 and 38 weeks with onset of
monsoon in 27, 26, 38, 23, 20, and 22 meteorological standard weeks, respectively in the above six
regions. Crop production in rainfed areas is generally affected by chronic (permanent) drought (Southwest
monsoon for the rainy season region and Northeast monsoon for the rabi region with low rainfall),
ephemeral drought (occurring in early June, July; mid July-August), terminal drought (September-early
October periods during crop growth in Southwest monsoon season), and apparent drought (Southwest
monsoon with high rainfall). Horizontal chronic drought usually has a high frequency of occurrence
once in less than five years, while the drought in ephemeral regions will be once in 5 to 10 years and once
in 10 to 20 years in apparent conditions.

There is a significant difference between chronic and other drought regions. The average annual
water balance (computed on monthly basis) of the drought regions comprising precipitation (P), potential
evaporation (PE), actual evaporation (AE), water deficit (WD), water surplus (WS), moisture index
(MI), mean annual temperature (T) is presented in Table 3.

Identifying periods within a given growing season is important when drought related weather
conditions have greatest effect like yield altering impacts. A minimum of 20 mm rainfall per week is a
yardstick for meeting the weekly evaporation in rainy and post-rainy seasons and for carrying out
agricultural operations in most of the soils. The probability of wet (/20 mm)/dry (- 20 mm) weeks is
higher in ephemeral and apparent drought regions. In the chronic region during rainy season, this
probability is low but with delayed rainy season (season starting after 31st meteorological standard week
during northeast monsoon) the probability increases. In the ephemeral/apparent drought region usually
mid season has a higher probability to experience wet and dry spells followed by early season than
terminal period. The exception for this case is the chronic drought regions in arid marginal and sub-
marginal regions. Thus, the wet and dry weeks affect crop growth in the six drought regions (Table 4).

An operational definition for measuring drought intensity would be one that compares daily
precipitation values to evapotranspiration rates to determine the rate of soil moisture diffusion and express
these relationships in terms of drought effects on plant behavior at various stages of crop development.
Thus, severity of drought is a ratio of actual evapotranspiration (AET) to potential evapotranspiration
(PET) during the growing season. The intensity scale of agricultural drought is based on the ratio of AET
to PET as given in Table 5.

Table 3. Water balance and mean annual temperature of the drought regions (Vittal et al., 2003)

Drought region P PE AE WD WS MI T
(mm) (mm) (mm) (mm) (mm) (%) (°C)

1. Chronic drought in arid marginal rainy season 389 1510 389 1121 0 -74 24
Aridisols (2)

2. Chronic drought in arid sub-marginal rainy season 629 2001 642 1359 0 -68 27
Vertisol/Alfisols (2)

3. Chronic drought in dry semi-arid delayed rainy 659 1817 659 1157 0 -64 -
season Vertisols/Alfisols (1)

4. Chronic drought in dry semi-arid post-rainy season 594 1729 594 1135 0 -66 28
Vertic/Vertisols (3)

5. Ephemeral drought in wet semi-arid Vertisols/ 813 1490 772 717 39 -45 24
Alfisols (6)

6. Apparent drought region in dry sub-humid Alfisols/ 1246 1517 793 723 452 -16 24
Oxisols (5)

Note: Figures in parentheses are the number of regions with real time data (modified from Mandal et al., 1999).
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6. DROUGHT MANAGEMENT

Drought occurrence is not sudden, hence its mitigation can be planned properly. With the available
knowledge and gradually emerging tools and techniques, the effects of droughts can largely be counteracted
in many situations, if not eliminated completely. It is rightly said that ‘drought is nature’s guilt, but the
human suffering from drought is man-made’. Effective drought preparedness and management is planning
and response process to predict drought and establish timely and appropriate responses to mitigate negative
consequences of the drought on lives, livelihoods and environment. The drought risk management may
consist of four stages: preparedness, mitigation, relief and rehabilitation. A range of administrative and
technical measures is needed in dealing with droughts before they occur or when they are in progress.
The Indian farmers of diverse agro-climatic regions evolved numerous strategies to live with droughts
that include water management, crop management, and contingency crop planning and alternate
enterprises. Some of the indigenous rainwater harvesting systems already in vogue in India are khadins
(Aridisols of Jaisalmer, western Rajasthan), nadi system (Inceptisols of Bhilwara, Rajasthan), percolation
tanks (Alfisols of Andhra Pradesh and Karnataka), etc.

Scientific management would help in mitigating the effects of drought which are recurrent and
mainly affecting the agricultural production and productivity, employment, income and livelihoods of
the people in these regions, livestock health, agro-industries, natural resources like water (groundwater,
surface water, soil moisture and many water bodies), productive soils and their quality, land degradation

Table 5. Classification of agricultural droughts (modified from Sastry et al., 1981)

Severity of drought Value of AET/PET

Severe 0.00-0.24
Moderate 0.25-0.49
Mild 0.50-0.74
Low 0.75-0.99
Nil 1.00

Table 4. Probability of wet or dry weeks (rainfall /20 mm) in various drought regions during rainy season
(modified from Virmani et al., 1982)

Drought region Early Mid Terminal Average of
 season season season rainy season

Chronic drought in arid marginal rainy season Aridisols 0.41 0.37 0.22 0.34

Chronic drought in arid sub-marginal rainy season 0.21 0.30 0.34 0.29
Vertisol/Alfisols

Chronic drought in dry semi-arid delayed rainy season 0.58 0.55 0.29 0.47
Vertisols/Alfisols

Chronic drought in dry semi-arid post-rainy season 0.35 0.34 0.36 0.35
Vertic/Vertisols

Ephemeral drought in wet semi-arid Vertisols/Alfisols 0.61 0.71 0.50 0.60

Apparent drought region in dry sub-humid Alfisols/ 0.40 0.59 0.44 0.50
Oxisols, etc.
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and land use/land cover, etc. Thus, droughts influence country’s finite natural resources, economy, people’s
food security, etc. To overcome the adverse effects of droughts, the effective drought management practice
is the need of the hour. Magnitude of agricultural drought depends on the type of crops, soil variability,
temporal and spatial variability of rainfall, delay in operations in agriculture, and multiplicity in crop
management practices. More seasoned and progressive farmers feel that the changes in farming technology
may greatly change the nature of future drought impacts, but they do not feel that drought has been
overcome.

The earlier studies in India suggest that the productivity of rainfed regions can be enhanced
significantly on a sustainable basis, provided the two basic natural resources—soil and rainwater are
well managed. These practices insulate crops against the mild stress and increase crop yields. Above all,
drought planning must be viewed as a dynamic process requiring a continued attention and can be tackled
in a dual manner by: (i) drought coping practices in a season based on drought intensity, and (ii) drought
amelioration on a permanent basis.

6.1 Drought Coping Practices in a Season Based on Drought Intensity

Drought management practices to match the scales of intensity of drought in various drought regions
across arid, semi-arid and sub-humid regions are adopted in India (Vittal et al., 2003). Some of the
practices are discussed below.

6.1.1 Drought Region 1 (Chronic Drought in Arid Marginal Rainy Season Aridisols)
A drought prone area is defined as one in which the probability of a drought year is greater than 20%. A
chronic drought prone area has a possibility of 40%. A drought year occurs when rainfall is less than 75%
of the normal rainfall received. Chronic droughts occur in the arid and semi-arid region. In arid region of
Western plains, Kutch and part of Kathiawar peninsular hot eco region, the length of growing period
(moisture availability period) is mostly less than 60 days. Under assured conditions with deep loamy
soils the length of growing period is 60 to 90 days in the hard hyper sandy desert soil. The crops are
mostly grown in the deep loamy soils. The low water requirement crops may be cultivated in these
regions so that the rainfall is sufficient enough to support the crop. If a high water requirement crop like
groundnut or maize is cultivated in this region, it may encounter drought. Some management practices
like soil and water conservation may be adopted to achieve higher yields (Fig. 4).

6.1.2 Drought Region 2 (Chronic Drought Region in Arid Sub-marginal Rainy
Season Vertisols and Alfisols)

The chronic drought also occurs in the Southwest and Northeast transitional zone of rainfall in Karnataka
Plateau (Rayalaseema is included) with Alfisols having low to medium available water capacity and 60-
90 days of length of growing period. In dry semi-arid region of Karnataka Plateau, the crops are taken in
the post-rainy season under receding soil moisture. The crops of the region are groundnut, castor, pearl
millet etc. Groundnut is a preferred crop over others due to its commercial value. However, pearl millet
matches the length of growing period of the region (Fig. 5).

6.1.3 Drought Region 3 (Chronic Drought Region in Dry Semi-arid Delayed Rainy
Season Vertisols and Alfisols)

The post-rainy season region occurs mostly in hot semi-arid Deccan Plateau, the available water holding
capacity is medium to high with length of growth period varying from 90 to 180 days based on the clay
content of soils. In the dry semi-arid region of late rainy season and post-rainy season Vertisols, the
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crop, soil water conservation measures, pest management and harvesting are presented in Fig. 6 based on
available water capacity of the profiles.

6.1.4 Drought Region 4 (Chronic Drought in Dry Semi-arid Post Rainy Season
Vertic/Vertisols)

In semi-arid Vertisols of down south (Tamil Nadu) uplands and Deccan Plateau, in the late rainy season,
the available water capacity varies from low to medium. The length of growing period varies from 90 to
150 days depending on the soil depth and clay content. Crops of this region are cotton, pearl millet and
sorghum. Minor pulses are gaining importance. Higher yields can be achieved by adopting superior
management practices (Fig. 7).

6.1.5 Drought Region 5 (Ephemeral Drought in Wet Semi-arid Rainy Season
Vertisols/Alfisols)

Ephemeral drought is usually limited to wet semi-arid regions during southwest monsoon. The regions
covered include Northern plains and central high lands including Aravallis, Malwa regions, Gujarat

 Fig. 4 Management of chronic droughts in the arid marginal region (Vittal et al., 2003).



Drought Hazards and Mitigation Measures 209

Fig. 5 Management of chronic droughts in the arid sub-marginal region (Vittal et al., 2003).

Plains, Kathiawar Peninsular, Deccan Plateau and Eastern Ghats. The available water capacity varied
between 50 and 150 mm in lighter red soils and 100-200 mm in black soils, except in few cases in the
lighter soils. The length of growing period is 90-120 days, whereas in medium to deep black soils, the
length of growing period is 150-180 days. In the wet semi-arid region with 750-1000 mm annual rainfall,
about 85% of rain occurs during June to October months. The drought occurs ephemerally in early
season (seeding stage), mid season (grand growth stage) or terminal (flowering to grain filling stage)
season. The effect of drought on productivity increases from early to end of season. The contingency
crop plans for various weather aberrations have been identified by different centers.

Early season drought: Early season drought generally occurs either due to delayed onset of monsoon
or due to prolonged dry spell soon after the onset of rainy season. This may at times result in seedling
mortality needing re-sowing or may result in poor crop stand and seedling growth. Further, the duration
of water availability for crop growth gets reduced due to the delayed start, and the crops suffer from an
acute shortage of water during reproductive stage due to early withdrawal of monsoon. Therefore, for
characterization of early season drought, information on optimum sowing period for different crops/
varieties, quantum of initial rainfall spell expected and its ability to wet the soil profile enough to meet
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the crop water requirements for better germination and establishment is essential. The effect of early
season drought is less on the crop, because during this period sowing is carried out. Various operations
carried out are primary tillage, sowing, fertilizer application and intercultural operations. On plant
establishment, the effect of drought in first 2 to 4 weeks may affect initial vigour but may not have dire
consequences on yield. In case of late onset of monsoon by 3 to 4 weeks, contingency crop planning and
management are required (Fig. 8).

Mid-season drought: Mid-season drought occurs due to inadequate soil moisture availability between
two successive rainfall events during the crop-growing period. Its effect varies with the crop growth
stage, duration and intensity of the drought spell. Stunted growth takes place if it occurs at vegetative
phase. If it occurs at flowering or early reproductive stage, it will have an adverse effect on the ultimate
crop yield. In situ soil moisture conservation is a vital component of dryland crop management practices.
In cultivated lands with 1-3% slope, runoff is about 25-35% when the rainfall is in the range of 700-800
mm. Though a lot of emphasis has been laid on soil and moisture conservation, the efforts mainly
concentrated on construction of various types of bunds across the slope. This helped in controlling erosion
and soil loss rather than achieving a uniform moisture distribution. The research results have indicated
that bunding increased the crop yields by a mere six percent while a simple inter-terrace management

Fig. 6 Management of droughts under receding moisture conditions in dry semi-arid region (Vittal et al., 2003).
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such as contour cultivation that helped in uniform distribution of moisture, raised crop yields by 15-
20%, the impact being more pronounced in years of scanty rainfall. During mid-season, plant protection,
top dressing of fertilizer, intercultural and supplemental irrigation are the usual practices, while in case
of severe drought for few crops can be tried (Fig. 9). In case of long dry spells, crop based production
system (location) related specific contingency plans are needed.

Terminal drought: If there is a terminal drought, crop management strategies like plant protection,
soil and water conservation, interculture, supplemental irrigation and harvesting are to be adopted. Late
season or terminal droughts occur as a result of early cessation of monsoon rains and it can be anticipated
to occur with greater certainty during the years with late commencement or weak monsoon activity.
Terminal droughts are more critical as the grain yield is strongly related to water availability during the
reproductive stage. Further, these conditions are often associated with an increase in ambient temperatures
leading to forced maturity. Fodder needs may be met from contingency plans. Management strategies of
ephemeral drought in terminal season are described in Fig. 10.

A seasonal drought during rainy season from July to September leads to complete crop failure.
Effect of an early season drought in July, mid-season drought in August and the terminal drought in
September has a varying effect on the plant growth and production. Experience reveals that the early
season drought is of little consequence due to less growth and leaf area index, mid-season drought
reduces the potential yield, while the terminal drought is devastating leading to heavy reduction in

Fig. 7 Management of chronic drought in the dry semi-arid post rainy season region (Vittal et al., 2003).
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productivity and even crop failure. The results of a case study on the performance of sorghum in semi-
arid rainy season revealed that the sorghum crop yield was 0.8 t ha-1 with 250 mm rainfall received in 16
rainy days (in 1979), while the yield was 2.5 t ha-1 with 251 mm rainfall in 28 rainy days (in 1980). While
the total rainfall was similar with about 25 cm spread over 100 days, an increase in distribution by 12
rainy days had tripled the grain yield. Thus, the distribution of rainfall is more important for crop
productivity. On an average, one rainy day occurred in 6.25 days in 1979, while it was for every 3.50
days in 1980. Thus, a rainless period of five days [(6.25 + 3.50)/2 = 4.95)] caused irreversible damage to
the production potential of short duration (100 days) sorghum.

6.1.6 Drought Region 6 (Management of Apparent Drought in Dry Sub-humid
Alfisols/Oxisols Regions)

Apparent drought occurs in dry sub-humid area with high rainfall under rainfed rice based production
system, in Northern plains, central high lands of Malwa and Bundelkhand, Eastern Plateau, Plains and
Ghats region. The length of growing period is 150-180 days. However, in deep loamy clays, the length of
growing period is 210 days, while in shallow soils the length of growing period is 120-150 days. Soils
have 100-200 mm of medium water holding capacity. Rainfed rice in dry sub-humid regions is often
subjected to such terminal droughts due to failure of September rains, which are crucial at the reproductive

Fig. 8 Management of ephemeral drought in early season in wet semi-arid tropics (Vittal et al., 2003).
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stage. The probabilities of intermittent dry spells of greater than five days duration in the areas are about
40 to 50% during September. Contingency plans are described based on topo-sequence. Management of
apparent drought in dry to moist sub-humid region is described in Fig. 11. Livestock also forms an
essential part of the production system. Either moderate drought intensity in medium and low lands or
mild drought intensity in case of deep-water rice leads to non-planting of rice. Change in land use towards
rice with less water requirement may be adopted. This needs advance weather prediction to advise the
farmers about the future weather condition.

6.2 Permanent Drought Amelioration

In drought prone regions, rainwater management is the foremost activity to be undertaken. The core
strategies of rainwater conservation are based on improving the water availability to the crops and
increasing the groundwater recharge. The approaches are on building in situ moisture reserves to tide
over the recurring drought spells, disallowing subsequent loss of soil-profile stored moisture, permitting
safe runoff disposal, its collection above or below ground, and tactical recycling of harvested runoff.
Applicability of techniques so developed varied with the soil hydraulic characteristics. Salient findings
and/or interventions in the theme area of rainwater management, which emerged as research outcomes

Fig. 9 Management of ephemeral drought in mid-season in wet semi-arid regions (Vittal et al., 2003).



214 Natural and Anthropogenic Disasters: Vulnerability, Preparedness and Mitigation

from the network centers of All India Coordinated Research Project for Dryland Agriculture (AICRPDA)
could be effective for drought management (AICRPDA, 2003; Vittal et al., 2003); they are discussed
below.

6.2.1 Integrated Watershed Management (IWM)

Integrated watershed management (IWM) is the key to conservation and efficient utilization of vital
natural resources viz., ‘soil’ and ‘water’, particularly in rainfed agriculture where water is the foremost
limiting factor for agricultural production. The prioritized steps involved in resource conservation are
the use of practices based on the existing traditional systems. Adoption of contour bunding will be
effective in new areas being brought under cultivation and with large farm plots. Strengthening of the
existing bunds across the slope and providing of weirs is important. In case of drainage, treatment starts
from the ridgeline to the bottom for tackling drainage problem. The traditional loose boulder structures
as well as grassing need to be adopted. Later, gully plugging and construction of small check dams on the
drainage line are carried out. After bunding and provision of waterway, cultivation of dual-purpose plant
species on the bunds should be taken up and provide small cross section bunds with a small furrow on
the upper side, preferably with a heavy country plough or mould board plough. The watercourse is
covered with vegetation, preferably before other treatments are superimposed (Fig. 12).

Fig. 10 Management of ephemeral drought in terminal season in wet semi-arid tropics (Vittal et al., 2003).
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Silted tanks could be converted into percolation tanks, particularly in light soils. Structures such as
percolation tanks meant for groundwater recharge are expensive and should be constructed only when
there are enough funds left after the normal treatment of the watershed. All the resource conservation
measures and other water harvesting systems enhance groundwater recharge. When these structures are
built, water availability will be more in the region. This will trigger sinking of wells including bore wells.
The wells existing in the area should be accounted for and calculate the potential water supply as well as
the increased supply through the various field and drainage line treatments. Strict water budgeting for
sustainable use of the harvested rainwater needs to be followed allowing only low duty crops. Sugarcane,
rice, and wheat should be avoided at the same time encouraging pulses and oilseeds. Other rainwater
harvesting systems meant for recession cropping should also receive equal attention, for example, Khadin
in Western Rajasthan, Nadi system in Southern Rajasthan and Bandh in Baghelkhand region of Madhya
Pradesh. Rainwater harvesting for recession cropping is unique and has some location specificities
including socio economic considerations that must be considered first before going in for their imposition
in new areas? The bandh system (otherwise known as Haveli system) can be transformed wherever
possible to two cropping system instead of rabi (post rainy season) cropping only. Farm ponds are
essential primarily for horticulture and multipurpose trees in Class V and above lands. Farm ponds or
embankments should be constructed. A pond of 250 m3/ha catchments is recommended. Even small
ponds can be dug and each plastered as a cistern (50 m3). Water can be harvested or transported into them

Fig. 11 Management of apparent drought in dry sub-humid regions (Vittal et al., 2003).
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in the arid eco-system. Such water should be treated as of immense value for sustaining tree vegetation
during the post rainy periods. Irrigation cover for the first two years is essential for trees and fruit trees
should not be irrigated without providing proper basins, as they would lead to wastage of water.

6.2.2 Building in situ Moisture Reserves to Tide over the Recurring Drought Spells
Off-season tillage (summer tillage) coinciding with pre-monsoon showers helped in increasing rainwater
infiltration, moisture conservation and efficient weed control. This resulted in an increase of crop yields
in Alfisols more with textural discontinuity. Deep tap rooted crops sown a few weeks after the onset of
rainy season were not significantly benefited by this practice. Land leveling in deep alluviums helped in
increasing yields especially in sub-normal seasons. In chronic drought prone areas, deep tillage (20-30
cm) was found specifically applicable to soils having textural profiles or hard pans. Under uni-modal
(<500 mm) rainfall situation in semi-arid regions with shallow Alfisols, sowing across the slope and
ridging later was useful. It assisted in greater rainwater absorption and control of pernicious weeds. In
black soils, deep tillage alone was of no use. Tillage combined with compartmental bunding was found
to be a most effective soil management practice for Vertic Inceptisols. With rainy season cropped Vertisols
(uni-modal rainfall regions), water surplussing is an integral part of in situ moisture conservation. In bi-
modal medium (500-750 mm) rainfall representing semi-arid Alfisol, graded border strips were found
advantageous. Extensive tillage of sandy soils (common to desert areas) made them more vulnerable to
wind erosion. Superficial scraping to eliminate weeds was found adequate.

 Fig. 12 Drought proofing measures in arid, semi-arid and sub-humid regions (Vittal et al., 2003).
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6.2.3 Permitting Safe Runoff Disposal, its Collection Above or Below the Ground
Well-established vegetative barriers, similar to mechanical bunds helped in the conservation of soil and
rainwater. Vegetative barriers can be established over Cenchrus ciliaris, Cymbopogan slaxuosus,
Pennisetum hohenackeri and Leucaena leucocephala across the centers. Vertisols, medium rainfall regions,
broad bed and furrow system (popularly known as ICRISAT technology), which combines benefits of
good aeration and safe disposal of excess rainwater, was found useful for post-rainy season crop. A
technology for water harvesting in small farm ponds (100-250 m3) was developed. Among the various
sealants tested to prevent percolation losses, particularly in Alfisol regions, brick and mortar lining was
found to be most efficient and economical in the long run. Water resource thus developed, could be used
for life saving irrigation. Inter-plot water harvesting (1:1 cropped) increased yields in Aridisols by 50%
and Alfisols in dry sub-humid region by more than 17%.

If there is a mid-season and terminal drought, the protective irrigations with the harvested water
increased the yields considerably. An irrigation to groundnut during severe drought period increased the
haulm in yields by 62 kg/ha whereas irrigation to rainfed upland rice increased the yields by 698 kg/ha.
At Arjia and Agra, protective irrigations, at terminal drought, to maize and pearl millet increased the
grain yields by 38% and 109% respectively. Similarly, in rice at Varanasi, 26% increase was noticed.
Higher response to supplemental irrigation was observed after withdrawal of monsoon.

6.2.4 Tillage
Tillage combined with seeding across the slope reduced runoff losses by 10 to 20%. Runoff thus averted
could sustain crop growth for another two weeks following intermittent failure of rains. Effectiveness of
cultivation across the slope significantly increased if post-planting intercultivation was directed to develop
a set of ridges and furrows between the crop rows. The yield increases jointly attributable to sowing
across the slope and ridging later varied between 30 and 40%. Ridges and furrows are required to be laid
on a minor gradient of 0.3 to 0.4% to prevent temporary water logging. The ridge-and-furrow system is
not practicable with closely spaced row-sown crops (row spacing <30 cm). In such instances, the alternative
technology involved creation of deep furrows (popular as ‘conservation furrow’) after 8 to 10 crop rows
(~ 3 m interval) for rainwater capture and disposal, if necessary.

In rainy season-cropped, unimodal low rainfall regions (mean annual rainfall 600-750 mm), ridges
and furrows with water surplus were found useful. Sowing on flat bed without ridging later on, as a part
of cultural operations is usually a traditional practice. The serration of the soil surface is an efficient way,
which provides permitting more time for water entry into the soil profile. The ridges and furrows always
increase the yield but its effectiveness is more so in moderate drought. In other situations like severe
drought and less prone to drought, the effectiveness is constrained by the lack of water or excess of
water. In rainy season-cropped, unimodal medium to high rainfall regions (mean annual rainfall <800
mm), raised and sunken bed system was found most appropriate to provide drainage and storage of
runoff. The in situ conservation practices for post rainy season crop depend upon the soil type, and
rainfall. Bimodal low-rainfall regions (mean annual rainfall <750 mm), scooping, compartment bunding
and tied ridging were found effective for in situ water conservation. In medium deep Vertisols, dividing
the fields into sectors of 3 m × 3 m by compartment bunds led to yield increases up to 50%. Where heavy
black soils (mean annual rainfall 550-600 mm), vertical mulch increased water intake and reduced runoff.
Effect of vertical mulch in increasing yield was more visible during sub-normal rainfall seasons.

6.2.5 Crops and Cropping Systems
Location specific crop/contingency plans for mitigating the effects of drought have been recommended
by various research stations of state agricultural universities and also by the network centers of All India
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Coordinated Research Project for Dryland Agriculture (Ravindra Chary et al., 2008a; Subba Reddy et
al., 2008), applicable to their respective domains and an example each for chronic, apparent and ephemeral
drought situations (Vittal at el., 2003) is given in Table 6. Venkateswarlu and Bhaskara Rao (1999)
indicated that the delay in sowing situation also might arise due to a possible resowing of an already
sown crop. Minimizing evaporation losses by creating soil mulch and minimizing the weed infestation
could extend the life of standing crop that is affected by drought. If the rain is received after a prolonged
drought, at least 20 kg nitrogen/ha should be applied to the standing cereal crops before soil working.
Extended rains would be useful for already established perennial crops like cotton and also be utilized by
growing short duration pulse crops. Even if there were no rains, these pulse crops would provide much
needed fodder and also enrich the soil.

Organic or chemical mulches may be used to conserve soil moisture and reduce evaporation. Mulching
with Leucaena loppings, glyricidia and other green leaf manures helped in improving the soil properties.
Use of organic mulches not only reduces evaporation losses of soil-stored water but supplies nutrients to
crop which help in increasing stability and sustainability of crop yields particularly of post-rainy season
crops.

In the drought recurrent regions, length of growing period (LGP), i.e., moisture availability period
of a given soil type provides better index than total-rainfall-based crop planning. The LGP is defined as
the period when the moisture and temperature regimes are suitable for crop growth and the period is
determined by the FAO method (FAO, 1983). LGP is computed as the sum of the periods when moisture
is more than 0.5 PET plus time taken to utilize stored soil moisture (assumed 100 mm) after P falls short
of PET. For example, Nagpur in Maharashtra receives a rainfall of 1120 mm and LGP determination
indicates a LGP of 210 days in deep black soils, suitable for growing a single long duration crop or a
short duration crop (soybean) in kharif followed a short duration sequence crop (chickpea) (Velayutham,
1999).

6.2.6 Soil Fertility Management
Soils in drought prone regions are universally deficient in nitrogen. Most of them are also deficient in
available phosphorus, sulphur and some micro-nutrients (mainly Zn and Fe). The soils are highly degraded
with a large number of physical and chemical constraints. Shallow depth is a familiar feature of rainfed
soils. Research in this area has primarily focused on overcoming the textural problems posed by dryland
soils, tillage and water intake properties, soil fertility management through use of chemical fertilizers,
organics and biofertilizers. Contrary to the past belief on excessive risks associated with the use of
chemical fertilizers, research findings conclusively established that there is vast potential for increasing
crop yields through fertilization, typically N fertilizers, across contrasting rainfed environments. The
cost-benefit ratio is highly favourable when crops are fertilized. A fertilized crop is able to withstand
drought better than a non-fertilized one. A stressed crop can also recover faster if it is fertilized following
relief from stress. Pest attack was low. Split application ensures against loss in nutrients and deep root
system for reaching subsurface stored moisture in the aberrant weather more so against loss in nutrients
with occurrence of above normal rainfall during crop growth period.

Integrated nutrient management studies have established the value of a number of naturally occurring
nutrients containing (organic manures) and generating (biofertilizers) sources to augment overall nutrient
turnovers for soil fertility management. Green manure was found to be a dependable source of several
plant nutrients. Typically, it could meet half the N requirements of a crop. Schemes to generate green
manure in a non-competitive way during the no cropping season and bund farming have been worked
out. This has opened up a new vista to make green manuring a viable option. Inclusion of legumes in a
rotation benefited the succeeding crop equivalent to 10-30 kg N ha-1. Short-duration legumes such as
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cowpea benefited much more. An integration of FYM (10 t/ha) + recommended NPK at Bangalore not
only improved productivity and profitability but also improved sustainability. The increase in enzymatic
activities like urease, phosphotase and dehydrogenase activity was more in integrated treatments. pH
was reduced in continuously fertilized plots, the calcium in FYM helped in buffering capacity in soils.
The phosphorus showed built up when fertilizer, manure was applied while it was not where no fertilizer,
manure applied. The nutrient status was above critical limit in FYM applied plots. The tendency of
improvement in various parameters was also noticed in application of FYM. Integrated nutrient
management systems, besides nutrient supplementation, enhanced soils’ ability to hold additional water
and produced results in favorable soil biological interactions. Green manuring increased the yield by
improving the physical and chemical properties of the soil.

In most of the situations, the yield sustainability was higher when the recommended dose of fertilizer
was applied. In case of cereals, higher sustainability was obtained when the recommended dose of nutrients
was applied through chemical sources. In case of oilseeds, however, the recommended dose applied half
through chemical fertilizer and the other half through organic source led to higher sustainability values.
Available nitrogen, organic carbon and phosphorus content in soil were increased with organic fertilizer
application. Application of crop residues in combination with chemical fertilizer resulted in higher
sustainable yield and maintained higher levels of nitrogen, phosphorus and organic carbon. Green leaf
manure proved promising in increasing the sustainability in yield and improving the organic carbon,
infiltration rate and hydraulic conductivity of the soil.

Thus, a recommendation milieu of integrated nutrient management should produce a low-cost complex
fertilizer with suitable pulse crops. The crops should be supplied essential nutrients considering fertilizer
use efficiency, off-season losses in nutrients and nutrient requirement. Limiting nutrients also need to be
supplemented so that crop completes its life cycle without serious limitation. Balanced nutrition of rainfed
crops could be achieved through application of right proportion of inorganics, organics, biofertilizers
etc. by correcting major, secondary and micronutrient deficiencies across varying soil types.

6.2.7 Productive Farming Systems: A 3 × 3 Matrix Approach
Productive farming systems are identified for drought prone regions based on rainfall; land capability
and soil order (Vittal et al., 2003). Land use based farmstead plan state-of-the-art based agroforestry
models linked to livestock and watershed management for soil and water conservation including water
harvesting. Some of the subjects are hedge fencing, multipurpose tree species, bush farming, cereals/
millets. Pulse/oilseeds/cotton, parkland horticulture, olericulture, floriculture cum IPM, home remedies,
water harvesting, livestock, poultry, fisheries, apiary, etc. are some of the models suggested (Fig. 13).
Diversification into higher value agricultural crops (medicinal, aromatic, dye yielding crops, etc.), and
non-farm activities like value addition to agricultural products offer good scope for sustained increase in
per capita income. Part of the farmstead could also be used for generating seed spices. For the development
of commons, these may be divided into small plots of 5-10 ha and can put on long lease of about 19 years
to the user groups. The combination of systems such as fruit trees, silvipastures, multipurpose trees, or
even pastures may be adopted on commons. Maximum number of trees per hectare may be limited by
quantum of annual rainfall (product of rainfall in m and area in m2) divided by volume of water one full
grown tree transpires annually (a product of canopy area, surface area in m2, and potential
evapotranspiration in m per annum). Improved variety or new plant species suitable for the ecosystem
and rejuvenation of social fencing of improved plant species may be attempted. In tree farming, the
general cleanliness of the area is lost, thus, encouraging new diseases and pests. Therefore, it is important
to carry out weeding and form basins for the trees and furrows for in situ rainwater harvesting in the case
of shrubs, grasses and fodder legumes. Diversification strategies should be based on low external input
strategies (Vittal et al., 2006).
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6.2.8 Selective Dryland Mechanization
Traditional field operations practiced with indigenous equipment by farmers in the rainfed regions are
time consuming, cost ineffective, and do not respond to poor management. In dryland regions, due to
limited soil moisture availability and a very short sowing window, improved management of resources
through mechanization to achieve timeliness of operations with required precision is very much important.
Selective mechanization in dryland regions, as a critical input, resulted in economic advantages, viz.,
increased productivity by 12-34%, saving in seeds and fertilizers by 20% and 15-20%, respectively, and
net returns up to 29-49% (Srivastava, 1993; Singh, 1995; Mayande, 2006). Timeliness and precision of
these operations with selective mechanization help to mitigate early season drought, mid-season drought
situations and mid-season corrections. Selective mechanization is needed for tillage, seeding and fertilizer
application, interculture and weeding, plant protection, harvesting, post-harvest processing and value
addition. Cluster/village level custom hiring centers would not only mitigate early drought situations,
but also create employment and income to rural youth. Presently, many institutional and policy back up
is in place through focused central and state programs and also by National Bank for Agriculture and
Rural Development (NABARD) and other nationalized banks.

6.3 Drought Assessment and Monitoring Techniques

Drought assessment and monitoring at different scales and timely dissemination of information constitute
vital part of drought management system. Appropriate mechanism, reliable data, standard procedures for

Fig. 13 Productive farming systems matrix in rainfed agriculture (Vittal et al., 2003).
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indices of drought prevalence and intensity are prerequisite for developing efficient drought management
strategies. Thus, it is essential to have a sound, operationally feasible, economically viable system for
drought assessment and monitoring. Conventionally, agricultural drought conditions are characterized
by ground observations on meteorological parameters such as rainfall, aridity and agricultural parameters
such as crop area sown, crop condition, crop yield etc. The Drought Monitor of USA, Global Information
and Early Warning System (GIEWS) of FAO and NADAMS of India are the proven examples for the
successful application of geo-informatics for drought assessment (Roy et al., 2006). The methodologies,
tools and techniques used in India and other emerging new concepts for drought assessment and monitoring
are discussed in this section.

6.3.1 Drought Indices
Identification and development of drought threshold indices for various activities like agriculture, water
resources, energy, etc. are important to formulate and initiate drought management strategy approaches
for a given region. For this purpose, monitoring soil moisture status, water availability indices such as
Palmer’s drought index (Palmer, 1965), current crop status and irrigation needs to complete the crop
growth cycle, current water status in reservoirs, lakes, irrigation wells, etc. are of great importance.
Besides these, monitoring present synoptic conditions, viz., break monsoon condition; the position of
monsoon trough, occurrence of low-pressure systems, their intensification and subsequent movement
are also essential. Monitoring of these indices need to be carried out at least weekly during the cropping
season. This information when coupled with the climate of a region, i.e., information of the region
regarding its drought proneness and the pattern of drought incidence and spread, will enable drought
prognostication with higher degree of confidence (Ramakrishna et al., 2005). Different drought indices
developed are: drought anomaly index (Vanrooy, 1965) (based on rainfall), climatic aridity index (defined
during UNESCO Conference on desertification in 1977) and moisture availability index (Hargreaves,
1975) (based on rainfall and potential evapotranspiration). Other drought indices based on water balance
parameters are: soil moisture as an index of drought (Van Bavel, 1953), aridity anomaly as an index of
drought (Subrahmanyam, 1964), moisture adequacy index developed by Central Arid Zone Research
Institute (CAZRI, India) and Palmer’s drought index.

6.3.2 Remote Sensing and GIS Techniques
An information system that provides updated information about drought situation is of immense use to
the decision makers. Satellite derived Vegetation Index (VI), which is sensitive to vegetation stress is
used to monitor drought conditions on near real-time basis. This would help to initiate strategies for mid-
season corrections and other crop contingency planning. This is being done by National Remote Sensing
Centre (NRSC), Hyderabad now by using high-resolution data and through concerted programs (Rao et
al., 1999). Schemes like space-based National Agricultural Drought Assessment and Monitoring System
(N-ADAMS) operational at district/sub-district level and Forecasting agricultural output using space
agro-meteorology and land-based observation (FASAL) made some impact, but need to be strengthened
and made more practicable and implementable. The drought assessment and monitoring system needs to
be strengthened with robust operational procedures for early drought detection and assessing the
quantitative impact of drought on agricultural production through the use of global satellite and assimilation
of data from ground segments, routinely collected by various agricultural departments of the country. In
order to achieve these objectives, a Decision Support Centre (DSC) has been set up at the Department of
Space at National Remote Sensing Centre, Hyderabad to address various issues related to the disaster
management.
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6.3.3 Water Balance Method
The India Meteorological Department (IMD), Government of India, New Delhi, is monitoring agricultural
drought using Thronthwaite water balance technique (Thronthwaite, 1948), during both kharif and rabi
seasons using information generated on real-time basis every fortnight during cropping season through
its wider network stations (Sarkar et al., 2005). This information can be used by IMD itself and research
organizations of Indian Council of Agricultural Research (ICAR) and research stations of state agricultural
universities engaged in rainfed agriculture research, particularly in developing crop and contingency
planning based on the index of moisture adequacy matching the crops and varieties for a particular
aberrant weather. These plans can be translated into agro-advisories and disseminated to state line
departments and farming community using information and communication technologies.

6.3.4 Scientific Rainfed Land Use Planning
Scientific land use planning in drought prone regions is one of the rational approaches for drought
mitigation. The learning experiences from ICAR—National Agricultural Technology Project (NATP)—
Mission Mode Project on Land Use Planning for Rainfed Agro-ecosystem has distinctly brought out that
in a microwatershed, cadastral level (1:10,000/25,000) both biophysical evaluation (soil resource inventory
and socioeconomic evaluation (Participatory Rural Appraisal (PRA), etc.) followed by allocating land
parcels with appropriate land utilization types viz., cotton, greengram, groundnut, pearl millet, grasses
etc., on a toposequence, could enhance the land productivity from 20 to 50% compared to traditional
land use.

Ravindra Chary et al. (2005) suggested that the delineation of Soil Conservation Units (SCUs), Soil
Quality Units (SQUs) and Land Management Units (LMUs) from the detailed soil survey maps at cadastral
level in a micro watershed would help in land resource management information since these units are
homogeneous and has a wider application. A resilient, less risk prone farming system based on the land
requirements and farmers’ capacities is developed to mitigate the drought and to address the unabated
land degradation and imminent climate change. Further, SCUs are basically for soil and water conservation
prioritized activities to mitigate drought and could be linked to programs like National Rural Employment
Guarantee Scheme (NREGS) in a watershed/village to create physical assets like farm ponds etc. SQUs
are to address soil resilience and improve soil organic carbon, problem soils amelioration and wastelands
treatment and linked to various schemes and programs in operation like National Horticultural Mission
(NHM), Rashtriya Krishi Vikas Yojana (RKVY), etc. SCUs and SQUs are merged in GIS environment
to delineate land parcels into homogenous Land Management Units with farm boundaries. LMUs would
be operationalized at farm level for taking decisions on arable, non-arable and common lands for cropping,
agroforstry, agrohorticulture, etc., and further, for leaving the most fragile land parcels for ecorestoration.
Rainfed land use planning modules should be conceptualized and developed considering SCUs, SQUs
and LMUs for risk minimization, enhanced land productivity and income, finally for drought proofing.
An example of delineation of these units for the Kaulagi watershed, Bijapur district, Karnataka is shown
in Figs 14, 15 and 16.

Participatory land use planning is a buzzword for achieving the different goals of the various
stakeholders. In stressed ecosystems like rainfed wherein the major crop based production systems are
established as best land use planning over a period of time, no single land use or single criteria has
sustained the land productivities, incomes, ecosystem and finally the livelihoods—reasons being highly
complex situations of risk, diverse socioeconomic settings and subsistence agriculture. Thus, land use
planning in drought prone areas mostly occurring in rainfed regions should aim at increased land
productivity in totality through various means from annuals to perennials by coping with aberrant weather
causing drought and inherent unabated land degradation. The final aim is to build a bio-diverse mixed
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Fig. 14 Soil Conservation Units (SCUs) in the Kaulagi watershed, Bijapur district, Karnataka.

Fig. 15 Soil Quality Units (SQUs) in the Kaulagi watershed, Bijapur district, Karnataka.

Fig. 16 Land Management Units (LMUs) in the Kaulagi watershed of Bijapur district, Karnataka.
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farming system model for individual farmer to sustain the system and achieving the goals of food,
nutritional economic and ecological securities with complimentary benefits of drought irrigation or drought
proofing and land management and a buffer to impact of land use change. Hence, a framework of rainfed
land use plan for participatory self-sustaining viable bio-diverse mixed farming system with activities,
relevant partners, strategies and outcomes at different scales is suggested (Ravindra Chary et al., 2004)
(Fig. 17).

6.3.5 Weather-based Information System
Activities like agro-meteorological data monitoring, archival weather forecasts for agriculture, and
dissemination of advisories to the farmers in different agro-climatic zones, need-based information on
soil-crop-weather relationships is being developed/updated by the All India Coordinated Research Project
on Agro-meteorology (AICRPAM), Central Research Institute for Dryland Agriculture (CRIDA),
Hyderabad, Indian Council of Agriculture Research (ICAR), New Delhi, India Meteorological Department
(IMD), Pune and the National Centre for Medium Range Weather Forecasting (NCMRWF), New Delhi
(Singh et al., 1999). Both weather-sensitive operations (those that are directly affected by weather) and
weather-information sensitive operational decisions (that are indirectly affected by weather) have greater
potential value in rainfed agriculture. Detailed analysis of every cropping system that is sensitive to
fluctuations in weather is required for identification of the nature of the weather/climate events that have

Fig. 17 A framework of rainfed land use plan for participatory self-sustaining viable bio-diverse mixed farming
system beneficiaries.
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a large impact on productivity. IMD has been issuing short-range and long-range weather forecast for
many years (Biswas, 1990). Farm weather services to the farming community through Farm Weather
Bulletins have been broadcasted since 1945. Agromet Advisory Services (AASs) on a weekly basis are
now available through press, All India Radio and Doordarshan (TV). CRIDA through its website
(www.cropweatheroutlook.org) is flashing crop and contingency plans for the rainfed regions on a weekly
basis based on the crop and weather information received from its network centers under All India
Coordinated Research Project on Dryland Agriculture and All India Coordinated Research Project on
Agro-meteorology. With the advancement of information and communication technologies (ICTs), many
private institutions are engaged in weather information services that have to be supported with an
appropriate policy by the government for the benefit of multiple beneficiaries, particularly the farming
community.

6.3.6 Drought Forecasting
Drought prediction in advance would help taking water management, food grains transport from surplus
areas to scarce areas, production and distribution of inputs (seed and fertilizers), food grains imports,
decisions, etc. at different levels by various stakeholders from governments to farmer levels. Countries
in marginal climatic types affected by recurrent droughts adopt short-term and long-term responses and
management (Singh et al., 1999). Since drought is the manifestation of rainfall deficiency on a large
scale, any forecasting technique should indicate rainfall amounts, particularly on a long-range basis,
which is adequate to give an idea of impending drought. For the long-range forecast of monsoon rainfall
(June to September) for India as a whole, the India Meteorological Department (IMD), Pune, uses multiple
regression model which was first introduced by Walker (1910) and later on improved by many researchers;
parametric model (Thapliyal, 1986; Gowarikar et al., 1991; Rajeevan et al., 2004); and power regression
model (Rajeevan et al., 2004). Countries in marginal climatic types affected by recurrent drought types
adopt short-term and long-term responses and management (Sarkar et al., 2005).

7. GOVERNMENT POLICY AND SUPPORT SYSTEMS

Droughts are recurrent phenomena in India. Both the Central and State governments have made several
efforts from time to time to mitigate the impact of these droughts. Early efforts include remittance of
land revenue, creation of irrigation facilities, streamlined communications, provision of employment
through relief works, and constitution of Famine Commissions (1898 and 1901). During the seventies
and eighties, attempts were made to improve disaster management. In order to alleviate drought affected
people, Government and non-governmental agencies worked together by initiating programs like
groundwater exploitation, minor irrigation works, and construction of soil conservation programmes,
afforestation programmes, etc. Subsequently the other programs included were livestock development,
assistance to small and marginal farmers as well as landless laborers. Drought management policies are
classified into short-term, medium-term and long-term. Short-term policies are aimed at reducing the
impact of drought and mitigating the suffering of people from drought, e.g., relief programs, strengthening
public distribution system, employment generation programs, contingency planning, etc. Medium-term
policies are aimed at tackling some of the causes of drought and aims at corrective measures, e.g., soil
and water conservation measures, affforestation programs, crop insurance scheme, National Watershed
Development Project for Rainfed Areas (NWDPRA), Drought Prone Area Program (DPAP), Desert
Development Programme (DDP), etc. Long-term policies are aimed at preventing the drought, e.g.,
bringing more area under irrigation, groundwater augmentation, linking of rivers, etc. (Subrahmanyam
and Nagasree, 2005). Following are the few policy and support systems/interventions that are needed or
strengthened to efficiently manage droughts.
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7.1 Weather Code

For drought proofing, as a long-term plan, it is very important to have a good weather code. The approach
for drought management should include short-, medium- and long-term prescriptions, with inputs
assimilated from various sources, towards preparedness for drought; these approaches, together with a
uniform code of assessment, aid in the selection of appropriate drought management measures at the
local as well as at macro level (Krishna Rao, 2005).

7.2 Crop/Weather Insurance

Managing risk is one of the key elements in overcoming the drought effects. Crop insurance appears to
have a favorable impact but it entails high cost to the government. A pioneering rain insurance scheme,
which was an area approach, for old Mysore and India was proposed by Chakravorthi (1920) to protect
farmers against drought. Subsequently in 1970, an individual approach was introduced which was not
practicable due to huge financial loss. Again in 1979, an area based approach was formulated and was
taken up as pilot scheme in three states and extended to 12 states by 1984 which was discontinued,
though there was a good financial performance, due to introduction of Comprehensive Crop Insurance
Scheme (CCIS) and operated by GIC with the main objective of providing a measure of financial support
to the farmers in the event of crop failure as a result of drought, flood, etc., and other two objectives. This
scheme is an area approach and linked to institutional credit (Venkateswarlu, 2005). Mishra (1999)
pointed out that though this scheme encouraged more inputs use by insured farmers and more net returns
and more employment, the country could not benefit much out of the scheme with the enhanced production
in subsequent years; hence he suggested rainfall insurance scheme on a pilot scale. Kerr et al. (1999)
made similar proposal. Rao (1999) suggested that crop insurance should be a private insurance with full
backstopping in many sectors like roads, marketing etc., and fine-tuning and upgradation technologies in
use on external inputs besides improving the water use efficiency.

The National Agricultural Insurance Scheme, introduced from rabi 1999-2000, has some good features
like covering all farmers, crops including annual commercial crops, farmers having option to go in for a
high sum insured equal to 150 percent of average yield of notified area etc. However, few recent learning
examples from some states in India where weather insurance scheme was implemented by the corporate
sector indicates that the effective implementation and benefits to the real beneficiaries would happen
when weather data are site-specific and interpreted scientifically. Scientists should look into almost real-
time assessment and communication technologies to facilitate better servicing of the insurance policy by
instant estimation of economic damages and scientists should also endeavor to diverse sensors for remote
sensing of soil moisture, vegetation cover, interpretation methodologies and real-time communication
systems, which could be acceptable to the insurance companies as well as policy holders (Samra, 2006).
Swaminathan (2007) in the report on ‘National Policy for Farmers’, submitted to the Government of
India, proposed an Agriculture Risk Fund to be set up to insulate farmers from risks arising from droughts
and other weather aberrations.

7.3 Rainfed Agro-Economic Zones: A Land Use Policy for Recurrent
Drought Regions

The earlier developmental and relief measures focused through Drought Prone Area Program (DPAP)
and Desert Development Program (DDP) in drought prone areas, which are primarily located in core
rainfed agriculture regions, by the central and state governments could address some of the drought
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impacting issues. Presently, the focused issues in these areas are resource conservation and management,
increased productivity and profitability, making rainfed agriculture a viable profession and improving
the livelihood of the farmers/people in these areas. Hence, these issues call for an entirely new target
domain approach by delineating core ‘Rainfed Agro-Economic Zones’ in a district or part of a region in
a state (Ravindra Chary et al., 2008b). The important criteria for delineation of these RAEZs could be a
predominantly rainfed region with predominant rainfed production system, source and percentage net
irrigated area and livelihoods mostly dependent on rainfed agriculture. In this approach, addressing the
core issues of improving livelihood of the rainfed farmers while sustaining the land resources is focal,
where care is taken for issues related to production through processing, profitability, improved livelihoods
in harmony with conservation and maintenance of land resources. Instead of individual and piecemeal
interventions the entire production system will be targeted to develop as Rainfed Agro-Economic Zones
(RAEZs) which would act as hubs of rainfed agriculture development. Tools like crop or weather insurance,
where the insurance product may have an inbuilt condition that a given product is applicable only if a
particular crop or commodity is grown in RAEZs wherein the govt. can subsidize part of the premium
for farmers who adopt rational water use. New opportunities are also arising in the area of CDM and
carbon credits, which can be implemented in RAEZs where farmers can be compensated for adopting
conservation practices, which contributes to drought amelioration and sustainable productivity on a long-
term basis, but relatively lower returns on short term.

The functional mechanism has to be developed at RAEZ level in a district/region in a consortium
mode, involving all the concerned stakeholders and converging all the relevant resources, programs,
schemes and pooling resources (human, financial, etc.). Then redesign the strategic interventions, now
available and also develop new, which will cover crop production, horticulture, livestock, NRM, post-
harvest technology and value addition and market related issues. A sound Land Use Policy, separately
for rainfed regions, at national level, equipped with adequate legislative/judicial powers combined with
strong political will, shall promote creation of RAEZs. These RAEZs are contemplated to achieve much
desired sustained development in drought prone area and, further, pave the way towards achieving “Second
Green Revolution” from rainfed areas.

7.4 Recent Government Policies

A recent collaborative initiative between Government of India and United Nations Development
Programme (UNDP) on disaster risk mitigation (DRM) envisages preparing disaster management plans
for effective preparedness against all sudden disasters at community, village, block, district and provincial
levels (National Institute of Disaster Management, 2006). Subsequently, the Parliament of India passed
the “Disaster Management Act 2005” enabling local authorities such as panchayat raj institutions,
municipalities, town and district planning authorities to prepare community based disaster management
plans for effective disaster mitigation (MoLJ, 2005). More recent policies and initiatives undertaken by
the Central Government, which either directly or indirectly help drought mitigation and management,
are National Rural Employment Guarantee Programme (nrega.nic.in) in most drought affected areas,
National Horticultural Mission (www.nhm.nic.in), expansion of institutional credit to farmers,
establishment of National Rainfed Area Authority (http://www.nraa.in), watershed development and micro-
irrigation programs, agribusiness development through venture capital participation by the Small Farmer
Agribusiness Consortium, Reform and Support for Agriculture Extension Services, National Food Security
Mission (www.indg.in/agriculture/rural-employment-schemes/national-food-security-mission), Rashtriya
Krishi Vikas Yojana (www.agricoop.nic.in), etc. These policies or programs should be converged and
coordinated at a district level for sustainable development of the region, livelihood improvement of the
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local people and for a better environment, particularly in the drought-prone regions of India. Recently set
up National Rainfed Area Authority (NRRA) developed common guidelines for watershed development
projects in consultation with various ministries in the Government of India, viz., Ministry of Agriculture
(MoA), Ministry of Rural Development (MoRD), Ministry of Environment and Forestry (MoEF), and
Ministry of Water Resources (MoWR) as well as the Panchayat Raj, Planning Commission, and National
Bank for Agriculture and Rural Development (NABARD). These guidelines have become operational
since April 2008 for the implementation of new watershed development projects in the country, which
also broadly address drought mitigation at different scales (Samra and Sharma, 2009).

7.5 Capacity Building

Local governments and communities often lack capacity to deal with the catastrophic disasters, and
hence there is a need to enhance their capacity (Ivery et al., 2004). This signifies to improve the capacities
of local communities and of local governments including the states, which are chronically drought prone.
By involving communities in disaster management planning at the local level preparedness, vulnerability
mapping while preparing the community level drought management plans, local governments and disaster
management can be enabled to gain better understanding about the vulnerability of the communities.
Drought preparedness planning will increase the society’s capacity to cope more effectively with the
extremes of climate (Wilhite, 2002; Pearce, 2003; Hayes et al., 2004). Drought preparedness planning is
presently lacking in India and it can be addressed through recent programs on drought risk mitigation
(DRM). Further, a combination of mitigation programs guided by the rules for watershed/natural resource
management programs of the Ministry of Rural Development, Government of India and preparedness
planning by various community drought management plans is essential. There is also need for a long-
term strategy to build the capacities of local governments, which can lead to less dependency on the
central government. It is also necessary for the local governments to collaborate with community based
organizations/NGOs in identified areas within the broad spectrum of drought risk mitigation. Such a
clear identification of roles and responsibilities would certainly enhance to lead the local capacities to
deal with the future risks (Prabhakar and Shaw, 2008).

Moreover, capacity building is needed for research, development and upscaling of drought
management for various stakeholders. Some of the themes are: Farming Systems Research (FSR),
Participatory Technology Development (PTD), crop modeling, relevant theme areas in agro-meteorological
studies like resource characterization, weather forecasting and so on, application of information and
communication technologies (ICTs), etc. Many NGOs, community-based organizations (CBOs), and
common interest groups (CIGs) are involved in many activities related to drought management at various
levels. Therefore, Public-Private-Partnership (PPP) even for the capacity building in drought management
should be considered.

8. CONCLUDING REMARKS

Drought, as a climatic anomaly, is likely to be recurrent in the rainfed regions of India. Their occurrence
is not as sudden as some other natural hazards, but in some situations their effects can be equally
devastating. Drought is a complex phenomenon demanding multidisciplinary management approach.
There are technologies, policies and programs available to moderate the effects of drought. Appropriate
management of water, land, crop and natural resources can alleviate the effects of drought to a considerable
extent. To meet the future challenges, the issues for drought monitoring and management that need
proper attention are: drought prediction, detection and monitoring, impact assessment, and adoption and
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response. The issues in drought prediction are prediction of break-monsoon conditions and revival, rainfall
forecasts for next 15 days, rainfall forecasts at a district level, quantification of current soil moisture
status, assessment of crop status, assessment of the period up to which the currently available moisture
can support the crop in case of no subsequent rainfall, drought prediction at a district level, development
of location-specific crop contingency measures and dissemination to the farmers. A good weather code
is the need of the hour. High-resolution satellite images, for example, from CARTOSAT could help in
drought monitoring and assessment in the near future.

Many policies and programs, both at central and state levels, are focusing on the development of
drought-prone regions. Convergence of the policies and programs at a national level with common
guidelines while providing scope for state governments to slightly modify the guidelines to suit local
settings, could address the drought-prone regions effectively with available resources. Since many
institutions and/or agencies, both governmental and non-governmental, are generating the data on drought
and its related information, concerted R&D efforts should be made by involving concerned institutions
for database harmonization for the classification of droughts, delineating country into core drought-
prone zones and developing guidelines at a national level for priority development. Agro advisories and
weather insurance backed up with location-specific data would help agricultural development at large
and the real beneficiaries in particular. Application of information and communication technologies
(remote sensing, GIS, GPS, modeling, etc.) is to be strengthened for the quicker delivery of relief,
insurance and adaptation objectively. Capacity building of local governments and communities involved,
with roles defined, is one key area for drought management.

In the drought-prone regions, implementations of natural resource management (NRM) technologies
are more important which need proper institutional and policy support, and hence the solution for such
problems does not lie in mere research. Since many of the NRM technologies like community-based soil
and water conservation measures are labor and energy intensive, institutions such as custom hiring centers
and policies like linking rural employment guarantee programs with watershed development activities
would help in faster upscaling of technologies and effective implementation of government programs. A
national land use policy for the rainfed regions is needed wherein development of drought-prone regions
is integral. Adequate policy and funding with appropriate institutional framework, coordination and
cooperation between the agencies and stakeholders involved are crucial in addressing the ‘drought as an
opportunity not as a hazard’ at different scales in the country. These efforts are likely to address the
drought disaster in a holistic manner, which in turn can pave the way for achieving the nation’s aspiration
of bringing “Second Green Revolution” from rainfed areas.
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Indicators for Assessing Drought

Hazard in Arid Regions of India

K.P.R. Vittal, Amal Kar* and A.S. Rao

1. INTRODUCTION

Drought is a normal phenomenon of earth’s climate, and is a common feature in the drylands of India.
Indian agriculture, which is highly dependent on the monsoon rainfall, is a major victim of drought.
Since nearly 70% of the net sown area in the country is rainfed, aberrant behavior of the monsoon such
as low and poor rainfall distribution, its delayed onset, or prolonged dry spells during cropping season,
often result in low crop yields. Arid western part of Rajasthan state is a frequent victim of moderate to
severe droughts, resulting in huge economic loss and natural resources. Severe droughts have reduced
food grain production in western Rajasthan by 70% in 1987-1988, and by 50% in 2002-2003 (Anon.,
2004a; Narain and Kar, 2005).

Severity and recurrence of drought in the hot arid zones of India (32 million ha; 62% in Rajasthan,
20% in Gujarat) compels the government to spend a huge sum on drought relief and rehabilitation measures,
but there is often some confusion or delay in reaching the affected sections of the population, or parts of
the region, especially due to poor infrastructural facilities, but also due to delay in proper assessment and
warning, which reflect the inadequacies in drought assessment and monitoring tools. Thus a proper
assessment of the severity of drought not only depends on the duration, frequency, intensity and
geographical distribution of rainfall, but also on the effects on human, animal, crops and vegetation
cover of a region. Seasonal temperature, wind velocity, sunshine, density of vegetation and moisture
retaining capacity of soil and soil moisture balance in surface and sub-soil, and groundwater influence
water demand during drought years.

In this chapter, an overview of various internationally accepted drought indicators and their application
to the drought-prone arid Rajasthan, India, has been provided.

2. TYPES OF DROUGHT

Droughts are classified into four main categories as described below.

2.1 Meteorological Drought

Meteorological drought is a situation when the seasonal rainfall over an area is less than 75% of its long-
term average. It is further classified as “moderate drought”, when the rainfall deficit is between 26% and
50% and “severe drought” when it exceeds 50%. Meteorological drought can be at local, regional or
extensive scale, varying in extent from a few clusters of tehsils/districts to several meteorological sub-
divisions. In temporal scale, a drought can last for a few weeks or longer.
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2.2 Hydrological Drought

Prolonged meteorological drought can result in hydrological drought with marked depletion in surface
water input, and consequent drying up of reservoirs, lakes, decline in stream flow and also fall in
groundwater table.

2.3 Agricultural Drought

An agricultural drought occurs when soil moisture and rainfall are inadequate during the growing season
to support a healthy crop growth till maturity, causing extreme crop stress and drastic reduction in yield.

2.4 Socio-economic Drought

It is a situation, where water shortage ultimately adversely affects the economy of the region. It combines
the impact of meteorological, hydrological and agricultural droughts on society, especially in terms of
supply and demand of commodities and purchasing power of the people. Severe societal drought may
even lead to mass migration in search of food, fodder, water and work, leading to famine, death and
social unrest. The worst hit sections of the society during drought are the people below the poverty line
and the landless people. In an agriculture-dependent country like India, once the agricultural production
declines due to drought, it sets in a chain reaction, leading to lower availability of commodities, lower
purchasing power and lower economic growth down the spiral of poverty, hunger and survival of poor
people.

3. KINDS OF DROUGHT INDICATORS

Monitoring of drought is usually carried out on the basis of interpretation of a set of indicators on a
regular basis during critical periods. For quantitative measurement of the severity of drought, specific
limits or threshold values below which the economy is not affected are put to the measured parameters.
Various indicators used for drought monitoring can be classified as: physical, biological or socio-economic
indicators depending on the aspect covered by the indicator. The physical indicators include rainfall or
effective soil moisture, surface water availability, depth to groundwater, etc. The biological or agricultural
indicators are usually comprised of vegetation cover and composition, crop and fodder yield, condition
of domestic animals, pest incidence, etc. The social indicators are essentially the impact indicators and
include food and feed availability, land use conditions, livelihood shifts, migration of human and livestock
population, etc. However, the commonly used indicators measure only the levels of precipitation to
meet: (a) agricultural need, (b) drinking water supply for both human and livestock, and (c) storage of
water reservoirs.

4. METEOROLOGICAL DROUGHT INDICATORS

4.1 Deciles of Precipitation

In this approach, monthly precipitation totals from a long-term record are first ranked from the highest to
the lowest to construct a cumulative frequency distribution. The distribution is then split into ten parts
(tenths of distribution or deciles). The first decile is the precipitation value not exceeded by the lowest
10% of all precipitation values in a record, the second is between the lowest 10 and 20 per cent, etc. Any
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precipitation value can be compared with and interpreted in terms of these deciles. A reasonably long
precipitation record (30-50 years) is required for this approach.

Decile Indices (DI) are grouped into five classes, two deciles per class. If the precipitation falls into:
(i) Deciles 1 and 2 (the lowest 20%) is classified as “much below normal” precipitation; (ii) Deciles
3 and 4 (20 to 40%) as “below normal” precipitation; (iii) Deciles 5 and 6 (40 to 60%) as “near normal”
precipitation; (iv) Deciles 7 and 8 (60 to 80%) as “above normal” precipitation; and (v) Deciles 9 and 10
(80 to 100%) as “much above normal”.

Merits and demerits: DI is relatively simple to calculate, requires only precipitation data and fewer
assumptions than more comprehensive indices like PDSI or SWSI. Deciles are widely used in Australia
to trigger drought relief programs (Gibbs and Mather, 1967). 

4.2 Precipitation Departures from Normal

India Meteorological Department (IMD) describes meteorological drought from rainfall departure from
its long-term averages and declares meteorological drought on a weekly/monthly basis. The percent
rainfall anomalies from normal to be qualified as drought of a severity class are shown in Table 1
(Kulshreshtha and Sikka, 1989).

Table 1. Meteorological drought classification

Departure of annual rainfall from normal (%) Meteorological drought condition

 > 0  No drought
–1 to –25  Mild drought
–26 to –50  Moderate drought

 < –50  Severe drought

Merits and demerits: This is the most accepted measure of drought in India because of its simplicity.
When more than 50% area of the country is under moderate or severe drought, the country is described
as severely affected; when the affected area is 26-50% of the country, it is categorized as moderate
drought. One of its disadvantages is that the average precipitation is often not the same as the median
precipitation, which is the value exceeded by 50% of the precipitation occurrences in a long-term climate
record. Another drawback is that the distribution or time-scale of rainfall is not taken into account.

4.3 Palmer Drought Severity Index (PDSI)

Palmer (1965) developed a soil moisture algorithm (a model), which uses data on precipitation, temperature
and local available water content (AWC) of the soil. It uses the computed values of CAFEC (Climatically
Appropriate for Existing Conditions) rainfall, which is the normal value for the established human activities
at a place. This parameter can be obtained by water balance technique. The anomaly (PDSI), which is a
difference between the actual and the CAFEC precipitation, is used as a drought indicator. PDSI generally
varies between –4.0 (extreme drought) and +4.0 (adequate moisture condition). The index values for
categories of drought are given in Table 2.

Merits and demerits: The PDSI is a popular index and is widely used for a variety of applications in
the United States, including agriculture. It has also been used for drought monitoring to initiate actions
associated with drought contingency plans. The index provides decision makers with a measurement of
the abnormality of recent weather for a region. It also provides an opportunity to place current conditions
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in historical perspective, and also spatial and temporal representations of historical droughts. The PDSI
is a meteorological drought index, and responds to weather conditions that have been abnormally dry or
abnormally wet. However, the Palmer values may lag emerging droughts by several months or weeks
and is not suited for mountainous areas or areas that experience frequent climatic extremes. Figure 1
illustrates the pattern of long-term PDSI for the summer monsoon months in western Rajasthan.

4.4 Standardized Precipitation Index (SPI)

The SPI is an index based on the probability of precipitation for any time scale (McKee et al., 1993).
Table 3 shows the drought classes based on SPI values. The SPI is calculated as follows:

Table 2. PDSI values for drought categories

Index value Drought class

–1.00 to –1.99 Mild drought
–2.00 to –2.99 Moderate drought
–3.00 to –3.99 Severe drought

< –4.00 Extreme drought

0

5

10

15

20

25

30

35

June July August September

P
e

rc
e

n
ta

g
e

fr
e

q
u

e
n

c
y

Mild

Moderate

Severe

 Fig. 1 Palmer’s Drought Severity Index for western Rajasthan (long-term, monthly).

Table 3. Drought classes based on SPI values

SPI Drought class

Less than –2.0 Extreme drought
–1.50 to –1.99 Severe drought
–1.0 to –1.49 Moderate drought
–0.99 to –0.0 Mild drought
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SPI = 
�
0

meanX X
 (1)

where X = precipitation for the station, Xmean = mean precipitation, and 0 = standard deviation.
Merits and demerits: The SPI can be computed for different time scales, can provide early warning

of drought, help assess the drought severity, and is less complex than the PDSI. Soil moisture conditions
respond to precipitation anomalies on a relatively short time scale. Groundwater, stream flow, and reservoir
storage reflect the longer-term precipitation anomalies. For these reasons, the SPI is calculated for 3-,
6-, 12-, 24-, and 48-month time scales. The measured drought condition in western Rajasthan during
2002 (one of the most severe droughts in the region during recorded period) through SPI values, and that
during 2003 (overall a normal year), is depicted in Fig. 2. The calculated relationship between SPI and
pearl millet (a summer monsoon crop) yield in Jodhpur district between 1971 and 2006 is shown in Fig. 3.

Fig. 2 Pearl millet yield (kg/ha) during severe drought of 2002 and that during a normal year
2003 in western Rajasthan.

Fig. 3 Relationship between Standardized Precipitation Index and pearl millet yield in Jodhpur
district (1971-2006).
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5. HYDROLOGICAL DROUGHT INDICATORS

Measurement of both groundwater and surface water levels provide important clues to drought occurrence.
Monitoring reservoir water levels and groundwater table through a closed well observation network is
important for drought assessment.

5.1 Standardized Water Level Index (SWI)

The SWI is an index based on the probability of water level in a reservoir for any time scale. It is
calculated as:

SWI = 
�
0

ij imW W
(2)

where Wij = seasonal water level for the ith and jth observations, Wim = seasonal mean water level, and
0 = standard deviation of water levels.

Merits: The SWI can be computed for different time scales, and it can provide early warning of
water shortage and hydrological drought severity.

5.2 Surface Water Supply Index (SWSI)

This index integrates reservoir storage, stream flow and two precipitation types (snow and rain) into a
single index number (Shafer and Dezman, 1982). SWSI is expressed as:

SWSI = 
50

12

� � � �snow prec strm resvaP bP cP dP
 (3)

where a, b, c and d = weights for snow, rain, stream flow and reservoir storage, respectively (a + b + c +
d = 1), and Pi = probability (%) of non-exceedance for the ith component of water balance. Calculations
are performed with a monthly time step. The SWSI is designed for river basins where mountain snow
pack is a key element of water supply.

Merits and Demerits: SWSI calculation is unique to a basin or a region, and thus has better focus on
the characteristics of the area for a time-series analysis. However, it is difficult to compare SWSI values
between different basins or regions. Extreme events also cause a problem if the events are beyond the
historical time series, and the index will need to be re-evaluated to include these events within the
frequency distribution of a basin component.

5.3 Reclamation Drought Index (RDI)

The RDI has been developed for defining drought severity and duration, and for predicting the onset and
end of drought (Table 4). Like the SWSI, the RDI is calculated at the river basin level, incorporating
temperature and precipitation, snow pack, streamflow and reservoir levels as inputs.

Merits and demerits: The RDI differs from the SWSI in that it builds a temperature-based demand
component and duration into the index. The RDI is adaptable to each particular region and its main
strength is its ability to account for both climate and water supply factors. Because the index is unique to
each river basin, inter-basin comparisons are limited. The RDI values and severity designations are
similar to the SPI, PDSI and SWSI.
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6. AGRICULTURAL DROUGHT INDICATORS

In a country like India, where agriculture provides livelihood to maximum population, the impact of
drought on agriculture, including livestock, assumes the highest priority. Several indices are available to
measure agricultural droughts (Hounam, 1975) of which some commonly used indicators are described
in subsequent sections.

6.1 Aridity Index

Aridity index (Thornthwaite and Mather, 1955) is the percentage ratio of annual water deficit to annual
water need or annual potential evapotranspiration (PE). Aridity anomaly (Ia) index is the departure of
aridity index value from normal, expressed as a percentage (Table 5). India Meteorological Department
(IMD) monitors agricultural drought during kharif season for the country as a whole and during rabi
season for those areas which receive rainfall during northeast monsoon. The values of aridity anomaly
(Ia) index are then plotted on a map and analyzed for identification of drought intensity.

Table 4. RDI classification of drought

Values of RDI Drought classification

4.0 or more Extremely wet
1.5 to 4.0 Moderately wet
1 to 1.5 Normal to mild wetness

0 to –1.5 Normal to mild drought
–1.5 to –4.0 Moderate drought
–4.0 or less Extreme drought

Table 5. Drought categories based on aridity index

Drought category Aridity anomaly value

 Mild drought Up to 25%
 Moderate drought 26-50%

 Severe drought More than 50%

Merits and demerits: The aridity index indicates the water deficit conditions in a region. Crop-water
requirements, which vary not only for each crop, but also with geographical location, are not considered
in this index. The water balance calculations have also limitations for not properly accounting rainfall-
runoff before stored moisture is estimated.

6.2 Moisture Adequacy Index (MAI)

Central Arid Zone Research Institute (CAZRI) developed a technique for the quantification of agricultural
drought by taking MAI (AE/PE in percentage) during different phenological stages of a crop (Ramana
Rao et al., 1981; Sastri et al., 1981). The MAI is obtained from weekly water balance studies. The
drought impact is more important at certain stages than others, and is sought to be identified for a crop
through this method. Subsequently, the drought conditions at different phenophases are integrated into a
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single drought code like mild, moderate and severe. Depending on the values of AE/PE during different
phenophases, the drought code varies as S0, V1, R2, S1, V2, R3, etc. When the crop factor is introduced, the
drought code in three syllables is unified into a single drought code applicable to one particular crop for
a specific region. The scheme for determining drought intensity code at different phenophases is elaborated
in Table 6.

Table 6. Phenophase-wise drought intensity codes from MAI

AE/PE (%) Drought intensity Phenophase-wise code for stages

Seedling (S) Vegetative (V) Reproductive (R)

76 to 100 No drought S0 V0 R0

51 to 75 Mild drought S1 V1 R1

26 to 50 Moderate drought S2 V2 R2

25 or less Severe drought S3 V3 R3

The scheme may be illustrated with an example of pearl millet crop in western Rajasthan. The
average growing season of pearl millet crop is about 14 weeks. The duration of different phenophases of
the crop in this region are: seedling (S) three weeks, vegetative (V) four weeks, reproductive (R) four
weeks, and maturity (M) three weeks. As the water stress during maturity stage does not have much
influence compared to the water stress during other three stages, the maturity stage is eliminated and the
three syllable agricultural drought code can be unified into a single code. The possible combinations that
could normally be derived for the arid region of Rajasthan are shown in Table 7.

Interpreting Table 7, the agricultural drought for pearl millet in western Rajasthan can be defined in
the following terms (Ramana Rao et al., 1981; Sastri et al., 1981):

. Agricultural drought for pearl millet crop is severe (A3) when both vegetative (V) and reproductive
(R) stages experience severe drought with any combination of S0, S1, S2 or S3, as the water
requirement during seedling stage is usually less. In these circumstances even the natural grasses
too suffer from drought conditions.

. Agricultural drought for the crop is moderate (A2) when vegetative (V) and reproductive (R)
stages experience one moderate and one severe drought each, with any combination of S0, S1, S2

or S3. During this situation short-duration crops also suffer from drought.
. Pearl millet crop escapes drought situation (A0) even when mild drought prevails in one or two

growth stages, with no drought condition in the third stage.

Table 7. Possible combinations of phenophase-wise drought for pearl millet crop in western Rajasthan

Intensity of agricultural drought

No drought Mild drought Moderate drought Severe drought

S0 V0 R0 S0 V0 R2 S0 V0 R3 S0 V2 R3

S0 V0 R1 S0 V1 R2 S0 V1 R3 S0 V3 R2

S0 V1 R0 S0 V2 R0 S0 V2 R2 S0 V3 R3

S1 V0 R0 S0 V2 R1 S0 V3 R0 S1 V2 R3

S1 V0 R1 S1 V0 R2 S0 V3 R1 S1 V3 R2

S1 V1 R0 S1 V1 R1 S1 V0 R3 S1 V3 R3

S0 V1 R1 S1 V1 R2 S1 V1 R3 S2 V0 R3
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The rest of the situations result in mild drought (A1) for pearl millet. Short-duration crops like pulses
escape drought under these circumstances. Using the above index, Rao (1997) assessed the influence of
sowing rains on agricultural drought for some stations across western Rajasthan (Table 8).

Merits and demerits: The water balance calculation takes into account soil characteristics, crop
growing period and water requirement of major crops. The drought is specified crop-wise and on a real-
time basis. In other words, the calculation is highly data-intensive, and may require field-level information
from a large network of monitoring sites. With the gradual advancements in satellite remote sensing and
remote monitoring of weather, soil moisture status and crop growth conditions, however, this method
has a better prospect.

6.3 Crop Moisture Index (CMI)

The Crop Moisture Index (CMI) uses a meteorological approach to monitor weekly crop conditions. It
was developed by Palmer (1968) following the procedures within the calculation of the PDSI. While the
PDSI monitors the long-term meteorological wet and dry spells, the CMI has been designed to evaluate
short-term moisture conditions across the major crop-producing regions. It is based on the mean
temperature and total precipitation for each week within a climate division, as well as the CMI value
from the previous week. The CMI responds rapidly to changing conditions, and it is weighted by location
and time so that maps, which commonly display the weekly CMI, can be used to compare moisture
conditions at different locations.

Merits and demerits: Since CMI is designed to monitor short-term moisture conditions affecting a
growing crop, it is not a good long-term drought-monitoring tool. Another limiting characteristic of CMI
as a long-term drought-monitoring tool is that it typically begins and ends each growing season near
zero. This limitation prevents CMI from being used to monitor moisture conditions outside the general
growing season, especially in droughts that extend over several years.

Table 8. Influence of commencement of sowing rains on the occurrence of agricultural drought in western
Rajasthan (1901-1995)

Station Commencement of Frequency of occurrence of agricultural drought with intensity
sowing rains Nil Mild Moderate Severe Total

1. Sikar Early 8 11 8 3 30
Normal 16 12 7 8 43

Late 7 5 3 7 22

2. Jodhpur Early 6 1 8 4 19
Normal 13 9 8 13 43

Late 3 10 4 16 33

3. Barmer Early 2 3 6 4 15
Normal 5 11 6 7 29

Late 0 13 4 34 51

4. Jaisalmer Early 1 0 2 6 9
Normal 1 2 6 10 19

Late 2 2 0 63 67
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6.4 Crop Water Stress Index (CWSI)

The CWSI value is a daily integration of plant-available soil water, evaporative demand and plant
phenological stage susceptibility. It is defined for the growing season as follows (Saxton, 1989):

CWSI = 1
� �

�� �
� �

�
Harvest

pPlanting

T SUS
T  (4)

where T = computed actual transpiration (mm/day), Tp = potential transpiration (mm/day), and
SUS = seasonally dependent weighting factor for grain-yield susceptibility.

Merits and demerits: This index needs the running of a dynamic simulation model, Soil-Plant-
Atmosphere-Water Model (SPAW), for simulation of soil water and calculation of effective rainfall used
for plant transpiration. The SPAW model needs calibration for each crop and region, and hence has a
limitation for its use. However, the estimates obtained from this model are reasonably good (Rao and
Saxton, 1995).

6.5 Performance of Different Agricultural Drought Indicators

The comparative performance of different agricultural drought indicators in Jodhpur district of Rajasthan
is presented in Table 9. Standardized Precipitation Index, which is a meteorological drought indicator,
performed the least (with correlation coefficient = 0.216) and Crop Water Stress Index (SPAW model)
performed the best (with correlation coefficient 0.890). Unfortunately, its execution at field-level over a
large area demands a huge database on weather, soil and crop parameters that are still difficult to gather
reliably in near-real time. Lack of good field-scale details on soils, crop and weather precludes the
testing of its actual potential at a zonal to regional scale. Moisture Adequacy Index (MAI), which is
simple to calculate on the basis of rainfall and temperature data, has shown more promises in drought
monitoring.

Table 9. Comparative performance of agricultural drought indicators in Jodhpur district

Indicator Correlation with pearl millet Merits and demerits
yield (1971-2005) R2 value

1.  Standardized Precipitation Index 0.216 Can be computed for different time
scales, and is less complex than the
PDSI.

2. Aridity Index 0.380 Water balance calculations have
limitations for not accounting rainfall-
runoff.

3. Palmer’s Drought Severity Index 0.473 Meteorological index responds better
to abnormally dry or wet weathers.

4. Moisture Adequacy Index 0.673 Can specify drought crop-wise and on
a real-time basis.

5. Crop Water Stress Index (SPAW model) 0.890 Simulates soil-water and calculates
effective rainfall for plant
transpiration, with reasonable results.
Model needs calibration for each crop
and region.
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7. DROUGHT-RELATED INDICES FROM REMOTE SENSING

Several indices for drought monitoring have been developed over the past few decades using remote
sensing data. These are calculated from the reflectance of vegetation and other land covers in different
wavelength bands of satellite sensors, and may be obtained for each pixel (the size of a pixel depends on
sensor resolution). These indices have some advantages over conventional indices, as they cover large
areas, and may show, through vegetation condition signatures, how a drought progresses over the area.
However, the indices may not always reflect the actual meteorological conditions on the ground, and
need some field verification. Some of the indices may have lagged vegetation response to drought (see
e.g., Kogan 1990, 1995; Moran et al., 1994; Jupp et al., 1998; Mcvicar and Jupp, 1998; Peters et al.,
2002; Sandholt et al., 2002; Wan et al., 2004; Tadesse, et al., 2005; Jiang et al., 2006; Ghulam et al., 2007
for development of indices and limitations). A summary of some useful techniques in the context of
Indian Subcontinent is provided in Singh et al. (2003) and Thenkabail et al. (2004).

7.1 Normalized Difference Vegetation Index (NDVI)

Since 1989, National Agricultural Drought Assessment and Monitoring System (NADAMS) is providing
bi-weekly drought bulletins for kharif season covering 246 districts in India. These bulletins describe
prevalence, relative severity level, and persistence through the season at the district level. Drought
assessment is based on a comparative evaluation of the satellite-observed green vegetation cover (both
area and greenness) in a district during any specific time period to cover in similar periods in the previous
year, or a long-term mean of the specified period. The drought interpretation takes into account rainfall
and aridity anomaly trends. This nationwide early warning service has been found to be useful for providing
early assessment of drought conditions. NDVI is calculated as (Kidwell, 1990):

NDVI = 
1 � 1
1 � 1

NIR RED

NIR RED
 (5)

where 1NIR and 1RED are the reflectances in the near infra-red and red band, respectively. NDVI ranges
from –1 to 1. Drought severity may be evaluated as the difference between the NDVI for the current
month (e.g., September 2007) and a long-term mean NDVI for this month (e.g., a 30-year long mean
NDVI for September).

                                Drought Severity = NDVIi – NDVImean,m                                                               (6)

where NDVIi is the current NDVI for the ith month and NDVImean,m is the long-term mean NDVI for the
month m (m = 1, 2, …, 12). Positive departure from the mean NDVI indicates that the vegetation condition
is better than the normal in this month (i.e., wetter than usual). Negative departure from the mean NDVI
points to a dryer condition for the current month than usual. The more negative the departure is, the drier
the month is. Bayarjargal et al. (2006) provided a recent assessment of drought severity index and other
related indices.

7.2 Enhanced Vegetation Index (EVI)

This index has been developed for use with MODIS data (Liu and Huete, 1995). Unlike NDVI, it takes
the advantage of multiple bands. The EVI is calculated by using following formula:

EVI = 
1 2

NIR RED

NIR RED Blue
G

C C L
2 �2

)
2 � )2 � )2 �

(7)
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where 2NIR = NIR reflectance, 2RED = Red reflectance, 2Blue = Blue reflectance, C1 = atmosphere resistance

red correction coefficient, C2 = atmosphere resistance blue correction factor, L = canopy background
brightness correction factor, and G = gain factor.

The coefficients adopted in the EVI algorithm were L = 1, C1 = 6, C2 = 7.5, and G (gain factor)
= 2.5. EVI is more sensitive in high biomass regions and ensures the improved monitoring through a

reduction in atmosphere influences. At the same time, it is computationally intensive and is not widely
used at present. EVI may be used in Drought Severity formula above.

7.3 Vegetation Condition Index (VCI)

Vegetation Condition Index (VCI) shows how close is the current month’s NDVI to the minimum NDVI
calculated from the long-term record of satellite images. It is mathematically expressed as (Liu and
Kogan, 1996):

VCIj = 
' (
' (

min

max min

100
�

)
�

jNDVI NDVI
NDVI NDVI  (8)

where NDVImax and NDVImin are calculated from the long-term record (e.g., 20 years) for that month or
week, and j is the index of the current month or week. The condition (health) of vegetation presented by

VCI is reported in percent and may serve as an approximate measure of how dry the current month is. In
the case of extremely dry month, the vegetation condition is poor and the VCI is close or equal to zero.

The VCI of 50% reflects a fair vegetation condition. At optimal condition of vegetation, the VCI is close
to 100%. At this condition, NDVI for the current time step (month or week) is equal to NDVImax. Singh
et al. (2003) have demonstrated the application of VCI and TCI (Temperature Condition Index) from

AVHRR for drought monitoring in India.
In order to exploit the signatures of lesser green biomass in the dryland vegetation cover on satellite

images and to find out deterioration in conditions from changes in such signatures, Pickup and Chewing
(1988) developed a model called PD54, which is a ‘perpendicular vegetation index’ (PVI), rather than a

non-dimensional vegetation index (NDVI). It was calculated using graphically plotted perpendicular
distances of soil and vegetation signatures in bands 5 and 4 (i.e., red and green spectral bands, respectively

of Landsat MSS). A recent study by CAZRI and CSIRO (Australia) to find out the performance of NDVI
and PD54 in a rangeland near Jodhpur showed better results from the latter (Anon., 2004b). The PD54

was later improved as SAVI (Soil Adjusted Vegetation Index; Huete, 1988) and then further modified as
MSAVI (Qi et al., 1994).

7.4 Temperature Condition Index (TCI)

Temperature Condition Index (TCI) is calculated similarly to VCI. However, in contrast to the VCI, TCI
includes the deviation of the current month’s (week’s) value from the recorded maximum:

TCIj = 
' (
' (

max

max min

100
�

)
�

jBT BT
BT BT  (9)

where BT is the brightness temperature (e.g., AVHRR Band 4. Under the atmospheric conditions, objects
emit heat in this thermal band). The maximum and minimum values of BT are calculated from the long-
term (e.g., 20 years) record of satellite images for each calendar week or month j (Kogan, 1995, 2002).
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The low TCI value (close to 0%) indicates the very high temperature in that month or week. Consistently
low TCI values over several consecutive time intervals indicate drought occurrence.

7.5 Merits and Demerits of Available Remote Sensing-Based Indicators

Vegetation conditions, including crops, being an indicator of rainfall, the maps on NDVI and other such
indices (EVI, VCI, etc.) can be integrated with meteorological indices as these have larger coverage of
area and provide data for areas where ground data is not accessible (Huete et al., 2002). However, during
monsoon season the remote sensing data collection for vegetation cover becomes a constraint under
cloudy conditions. As a result, analysis of satellite data for NDVI becomes limited by the availability of
cloud-free data.

Moreover, in the sparsely vegetated arid regions, NDVI becomes a poor representative of vegetation
cover as the background soils provide signatures almost similarly to the vegetation signatures. Also, the
signatures of open rangelands are not very dissimilar to that of sparse distribution of kharif crops in the
arid areas, which add to the problem of estimating actual crop growth and natural vegetation growth.

As we have described above, a number of wavelength bands and processing techniques have been
tested and sensors have been experimented to negate the soil effects. Based on the encouraging results,
regular monitoring of vegetation conditions are now made using satellite sensors like SPOT Vegetation
(France) and MODIS (USA), and analytical products on drought, etc. are produced (e.g., Hayes et al.,
2005; Wilhite, 2005). The assessment, mapping and monitoring in the USA involves a coordinated program
of activities between the National Drought Mitigation Center (NDMC) at the University of Nebraska,
Lincoln, US Department of Agriculture (USDA), and NOAA’s Climate Prediction Center at the US
National Weather Service (Wilhite, 1990).

A recent development in linking observations from different platforms is the assimilation of indices
from ground-based atmospheric monitoring products, and the land information products (especially on
land use and land cover, irrigation status, soil-available water capacity and eco-regions) with the satellite-
derived indices on greenness conditions and start of season anomaly, to produce a Vegetation Drought
Response Index (VegDRI) at 1 km resolution for application in USA (Tadesse et al., 2005; Brown et al.,
2008). The products are now regularly displayed in the websites of NDMC and the US Geological
Survey for monitoring the conditions of croplands and rangelands at county level, with a statistical
database of the phenomenon. Concurrently, based on the meteorological indices (SPI, PDSI and percent
long-term average precipitation) a US Drought Monitor (USDM) is prepared by NOAA, with data from
many organizations, including USDA, and is regularly published in NDMC and NOAA websites. A
variant of this product, the North American Drought Monitor (NADM), is a joint venture of the North
American nations. The USDA uses the USDM and VegDRI data along with the predictions of medium
range weather forecasting to analyze stresses on crops, rangelands and livestock, as well as the likely
impacts on yield.

A different decile-based drought index, the Floating Month Drought Index (FMDI), which is based
on calculation of precipitation percentile for current month, length and begin month of the current dry
spell, and precipitation percentile for the current dry spell, has been developed for the Australian continent
and is also being tested in the USA for inter-comparison of results from USDM. FMDI has the capability
to show both wet and dry spell conditions.

One of the major inputs for monitoring crop performance is soil moisture condition, which is generally
calculated from the rainfall, temperature and soil texture data, and is an approximation. Microwave
satellite sensors are being tested to provide reliable global soil moisture data, and a new satellite, carrying
L-band sensors to measure microwave radiation emitted from earth surface at L-band (1.4 GHz) to
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eliminate the effects of cloud, haze, other weather and atmospheric conditions, as well as vegetation
effects, is expected to be launched in the near future by the European Space Agency.

In India, regular satellite-based assessment of crop growth conditions and agricultural drought
condition during summer monsoon period are made by the National Remote Sensing Agency (NRSA)
for the Ministry of Agriculture, Government of India, which also gathers data from other sources, including
the States and Indian Council of Agricultural Research to review the situation on a weekly to fortnightly
basis for addressing the emerging issues. NDVI from AWiFS is the major output that is currently analyzed
by NRSA, and the results are assessed with soil moisture assessment data and agro-meteorological yield
models (Murthy et al., 2006). Samra (2004) provides a summary of the systems of monitoring followed
in India.

8. SOCIETAL DROUGHT

Societal drought relates to the impact of meteorological, hydrological and agricultural droughts on the
society. Although the indices for measuring meteorological, hydrological and agricultural droughts are
now reasonably well developed, those for measuring the societal aspects of drought are not. This is
despite the fact that drought hits the agriculture-based economy the most, which in turn impacts the
nation’s economy through lower production that creates an imbalance between the supply and demand
of commodities, lowers the purchasing power of the people, and slows down the nation’s economy, as
has been shown in a recent study on the impact of the drought of 2002 in western Rajasthan (Narain and
Kar, 2005). Severe societal drought can lead to mass migration in search of feed, fodder and water.
However, there are not many studies on the development of indices. Vulnerability of the society’s different
segments to drought is a key issue that ideally determines the kind of counter-measures required.

Considering the above facts, it is necessary to develop a set of social indicators that identify the
drought-vulnerable segments of the society and that could be used to link with the indicators on physical
aspects in a Decision Support System (DSS) developed in the GIS environment. This will help in not
only identifying the vulnerable areas of drought and the vulnerable segments of a society, but also in
working out the quantum of relief and rehabilitation measures, as well as identifying the needs of
infrastructure development as a long-term strategy for drought proofing.

9. ROLE OF DECISION SUPPORT SYSTEM IN DROUGHT MANAGEMENT

A knowledge-based spatial decision support system (SDSS) is an effective computer tool for drought
management by farmers, experts and general end-users. This type of DSS is crucial for a National Drought
Management Institute to effectively communicate the location-specific drought-related problems in
advance to the stakeholders, risk assessment and options available to mitigate the problems. The DSS
can utilize information database (information layer) and develop domain-specific knowledge-based
algorithms. Knowledge layer tools even allow experts to interpret the complex problem of drought-risk
management. Therefore, there is an urgent need for better data management and computing facilities to
analyze climatic and natural resources on spatial and temporal scales and to prepare vulnerability maps,
as well as forecast economic and environmental impacts. Some such systems are already in use globally
for early warning of droughts.

As has been shown earlier, an elaborate system of assessment and monitoring is followed by the
NDMC of the USA that has the potentials for a global coverage. An automated drought analyses system
for water-resources analysis called “SPATSIM” (Spatial and Time Series Information Modeling) software
package, has been developed jointly by the Institute for Water Research (IWR), Grahamstown, South
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Africa, and the International Water Management Institute (IWMI), Colombo, Sri Lanka (Smakhtin and
Hughes, 2004). In India, different assessment tools are being used by different affected states for declaring
drought. In Rajasthan, more emphasis is given on yield loss estimates at a village level by the village
revenue officials (Patwaris), which are collated at tehsildar level and upwards for a state-level assessment.
In Karnataka, the assessment is based on the village/taluka-level collection of rainfall amounts and dry
weeks, for which both satellite-based information and information from key field functionaries are used.
In a novel departure from the IMD-station-based information system, the state is now getting their ground-
based rainfall data on a near-real time basis from the automatic rain gauge stations installed in the villages
through cell phones. In Andhra Pradesh, drought condition is analyzed from Mandal-level data on rainfall
and crop sown area, as well as an estimation of yield and length and time of dry spells in relation to
sowing period. Both satellite and ground observations are taken into account.

Although simple and less data-demanding for the government-level technocrats and bureaucrats to
initiate remedial action in near-real time and monitor future needs, these lack the scientific depth, and do
not consider the socio-economic variables (except in Rajasthan; see e.g., Anon., 2007) for a holistic
assessment of the situation for targeting the most affected segments of the society. To overcome the
drawbacks, and to systematize the integration of different data layers, efforts have been made in
Chhattisgarh state to use a number of ‘ecological’, ‘production system’ and ‘socio-economic’ indicators,
provide weight and ranking to them, and to find out statistically from their relationships the vulnerable
Development Blocks (Gupta, 2002).

Biophysical and socio-economic parameters used by some of the drought early warning and food
security systems working mainly for the African continent have been reviewed by CeSIA, Italy (Anon.,
1999), and is summarized in Table 10. Although the indicators provide useful information for the
organizations carrying out emergency relief and rehabilitation work in the affected African nations, the
above review (Anon., 1999) suggested that the indicators could also be used for early warning of
desertification. Kar and Takeuchi (2003) made a critical analysis of the indicators of drought early warning
and those needed for a desertification early warning to show that the indicators of drought early warning
system are inadequate for desertification early warning. Samra (2004) provides a review of drought
monitoring and declaration policy followed in India, while Rathore (2005) discusses the system followed
in Rajasthan.

10. CONCLUSIONS

There are many drought-monitoring indices, which have different merits and demerits. Our experience
suggests that for the Indian arid region, where rural livelihood depends mostly on agriculture and related
activities, a simple and reliable set of indicators, including bio-physical and socio-economic, that is
amenable to quantitative measurements and modeling, and for which data could be gathered at least at
the Tehsil level, needs to be developed for forecasting. The availability of real-time remote sensing data
products, especially on soil moisture conditions, percent crop and natural vegetation cover (or, biomass
yield from croplands and rangelands) at moderate to high resolution will help much in modeling the
system that will also take as input ground-based data on meteorological parameters and socio-economic
conditions. The information on rangeland production estimates is crucial due to the greater roles played
by the livestock component in the rural economy of the region, especially during the droughts when
crops fail. The models should be able to estimate the biological production from the land at different time
steps, availability of water in the reservoirs, vulnerable areas and segments of population, infrastructure
bottlenecks, if any, possible migration routes and areas for animals, and other related aspects that can
help in proper agro-advisory, and in relief and rehabilitation. Models should also be developed to provide
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information on the performance of the infrastructures developed as a long-term measure for drought
mitigation. The ultimate goal of researchers is to produce an International Drought Early Warning System
that would help to plan the response system to drought, including planning, mitigation and recovery, and
to create a database and map that could be accessed globally at near-real time as an effective warning
tool (Wilhite et al., 2000; Wilhite, 2005).

Table 10. Indicators of early warning systems for food security used by major systems

Indicator AP3A FIVIMS GIEWS SADC FEWS VAM

1. Food crop performance � � � � �
2. Crop conditions � � � � �
3. Crop production forecast � � �
4. Marketing and price information � � � � �
5. Food supply/demand � � � � �
6. Health conditions � �
7. Food crops and shortages � � � �
8. Food supply � �
9. Food consumption � �

10. Crop areas � � � � � �
11. Pests � �
12. Food balance � � � � �
13. Vegetation front �
14. CCD � � � � �
15. NDVI � � � � �
16. Biomass �
17. Seeding risk areas �
18. Expected season length � � �
19. Estimated seeded areas � �
20. Estimated seeding date �
21. Vegetation cover
22. Agro-ecological zones �
23. Crop use intensity �
24. Variation coefficient of agricultural production �
25. Cash crop production area � � � �
26. Coping strategies �
27. Average cost to travel to nearest market �
28. Livestock production �
29. Population density � � � � �
30. Access to water �
31. Children education �
32. Rainfall � � � � �

Notes: AP3A = Alerte Precoce et Prevision des Production Agricoles (by AGRHYMET); FIVIMS = Food Insecurity
and Vulnerability Information and Mapping Systems (by FAO); GIEWS = Global Information and Early Warning
System (by FAO); SADC = Southern Africa Development Community (from Zimbabwe); FEWS = Famine Early
Warning System (by USAID); and VAM = Vulnerability Analysis and Mapping (by World Food Programme).
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Monitoring Physiographic Rainfall

Variation for Sustainable

Management of Water

Bodies in India

N.A. Sontakke*, H.N. Singh and Nityanand Singh

1. INTRODUCTION

About 90% of the natural disasters are of meteorological or hydrometeorological origin. Disasters such
as earthquakes and tsunamis are occasional, but rainfall related hazards are frequent and needs constant
monitoring. The annual average rainfall over India is 1166 mm out of which 78% is received in the
hydrological wet season (mostly summer monsoon rainfall) of 135 days from 30 May to 11 October
(Ranade et al., 2007) and is widespread over the country with large spatial variability due to large variation
in intensity and frequency of rain-inducing disturbances such as monsoon depressions/lows, monsoon
trough position, and physiography. There is a large intra-seasonal variability in this hydrological wet
season. Rainfall during the remaining period though restricted to limited areas (i.e. during winter over
northernmost and east peninsular India, during summer over northeast and southwestern India and during
post-monsoon season over south peninsula, east coast and northeastern part of India) is crucial.

The large temporal variability in the Indian rainfall creates frequent flood/drought and epochs of
above/below normal rainfall period for last several centuries. Areas of high rainfall and runoff are flooded
in the summer monsoon season whereas in rest of the period severe water stress is faced. The rainfall
extreme events are also increasing. Most Indian communities have a history of traditional mechanism of
coping with such calamities. Irrigation, bunds, canals and several other techniques are adopted. However
during recent decades with increasing population, large urbanization and industrialization, rapid economic
and technological growth, water demand is increasing in all sectors such as agriculture, industry, drinking
water etc. whereas climate change/increase in global temperature and related global atmospheric changes
are seen in the form of higher incidences and intensity of natural disasters. In view of this we need
improved policies of adaptation and mitigation to overcome such disasters. Ghosh-Bobba et al. (1997)
and Niemczyniwicz et al. (1998) have analyzed changes facing integrated management of water systems
over India. The need for interdisciplinary research and management of water systems over South Asia
has been discussed by Bandyopadhyay (2007). Prabhakar and Shaw (2008) have considered the available
evidences for the climate change over Indian subcontinent and assessed the existing preparedness and
mitigation mechanism for drought risk reduction in the country. Revi (2008) has considered the likely
changes that climate change will bring in temperature, precipitation and extreme rainfall, drought, river
and inland flooding, storms/storm surges/coastal flooding, sea-level rise, environmental health risks and
needed adaptation and mitigation agenda for cities in India where urban population is rapidly growing.

Collection, compilation, analysis of rainfall data and display in the form of maps and graphs on
smaller spatial scales showing rainfall variability are required to decide adaptation and mitigation plans
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and policies. We are fortunate to have very long period instrumental rainfall data. These data are analyzed
for each physiographical division and subdivision/province and latest tendency in annual, seasonal and
monsoon monthly rainfall are reported in this chapter. Bandyopadhyay (2007) has emphasized that
developing a framework for water systems research, the physiographic diversity of the region deserves
serious attention, since the mountains and upland watersheds, the foothills and the floodplains and the
delta areas differ widely both in terms of the natural environment and the social relations with water
systems. Studies have reported rainfall fluctuation over administrative (states), meteorological sub-
divisions and hydrologic units (basins/catchments) of the country, but perhaps none for physiographic
units. Thus, the objectives of the present study are:

(i) To understand chief features of annual, seasonal and monsoon monthly rainfall fluctuations
over different physiographic divisions and subdivisions/provinces of India using longest
instrumental data from sufficiently dense network of raingauge stations;

(ii) To demarcate area of the country showing different recent tendencies — increase, decrease and
stationary, in annual, seasonal and monsoon monthly rainfalls; and

(iii) To investigate association between intensity of monsoon circulation and large-scale rainfall
over the country on monthly and seasonal scales.

2. PHYSIOGRAPHY AND NATURAL ECOSYSTEMS OF INDIA

The physiography relates to the study of all the natural features on the earth’s surface (landforms, climate,
soil, vegetation, hydrology and distribution of flora and fauna) and delineation and description of regions
from the viewpoint of landforms, including their origin and evolution, and the processes that shape them
(Strahler, 1969). Surrounded between the parallels of 8° 43 284 N and 37° 173 534 N, and between the
meridians of 68° 73 534 E and 97° 243 474 E a beehive-shaped India occupies geographical area of
3,287,263 sq. km. (including territorial sea) on the southern plank of the Asian landmass. The contiguous
land area of the country is 3,279,501 sq. km; its north-south length is about 3,214 km and east-west
breadth about 2,933 km. The land frontier is 15,200 km and the coastline 7,516.5 km. Andaman and
Nicobar Islands in the Bay of Bengal and Lakshadweep in the Arabian Sea are parts of India. On the west
of the country are Pakistan and Afghanistan, on the east Bangladesh and Burma, on the north Sinkiang
province of China, Tibet, Nepal and Bhutan, and on the south Sri Lanka separated by a narrow channel
of sea formed by the Palk Strait and the Gulf of Mannar.

Physiography of the country shows large regional variations. There are seven mountain ranges the
Himalayas, the Patkai, the Vindhyas, the Satpura, the Aravalli, the Sahyadri and the Eastern Ghats.
According to plate tectonics the Himalayas appear to have risen as a result of a collision between the
northward drifting Indo-Australian plate at the rate of 6 mm/year, and the relatively stable Eurasian plate
about 50 million years ago. Its east-west extension is 2,500 km and covers an area of about 500,000 sq.
km. World’s highest peak Everest in the Himalayas is 8,848 m above sea level, and there are 10 more
peaks rising above 7,500 km. Patkai and the mountain ranges along the Indo-Bangladesh-Burma Border
have come into existence along with the Himalayas. The present Aravalli range is only a remnant of
gigantic mountain system that existed in pre-historic time with several of its summits rising above the
snow line and nourishing glaciers of stupendous magnitude which in turn fed many great rivers. Vindhyan
range in central India is about 1,050 km long and its average elevation is some 300 meters. The range has
been formed by the wastes created by weathering of the ancient Aravalli ranges. Satpura range with
many of its peaks rising above 1000 meters near Ratnagiri extends for a distance of 900 km between the
Narmada and Tapi rivers. Sahyadri (or Western Ghats) with an average height of 1,200 meters and length
1,600 km runs along the west coast of the Deccan Plateau between the river Tapi and Kanyakumari, the
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southern-most point in India. The mountain range along the East Coast (or Eastern Ghats) is cut up by
the powerful rivers into discontinuous blocks. Between the Godavari and Mahanadi rivers some of the
peaks rise above 1,000 meters.

The main groups of the Indian soil types and their state-wise distribution are as follows (Raychaudhury
et al., 1963): Alluvial soil (Andhra Pradesh, Assam, West Bengal, Bihar, Gujarat, Jammu and Kashmir,
Kerala, Madhya Pradesh, Tamilnadu, Punjab, Rajasthan, Uttar Pradesh, Delhi and Tripura); Black soil
(Andhra Pradesh, Gujarat, Madhya Pradesh, Tamilnadu, Maharashtra, Karnataka, Orissa, Rajasthan and
Uttar Pradesh); Red Soil (Andhra Pradesh, Assam, West Bengal, Orissa, Rajasthan, Uttar Pradesh and
Manipur); Laterite and Lateritic soil (Assam, West Bengal, Kerala, Tamilnadu and Karnataka); Mixed
Red and Black soil (Tamilnadu, Orissa, Rajasthan and Uttar Pradesh); Coastal soil (West Bengal,
Maharashtra, Karnataka, Orissa and Pondicherry); Terai soil (West Bengal and Uttar Pradesh); Gray and
Brown soils (Jammu and Kashmir); Tea soil (West Bengal); Brown soil (Jammu & Kashmir); Podzolized
soil (Jammu & Kashmir); Skeletal soil (Madhya Pradesh); Forest and Hill soils (Tamilnadu, Tripura and
Kerala); Peaty soil (Kerala); Red and Grey soil (Maharashtra); Mixed Red, Yellow and Grey soils
(Karnataka); Saline and Deltaic soils (Orissa); Red and Yellow soil (Rajasthan and Tripura); Saline and
Alkali soils (Uttar Pradesh); Desert soil (Rajasthan); Mountain soil (Jammu & Kashmir and Himachal
Pradesh); and Hill soil (Jammu & Kashmir and Himachal Pradesh).

Natural ecosystems of the country display great diversity. The panorama of different forests spans
over a wide range from evergreen tropical rain forests in the Andaman and Nicobar Islands to dry alpine
scrub high in the Himalaya. One of the earliest forests classifications of Greater India is due to Champion
(1936), which was later modified by Champion and Seth (1968) for present-day India. In their four-tier
classification of the Indian forests types Champion and Seth (1968) suggested six major types, 16 groups,
20 subgroups and 221 micro-groups. The six major types (and 16 groups) and their distribution in the
country are as: Moist Tropical Forests (Tropical Wet Evergreen Forests, Tropical Semi Evergreen Forests,
Tropical Moist Deciduous Forests and Littoral and Swamp Forests) – extreme northeastern India,
Brahmaputra Valley, northern Indo-Gangetic plains, Jharkhand, eastern Orissa, coastal Andhra Pradesh,
Sahyadri Range, Rann of Kutch and coastal Tamilnadu; Dry Tropical Forests (Tropical Dry Deciduous
Forests, Tropical Thorn Forests and Tropical Dry Evergreen Forests)– most part of the country excluding
western Himalaya, northeast India, eastern plateau and Sahyadri range; Montane Subtropical Forests
(Subtropical Broad-Leaved Hill Forests, Subtropical Pine Forests and Subtropical Dry Evergreen Forests)–
Jammu and Kashmir, Himachal Pradesh, Uttaranchal, Arunachal Pradesh, Nagaland, Manipur and
Meghalaya; Montane Temperate Forests (Montane Wet Temperate Forests, Himalayan Moist Temperate
Forests and Himalayan Dry Temperate Forests)– Arunachal Pradesh, Nagaland, Manipur, Mizoram,
Uttaranchal, Himachal Pradesh and Jammu and Kashmir; Subalpine Forests and Alpine Scrubs (Sub-
Alpine Forests, Moist Alpine Scrubs and Dry Alpine Scrubs)– Jammu and Kashmir, Himachal Pradesh
and Uttaranchal. But the forest resource is fast depleting due to its overuse and misuse by modern
civilized growing human population, about 25 crore in 1880 to more than 100 crore in 2001. Forest and
other land use/land cover changes (LUCC) in the country as percentage of total geographical area from
1880 to 1980 are as: forest 20.35% to 12.27%; net cultivated 31.53% to 44.56%; built-up 1.17% to
3.15%; intermittent woods 11.9% to 7.61%; grasses 19.92% to 18.93%; barren land 11.31% to 9.49%;
wetlands 1.98% to 1.27% and surface water 2.71% to 2.72%.

Physiography of India has large diversity constituting plains, valleys, plateaus, scarplands, mountain
ranges, basins, hills and peninsula. The Himalayan Mountains have a major role in maintaining the
climate of the whole country by obstructing the monsoon winds and providing rain throughout the country
as well as protecting from the cold winds which blow from the North. Orographic rainfall on windward
side of mountain and hill ranges such as Aravalli, Sahyadri, Khasi and Jayanti hills play important role in
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isohyets over India giving wetter climate over windward side and drier/less wetter over the leeward side.
While occurrences of water bodies (rivers and canals; reservoirs, tanks and ponds; beels, oxbow lakes
and derelict water; and brackish water) across the country depend upon physiographic settings and rainfall
conditions, the recharging of the water bodies depends mostly on rainfall which is a highly variable
parameter.

The National Atlas & Thematic Mapping Organization (NATMO, 1986) has published a map of
India ‘Physiographic Regions’ on the projection system ‘Conical Equal Area Projection with two Standard
Parallels’ and scale 1:6 M showing boundary of physiographic divisions and subdivisions/provinces.
Based on homogeneity in physiographic features the main land of the country is divided into 14 major
divisions and 50 subdivisions/provinces. The divisions (and subdivisions/provinces) are as: The Western
Himalaya (North Kashmir Himalaya, South Kashmir Himalaya, Punjab Himalaya and Kumaun Himalaya),
The Eastern Himalaya, The Northern Plains (Punjab Plains, Ganga-Yamuna Doab, Rohilkhand Plains
and Avadh Plains), The Eastern Plains (North Bihar Plains, South Bihar Plains, Bengal Plains and Bengal
Basins), The North Eastern Range (Assam Valley, Meghalaya and Purvanchal), The Western Plains
(Marusthali and Rajasthan Bagar), The North Central Highlands (Aravalli Range, East Rajasthan Uplands,
Madhya Bharat Pathar and Bundelkhand), The South Central Highlands (Malwa Plateau, Vindhyan
Scarplands, Vindhya Range and Narmada Valley), The North Deccan (Satpura Range and Maharashtra
Plateau), The South Deccan (Karnataka Plateau and Telangana Plateau), The Eastern Plateaus
(Baghelkhand Plateau, Chhotanagpur Plateau, Mahanadi Basin, Garhjat Hills and Dandakaranya), The
Western Hills (North Sahyadri, Central Sahyadri, South Sahyadri and Nilgiri Hills), The Eastern Hills
(Eastern Ghats (north), Eastern Ghats (south) and Tamilnadu Uplands), The West Coastal Plains (Kutch
Peninsula, Kathiawar Peninsula, Gujarat Plains, Konkan, Karnataka Coast and Kerala Plains) and The
East Coastal Plains (Utkal Plains, Andhra Plains and Tamilnadu Plains). The combined area of the Northern
Plains and the Eastern Plains is known as the Indo-Gangetic Plains (IGPs) and is also considered
additionally in this study as major physiographic division. Paralleling the Southern Himalayan Province,
the IGPs are very important for food security of the South Asia. Due to large physiographic diversity
coupled with large rainfall diversity a wide spectrum of natural and man-made fresh-water bodies (94
wetlands, 4291 dams and reservoirs, 500,000 minor irrigation tanks and ponds, and numerous canals,
beels, oxbow lakes, abandoned quarries and derelict water) occur across the country. Development,
management and conservation of these water bodies are highly dependent upon rainfall variability. Long
period area-average rainfall series of physiographic regions (units) provides vital input to the study on
influence of rainfall variability on land formation, flora and fauna, as well as environmental consequences
of dynamics of wetland, dryland, desert, forest, grassland, drainage, etc.

3. RAINFALL DATA USED

Instrumental monthly rainfall data from a well spread network of 316 raingauge stations (Sontakke et al.,
2008b) from earliest available year up to 2006 have been used in the present study. For the period 1901-
2006 all the 316 stations data available have been used. Prior to 1901, the number of available stations
from this network progressively decreases back in time—decreases to 314 raingauges up to 1900, to 312
up to 1871, to 190 up to 1870, to 100 up to 1861, to 80 up to 1860, to 70 up to 1851, to 60 up to 1846, to
56 up to 1844, to 12 up to 1843, to 6 up to 1829, to 4 (Chennai, Mumbai, Pune and Nagpur) up to 1826,
to 2 (Chennai and Mumbai) up to 1817 and to lone station Chennai up to 1813 (Sontakke and Singh,
1996). Missing observation in the continuous data sequence has been filled by the ratio method (Rainbird,
1967) using nearest available observation as reference value. Number of filled values is less than 2% of
the total number of monthly rainfall records. Data up to 1900 is obtained from the India Meteorological
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Department (IMD) publication (Eliot, 1902), and for the 1901-2006 period from the National Data Center
and Hydrology Section of the IMD, Pune. An account of this dataset is described by Mooley and
Parthasarathy (1984).

Blanford (1886) checked the reliability of then available data by applying two types of tests. First,
he compared the average and variation of the earlier years at any given station with those of the last 10-
12 years, during which much more care and attention had been given to rainfall registration. Second, he
compared the variation in corresponding years and months between neighboring stations situated under
approximately similar conditions. Records which failed to satisfy either of the above tests were rejected.
He concluded that selected data were ‘free from any serious error’. In his attempt to compile and publish
rainfall data for all the gauges over British India up to 1900 AD, Eliot (1902) also checked them thoroughly,
but he did not mention the method employed. Regarding reliability of rainfall data of the Indian region,
Walker (1910) had stated that ‘long established observatories like Madras (Chennai), Bombay (Mumbai)
and Calcutta (Kolkata) which have rainfall records available for earlier periods in the nineteenth century
are trustworthy’.

4. DATA GENERATION USING GIS

The National Atlas & Thematic Mapping Organization (NATMO, 1986) has prepared a map of India
‘Physiographic Regions’ on ‘Conical Equal Area Projection with two Standard Parallels’ projection
system and 1:6M scale showing boundary of physiographic divisions and provinces. The country has
been divided into 14 physiographic divisions and 49 provinces. We have digitized the map of India
‘Physiographic Regions’ in four layers, (i) all-India boundary; (ii) boundaries of physiographic divisions;
(iii) boundaries of physiographic provinces; and (iv) location of 316 raingauge stations. The physiographic
divisions and provinces have been labeled by appropriate names (Fig. 1) and area of each physiographic
division and province has been measured by creating attributes. Stations in different physiographic
divisions and provinces out of total 316 available raingauge stations over the country have been identified
with this map for development of longest rainfall series. The map is prepared using GeoMedia Professional
5.1 Geographic Information System (GIS) software package.

5. DEVELOPMENT OF LONGEST RAINFALL SEQUENCE

Longest instrumental area-averaged annual, seasonal and summer monsoon monthly rainfall series for
different physiographic regions (divisions and subdivisions/provinces) have been developed in two parts:
(i) simple arithmetic mean for the period with all available observations from the selected network and
(ii) construction by applying established objective method for the period with lesser available observations.
The complete process is described step by step for the Western Himalaya. In this region rainfall observation
started in 1844 at Dehradun, in 1849 at Nainital, in 1853 at Dharamsala, in 1862 at Simla, in 1864 at
Pithoragarh, in 1868 at Kulu, in 1889 at Joshimath, in 1891 at Srinagar and in 1901 at Jammu and
Udhampur. Thus, the monthly rainfall data for 10 stations is available from 1901 onwards. The
computational steps are as follows (Singh, 1994; Wigley et al., 1984; Sontakke et al., 2008b):

1. Prepare the area-averaged annual rainfall series for the period 1901-2006 of the Western Himalaya
through simple arithmetic mean of all the 10 raingauges in the region.

2. Prepare the mean annual rainfall series (1901-2000) of the eight raingauges for which the annual
rainfall observations extend back to 1891.
(As indicated annual rainfall data of only eight raingauges from the 10-gauge network extends
back to 1891.)
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Fig. 1 Map showing physiographic divisions and subdivisions/provinces of the country.

3. Estimate the linear regression (Y = a + bX) of the representative 10-gauge mean series {Yi} on
the 8-gauge mean series {Xi} based on the period 1901-2000.



Monitoring Physiographic Rainfall Variation for Sustainable Management of Water Bodies in India 299

(All constructions in this report have been done with respect to the ‘reference period’ 1901-2000.).
Theoretically derived mathematical expression for the correlation (Rm,M) between M-gauge mean rainfall
series and m-gauge mean series (m is a subset of M) is given by (Wigley et al., 1984):

Rm,M = ,

1

1

( ) �
�
m

i i M
i

s r
m s m

 (1)

In the present example, M is 10 and m is 8; s(m) is the standard deviation of the 8-gauge (here m = 8)
mean series; si is the standard deviation of each of the eight series; ri,M the correlation coefficient between
each of the 8-gauge series and the M-gauge mean series. The correlation coefficient directly calculated
between 10-gauge mean series (Yi) and the 8-gauge mean series (Xi) and that calculated with the above
equation were found equal.

4. Substitute the mean annual rainfall of the eight gauges available during 1900 in the regression
and estimate the representative mean annual rainfall for the Western Himalaya for the year
1900.

5. Inflate the variance of the estimated rainfall amount of the year 1900 by dividing its departure
from long term mean by the correlation coefficient between 10-gauge mean series (1901-2000)
and the corresponding 8-gauge mean series (R8,10), and get the constructed mean annual rainfall
of the Western Himalaya for the year 1900 (Klein et al., 1959).

6. Repeat the above process to estimate the rainfall of each of the four seasons (winter JF, summer
MAM, monsoon JJAS and post-monsoon OND) for the year 1900.

7. Check if total of the estimated four seasonal rainfalls is equal to the estimated annual rainfall
amount.

8. For any discrepancy between the two rainfall figures (generally of a few millimeters)
proportionately increase/decrease the seasonal rainfall amounts to get their finally constructed
amounts.

9. Estimate the monthly rainfall for June, July, August and September in a similar way, compare
them with corresponding constructed monsoon (JJAS) rainfall amount, and get the constructed
monsoon monthly rainfalls after suitable correction for the year 1900.

10. Take up the year 1899, 1898, … …1891 and repeat the above process sequentially.
11. Repeat the entire procedure depending on available number of gauges for each year of the

period 1889-1890 (R7,10), 1868-1888 (R6,10), 1864-1867 (R5,10), 1862-1863 (R4,10), 1853-1861
(R3,10), 1849-1852 (R2,10) and 1844-1848 (R1,10).

The correlation coefficient Rm,M is an indicator of reliability of the constructed rainfall amount. The
constructed amount is retained if Rm,M exceeded the 5% statistical significance level otherwise rejected.
In general, the Rm,M ranged from 0.71 to 0.99 for the constructed rainfall amount of the period 1813-
1900. Especially in early years for very few cases the Rm,M is weak (statistically significant but less than
0.7) when very few stations are available. In the absence of any quantitative data, these constructed
values based on instrumental observations could provide vital information.

6. PHYSICAL FEATURES AND LONGEST RAINFALL SEQUENCE OF

DIFFERENT PHYSIOGRAPHIC DIVISIONS AND SUBDIVISIONS/

PROVINCES

For the 15 physiographic divisions, 49 sub-divisions/provinces and whole India the longest rainfall
sequences have been prepared up to 2006. Construction details for divisions have been described and for
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subdivsions/provinces tabulated in Table 1. Area measured by the GeoMedia GIS Package, the mean
annual PE, the mean annual rainfall, the seasonal rainfall as percent of annual rainfall, the annual number
of rainy days, starting date, ending date and duration of the climatological rainy season for the
physiographic divisions as well as the subdivisions/provinces are given in Table 2. Number of rainy days
are the days with rainfall greater than 2.5 mm (IMD, 1961) and rainy season is the ‘continuous period
with monthly rainfall greater than 50 mm’ (Singh, 1986). Abstract statistics (mean, median, standard
deviation (SD), coefficient of variation and the quintiles (Q1, Q2, Q3, Q4)) for the rainfall series of
physiographic divisions and all-India based on the period 1901-2000 are tabulated in Table 3 for the
benefit of the users. Mean is measure of central tendency, standard deviation and coefficient of variation
gives the nature of variability while quintiles are measures of the frequency distribution which divides
the rainfall sequences in five equal parts. The table also lists the Index of Areal Representativeness
(IAR), the mean correlation coefficient (CC) between the area-averaged series and the individual stations
(R–) and the mean of CC between all possible combinations of raingauges that are averaged ( r–). The IAR
is defined as the ratio of “variance of area-averaged rainfall series” to the “mean variance of the individual
rainfall series averaged” expressed in percentage and it provides a measure of spatial representation of
the area-averaged rainfall series (Singh, 1994). The mathematical expression of IAR is:

IAR = 

2

2

1

100
1

�

)

�
R

M

i
i

S

s
M

(2a)

That is, IAR = 
Variance of the area-averaged rainfall series

100
Mean variance of the rainfall series at all stations

)  (2b)

The R–  is also an indicator of areal representation of area-averaged rainfall series and is very useful in
theoretical derivation dealing with the problem of rainfall spatial variability. The r– is a measure of
spatial coherency in the rainfall field and the inverse of r– provides a broad idea of number of observations
optimally required to prepare that particular representative area-averaged rainfall series.

Fluctuation characteristics, i.e., tendencies (increasing, decreasing or no trend) of annual, seasonal
(winter, summer, summer monsoon, post-monsoon) and summer monsoon monthly (June, July, August
and September) rainfall for 15 divisions and 49 subdivsions/provinces and whole India have been derived
by examining the actual and the 9-point Gaussian low-pass filtered value plots (Sontakke et al., 2008a)
as well as Cramer’s tk statistic applied on 31-term running means. Tendencies for annual, seasonal and
monsoon monthly rainfall for the 15 physiographic divisions and whole India are described below for
the total constructed period. The recent period tendencies for the 49 physiographic subdivisions/provinces
are given in Table 1. Tendencies for total reconstructed period are available in Sontakke et al. (2008a).
Each of the series is showing large fluctuations of increasing/decreasing epochs.

The Western Himalaya: The physiographic division is composed of the states of the Uttaranchal,
the Himachal Pradesh and the Jammu & Kashmir. Earliest monthly rainfall record for Dehradun is
available from 1844; and the continuous data for 10 stations is available since 1901. Longest area-
averaged annual, seasonal and monsoon monthly rainfall series of the region could be developed for the
period 1844-2006. The actual series along with 9-point Gaussian low-pass filtered values are shown in
Fig. 2. Important statistics of the rainfall series are given in Table 3. Chief features of the rainfall fluctuations
are: annual—1845-1894 I (increase), 1895-1902 D (decrease), 1903-1960 I, 1961-2006 D; winter—
1845-1893 I, 1894-1963 D, 1964-2006 I; summer—1845-1938 D, 1939-2006 I (1983-2006 above normal
but decreasing tendency); summer monsoon—1844-1960 I, 1961-2006 D; post-monsoon—1844-2006
I; June—1844-2006 D; July—1844-1959 I, 1960-2006 D; August—1844-1885 I, 1886-2006 D; and
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Table 3. Important statistics and the parameters of the spatial coherency and representation of annual, seasonal
and monsoon monthly area-averaged rainfall series (1901-2000) of the physiographic divisions and the

whole country

Ann Win Sum Sum Post Jun Jul Aug Sep
Mon Mon

The Western Himalaya

Mean (mm) 1562.1 158.4 195.0 1118.8 89.9 139.5 397.6 400.1 181.5
Median (mm) 1540.0 152.7 185.7 1116.0 81.8 127.8 406.1 385.8 174.4
SD (mm) 225.5 63.6 75.7 220.8 59.4 66.2 107.5 103.5 89.4
CV (%) 14.4 40.2 38.8 19.7 66.1 47.5 27.0 25.9 49.3
Q1 (mm) 1336.1 97.2 129.2 948.5 40.7 84.1 306.8 316.9 107.9
Q2 (mm) 1488.4 137.1 165.3 1035.1 68.5 115.4 372.4 361.4 143.6
Q3 (mm) 1592.7 168.0 201.0 1160.4 88.9 144.0 421.3 413.1 203.6
Q4 (mm) 1768.5 217.1 260.9 1306.8 118.6 187.5 476.5 478.9 253.3

r 0.14 0.45 0.49 0.20 0.50 0.29 0.17 0.17 0.32

R 0.47 0.70 0.72 0.49 0.74 0.59 0.47 0.48 0.61
IAR (%) 20.1 58.0 59.4 22.2 48.2 27.0 21.5 21.6 31.6

The Northern Plains

Mean (mm) 846.8 40.6 38.5 722.0 45.8 81.5 245.5 241.8 153.2
Median (mm) 848.3 35.7 31.8 729.1 35.2 76.5 244.8 236.7 151.7
SD (mm) 148.2 24.0 24.0 139.4 42.0 44.7 75.8 66.4 63.7
CV (%) 17.5 59.1 62.3 19.3 91.9 54.9 30.9 27.4 41.6
Q1 (mm) 700.1 19.4 19.9 599.3 11.2 41.2 182.8 188.3 100.1
Q2 (mm) 822.0 31.2 26.5 684.0 26.0 63.3 228.0 217.5 137.8
Q3 (mm) 889.0 42.5 36.3 768.7 41.6 83.4 258.9 256.4 167.4
Q4 (mm) 961.2 61.2 55.3 836.1 67.6 114.4 310.5 297.4 201.5

r 0.30 0.52 0.46 0.30 0.45 0.36 0.32 0.25 0.27

R 0.56 0.72 0.68 0.56 0.67 0.60 0.57 0.51 0.53
IAR (%) 30.7 49.8 43.6 30.1 43.5 34.3 31.5 26.0 26.5

The Eastern Plains

Mean (mm) 1460.4 34.4 152.5 1155.1 118.4 232.8 345.9 325.0 251.4
Median (mm) 1466.7 30.3 147.7 1152.8 107.1 215.9 344.6 318.1 245.6
SD (mm) 184.7 23.6 55.2 146.9 64.7 79.7 74.5 66.5 68.1
CV (%) 12.6 68.6 36.2 12.7 54.6 34.2 21.5 20.5 27.1
Q1 (mm) 1279.7 14.7 99.4 1012.0 63.4 168.2 277.4 271.8 192.9
Q2 (mm) 1404.4 25.4 137.0 1115.1 90.1 198.8 327.3 300.9 235.6
Q3 (mm) 1509.7 36.6 166.3 1182.1 117.0 232.5 357.5 334.6 258.1
Q4 (mm) 1603.3 53.7 192.4 1266.1 167.0 285.3 402.8 373.6 301.5
 r 0.30 0.43 0.43 0.25 0.45 0.40 0.24 0.20 0.25

R 0.57 0.67 0.66 0.52 0.68 0.65 0.52 0.47 0.53
IAR (%) 30.4 36.9 37.4 25.5 43.0 37.9 23.7 20.5 25.8

The Indo-gangetic Plains

Mean (mm) 1025.7 38.7 71.4 848.6 66.9 125.5 274.7 266.2 182.2
Median (mm) 1012.6 36.4 68.3 851.7 55.3 115.2 272.8 264.9 182.6
SD (mm) 128.3 21.3 28.0 115.3 41.3 48.2 65.6 51.6 53.3

(Contd.)
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CV (%) 12.5 55.1 39.2 13.6 61.6 38.4 23.9 19.4 29.2
Q1 (mm) 924.1 18.7 45.4 738.7 32.6 79.3 217.1 223.2 134.1
Q2 (mm) 986.2 29.5 59.9 818.6 49.2 104.5 254.5 252.0 169.2
Q3 (mm) 1051.8 39.5 78.0 876.3 61.9 131.3 290.8 275.4 191.0
Q4 (mm) 1136.9 57.5 95.8 940.1 101.8 164.5 331.1 308.9 226.0
 r 0.21 0.41 0.36 0.19 0.34 0.30 0.23 0.15 0.18

R 0.46 0.64 0.58 0.45 0.58 0.54 0.48 0.39 0.44
IAR (%) 19.7 36.2 23.8 18.9 29.7 25.7 21.8 6 17.6

The North Eastern Ranges

Mean (mm) 2287.0 47.2 556.0 1489.1 194.7 426.9 419.3 364.1 278.8
Median (mm) 2286.9 43.1 549.1 1483.2 195.2 424.4 406.9 359.5 275.5
SD (mm) 215.1 26.2 115.9 146.9 76.5 81.6 83.1 70.5 63.9
CV (%) 9.4 55.5 20.8 9.9 39.3 19.1 19.8 19.4 22.9
Q1 (mm) 2087.4 28.1 456.4 1380.8 126.1 365.8 350.9 300.2 219.3
Q2 (mm) 2212.7 37.4 514.1 1440.2 172.3 395.8 389.5 343.5 261.7
Q3 (mm) 2334.2 52.2 572.8 1526.3 212.3 444.9 436.1 381.9 288.1
Q4 (mm) 2467.2 64.7 650.5 1591.1 249.3 489.1 488.4 414.3 333.6
 r 0.23 0.48 0.33 0.15 0.42 0.22 0.19 0.19 0.23

R 0.53 0.72 0.61 0.46 0.67 0.52 0.50 0.49 0.53
IAR (%) 26.4 48.4 34.4 21.5 41.6 26.3 26.3 24.0 27.1

The Western Plains

Mean (mm) 363.2 11.0 20.7 318.2 13.2 36.3 115.9 115.6 50.5
Median (mm) 346.0 7.5 14.6 300.4 7.0 29.9 107.5 101.3 36.6
SD (mm) 126.5 11.0 20.0 116.1 17.9 28.7 62.4 74.9 46.1
CV (%) 34.8 99.7 96.6 36.5 135.7 79.3 53.9 64.8 91.2
Q1 (mm) 262.4 2.1 7.2 215.4 1.3 11.5 62.0 51.0 9.1
Q2 (mm) 308.5 5.5 10.7 276.5 3.9 25.0 83.9 83.0 20.6
Q3 (mm) 368.9 9.0 18.7 323.9 9.8 35.0 129.5 114.0 46.7
Q4 (mm) 453.7 16.3 30.8 408.0 18.0 54.1 161.5 155.5 91.5
 r 0.47 0.47 0.51 0.44 0.48 0.38 0.42 0.46 0.40

R 0.72 0.71 0.74 0.69 0.72 0.65 0.68 0.70 0.67
IAR (%) 50.1 49.1 53.0 46.7 47.8 41.9 45.2 48.7 42.1

The North Central Highlands

Mean (mm) 785.1 18.5 19.7 712.8 34.2 70.2 256.4 257.7 128.5
Median (mm) 795.3 13.0 14.8 721.6 22.1 62.9 254.8 266.4 129.2
SD (mm) 168.4 15.2 17.5 156.2 36.7 45.8 87.1 91.8 75.8
CV (%) 21.5 82.0 89.2 21.9 107.2 65.3 34.0 35.6 59.0
Q1 (mm) 637.0 6.2 6.9 580.2 7.0 29.2 186.9 165.5 54.6
Q2 (mm) 737.9 10.9 11.7 668.7 16.0 49.3 235.5 219.1 96.6
Q3 (mm) 816.3 15.6 16.9 744.9 26.8 70.4 274.3 280.6 142.9
Q4 (mm) 927.4 31.1 24.9 834.6 56.6 106.1 329.2 323.6 178.8
 r 0.38 0.45 0.46 0.37 0.50 0.43 0.35 0.39 0.43

R 0.64 0.68 0.69 0.63 0.72 0.67 0.61 0.64 0.67
IAR (%) 38.2 44.7 37.7 37.0 48.5 42.8 37.6 40.8 42.1

Table 3. (Contd.)

Ann Win Sum Sum Post Jun Jul Aug Sep
Mon Mon

(Contd.)
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The South Central Highlands

Mean (mm) 1051.4 21.7 20.0 958.0 51.7 120.9 333.0 325.1 179.0
Median (mm) 1035.6 17.6 16.8 947.4 45.9 108.3 325.8 318.6 163.3
SD (mm) 188.9 17.2 15.3 173.9 41.2 64.8 97.3 103.6 100.1
CV (%) 18.0 79.0 76.4 18.2 79.7 53.6 29.2 31.9 55.9
Q1 (mm) 893.6 7.3 7.3 808.6 14.6 64.8 248.6 229.5 86.8
Q2 (mm) 989.8 12.8 12.7 888.3 31.0 92.9 302.5 275.3 135.2
Q3 (mm) 1097.0 20.1 19.6 1000.3 57.4 129.3 358.6 349.4 187.4
Q4 (mm) 1193.4 36.3 30.7 1116.7 82.1 176.5 410.3 413.1 266.0
 r 0.40 0.41 0.36 0.37 0.47 0.49 0.34 0.40 0.49

R 0.65 0.64 0.62 0.63 0.70 0.72 0.61 0.65 0.72
IAR (%) 41.4 40.2 36.4 39.0 48.9 50.0 36.9 41.2 51.1

The North Deccan

Mean (mm) 956.6 20.1 41.1 805.2 90.2 148.9 264.2 222.5 169.6
Median (mm) 950.2 13.5 36.4 802.9 90.7 149.4 258.3 220.3 171.9
SD (mm) 150.1 16.6 23.5 127.6 50.1 53.0 58.7 60.3 66.4
CV (%) 15.7 82.6 57.1 15.8 55.6 35.6 22.2 27.1 39.1
Q1 (mm) 826.2 6.7 20.5 683.5 39.6 101.6 215.3 164.1 106.3
Q2 (mm) 911.3 11.1 30.0 760.1 69.5 134.3 246.5 207.7 154.8
Q3 (mm) 990.0 17.0 41.7 847.0 100.9 159.9 276.4 235.9 179.9
Q4 (mm) 1086.3 35.7 59.8 927.2 131.8 194.9 320.6 279.3 226.9

r 0.36 0.35 0.35 0.32 0.43 0.31 0.24 0.29 0.33

R 0.61 0.59 0.61 0.58 0.67 0.58 0.51 0.55 0.59
IAR(%) 35.7 33.8 34.1 32.1 43.5 33.3 25.4 28.2 35.5

The South Deccan

Mean (mm) 919.9 11.3 102.2 645.3 161.0 123.6 197.9 166.0 157.8
Median (mm) 919.7 6.9 95.2 636.3 160.7 124.5 197.1 163.3 151.5
SD (mm) 124.2 11.7 30.6 103.8 61.8 32.7 52.2 50.5 50.2
CV (%) 13.5 103.5 29.9 16.1 38.4 26.4 26.4 30.4 31.8
Q1 (mm) 811.8 1.4 77.0 560.2 109.3 93.4 158.2 124.7 107.5
Q2 (mm) 879.2 5.1 87.0 605.3 138.0 111.4 181.7 152.0 139.1
Q3 (mm) 943.4 10.4 104.4 648.8 172.7 134.1 207.8 177.6 160.7
Q4 (mm) 1000.4 19.2 125.0 745.5 206.4 153.4 236.5 209.1 200.8

r 0.28 0.30 0.24 0.30 0.37 0.17 0.28 0.30 0.26

R 0.55 0.56 0.51 0.56 0.63 0.43 0.53 0.56 0.53
IAR (%) 26.6 27.4 23.5 26.1 38.3 17.0 20.5 25.2 28.1

The Eastern Plateaus

Mean (mm) 1361.7 40.8 81.7 1145.4 93.8 199.5 360.6 358.8 226.6
Median (mm) 1355.8 36.2 78.1 1145.9 85.8 177.1 358.1 350.1 225.3
SD (mm) 172.8 29.9 36.0 140.2 54.0 85.8 76.5 71.1 61.1
CV (%) 12.7 73.3 44.1 12.2 57.6 43.0 21.2 19.8 27.0
Q1 (mm) 1205.8 15.4 49.3 1032.5 43.5 123.1 289.6 293.2 167.8
Q2 (mm) 1330.4 32.1 61.5 1113.3 71.9 160.9 344.2 329.8 210.1
Q3 (mm) 1391.0 41.5 86.8 1180.8 99.7 211.5 372.4 375.5 241.4
Q4 (mm) 1485.3 55.8 113.2 1250.8 139.5 275.1 414.2 425.4 272.8

(Contd.)

(Contd.)
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r 0.32 0.49 0.40 0.25 0.44 0.46 0.24 0.24 0.25

R 0.59 0.71 0.65 0.53 0.68 0.70 0.52 0.53 0.53
IAR (%) 34.9 51.1 39.9 28.4 44.9 48.7 28.2 27.8 27.9

The Western Hills

Mean (mm) 2141.7 15.7 168.1 1704.6 253.3 331.6 658.7 468.7 245.6
Median (mm) 2147.3 10.0 156.5 1701.1 241.6 320.6 640.4 467.2 232.9
SD (mm) 294.0 19.4 65.3 284.2 81.7 118.7 190.3 136.8 105.0
CV (%) 13.7 123.9 38.8 16.7 32.3 35.8 28.9 29.2 42.7
Q1 (mm) 1898.2 1.9 112.9 1491.4 178.0 211.9 539.5 347.0 151.5
Q2 (mm) 2060.9 6.0 138.9 1594.6 209.0 292.7 591.8 403.5 198.8
Q3 (mm) 2207.8 12.3 175.3 1763.3 270.8 347.0 670.6 483.1 261.8
Q4 (mm) 2354.7 23.5 214.9 1913.7 341.2 415.9 800.8 573.6 349.5

r 0.00 0.23 0.26 0.06 0.20 0.17 0.13 0.06 0.08

R 0.55 0.68 0.68 0.57 0.68 0.65 0.62 0.56 0.58
IAR (%) 33.4 47.8 49.9 36.0 47.8 45.9 38.4 40.8 42.9

The Eastern Hills

Mean (mm) 1015.3 21.7 112.6 643.8 237.2 113.5 179.2 186.7 164.4
Median (mm) 1008.3 16.0 109.4 634.1 230.0 109.4 177.1 185.8 160.7
SD (mm) 123.6 19.6 36.2 88.1 74.9 38.8 45.2 45.8 35.8
CV (%) 12.2 90.3 32.1 13.7 31.6 34.2 25.3 24.5 21.8
Q1 (mm) 901.9 4.6 80.9 569.3 172.9 80.5 143.7 147.7 137.3
Q2 (mm) 965.5 11.8 99.8 614.7 208.1 102.3 167.9 173.5 152.2
Q3 (mm) 1049.0 19.1 115.0 648.3 250.7 119.2 187.5 196.2 167.5
Q4 (mm) 1126.1 36.3 137.0 724.9 308.0 134.1 209.6 223.8 193.6

r 0.16 0.29 0.21 0.12 0.24 0.14 0.13 0.10 0.07

R 0.50 0.61 0.55 0.44 0.58 0.45 0.43 0.42 0.42
IAR (%) 23.6 31.9 30.9 18.7 34.3 20.7 19.0 16.8 16.9

The West Coastal Plains

Mean (mm) 1765.2 11.5 138.2 1418.4 197.2 402.6 513.2 314.9 187.6
Median (mm) 1770.1 9.2 123.2 1428.9 199.1 416.0 509.1 308.3 186.1
SD (mm) 223.8 8.2 63.2 213.9 58.4 92.5 122.6 111.1 91.6
CV (%) 12.7 71.3 45.8 15.1 29.6 23.0 23.9 35.3 48.8
Q1 (mm) 1597.8 4.2 86.5 1254.3 145.1 314.8 426.8 205.8 103.9
Q2 (mm) 1712.5 7.1 115.1 1360.1 188.2 376.0 471.6 286.6 148.8
Q3 (mm) 1815.2 11.9 132.6 1487.9 207.2 432.9 544.1 338.5 206.5
Q4 (mm) 1934.6 18.6 185.8 1566.1 239.4 482.9 616.9 396.3 271.1

r 0.26 0.16 0.25 0.27 0.27 0.25 0.26 0.35 0.37

R 0.52 0.31 0.44 0.54 0.48 0.49 0.52 0.60 0.62
IAR (%) 24.4 11.4 25.1 26.8 21.7 22.7 25.9 34.2 37.5

The East Coastal Plains

Mean (mm) 1111.0 37.9 106.6 551.9 414.6 98.9 140.0 157.4 155.6
Median (mm) 1105.7 29.7 97.6 545.5 413.1 94.4 141.1 158.9 151.1

Table 3. (Contd.)

Ann Win Sum Sum Post Jun Jul Aug Sep
Mon Mon

(Contd.)
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SD (mm) 127.8 31.0 48.1 73.9 101.2 30.4 29.7 30.5 34.7
CV (%) 11.5 81.8 45.1 13.4 24.4 30.7 21.2 19.4 22.3
Q1 (mm) 1008.0 10.8 72.7 489.0 325.3 77.0 112.2 131.1 127.1
Q2 (mm) 1073.7 23.7 89.1 526.2 391.9 89.8 129.6 146.1 142.4
Q3 (mm) 1137.6 34.9 103.2 566.4 443.7 102.7 151.9 165.7 159.3
Q4 (mm) 1229.5 52.5 130.8 615.5 504.6 113.5 165.0 180.8 184.4

r 0.17 0.29 0.28 0.18 0.22 0.16 0.13 0.11 0.13

R 0.45 0.56 0.55 0.45 0.50 0.41 0.38 0.37 0.40
IAR (%) 20.7 31.9 30.2 18.2 24.6 15.7 13.2 11.4 15.5

The Whole India

Mean (mm) 1165.9 31.5 101.6 906.5 126.3 169.1 297.4 263.4 176.6
Median (mm) 1177.2 29.9 100.5 919.4 126.3 166.0 300.4 264.6 177.0
SD (mm) 105.8 13.4 21.3 88.2 35.2 37.1 40.5 37.6 42.2
CV (%) 9.1 42.5 21.0 9.7 27.8 21.9 13.6 14.3 23.9
Q1 (mm) 1060.7 18.2 81.9 831.9 92.8 138.0 270.5 232.8 137.0
Q2 (mm) 1143.2 26.5 91.7 893.3 113.8 161.4 291.1 250.1 161.8
Q3 (mm) 1190.6 33.0 106.2 944.1 130.7 176.1 310.4 279.4 185.5
Q4 (mm) 1244.0 42.7 119.3 978.7 150.6 201.7 328.3 296.7 213.5

r 0.13 0.17 0.15 0.11 0.19 0.14 0.08 0.07 0.11

R 0.37 0.41 0.36 0.34 0.42 0.37 0.28 0.28 0.34
IAR (%) 11.1 13.5 6.9 9.8 12.2 10.8 7.0 6.9 11.7

(Contd.)

September—1844-1961 I, 1962-2006 D. There are four provinces viz. North Kashmir Himalaya (No
rainfall data available), South Kashmir Himalaya, Punjab Himalaya and Kumaun Himalaya in this division.

The Northern Plains: The combined area of the Punjab, the Haryana and the Uttar Pradesh states is
called the northern plains. The monthly rainfall data for 32 stations in the region is available since 1844.
The data of additional 31 stations became available from 1871. Thus the total of 63 stations is available
from 1871. Table 3 gives the important statistics. Chief features of the rainfall fluctuations are: annual—
1844-1998 I, 1999-2006 D; winter—1844-1941 N (no trend), 1942-1967 D, 1968-2006 I; summer—
1844-1972 D, 1973-2006 I; summer monsoon—1844-1975 I, 1976-2006 D; post-monsoon—1844-1956
D, 1957-2006 N; June—1844-1965 D, 1966-2006 I; July—1844-1911 D, 1912-1980 I, 1981-2006 D;
August—1844-1961 I, 1962-2006 D; and September—1844-2006 I. There are four provinces viz. Punjab
Plains, Ganga-Yamuna Doab, Rohilkhand Plains and Avadh Plains in this division.

The Eastern Plains: The combined area of the Bihar and the West Bengal states is called the eastern
plains. Earliest rainfall record of Kolkata is available from 1829. The data of all the 26 stations from the
selected network is available from 1871. Longest rainfall sequence for the division could be developed
for the period 1829-2006. The important statistics of the rainfall sequences are given in Table 3. Chief
features of the rainfall fluctuations are as: annual—1829-1913 I, 1914-1966 D, 1967-2006 I; winter—
1829-1937 I, 1938-2006 D; summer—1829-1957 D, 1958-2006 I; summer monsoon—1829-1922 I,
1923-1966 D, 1967-2006 I; post-monsoon—1829-1907 D, 1908-2006 I; June—1829-1913 I, 1914-1972
D, 1973-2006 I; July—1829-1926 I, 1927-1961 D, 1962-2006 I; August—1829-1941 I, 1942-2006 D;
and September—1829-2006 I. There are four provinces viz. North Bihar Plains, South Bihar Plains,
Bengal Plains and Bengal Basin, in the division.

The Indo-Gangetic Plains: The combined area of the northern plains and the eastern plains is
called Indo-Gangetic plains. The area is very important for Indian summer monsoon studies as well as
for the food security of south Asia. Earliest rainfall record is available for Kolkata from 1829; Bankura
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Fig. 2 Instrumental period time series plots of annual, seasonal and monsoon monthly rainfall over
the Western Himalaya.



Monitoring Physiographic Rainfall Variation for Sustainable Management of Water Bodies in India 311

started in 1831, Patna in 1842 and 32 stations (Mainpuri, Gorakhpur, Jaunpur, Mirzapur, Varanasi,
Ghazipur, Azamgarh, Farrukhabad, Etawah, Kanpur, Hamirpur, Fatehpur, Allahabad, Bijnor, Moradabad,
Bareilly, Budaun, Shahjahanpur, Gurgaon, Rohtak, Saharanpur, Muzaffarnagar, Meerut, Delhi,
Bulandshahar, Aligarh, Mathura, Agra, Firozpur, Karnal, Sirsa and Hissar) in 1844. The data for 55 more
stations became available as follows: for five stations (Muzaffarpur, Bhagalpur, Malda, Suri and
Berhampore) from 1848, for four stations (Motihari, Chapra, Arrah, Gaya) from 1849, for two stations
(Ludhiana, Ambala) from 1850, for Jalandhar from 1852, for two stations (Hoogly, Midnapore) from
1854, for two stations (Gurudaspur, Hoshiarpur) from 1857, for three stations (Amritsar, Etah, Burdwan)
from 1860, for Krishnanagar from 1861, for Pilibhit from 1864, for Basti from 1866, for 12 stations
(Hardoi, Faizabad, Sitapur, Pratapgarh, Kheri, Sultanpur, Lucknow, Bahraich, Nawabgunj, Unnao, Rai-
Bareilly and Sagar Island) from 1867, for two stations (Howrah and Gonda) from 1868, for two stations
(Jalpaiguri and Chaibassa) from 1869, for three stations (Madhipura, Jamui and Purnea) from 1870, and
for 14 stations (Moga, Rupar, Patiala, Ranike, Kaithal, Bhiwani, Jind, Jatusana, Sonepat, Deoria, Ballia,
Darbhanga, Itahar and Baripada) from 1871. In all data for 90 stations from selected network is available
from 1871. Longest rainfall sequence could be developed for the period 1829-2006. Chief features of the
rainfall fluctuations are: annual—1829-1998 I, 1999-2006 D; winter—1829-1942 I, 1943-1964 D, 1965-
1995 I, 1996-2006 D; summer—1829-1922 D, 1923-2006 I; summer monsoon—1829-1890 I, 1891-
1907 D, 1908-1998 I, 1999-2006 D; post-monsoon—1829-2006 N; June—1829-1958 D, 1959-2006 I;
July—1829-1861 I, 1862-1911 D, 1912-1980 I, 1981-2006 D; August—1829-1855 D, 1856-1995 I,
1996-2006 sudden D; and September—1829-2006 N.

The North Eastern Range: The North Eastern India excluding the Arunachal Pradesh State is
called as the North Eastern Range. Rainfall observations for five stations (Silchar, Dibrugarh, Sibsagar,
Nowgong and Guwahati) are available from 1848; Goalpara and Tezpur stations were included in the
network in 1849, Shillong in 1866, Tura in 1870, and five more stations (Kohima, Imphal, Haflong,
Agartala and Demagiri) in 1871. Longest rainfall sequence could be developed for the period 1848-
2006. The actual and filtered rainfall series are displayed in Fig. 3. The important statistics of the rainfall
sequences are given in Table 3. Chief features of the rainfall fluctuations are as: annual—1848-1947 N,
1948-1982 D, 1983-2006 I; winter—1848-1978 D, 1979-1993 I, 1994-2006 D; summer—1848-1947 N,
1948-1960 D, 1961-2006 I; summer monsoon—1848-2006 D; post-monsoon—1848-1887 D, 1888-
2006 I; June—1848-1896 D, 1897-1934 I, 1935-2006 D; July—1848-1859 I, 1860-1887 D, 1888-1974
I, 1975-2006 D; August—1848-1905 I, 1906-2006 D; and September—1848-1878 I, 1879-1962 D,
1963-1987 I, 1988-2006 D. There are three provinces, viz., Assam Valley, Meghalaya and Purvanchal in
the division.

The Western Plains: Desert and semi-desert regions of the western Rajasthan, east of Aravallis,
form the Western Plains. Earliest record for Jaisalmer is available from 1861; for the Pali station the
records became available from 1867. The data for all 12 stations of the selected network in the region is
available from 1871. Longest rainfall sequence could be developed for the period 1861-2006. The actual
and filtered rainfall series are displayed in Fig. 4. The important statistics of the rainfall sequences are
given in Table 3. Chief features of the rainfall fluctuations are as: annual—1861-1975 I, 1976-2006 D;
winter—1861-2006 D; summer—1861-1916 N, 1917-1954 D, 1955-2006 I; summer monsoon—1861-
1975 I, 1976-2006 D; post-monsoon—1861-1971 N, 1972-2006 I; June—1861-1968 D, 1969-2006 I;
July—1861-1978 I, 1979-2006 D; August—1861-1944 I, 1945-2006 D; and September—1861-1958 N,
1959-2006 D. There are two provinces viz. Marusthali and Rajasthan Bagar in the division.

The North Central Highlands: The region is spread over East Rajasthan, northwest Madhya Pradesh
and southern Uttar Pradesh. Earliest rainfall record for Hamirpur is available from 1844; the data for all
22 stations of the selected network is available from 1871. Longest rainfall sequence could be developed
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Fig. 3 Instrumental period time series plots of annual, seasonal and monsoon monthly rainfall over
the North Eastern Ranges.
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Fig. 4 Instrumental period time series plots of annual, seasonal and monsoon monthly rainfall over
the Western Plains.
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for the period 1844-2006. Chief features of the rainfall fluctuations areas: annual—1857-1905 D, 1906-
1961 I, 1962-2006 D; winter—1857-1978 N, 1979-2006 D; summer—1857-1895 N, 1896-1917 I, 1918-
1955 D, 1956-2006 I; summer monsoon—1844-1904 N, 1905-1961 I, 1962-2006 D; post-monsoon—
1857-1985 I, 1986-2006 D; June—1844-1992 D, 1993-2006 I; July—1844-1911 D, 1912-1976 N, 1977-
2006 D; August—1844-1960 I, 1961-2006 D; and September—1844-1927 N, 1928-1961 I, 1962-2006
D. There are four provinces, viz., Aravalli Range, East Rajasthan Uplands, Madhya Bharat Pathar and
Bundelkhand Upland in the division.

The South Central Highlands: The region is in the central parts of the Madhya Pradesh state.
Earliest rainfall records for five stations are available from 1844; the data for all 25 stations of the
selected network is available from 1871. Longest rainfall sequence could be developed for the period
1844-2006. The important statistics of the rainfall sequences are given in Table 3. Chief features of the
rainfall fluctuations are as: annual—1844-1893 I, 1894-1899 D, 1900-1944 I, 1945-2006 slight D; winter—
1844-1942 I, 1943-1967 D, 1968-2003 I and mostly above normal; summer—1844-1972 N, 1973-2006
I; summer monsoon—1844-1874 I, 1875-1899 D, 1900-1944 I, 1945-2006 slight D; post-monsoon—
1844-2006 I; June—1844-1893 I, 1894-1902 D, 1903-2006 N; July—1844-1876 I, 1877-1918 D, 1919-
1944 I, 1945-2006 D; August—1844-2006 I; and September—1844-1960 N, 1961-1979 slight D, 1980-
2006 slight I. There are four provinces, viz., Malwa Plateau, Vindhyan Scarplands, Vindhya Range and
Narmada Valley in the division.

The North Deccan: The region is spread over Maharashtra and Madhya Pradesh states. The earliest
record for Pune and Nagpur is available from 1826; the data for all 30 stations of the selected network is
available since 1871. Longest rainfall sequence could be developed for the period 1826-2006. The actual
and filtered rainfall series are displayed in Fig. 5. The important statistics of the rainfall sequences are
given in Table 3. Chief features of the rainfall fluctuations are as: annual—1853-1892 I, 1893-1899 D,
1900-1961 I, 1962-2006 slight D; winter—1851-1947 I, 1948-1976 D, 1977-2003 I; summer—1851-
1911 D, 1912-1957 I, 1958-2006 D; summer monsoon—1853-1892 I, 1893-1899 D, 1900-1961 I, 1962-
2003 slight D, 2004-2006 I; post-monsoon—1851-1886 I, 1887-1909 D, 1910-2006 I; June—1851-
1962 highly fluctuating, 1963-2006 I; July—1853-1887 I, 1888-1918 D, 1919-1944 I, 1945-1999 D,
2000-2006 I; August—1851-2006 I; and September—1851-1891 I, 1892-1958 N, 1959-2006 D. There
are two provinces, viz., Satpura Range and Maharashtra Plateau in the division.

The South Deccan: The region is spread over Interior Karnataka and Eastern Andhra Pradesh.
Earliest record for Bangalore is available from 1835; the data for all 27 stations of the selected network
is available from 1871. Longest rainfall sequence could be developed for the period 1835-2006. The
important statistics of the rainfall sequences are given in Table 3. Chief features of the rainfall fluctuations
are as: annual—1835-1956 I, 1957-2006 D; winter—1835-1886 D, 1887-1936 I, 1937-1955 D, 1956-
2006 I; summer—1835-1913 N, 1914-1962 I, 1963-2002 D, 2003-2006 I; summer monsoon—1835-
1988 I, 1989-2006 D; post-monsoon—1835-2006 slightly I; June—1835-1991 slight I, 1992-2006 D;
July—1835-1961 I, 1962-2006 D; August—1835-1919 highly oscillating, 1920-2006 I; and September—
1835-1857 D, 1858-1981 I, 1982-2006 D. There are two provinces namely Karnataka Plateau and
Telangana Plateau in the division.

The Eastern Plateaus: It is spread over Chhattisgarh, Jharkhand, Orissa and West Bengal states.
Earliest rainfall data for three stations is available from 1848; the data for all 21 stations of the selected
network is available from 1871. Longest rainfall sequence could be developed for the period 1848-2006.
The important statistics of the rainfall sequences are given in Table 3. Chief features of the rainfall
fluctuations are as: annual—1860-1943 I, 1944-2006 D; winter—1860-1944 I, 1945-2006 D and mostly
below normal; summer—1860-1954 D, 1955-2006 I; summer monsoon—1860-1943 I, 1944-2006 D;
post-monsoon—1860-1905 D, 1906-1959 I, 1960-1981 D, 1982-2006 I; June—1860-1910 N and above



Monitoring Physiographic Rainfall Variation for Sustainable Management of Water Bodies in India 315

1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

450

675

900

1125

1350

THE NORTH DECCANANN:1826-2006

0

20

40

60

1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

JF:1826-2006

25

75

150

225

300
1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

JUN:1826-2006

0

45

90

135 MAM:1826-2006

75

125

250

375

JUL:1826-2006

325

500

750

1000

JJAS:1826-2006

75

150

300

AUG:1826-2006

1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

0

100

200

300

Year

R
a
in

fa
ll

(m
m

)

OND:1826-2006

1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
0

100

200

300

SEP:1826-2006

Fig. 5 Instrumental period time series plots of annual, seasonal and monsoon monthly rainfall over
the North Deccan.
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normal, 1911-1974 D, 1975-2006 I; July—1860-1892 I, 1893-1918 D, 1919-1929 I, 1930-2006 D;
August—1860-1944 I, 1945-2006 D; and September—1860-1961 I, 1962-2006 D. There are five provinces
namely Baghelkhand Plateau, Chhotanagpur Plateau, Mahanadi Basin, Garhjat Hills and Dandakaranya
in the division.

The Western Hills: The upper portion of Sahyadri Range is referred to as the Western Hills. Earliest
record from 1829 is available for Ootacamund; Mercara became available from 1863 and Ahwa and
Punalur from 1871. Longest rainfall sequence could be developed for the period 1829-2006. The important
statistics of the rainfall sequences are given in Table 3. Chief features of the rainfall fluctuations are as:
annual—1863-1961 I, 1962-1965 D, 1966-2006 I; winter—1863-1909 I, 1910-2006 D; summer—1863-
1926 N, 1927-1955 I, 1956-1985 D, 1986-2006 I; summer monsoon—1863-2006 I sharp from 1964
onwards; post-monsoon—1863-2006 N; June—1863-1896 I, 1897-1966 D, 1967-2006 I; July—1863-
1960 N, 1961-2006 D; August—1863-2006 steep I; and September—1863-1954 I, 1955-1982 D, 1983-
2006 steep I. There are four provinces namely North Sahyadri, Central Sahyadri, South Sahyadri and
Nilgiri Hills in the division.

The Eastern Hills: The elongated strips spread over Tamilnadu, Coastal Andhra Pradesh and Orissa
states, west of east coastal plains, is referred to as Eastern Hills. Earliest record from 1852 is available for
Cuddappah and Salem; the data for all eight stations of the selected network is available from 1871.
Longest rainfall sequence could be developed for the period 1852-2006. Chief features of the rainfall
fluctuations are as: annual—1852-1956 I, 1957-1980 D, 1981-2006 I; winter—1852-1926 I, 1927-1974
D, 1975-2006 I; summer—1852-2006 N; summer monsoon—1852-1956 I, 1957-1979 D, 1980-1989 I,
1990-2006 D; post-monsoon—1852-2006 I; June—1852-2006 N; July—1852-1964 I, 1965-2006 D;
August—1852-1967 N, 1968-1991 I, 1992-2006 D; and September—1852-1897 I, 1898-1976 D, 1977-
1988 I, 1989-2006 D. There are three provinces namely Eastern Ghats (North), Eastern Ghats (South)
and Tamilnadu Uplands in the division.

The West Coastal Plains: The plain area parallel to the west coast from Gujarat to Kerala forms the
West Coastal Plains. Earliest record of Mumbai is available from 1817. The data for all the 34 stations of
the selected network is available from 1871. Longest rainfall sequence could be developed for the period
1817-2006. The actual and filtered rainfall series are displayed in Fig. 6. The important statistics of the
rainfall sequences are given in Table 3. Chief features of the rainfall fluctuations are as: annual—1838-
1961 I, 1962-2006 D; winter- 1838-1928 I, 1929-2006 D; summer—1838-1866 D, 1867-1960 I, 1961-
1983 D, 1984-2006 I; summer monsoon—1817-1855 D, 1856-1961 I, 1962-2006 D; post-monsoon—
1838-1932 I, 1933-1971 D, 1972-2006 I; June—1817-1962 D, 1963-2006 I; July—1817-1959 I, 1960-
2006 D; August—1817-1845 D, 1846-1983 I, 1984-1990 D, 1991-2006 I; and September—1817-1839
D, 1840-1954 I, 1955-1999 D, 2000-2006 I. There are six provinces namely Kachchh Peninsula, Kathiawar
Peninsula, Gujarat Plains, Konkan, Karnataka Coast and Kerala Plains in the division.

The East Coastal Plains: Relatively plain area along the east coast stretching from Tamilnadu,
Andhra Pradesh and Orissa states is referred to as the East Coastal Plains. Earliest record from 1813 is
available for Chennai. The data of other 23 stations from the selected network is available from 1871.
Longest rainfall sequence could be developed for the period 1813-2006. The actual and filtered rainfall
series are displayed in Fig. 7. The important statistics of the rainfall sequences are given in Table 3. Chief
features of the rainfall fluctuations are as: annual—1813-1865 D, 1866-2006 I; winter—1813-1887 D,
1888-1923 I, 1924-1973 D, 1974-2006 I; summer—1813-1921 D, 1922-1943 I, 1944-1985 D, 1986-
2006 I; summer monsoon—1813-1931 N, 1932-2006 I; post-monsoon—1813-2006 slight I; June—
1813-1995 N, 1996-2006 D; July—1813-1865 D, 1866-2006 I; August—1813-1922 N, 1923-2006 I;
and September—1813-1902 N, 1903-1934 D, 1935-2006 I. There are three provinces, viz., Utkal Plains,
Andhra Plains and Tamilnadu Plains in the division.
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Fig. 6 Instrumental period time series plots of annual, seasonal and monsoon monthly rainfall over
the West Coastal Plains.
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Fig. 7 Instrumental period time series plots of annual, seasonal and monsoon monthly rainfall over
the East Coastal Plains.
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The Whole of India: Longest monthly, seasonal and annual rainfall series have also been prepared
for the whole country using all the 316 stations available. Longest annual, seasonal and monsoon monthly
rainfall sequence of the whole country could be developed for the period 1813-2006. The actual and
filtered rainfall series are shown in Fig. 8. The important statistics of the rainfall sequences are given in
Table 3. Chief features of the rainfall fluctuations are as: annual—1813-1838 D, 1839-1893 I,1894-1899
D, 1900-1961 I, 1962-2006 slight D; winter—1813-1944 I, 1945-1964 D, 1965-1995 I, 1996-2006 D;
summer—1813-1922 D, 1923-1943 I, 1944-1966 D, 1967-2006 I; summer monsoon—1813-1848 D,
1849-1892 I, 1893-1899 D, 1900-1961 I, 1962-2006 D; post-monsoon—1813-1908 D, 1909-2006 I;
June—1813-1893 I, 1894-1962 D, 1963-2006 I; July—1813-1882 I, 1883-1918 D, 1919-1942 I, 1943-
2006 D; August—1813-1855 D, 1856-1963 I, 1964-2006 D; and September—1813-1845 D, 1846-1961
I, 1962-2006 D.

7. SUMMARY OF RECENT TENDENCY IN RAINFALL FLUCTUATIONS OVER

THE COUNTRY

The physiographic subdivisions/provinces are grouped in three categories based on recent tendency
(increase, decrease or no trend) in each of annual, seasonal and monsoon monthly rainfall fluctuations.
The percentage area of the country under different tendency has been worked out from total area of the
subdivisions/provinces and is depicted in the pie diagram (Fig. 9). The details are as follows:

Annual rainfall: 22.4% area of the country shows increasing trend (Bengal Basin, Assam Valley,
Vindhyan Scarplands, Chhotanagpur Plateau, North Sahyadri, Eastern Ghats (South), Tamilnadu Uplands,
Kathiawar Peninsula, Konkan, Karnataka Coast, Utkal Plains, Andhra Plains, Tamilnadu Plains), 68.1%
decreasing trend (Punjab Plains, Ganga-Yamuna Doab, Rohilkhand Plains, Avadh Plains, North Bihar
Plains, South Bihar Plains, Bengal Plains, Meghalaya, Purvanchal, Marusthali, Rajasthan Bagar, Aravalli
Range, East Rajasthan Uplands, Madhya Bharat Pathar, Bundelkhand Upland, Malwa Plateau, Vindhya
Range, Narmada Valley, Satpura Range, Karnataka Plateau, Telangana Plateau, Baghelkhand Plateau,
Mahanadi Basin, Garhjat Hills, Dandakaranya, South Sahyadri, Nilgiri, Eastern Ghats (North), Gujarat
Plains, Kerala Plains) and remaining 9.5% no trend (Maharashtra Plateau, Central Sahyadri, Kachchh
Peninsula). Figure 10 depicts geographical distribution of recent tendencies in annual rainfall and pie
diagram shows area under different tendencies. Annual rainfall over India from 1944-1969 to 1970-2006
has decreased by 4.11%.

Winter rainfall: 37.1% area of the country shows increasing trend (South Kashmir Himalaya,
Punjab Plains, Bengal Plains, Assam Valley, Meghalaya, Marusthali, Narmada Valley, Satpura Range,
Maharashtra Plateau, Telangana Plateau, Mahanadi Basin, South Sahyadri, Eastern Ghats (South), Andhra
Plains), 46.6% decreasing trend (Punjab Himalaya, Kumaun Himalaya, Ganga-Yamuna Doab, Avadh
Plains, North Bihar Plains, South Bihar Plains, Purvanchal, Aravalli Range, East Rajasthan Uplands,
Bundelkhand Upland, Vindhyan Scarplands, Vindhya Range, Karnataka Plateau, Baghelkhand Plateau,
Chhotanagpur Plateau, Garhjat Hills, Central Sahyadri, Nilgiri, Tamilnadu Uplands, Kachchh Peninsula,
Kathiawar Peninsula, Gujarat Plains, Konkan, Karnataka Coast, Kerala Plains, Utkal Plains, Tamilnadu
Plains) and remaining 16.3% no trend (Rohilkhand Plains, Bengal Basin, Rajasthan Bagar, Madhya
Bharat Pathar, Malwa Plateau, Dandakaranya, North Sahyadri, Eastern Ghats (North)) (Fig. 11). The
winter rainfall over the country from 1892-1948 to 1949-2006 has decreased by 17.18%.

Summer rainfall: 73.3% area of the country shows increasing trend (Punjab Himalaya, Kumaun
Himalaya, Punjab Plains, Ganga-Yamuna Doab, Rohilkhand Plains, Avadh Plains, North Bihar Plains,
South Bihar Plains, Bengal Plains, Bengal Basin, Assam Valley, Meghalaya, Purvanchal, Marusthali,
Aravalli Range, East Rajasthan Uplands, Madhya Bharat Pathar, Bundelkhand Upland, Malwa Plateau,
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Fig. 8 Instrumental period time series plots of annual, seasonal and monsoon monthly rainfall over
the whole country.
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Fig. 9 Pie diagram showing percentage area of the country under different recent rainfall
tendencies for annual, seasonal and four monsoon months.

Vindhyan Scarplands, Vindhya Range, Narmada Valley, Satpura Range, Maharashtra Plateau,
Chhotanagpur Plateau, Mahanadi Basin, Garhjat Hills, Dandakaranya, Central Sahyadri, Eastern Ghat
(South), Konkan, Karnataka Coast, Kerala Plains, Utkal Plains, Andhra Plains, Tamilnadu Plains), 16.9%
decreasing trend (South Kashmir Himalaya, Rajasthan Bagar, Karnataka Plateau, South Sahyadri, Nilgiri,
Eastern Ghats (North), Tamilnadu Uplands, Gujarat Plains) and remaining 9.7% no trend (Telangana
Plateau, Baghelkhand Plateau, North Sahyadri, Kachchh Peninsula, Kathiawar Peninsula) (Fig. 11). The
summer rainfall over the country from 1962-1996 to 1997-2006 has increased by 18.10%.

Summer monsoon rainfall: 24.1% area of the country shows increasing trend (Bengal Basin, Vindhyan
Scarplands, Maharashtra Plateau, Chhotanagpur Plateau, North Sahyadri, Kathiawar Peninsula, Gujarat
Plains, Konkan, Utkal Plains, Andhra Plains), 74.7% decreasing trend (South Kashmir Himalaya, Punjab
Himalaya, Kumaun Himalaya, Punjab Plains, Ganga-Yamuna Doab, Rohilkhand Plains, Avadh Plains,
North Bihar Plains, South Bihar Plains, Bengal Plains, Assam Valley, Meghalaya, Purvanchal, Marusthali,
Rajasthan Bagar, Aravalli Range, East Rajasthan Uplands, Madhya Bharat Pathar, Bundelkhand Upland,
Malwa Plateau, Vindhya Range, Narmada Valley, Satpura Range, Karnataka Plateau, Telangana Plateau,
Baghelkhand Plateau, Mahanadi Basin, Garhjat Hills, Dandakaranya, South Sahyadri, Nilgiri, Eastern Ghats
(North), Eastern Ghats (South), Tamilnadu Uplands, Karnataka Coast, Kerala Plains) and remaining 1.2%
no trend (Central Sahyadri, Kachchh Peninsula, Tamilnadu Plains) (Fig. 11). The summer monsoon rainfall
over the country from 1931-1964 to 1965-2006 has decreased by 4.72%.

Post-monsoon rainfall: 54.4% area of the country shows increasing trend (South Kashmir Himalaya,
Bengal Plains, Bengal Basin, Assam Valley, Meghalaya, Marusthali, Aravalli Range, East Rajasthan
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Fig. 10 Geographical distribution of recent tendency in annual rainfall and pie diagram showing
percentage area of the country under different tendencies.

Uplands, Madhya Bharat Pathar, Maharashtra Plateau, Telangana Plateau, Chhotanagpur Plateau,
Mahanadi Basin, Garhjat Hills, Dandakaranya, North Sahyadri, South Sahyadri, Eastern Ghats (North),
Eastern Ghats (South), Tamilnadu Uplands, Kachchh Peninsula, Karnataka Coast, Kerala Plains, Utkal
Plains, Andhra Plains, Tamilnadu Plains), 37.5% decreasing trend (Kumaun Himalaya, Ganga-Yamuna
Doab, Rohilkhand Plains, Avadh Plains, North Bihar Plains, South Bihar Plains, Purvanchal, Rajasthan
Bagar, Bundelkhand Upland, Malwa Plateau, Vindhya Range, Narmada Valley, Satpura Range, Karnataka
Plateau, Baghelkhand Plateau, Central Sahyadri, Nilgiri, Kathiawar Peninsula, Konkan) and remaining
8.1% no trend (Punjab Himalaya, Punjab Plains, Vindhyan Scarplands, Gujarat Plains) (Fig. 11). The
post-monsoon rainfall over the country from 1827-1914 to 1915-2006 has increased by 13.32%.
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June rainfall: 55.1% area of the country shows increasing trend (South Kashmir Himalaya, Punjab
Plains, Ganga-Yamuna Doab, Rohilkhand Plains, Avadh Plains, North Bihar Plains, South Bihar Plains,
Marusthali, Rajasthan Bagar, East Rajasthan Uplands, Vindhyan Scarplands, Maharashtra Plateau,
Karnataka Plateau, Chhotanagpur Plateau, Garhjat Hills, North Sahyadri, Central Sahyadri, Eastern Ghats

Fig. 11 Geographical distribution of recent tendency in seasonal rainfall and pie diagram showing percentage
area of the country under different tendencies.
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(South), Kachchh Peninsula, Kathiawar Peninsula, Gujarat Plains, Karnataka Coast, Utkal Plains, Andhra
Plains), 40.7% decreasing trend (Punjab Himalaya, Kumaun Himalaya, Bengal Plains, Bengal Basin,
Assam Valley, Meghalaya, Purvanchal, Aravalli Range, Malwa Plateau, Vindhya Range, Narmada Valley,
Satpura Range, Telangana Plateau, Baghelkhand Plateau, Mahanadi Basin, Dandakaranya, South Sahyadri,
Nilgiri, Eastern Ghats (North), Tamilnadu Uplands, Kerala Plains, Tamilnadu Plains) and remaining
4.2% no trend (Madhya Bharat Pathar, Bundelkhand Upland, Konkan) (Fig. 12). The June rainfall over
the country from 1944-1969 to 1970-2006 has increased by 11.33%.

July rainfall: 9.4% area of the country shows increasing trend (South Bihar Plains, Bengal Basin,
Vindhyan Scarplands, Narmada Valley, North Sahyadri, Kachchh Peninsula, Gujarat Plains), 85.1%
decreasing trend (South Kashmir Himalaya, Punjab Himalaya, Kumaun Himalaya, Punjab Plains, Ganga-
Yamuna Doab, Rohilkhand Plains, Avadh Plains, North Bihar Plains, Bengal Plains, Assam Valley,
Purvanchal, Marusthali, Rajasthan Bagar, Aravalli Range, East Rajasthan Uplands, Madhya Bharat Pathar,
Bundelkhand Upland, Malwa Plateau, Vindhya Range, Satpura Range, Maharashtra Plateau, Karnataka
Plateau, Telangana Plateau, Baghelkhand Plateau, Mahanadi Basin, Garhjat Hills, Dandakaranya, Central
Sahyadri, South Sahyadri, Nilgiri, Eastern Ghats (North), Eastern Ghats (South), Tamilnadu Uplands,
Kathiawar Peninsula, Konkan, Karnataka Coast, Kerala Plains, Andhra Plains, Tamilnadu Plains) and
remaining 5.5% no trend (Meghalaya, Chhotanagpur Plateau, Utkal Plains) (Fig. 12). The July rainfall
over the country from 1920-1969 to 1970-2006 has decreased by 7.99%.

August rainfall: 37.6% area of the country shows increasing trend (Aravalli Range, Malwa Plateau,
Vindhya Range, Narmada Valley, Maharashtra Plateau, Karnataka Plateau, Dandakaranya, North Sahyadri,
Central Sahyadri, Eastern Ghats (North), Eastern Ghats (South), Kachchh Peninsula, Kathiawar Peninsula,
Gujarat Plains, Konkan, Utkal Plains, Andhra Plains), 58.3% decreasing trend (South Kashmir Himalaya,
Punjab Himalaya, Kumaun Himalaya, Punjab Plains, Ganga-Yamuna Doab, Rohilkhand Plains, Avadh
Plains, North Bihar Plains, South Bihar Plains, Bengal Plains, Assam Valley, Meghalaya, Purvanchal,
Marusthali, Rajasthan Bagar, East Rajasthan Uplands, Madhya Bharat Pathar, Bundelkhand Upland,
Vindhyan Scarplands, Satpura Range, Telangana Plateau, Baghelkhand Plateau, Chhotanagpur Plateau,
Mahanadi Basin, Nilgiri, Tamilnadu Uplands, Karnataka Coast, Kerala Plains, Tamilnadu Plains) and
remaining 4.2% no trend (Bengal Basin, Garhjat Hills, South Sahyadri) (Fig. 12). The August rainfall
over the country from 1939-1997 to 1998-2006 has decreased by 10.90%.

September rainfall: 23.5% area of the country shows increasing trend (Ganga-Yamuna Doab, Bengal
Basin, Purvanchal, Vindhyan Scarplands, Baghelkhand Plateau, Chhotanagpur Plateau, North Sahyadri,
Nilgiri, Kathiawar Peninsula, Kerala Plains, Utkal Plains, Andhra Plains, Tamilnadu Plains), 68.3%
decreasing trend (South Kashmir Himalaya, Punjab Himalaya, Kumaun Himalaya, Punjab Plains, Avadh
Plains, North Bihar Plains, Bengal Plains, Assam Valley, Meghalaya, Marusthali, Rajasthan Bagar, East
Rajasthan Uplands, Aravalli Range, Madhya Bharat Pathar, Bundelkhand Upland, Malwa Plateau, Vindhya
Range, Satpura Range, Maharashtra Plateau, Karnataka Plateau, Telangana Plateau, Mahanadi Basin,
Garhjat Hills, Dandakaranya, Central Sahyadri, Eastern Ghats (North), Tamilnadu Uplands, Gujarat
Plains, Karnataka Coast) and remaining 8.3% no trend (Rohilkhand Plains, South Bihar Plains, Narmada
Valley, South Sahyadri, Eastern Ghats (South), Kachchh Peninsula, Konkan) (Fig. 12). The September
rainfall over the country from 1942-1964 to 1965-2006 has decreased by 12.23%.

8. POSSIBLE REASON OF RECENT CHANGES IN MONSOON

RAINFALL OVER THE COUNTRY

Gradient in the geopotential height (GPH) of the upper tropospheric isobaric levels from Tibetan
Anticyclone (TA) region to Southern Tropical Indian Ocean High (STIOH) region is useful as index of
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Fig. 12 Geographical distribution of recent tendency in monsoon monthly rainfall and pie diagram showing
percentage area of the country under different tendencies.

intensity of Indian monsoon circulation (Singh et al., 2006; Sontakke et al., 2008b). Besides STIOH, the
North Pacific High (NPH), the Azores High (AH) and the North Sub Polar Low (NSPL) have been
identified and gradient between TA and NPH, TA and AH and TA and NSPL have also been found useful
as index of intensity of the Indian monsoon circulation. The TA, STIOH, NPH, AH and NSPL regions
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are shown in Fig. 13. The combined area of the Iranian High (32.5°N-40°N; 50.0E-72.5°E) and the West
Tibet (27.5°N-37.5°N; 72.5E-85°E) is considered as TA region, the area between parallels 40.0°E to
110°E and meridians 5°S to 20°S as STIOH region, the area between parallels 135°E to 120°W and
meridians 20.0°N to 45°N as NPH region, the area between parallels 60°W to 10°W and meridians
20.0°N to 50°N as AH region, and the area between parallels 40°E to 110°E and meridians 55.0°N to
75°N as NSPL region.

For June, the interannual variation (1949-2006) of the geopotential height gradient (GPHG) at 300
hPa (NCEP/NCAR reanalysis data, Kalnay et al., 1996) from TA to STIOH region is shown in Fig. 14a
on standardized scale along with rainfall over northern India (north of 18°N). The correlation coefficient
(CC) of 0.77 between the two parameters is significant at 0.1% level and above. For July, August and
September the GPHG of the 200 hPa level is used, the time series of the GPHG and the corresponding
period rainfall on standardized scale are shown in Figs 14(b), 14(c) and 14(d), respectively. Figure 14(e)
depicts the time series of the two parameters for the whole season. For July CC is 0.70, for August 0.52,
for September 0.60 and whole season 0.73 and in every case the CC is significant at 0.1% level and
above. Interesting to notice is that the two parameters are in excellent agreement during extreme years
and in the latest period from 2001 which suggest possibility of exploring cause and effect relationship
between them.

The two parameters GPH and rainfall for June show rising tendency from late 1950s, but for other
three monsoon months and the season they show declining tendency. The June GPH of the 300 hPa is
rising over the TA region at the rate of 5.96 m/decade (significant at 1% level) and over the STIOH
region at the rate of 4.93 m/decade (significant at 0.1% level). Therefore the GPHG shows mild increasing
tendency which is producing slight increase in June rainfall over the country. During July, August,
September (200 hPa level) and the whole season the GPH over the STIOH region is rising at the rate of
5.03 m, 5.47 m, 4.59 m and 5.0 m per decade respectively, all significant at 0.1% level, but over the TA
region the rising rate is 3.84 m/decade (significant at 10% level), 5.03 m/decade (significant at 1%
level), 1.27 m/decade (not significant) and 4.03 m/decade (significant at 5% level), respectively. The
rising tendency in the 200 hPa GPH is at a faster rate over the STIOH region compared to the TA region;
therefore, the GPHG from the TA region to STIOH region shows slight decreasing tendency (statistically
not significant). The lower GPH in the upper tropospheric level contributes partially to reduction in
rainfall over the country.

Relationship between GPHG at NPH, AH and NSPL with TA and rainfall over the country have
been examined for June, July, August, September and whole summer monsoon season and are shown in
Fig. 14 along with the correlation coefficient (CC) obtained. In brief, the GPHG from the TA region to
the STIOH region showed highest correlation with the corresponding rainfall over Indian region, that
from TA to NPH region showed almost of the same order, but from TA to AH region and from TA to
NSPL region showed weaker correlation in the same order.

9. MECHANISM

During heightened summer heating of the Afro-Eurasian dry province (Arabia to Mongolia) and the land
area over and around Tibet-Himalayan highlands the Tibetan Anticyclone intensifies. A major portion of
the outflows from the Tibetan Anticyclone sinks over the North Pacific and intensifies the high over
there. The intense North Pacific High produces strong easterlies over central and western North Pacific.
Part of these easterlies turns towards China, Korea and Japan, and part enters into Bay of Bengal after
crossing Vietnam-Laos-Thailand-Combodia-Mynamar sector (Southeast Asia) where it merges with the
main southwest monsoon current and the combined wind blows over the Indo-Gangetic Plains of northern
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India as easterly wind parallel to southern flank of the Himalayas. Part of this easterly wind converges
over central India and the rising air flows towards southern hemisphere via the upper troposphere. Also,
the large outflows from the Tibet-Pacific Anticyclone in the upper troposphere after crossing the equator
above the western Indian Ocean sink over southern Indian Ocean High. Part of this upper tropospheric
cross-equatorial flow from northern to southern tropical/subtropical Indian Ocean and while circulating
anticyclonically in the lower troposphere it crosses the equator along the Somali coast and becomes
southwest monsoon flow, and part merges with the southern temperate westerlies.

The upper tropospheric GPHG from the Tibetan Anticyclone region to the NSPL region provides a
majority of intensity of mid-latitude upper tropospheric westerlies. While steep gradient suggests strong
poleward shifted westerlies and well developed and intense Tibetan Anticyclone, the reverse is true
during shallow gradient. In the upper troposphere the Azores High appears as westward extension of the
Tibetan Anticyclone.

Examination of geopotential height and temperature fluctuation of standard isobaric levels over the
five centers of circulation revealed the following notable features:

Fig. 14 Relationship between geopotential height gradient from TA region to indicated region (STIOH, NPH,
AH and NSPL) and corresponding rainfall over the Core Monsoon Area of India for the period 1949-2006.
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(i) During June, over TA region the GPH at each standard isobaric level from 925 to 200 hPa is
rising (non-linearly) at a faster rate compared to temperature, while over other centers of
circulation positive trend in GPH and temperature fluctuations are going closely parallel;

(ii) During other three monsoon months, over TA region the temperature showed a mild rising
tendency in the lower troposphere and mild decreasing trend in the upper troposphere but the
GPH of the different levels showed rising tendency; and

(iii) Over the surrounding four centers of circulation rising trend in the GPH and temperature closely
paralleled to each other from surface to tropopause.

From time series plots of low-frequency mode of fluctuations (9-point Gaussian low-pass filtered
values) of the GPH and temperature (not shown) it is clearly noticed that within deep highs over oceanic
region, e.g., the STIOH, the NPH and the AH both GPH and temperature showed rising tendency at
different levels from 925 to 200 hPa. In the TA region, however, the temperature showed a rising trend in
the lower troposphere and a falling trend in the upper troposphere. Thus a rising trend in the GPH of
different levels in the TA region is essentially due to rising trend of temperature in the lower tropospheric
layers.

Possible cause of cooling of upper troposphere over the Tibet-Iran-Afghanistan sector (TA region) is
not presently understood. Attempts are being made to investigate these crucial issues by examining
composition of the atmosphere such as dust load, greenhouse gases, moisture content, etc. and results
will be published in the future.

10. CONCLUSIONS

In this chapter, fluctuation characteristics of annual, seasonal and monsoon monthly rainfall have been
reported for 15 physiographic divisions and 49 subdivisions/provinces using longest available instrumental
rainfall records from well-spread 316 raingauge stations. For the period 1901-2006, with data available
for all the selected raingauges, the area-averaged rainfall series has been prepared from simple arithmetic
mean of the gauges in the particular region. Prior to 1901 (sometimes going back to 1813) the series has
been constructed by applying established objective technique on the limited available raingauges. For 15
physiographic divisions longest rainfall series could be developed from (ending year is always 2006)
1844 for the Western Himalaya and the Northern Plains, 1829 for the Eastern Plains and the Indo-
Gangetic Plains, 1848 for the North Eastern Range, 1861 for the Western Plains, 1844 for the North
Central Highlands and the South Central Highlands, 1826 for the North Deccan, 1835 for the South
Deccan, 1848 for the Eastern Plateaus, 1829 for the Western Hills, 1852 for the Eastern Hills, 1817 for
the West Coastal Plains and 1813 for the East Coastal Plains. The recent trend in annual rainfall fluctuation
over physiographic divisions is as: the Western Himalaya decrease since 1961, the Northern Plains decrease
since 1999, the Eastern Plains increase since 1967, the Indo-Gangetic Plains decrease since 1999, the
North Eastern Range increase since 1983, the Western Plains decrease since 1976, the North Central
Highlands decrease since 1962, the South Central Highlands slight decrease since 1945, the North Deccan
slight decrease since 1962, the South Deccan decrease since 1957, the Eastern Plateaus decrease since
1944, the Western Hills increase since 1966, the Eastern Hills increase since 1981, the West Coastal
Plains decrease since 1962 and the East Coastal Plains increase since 1866. For the country as a whole
slight decrease in annual rainfall fluctuation can be seen since 1962.

The recent rainfall trends for annual, seasonal and monsoon monthly period over the 49 physiographic
subdivisions/provinces have been identified and geographical distributions of different tendencies have
been plotted on map of India. The maps show that annual rainfall is decreasing over 68.1%, winter
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decreasing over 46.6%, summer increasing over 73.3%, summer monsoon decreasing over 74.7%, post-
monsoon increasing over 54.4%, June increasing over 55.1%, July decreasing over 85.1%, August
decreasing over 58.3% and September decreasing over 68.3% area of the country.

Epochal analysis of the recent period rainfall fluctuations shows that amount of rainfall is increasing
or decreasing as follows:

. Annual rainfall: decrease from 1930-1964 to 1965-2006 is –4.11%;

. Winter rainfall: decrease from 1892-1948 to 1949-2006 is –17.18%;

. Summer rainfall: increase from 1962-1996 to 1997-2006 is +18.1%;

. Summer Monsoon rainfall: decrease from 1931-1964 to 1965-2006 is –4.72%;

. Post-monsoon rainfall: increase from 1827-1914 to 1915-2006 is +13.32%;

. June rainfall: increase from 1944-1969 to 1970-2006 is +11.33%;

. July rainfall: decrease from 1920-1969 to 1970-2006 is –7.99%;

. August rainfall: decrease from 1939-1997 to 1998-2006 is –10.9%; and

. September rainfall: decrease from 1942-1964 to 1965-2006 is –12.23%.

Decrease in the intensity of the Asian Summer Monsoon Circulation (ASMC) appears to be the
main cause of decline in monsoon rainfall over India. Gradient in the GPH of upper tropospheric isobaric
level from Tibetan Anticyclone (TA) region to southern tropical Indian Ocean High (STIOH) region; to
North pacific High (NPH) region; to Azores High (AH); and to North Sub Polar Low (NSPL) region can
be used as index of intensity of the ASMC.

Geopotential height of different upper tropospheric isobaric levels over different centers is increasing,
but over TA region the increase is slower compared to other regions. Over TA region, the lower troposphere
is warming but upper troposphere is cooling while over other centers the ambient temperature is rising
throughout, surface to tropopause. Possible cause of decline in the upper tropospheric temperature over
TA region is being investigated.

In spite of the fact that there has been a large-scale decline in rainfall in the recent period, the
survival of water systems is reasonably well suggests better management practices for the water bodies
adopted by the people to combat frequent droughts. However, for long-term survival of the water systems
under changing environmental conditions calls for better management practices for the water bodies so
as to combat twin problems of flood and drought. Real-time monitoring of the physiographic rainfall
variations can provide vital information in this endeavor.
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