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Markov Chain Analysis of Weekly Rainfall
Data in Determining Drought-proneness
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Markov chain models have been used to evaluate probabilities of getting a sequence of
wet and dry weeks during South-West monsoon period over the districts Purulia in West
Bengal and Giridih in Bihar state and dry farming tract in the state of Maharashtra of
India. An index based on the parameters of this model has been suggested to indicate
the extend of drought-proneness of a region. This study will be useful to agricultural
planners and irrigation engineers to identifying the areas where agricultural develop-
ment should be focused as a long term drought mitigation strategy. Also this study will
contribute toward a better understanding of the climatology of drought in a major
drought-prone region of the world.
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INTRODUCTION

The word "drought" has been drawn world-wide
attention in recent years because of its widespread
effect in the USA in 1987-88 (Ahmed, 1991) and
its devastating effect in the Somalia in 1991-93,
and similar effect in Ethiopia few years ago and in
the Sahel region of Africa in the late 1980’s. In the
rain dependent agricultural regions of the world
availability of rainwater is one of the most
important considerations of agricultural planning.
Rainfall varies from year to year and from place to

place, sometimes leading to the occurrence of
drought. It is obvious, when drought occurs

during climate season, it effects both crop sea-

sons-Hereby increasing the food shortage and
misery of the people (Ahmed, 1995). Inference
problems, such as estimation and hypothesis
testing involving Markov chains have been con-
sidered by several authors, Bartlett (1955); Whittle

(1955); Anderson and Gordman (1957); Billingsley
(1961); Lee et al. (1970) not only because of their
theoretical interest but also for their applications
in diverse areas. Drought occurs when various
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combinations of the physical factors of the
environment produce an internal water stress in
crop plants sufficient to reduce their productivity.
In the low rainfall areas especially in tropics, the
importance of rainfall overrides that of all other
climatic factors, which determine yield. So, agri-
cultural drought is mainly concerned with inade-
quacy of rainfall. In Purulia (West Bengal) and
Giridih (Bihar) districts and dryland areas of the
state of Maharashtra, the rainy season is mainly
due to South West monsoon and it ranges from
June to September. Hence the crop yield in the
area will depend on variation of rainfall in this
season.
Drought is temporary but complex feature of

the climatic system of a given region with wide-
spread significance (Olapido, 1985), which is
usually caused by precipitation deficit (Gregory,
1986). Such natural disasters leave a long lasting
effect on a social and economic fabric of a region
where it strikes, sometimes requiring relief efforts
on a global scale (Ahmed, 1995). Although we can
recognize a drought when it hits a given region,
there is no universal definition of this term. Var-
ious characteristics of droughts, including defini-
tions and their meteorological, hydrological and
economic aspects were discussed by Doornkamp
et al. (1980); Giambelluca et al. (1988);
Landsberg (1982); Dennet et al. (1985); Olapido
(1985); Ahmed (1991) and reviewed extensively by
Gregory (1986) and Nieuwolt (1986).

Different units of time period are used for
rainfall analysis. For agriculture, week may be
nearer to the optimum length of time. The week
with rainfall greater than the threshold value
(a minimum amount, say 2.5 mm) is considered
to be a wet week. The expected number of wet
weeks in a given period of time can decide the crop
production of an area. The probability of se-

quences of wet weeks can indicate the adequacy of
water and that of dry weeks indicate the reverse
and recurrence of the risk of crop failure. Wet and
dry sequences of week can be well represented by
the Markov chain model.

DATA AND SAMPLE AREA

The weekly rainfall data of five stations each for
Purulia and Giridih districts were available for 18
to 27 years. The secondary data (Khambete and
Biswas, 1984) has been used for the rest 30 stations
situated in the dry farming Tract of Maharashtra.
As the rainfall season mainly ranges from June to

September in the areas under consideration, 22nd
to 42nd standard weeks have been used this study.

Method-1

Several authors have found that a simple Markov
chain model can describe sequences in daily
rainfall occurrences. The first successful applica-
tion of such a model seems to have been made by
Gabriel and Neumann (1962) for Tel-Aviv. Addi-
tional evidence to indicate the feasibility of using
a Markov chain model has been presented by
Caskey (1963); Weiss (1964); Hopkins and
Robillard (1964); Katz (1974); Todorovic and
Woolhiser (1975) and Rahman (1999a, b).

Let X0, Xl, X2,...,Xn, be random variables
distributed identically and taking only two values,
namely 0 and 1, with probability one, i.e.,

if the nth week is dry
if the nth week is wet

Firstly we assume that, P(Xn+ Xn+ lXn-- Xn.
Xn- Xn 1, Xo Xo) P(Xn+ Xn+
Xn Xn).
Where x0, xl,..., Xn+ E {0, }. In other words,

it is assumed that probability of wetness of any
week depends only on whether the previous week
was wet or dry. Given the event on previous week,
the probability of wetness is assumed independent
of further preceding weeks. So the stochastic
process {Xn, n= 0, 1,2,...} is a Markov chain

(Medhi, 1981; Cox and Miller, 1965). Consider
the transition matrix

P00 P0 )P10 Pll
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where P= P(X1--jlX0 =/) i, j=0, 1. Note P0o+
Pol and P10nUPll-- 1.

Let p--P(X0 1). Here p is the absolute prob-
ability of a week being wet during the monsoon
period. Clearly, P(X0 0)= 1-p.
For a stationary distribution

[1 -p p] I PP10 P11Pll --[1 -P p]

which gives

Pol
P (Pll P01)" (1)

It is further assumed that Pifs remaining constant
over the years. The maximum likelihood estimate
of P01 and Pll are appropriate relative functions

(Woolhiser and pegram, 1979).
A wet spell of length k is defined as sequences of

k wet weeks preceded and followed by weeks. Dry
spells are defined correspondingly. By "probability
of wet spell of length k" we mean the probability
of a wet spell of length k given that this week is
wet, i.e.,

P(W k) (1 Pll)Plk]-1

and probability of wet sequences with length
greater than k is:

P(W > k) E P(W t) Pkll. (2)
t=k+l

Similarly, probability of a dry spell of length m is:

P(D m) (1 Po,)pn-’-

and probability of dry sequences with length
greater than m is:

P(D > m) (1 P01)m. (3)

Let Y be the random variable such that
Y- number of wet weeks among a n-week period
i.e., Y =X0+XI+. "+Xn-1.

For large n, Y follows normal distribution with

Mean n x p (4)

Variance- n x p x (1 -p) x + Pll P01
P + Pol

Where p is the stationary probability of a week
being wet.

This is an asymptotic result which indicates
neither the exact distribution for small n nor the
rapidly of approach to normality (Feller, 1957).

INDEX OF DROUGHT-PRONENESS

Pll gives the probability of a week to be wet given
that previous week was wet also. When Pll is
large, the chance of wet weeks is also large. But
only a small of Pll may not indicate high drought-
proneness. In this case, large value of P01 implies a

large number of short wet spells which can prevent
occurrence of drought. Hence an index of drought-
proneness may be defined as:

DI- P x Po (6)

Zero and one bound this index of droughts.
Higher the value of DI, lower will be the degree
of drought-proneness. The extent of drought-
proneness is given below:

Method 2

Under the same set up, now assume

P(Xn+l Xn+llXn Xn,... ,X0 xo)
P(Xn+ Xn+ Xn Xn, Xn- Xn-

TABLE Index of drought-proneness

Criteria Degree of drought-proneness

0.000 < DI < 0.125 Chronic
0.125 < DI < 0.180 Severe
0.180 < DI < 0.235 Moderate
0.235 < DI < 0.310 Mild
0.310 < DI < 1.000 Occasional
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where x0, xl,..., Xn 4-1 E {0, }. In other words, it is
assumed that probability of wetness of any week
depends only on whether the two preceding weeks
were wet or dry. Given the event on previous two
weeks, the probability of wetness is independent of
further preceding weeks.
Now define

Yo (Xo, X1), Y1 (X2, X3),
Y2(X4, X5), Yn(X2n, X2n+l)

Now
P(Yn+I Yn+llWn Yn, Yn-llYn-1,-.., Y0 Y0)

P(Wn+l Yn+l IYn Yn)

where
Yo, Yl,..., Yn+l E {(0,0),(0,1),(1,0),(1,1)}. Now the
stochastic process {Yn, n 0, 1,2,...} is a Markov
chain (Bhat, 1972; Ochi, 1990 and Chung, 1974).

Consider the transition matrix

aoo aol a02 a03
alo all a12 a13
a20 a21 a22 a23
a30 a31 a32 a33

where aij- P(Y =Jl Yo i)

or j--

0 stands for the state (0, 0)
stands for the state (0, 1)

2 stands for the state (1,0)
3 stands for the state (1, 1)

Let P(o,o)- P1, P(o,)- P2, P(,o)- P3, P(,I)- P4.
Note that X] 1Pi 1; E_.3 oai) 1, 0,1,2,3.
For a stationary J=dstnbutlon,

[P1 P2 P3 P4]

aoo aol a02 a03

alo all a12 a13

a20 a21 a22 a23

a30 a31 a32 a33

--[P1 P2 P3 P4]

Here, when we find the probability of a wet spell of
length k, we actually mean it is the probability of a

wet spell of length k given that this week is wet and
the previous week was a dry one. Similarly we
account for dry spells also.
P(W k)= P(Wet spell of length k[ this week is

wet and previous week was dry)

P(W- k) k odd, k _> 3

--P(W-2m-1) m_>2

m-2(a30 -t- a31)a13a33

P(W-k) keven, k>_4

=P(W-2n) n>_2

a3aZa32
P(W 2) P((1, O) l(O 1)) a

P(W>2t)-P(W=k), > 2
k=2t

al3a-2

(a2 -t- a3(ao + a31))
a33

P(W >_ 2t- 1) P(W >_ 2t)
+ P(W- 2t- 1),

al3a-2"
t>2

Similarly, P(D k) (Dry spell of length k this
week is dry and the previous week was wet)

P(D k) odd, k _> 3

=P(D-2m-1) m_>2
m-2 (a02 + a03).a2oa0o

P(D-k) keven, k>_4

--P(D-2n) n>_2
n-2

a2oaoo aol.

Also,

t-2

P(D > 2t) (ao + a0o(ao2 + ao3)) aza
a00

t>2

(7)

P(D >_ 2t- 1) P(D >_ 2t) + P(D 2t- 1)
t-2 t>2.a2oaoo
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Let U be the random variable such that U
number of wet weeks among 2n-week period.
Therefore, U =f(Y0) +f(Y1) /"" +f(Yn- 1) where

f(0, 0) --0

f(0, 1)
f(1,0)--
f(1, 1) 2

For large n, UN(n#, nff 2) [for large n, 2n
2n-1] (Feller, 1957; Medhi, 1981)
Where

/z --f(0, 0) P, +f(0, 1) P2 +f(1,0)
P3 +f(1, 1) P4

(8)

cr2 F’CF (9)

f(O, O)
f(O, 1)
f(1,O)
f(1, 1)

and C (co.) where c/j= Pizij+ Pjzji- PiSij- PiPj

ifi--jwhere 5/ 0 otherwise

l+Pl--aoo Pz--aol P3-ao2 P4-a03 ’/P1-alo +P2-all P3-a12 P4-a13 |
/

Pl-a20 P2-a21 l+P3-a22 P4-a23 J
P1-a30 P2-a31 P3-a32 +P4-a33]

-1

RESULTS AND DISCUSSIONS

Drought causes abnormal loss of water from water
bodies, lowering of the water table and dehydra-
tion of the root zone of the soil, thus upsetting
water supply to the plants. For the purpose of the
analysing agricultural drought, the loss of mois-
ture from the soil reservoir should be given much
attention. Scientists use precipitation, evapotran-
spiration and available soil moisture in the root

zone as inputs of quantify droughts in various
parts of the world. Among these factors, precipita-
tion (which is only rainfall in case of Purulia
and Giridih districts and dry farming tracts of
Maharashtra) plays the pivotal rule in determining
drought-proneness.
The choice of threshold value for Markov Chain

model is very important, especially when it is used
for agricultural purpose. A small amount of water
in dry regions may be very much useful whereas
the same amount may be insignificant in humid
regions.

Tables II and III give the values of p, Pll and
P01 discussed in Method 1. In Table III values of
P0 and Pll are taken as secondary data
(Khambete and Biswas, 1984). P is always
greater than p. i.e., conditional probability is
always greater than stationary probability which
suggests that the effect of persistence is significant
(Rahman, 1999b). In Tables II and III expected
number of wet weeks are computed from Eqs. (4)
and (5) and assuming distribution of wet weeks to
be normal, the probabilities of getting more than
8, 10, 12 wet weeks are computed. Experience
shows that generally to harvest a good crop 10 to
12 wet weeks are necessary. When there is a con-
tinuous span of at least three dry weeks between
the wet weeks the crop can not be sustained. Hence
the probability of sequences of more than three
dry weeks are computed from Eq. (3).

Table IV gives the values of P, P2, P3 and P4
discussed in Method 2 for the stations of Purulia
and Giridih districts. Here the probabilities of
getting at least 8, 10, and 12 wet weeks are
computed under assumption of normality using
Eqs. (8) and (9). But the corresponding probabil-
ities given in Table II are more reliable because of
the conditions for assumption of normality are
more favourable for Method (Rahman, 1999a).
On the otherhand, probability of a dry spell of
length at least 3 weeks given in Table III,
calculated using Eq. (7) is more satisfactory
compared to the given in Table II because, in this
case, exact probabilities are calculated without any
asymptotic assumption (Medhi, 1981).
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TABLE II Probability of wet and dry weeks and index of drought-proneness in various stations of Purulia and Giridih (Method 1)

Probability of getting wet weeks at least

Station p Pll P01 E(Y) 8 10 12 P(D > 3) DI

Baghmundi 0.53 0.74 0.29 11.07 0.79 0.61 0.40 0.36 0.21
Barabazar 0.52 0.73 0.29 11.01 0.79 0.61 0.32 0.35 0.21
Jhalda 0.52 0.73 0.29 10.96 0.79 0.60 0.39 0.35 0.21
Kashipur 0.53 0.75 0.28 11.22 0.80 0.62 0.42 0.37 0.21
Para 0.52 0.74 0.28 10.95 0.79 0.60 0.39 0.37 0.21
Bengabad 0.49 0.71 0.27 10.21 0.72 0.52 0.31 0.39 0.19
Gandey 0.49 0.76 0.23 10.25 0.71 0.52 0.33 0.45 0.18
Giridih 0.47 0.76 0.22 9.84 0.67 0.48 0.30 0.48 0.16
Jamua 0.38 0.76 0.15 8.01 0.50 0.33 0.19 0.62 0.11
Palganj 0.50 0.78 0.22 10.55 0.72 0.55 0.37 0.47 0.17

TABLE III Probability of wet and dry weeks and index of drought-proneness in various stations of dry farming tract of
Maharashtra (Method 1)

Probability of getting wet weeks at least

Station p Pll P01 E(Y) 8 10 12 P(D > 3) DI

Sangli 0.38 0.48 0.32 8.01 0.50 0.24 0.08 0.46 0.15
Jath 0.33 0.44 0.28 6.98 0.35 0.13 0.03 0.52 0.12
Vita 0.37 0.48 0.33 7.86 0.48 0.21 0.06 0.44 0.15
Satara 0.57 0.66 0.46 12.00 0.91 0.75 0.50 0.39 0.30
Pusesawli 0.38 0.48 0.31 7.89 0.48 0.23 0.07 0.47 0.15
Mhaswad 0.28 0.37 0.21 5.81 0.19 0.05 0.01 0.58 0.09
Dahiwadi 0.29 0.40 0.25 6.19 0.24 0.07 0.01 0.56 0.10
Pune 0.46 0.55 0.39 9.73 0.73 0.46 0.21 0.37 0.21
Baramati 0.29 0.38 0.26 6.18 0.24 0.07 0.01 0.55 0.10
Indapur 0.33 0.43 0.28 6.83 0.33 0.12 0.03 0.52 0.12
Dhond 0.32 0.42 0.28 6.74 0.32 0.11 0.02 0.52 0.11
Nasik 0.47 0.55 0.39 6.81 0.74 0.47 0.22 0.37 0.22
Sinnei 0.42 0.49 0.37 8.87 0.62 0.34 0.13 0.40 0.18
Malegaon 0.38 0.44 0.34 7.98 0.50 0.22 0.06 0.43 0.15
Dhule 0.46 0.52 0.40 9.59 0.72 0.44 0.09 0.36 0.21
Sakri 0.37 0.47 0.32 7.85 0.48 0.22 0.07 0.47 0.15
Sholapur 0.45 0.51 0.41 9.54 0.72 0.43 0.18 0.35 0.21
Sangola 0.33 0.50 0.30 7.03 0.35 0.12 0.03 0.49 0.12
Madha 0.40 0.45 0.37 8.36 0.55 0.26 0.08 0.40 0.16
Ahmednagar 0.39 0.47 0.34 8.19 0.53 0.25 0.08 0.44 0.16
Mirajgaon 0.37 0.44 0.34 7.82 0.47 0.20 0.06 0.44 0.15
Jagaon 0.53 0.65 0.40 11.12 0.84 0.64 0.39 0.36 0.26
Buldhana 0.57 0.64 0.48 11.99 0.92 0.76 0.50 0.27 0.31
Akola 0.53 0.61 0.43 11.03 0.85 0.64 0.37 0.32 0.26
Amravati 0.58 0.66 0.47 12.18 0.92 0.77 0.52 0.28 0.31
Osmanabad 0.55 0.61 0.47 11.53 0.89 0.71 0.43 0.28 0.29
Bhir 0.45 0.53 0.39 9.53 0.71 0.43 0.19 0.37 0.21
Aurangabad 0.53 0.61 0.43 11.07 0.85 0.64 0.37 0.32 0.26
Parbhani 0.55 0.61 0.47 11.49 0.89 0.70 0.43 0.28 0.29
Nanded 0.61 0.69 0.43 12.73 0.94 0.82 0.60 0.28 0.33

CHRONIC DROUGHT-PRONE AREA

Drought index ofthe area is less than 0.125 (Tab. I).
Once in three years more than three cosecutive dry

weeks are expected in this area, hence it is defined as
a chronic drought-prone area. Expected number of
wet weeks is 6-7. Early withdrawal of monsoon
would affect the crop severely. More than 10 wet
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TABLE IV Probability of wet and dry weeks in various stations of Purulia and Giridih districts (Method 2)

Probability of getting wet weeks at least

Station P1 P2 P3 P4 E(U) 8 10 12 P(D > 3)

Baghmundi 0.32 0.13 0.13 0.41 10.90 0.72 0.57 0.41 0.31
Barabazar 0.33 0.13 0.13 0.40 10.77 0.71 0.56 0.40 0.31
Jhalda 0.38 0.12 0.13 0.37 9.97 0.64 0.50 0.35 0.35
Kashipur 0.37 0.12 0.13 0.38 10.06 0.65 0.50 0.36 0.35
Para 0.37 0.12 0.13 0.38 10.95 0.66 0.51 0.37 0.34
Bengabad 0.31 0.13 0.14 0.39 10.50 0.69 0.51 0.38 0.32
Gandey 0.35 0.13 0.13 0.39 10.40 0.68 0.53 0.38 0.33
Giridih 0.36 0.13 0.13 0.38 10.19 0.66 0.51 0.37 0.35
Jamua 0.38 0.12 0.12 0.37 9.86 0.63 0.49 0.35 0.36
Palganj 0.37 0.12 0.12 0.38 10.10 0.66 0.51 0.37 0.35

weeks are expected once only in 5 or 6 years. Crop
prospects are high only in these years. Only Jamua
(DI .11) station is chronic drought-prone area

(Tab. II) and Table III suggest that Jath (DI =. 12),
Mhaswad (DI .09), Dahiwadi (DI =. 10),
Baramati (DI-.10), Indapur (DI=.12), Dhond
(DI 0.11), Malegaon (DI =.15) and Sangola
(DI .12) stations are chronic drought-prone area.

SEVERELY DROUGHT-PRONE AREA

Drought index of the area lies between 0.125 and
0.180 (Tab. I). The expected number ofwet weeks is
8-9. As it is expected to get more than 10 weeks
once in 4 or 5 years, some potential ofground water
recharge is there. The probability of getting of dry
spell oflength more than 3 weeks is greater than 0.3.
So this area may be defined as severely drought
prone area. Severely drought prone areas are found
in the following three stations (Tab. II) which are
Giridih (DI .16), Palganj (DI .17), and Gandey
(DI .18) and also eight stations (Tab. III) are
severely drought-prone namely, Sangli (DI--.15),
Vita (DI =. 15), Pusesawli (DI =. 15), Sinnei
(DI =.18), Sakri (DI =.15), Madha (DI =.16),
Ahmednagar (DI =. 16) and Mirajgaon (DI =. 15)
of dry farming Tract of Maharashtra.

is 10. The probability of getting more than 3
consecutive dry weeks is less than 0.2. Here
more than 10 wet weeks are expected thrice in
five years. A good crop may be expected during
this period. Among three districts, six stations
(Tab. II) found moderately drought prone area
(Baghmundi (DI .21), Barabazar (DI .21),
Jhalda (DI .21), Kashipur (DI .21), Para
(DI=.21), and Bengabad (DI--.19)) and only
four stations (Tab. III) Pune (Di-.21), Nasik

(DI .22), Dhule (DI .21), Sholapur (DI .21)
and Bhir (DI- .21) are also moderately drought-
prone area.

MILD DROUGHT-PRONE AREA

Drought index of the area lies between 0.235
and 0.310 (Tab. I). The expected number of
wet weeks is 11-12. 4 times in 5 years more
than 10 wet weeks are expected. A good crop may
be expected in this region. Eight stations of Dry
farming Tract of Maharashtra are mild- drought
prone area (Tab. III) i.e., Satara (DI=.30),
Jagaon (DI=.26), Buldhana (DI-.31), Akola
(DI .26), Amravati (DI .30), Osmanabad
(DI .29), Aurangabad (DI .26) and Parbhani
(DI .29).

MODERATELY DROUGHT-PRONE AREA

Drought index of the area lies between 0.180 and
0.235 (Tab. I). The expected number of wet weeks

OCCASIONAL DROUGHT-PRONE AREA

Drought index of the area is more than 0.310
(Tab. I). Once in 10 years these areas may get less



238 P. BANIK et al.

than 10 wet weeks. Expected number of wet weeks
is more than 12. Good potential of ground water
recharge is there hence this area is considered as
occasionally drought-prone area. Good crop can
be harvested more or less regularly. There is not
found any occasionally drought prone area in the
station of Purulia and Giridih districts. Exception-
ally only one station Namded (DI .33) among 30
stations of dry farming Tract of Maharashtra is
occasionally drought prone area (Tab. III).

CONCLUSIONS

Markov Chain model has been fitted to weekly
rainfall data to obtain sequences of dry and wet
spells during the monsoon season. These sequences
of wet and dry spells can be an aid to understand
drought-proneness which has been identified with
the help of a simple index. In chronic drought-
prone areas the crop failure is very frequent. A
good crop may be raised in about 35% of the years
in severe drought prone areas. In moderately and
mild drought-prone areas a good crop may be
harvested in about 40-50% and 50-55% of the
years respectively and crop prospect is high in
occasionally drought-prone areas. Results can be
improved by superimposing atmospheric demand
and soil characteristics of the region on these
results. This study will contribute toward a better
understanding of the climatology of drought in
major monsoon region of the world. The results of
this paper will be useful to agricultural planners
and irrigation engineers to identifying the areas
where agricultural development should be focused
as a long term drought mitigation strategy.
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