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Markov chain models have been used Lo evaluale probabilities of getting a sequence of
wet and dry wesks during South-West monsoon period over the districts Pumlia in West
Benpal and Crieidih in Bihar state and dry farming tract in the state of Maharashtra of
[ndia. An index basced on the parameters of this model has been sugeested Lo indicale
the extend of droughl-pronencss of a region. This stady will be uselul 1o agricultural
planners and irmigalion engineers Lo identifving the areas where agricubtural develop-
ment should be fogused 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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INTROIMWCTION

The word “drought™ has been drawn world-wide
attention in recent years because of its widespread
effect in the UUSA 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
availahility of rainwater is one of the most
important considerations of agricultural planning.
Rainfall varies from year to vear and from place to

Mace, sometimes leading to the occurrence of
drought. TU s ohvious, when drought occurs
during climate season, it effects both crop sea-
sons—IHereby 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); Wlattle
(1955}, Anderson and Gordman (1957): Billingsley
(19613, Lee er &l (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 ol the physical laclors of the
environmenl produce an internal waler stress in
crop plants sufficient to reduce their productivity.
In the low rainfall areas especially in tropics, the
impaortance of rainfall overrides that of all other
climatic factors, which determine yield. So, agri-
cultural dronght 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 s mainly
due to South West monsoon and it ranges trom
June to September. Hence the crop yield in the
area. will depend on variation of rainfall in this
SEHA0M,

Drought is temporary but complex feature of
the climatic system ol g given region with wide-
sproad  significance  (Olapido, 1985), which 1is
winally cansed by preapitation delicit {Gregory,
1986). Such natural disasiers leave a long lasting
elfect on & social and economic fabric of a region
where it sirikes, 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, hvdrological and
economic aspects were discussed by Doornkamp
el al. (19801 Giambelluca er ol (L3EE);
Landsberg (1982); Dennet ef al. (I1983); Olapido
{1985); Ahmed (1991} and reviewed extensively by
Gregory (1986) and Nieuwolt (1986).

Different units of time period are wsed for
rainfull analysis. For agriculture, week may be
nearer to the optimum length of tme. The week
with rainfall greater than the threshold value
{a minimum amount, say 2.3mm) iy considercd
Ly be a wel week. The expeeted number ol wet
wecks in g mven period of lme can decide the erop
production of an arcw. The probability of se-
quences of wel weeks can indicate the adequacy of
waler 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
Purolia and Giridih districts were available for 15
tw 27 years. The secondary data {Khambete and
Biswas, |984) has been used for the rest 30 stations
sitnated in the drv 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

Scveral authors have (ound that a simple Markoy
chain model can describe sequences in daily
rainfall opccurrences. The frst successful applica-
tion of such a model seems to have been made by
Ciabriel and Neamann (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
Eohillard {1964); Katz (1974}, Toderovic and
Woolhiser (1975) and Rahman {199%a, b),

Let X X, . X.,...,4%,. be random variables
distributed identically and taking only two values,
namely 0 and 1, with probability one, f.e.,

0
Xn'—{]

Firstly we assume that, P(X, | =x,0 | Xy= 50
Xoc1=Xxu_1 -, Xp=2s) = PlXg1=3041)
Xn=xgh

Where xg. X, - .. xpg S 1001 In other words,
il is assumed that probability of weiness of any
week depends only on whether the previous weck
wits wel or dry, Given the event on previous week,
the probabilily of weiness is assamed independent
ol further preceding weeks. So the stochastic
process (X, n=0,1.2 ..} i3 a Markov chain
(Medhi, 1981; Cox and Miller, 1965). Consider
the transition matrix

(Pnn Pm)
o P

it the sth week is dry
if the mth week is wet
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whete Py—P(X,=/Xs—1) 7, j=0 1. Nol Py
P|:|1= 1 and P]1,'|+P11f 1:

Let p=P{X;— 1. Here pis Lthe absolule probe
ahility of a week being wel during the monsoonm
period. Clearly, F{X, — 0 —1—p.

TFor a stationary distribution

_ P Par| _ -
I —p 2 L”m py =0 P

which gives

P
P ()

T [,PII _-FI'II:lI

It is lurther assumed that Py's remaiming conslant
over the vears. The maximum likehhood estimale
of Py and Py are appropriate relative lunclions
(Wouolhiser and pegram, 1979

A wet spell of length & 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 & we mean the probability
of a wet spell of length & given that this week is
wet, e,

PW =k =(1- P2

and probability of wel sequences with lenglh
greater than & is:

PW=k =Y PW=n=F ()
f=k—1

Bimilurly, probubility of a dry spell of length m is;
PO —m) = {1 — Py )Fes "

and probabilily of dry sequences with lenpth
greater than mis:

PO > m) = (1= Py Y™ (3)

Let ¥ be the random wvariable such that
Y — number of wet weeks among a s-week period
j.t"., Y-'—XU+X1+'+XH B

For lirge », Y lollows normal distribution with
Mean —n = pr [4)

1+ Py — Py

Varianece = p o p » (] E
1—Py + Py

Pl % (5)
Where p is the stationary probability of a week
being wet.

This is an asymptofic result which indicates
necither the exact distribution for small n nor the
rapidly of approach to normality (Feller, 1957).

(INDEX OF DROUGH T-PRONENESS

Py gives the probability of a week Lo be wel given
that previous week was wel also. When Py s
large. the chance of wet weeks is also large. But
only a amall of Py; may not indicate high drought-
proneness. In this case, large value of Py implies a
large number of short wet spells which can prevent
occurrence of drought. Tlence an index of drought-
pronensss may be defined as:

13— P” ® P.;H |:__ﬁ}

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

Methol 2
U'nder the same set ap, now assume
P(Xn1 = X041/ Xn = xn, ... Ay = Xp)

= P{Xull =:’;J'Hll:!f;q:l =X, ¥p 1= ]:'

TABLE T Index of druughl-proneness

Critcria Degree of dronght-pronensss
V000 < I3 < 0,125 Cheonic

0125 < 13 = 0, VR LY ] o

(U180 - T3 = 0235 Mociera pe

0.235 < DI < 0310 hdildd
0310 « DI < 1000 Oroasionul
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where v, %y, .. Lx, o € 0L 1) T other words, it is
assumed that probability of wetness of any weel
depends only on whether the two preceding aeeks
weare wet or dry. Given the event on previous two
weelks, the probability of wetness is independent of
further preceding weeks.

Now define
Yo = (X0, X1), Y1 = {X° Xs),
Yo X, Xshoooo YalXon, Xan )
MNow,

l--!'{‘-[rl.1.+! = :"'In—llwfrl = ¥n Yn—lly.u..h .- :YU C }'D:I

= Pl:‘f..,.'| = }'“|1|Yr| - :I":n:l

where

¥0: ¥1e---» ¥ € OO L0000, 1T, Now the

slochastic process {Y . n=0, 1,2, .. .} is a Markov

chain (Bhat, 1972; Ochi, 1990 and Chung 1974).
Consider the transiton matrix

Ay & dpx Dy
@ d1p iz d3
g gy dwr o g
i &y diz dn

where a;=P(¥| ={¥o=1)

0 stands for the state [(0,0)
—— I sitands Tor the stale fﬂ' 1)
/=Y 2 stands for the state (L
3 stands for the state (1, 1)
Let Pom- P, P Pz Perop - Pa, P Pa

Mole that }.l P = 1 X‘J—ﬂai,l = l j =ﬂ,] .2-3.
For a *-L..ll.lﬂﬂd.]’}' :.ll*-alrﬂ:iulmn

dpn dgn e Ao
11 the 3
[Py P2 P; Py

L2 TR CO B~ v B L

din 3 dsz i3y

=P P2 Py Py

Here, when we find the probability of o wot spell of
length &, wo actually mean it is the probabilivy of a

wel apell of lengih & 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 & | this week is
wet and previous week was dry)

PiW =K&) kodd, k=3
=PW=2m-1) m=>=1
= w3y Haw + @)

PW =4 feven, k>4
—PW—2n) n=2
= a0l "as
P(W = 2) = P((1,00/(0, 1)) = a2
P(W =21 = ZP(W k), 22
gl
E {E.i + dyy Hm-rf-!‘-:t”}_li—;“
FW=2- 1} =P(W=>2)
+PW=2-1), =2

-2
= mg.{Ir3 !

Similarly, P(D = %) = (Dry spell of length & - this
week 1% dry and the previous weel was wet)

D — &) frodd, £=3
=PPD=2mn—11 m=2
- agntfl-”m lI:.H(]Q = |‘.'.I|'_|:J_,:|.
P =1k} feven, k=4
=PD—=2n} n=l
= ﬂgutﬂ;azﬂm.
Adso,
P12 =20 = (e + analeaz +amﬂ daacty” , =2
(7]

PD>2—1)—PD=20)+PD =21}

- .
—andiy=, Z 2



MARKOY CITATN ANALYSTS OF RATNFALL DIATA 233

Let U be the random wariable such that 11 =
pumber of wet weeks among Zo-week poriod,

Therefore, U =Y o) +AY 0 +--- Y, 1) where

For large r, U~N(rp, nr?) [(or large 7 2n==
2n—1] (Teller, 1957; Medhi, 19581)
Where

o= f0,0) < Py + f(0, 1) x P2 +£(1,0}

¥ Py 41,1 x Py ®)
o =FCF (9)

f10,0)

F- | 7o)

fil, 1}

and C=(cy) where ¢y=Pz, i Pzy P, — PP

<50 i 1 1l =]
whore & = {EI otherwise
Z={{zy))

L1Py a =

Pz —am
I +8; —an

Fy—ug2 Py —ia

F—ay Py—an Py-as

Pl—axy  Pr—pz Po—any

T4+Fy—ina

1+Py—ma

Pr—day 2 o-am 3 —az

RESULTS AND DISCUSSIONS

Drought causes abnormal loss of waler Tom water
bodies, lowering of the water tuble and dehydra-
tion of the root zone of the soil, thus upsclling
water supply to the planis. For the purpose of the
analysing agricultural drought, the loss of mois-
ture from the soil reservoir should be given much
aftention. Scientists nse precipitation, evapolran-
spiration and available soil moisture in the root

zone ay inputs of guantily droughts in various
parts ol the world, Among these Taetors, precipita-
tion (which is only rainfall in case of Purulia
and (nridih districls and dry faming tracls of
Maharashira) plays the pivolal tule m delermining
droughi-proneness.

The choice of threshold value for Markov Chain
model is very important, cspecially when i1 is used
for apricultural purpose. A small amount of water
in dry regions may be very much useful whereas
the same amount may be nsignificant in homid
reglons.

Tables IT and IIT give the values of p, Py and
Py, discussed in Method 1. In Table TIT values of
I'yy and Py are taken as secondary data
{(Khambete and Biswas, [984). Py, iz always
greater than p. Le., conditional probability is
always greater than stationary probability which
suggests that the effect of persistence is significant
{Rahman, 19996). In Talles 1 and 111 expected
number of wet weeks are computed trom Egs. (4)
and (3) and assuming distribution of wet weeks to
be nommal, the probabilivics of petting more than
K, 10, 12 wet weeks are computed. Experience
shows thal generally 1o harvest a good crop 10 to
12 wel weeks are necessary, When there is 4 con-
tinuous span ol a least three dry weeks between
the wel weeks the crop can not be sustained. Hence
the probability of sequences of more than Lhree
dry weeks are computed Mrom Eq. (3)

Table IV gives the values of Py, Py, Py and Py
discussed in Method 2 for the stations of Paruha
and Giridih districts. Here the probabilities of
getting at least &, 10, and 12 wer weeks are
computed under assumption of normality nsing
Egs. (8) and (9). But the corresponding probabil-
ities given in Table 1I are more reliable becanse of
the conditions for assumption of normality are
more favourable for Method | {(Rahman, 199%a).
On the otherhand, probability of a dry spell of
length at least 3 weeks given in Table III,
caleulated using Eq. (7) is more satisfactory
compared to the given in Table 11 because, in this
case, exact probabilities are calculated without any
asymptotic assumption (Medhi, 1981},
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TABLE IT Probabilily wf wel and dry weeks and index ol drouwghl-proneness i varioos slations of Porulia and Giridih (Method 1)

Probabilicy of getting wet weeks at least

Sration g P FPm LRy [ 10 12 FiD =3 13l

Haghmncti 153 74 03,29 1107 72 11,41 {.eH) 0,36 21
Haraburar {152 73 0.29 1. 7y k61 .32 .35 121
JThulda .52 071 0.29 196 0. 7% 1160 .39 0.33 .21
Kashipur 053 0,75 0.28 11.22 080 062 042 0.37 0.2l
Tara 052 0.74 0.18 1045 0.7a a0 .32 0.37 021
Bengatad 0,44 0.7 0.27 21 0.7z 052 3l 0,34 0,19
Ciandey 0,49 0. Tk 0.3 10,25 n.m 0.52 b33 ir43 018
Giridih 0.47 0.7k .32 .84 .67 .48 030 148 .14
Jamua 0.38 .76 015 E.0l .53 0.33 0 .62 a.11
Palganj (.50 .78 .22 1053 0.72 .53 0.37 047 Q.17

TADBLE IIT Probability of wel and dry weeks and indes ol dreophl-pronensss i variows stabons ol dry Tarming tract ol
Maharashtra (Method 1)

Prohabality of gerting wet weeks af least

Staliom ” FPu Fen FY) ] 1 12 PO =3 T
Surygli .38 48 0n.32 LR {150 .24 [EX]:S .44 015
Jath 0.33 044 0.2 698 0.5 01z 0032 052 01z
¥ita 0.37 045 (.33 786 D48 0.2l 0.0 0.44 0.15
satara 0,57 LN .40 12,03 091 0,75 0.5 (.34 (.34
Puscamwli .34 .45 0.3 7.89 048 0,21 0.7 .47 015
M haswencd (.28 0.37 0.2 381 0.1 [$R 15 .01 (.58 1.0
Trahiveadi .20 .44 .25 Gl 0.24 (.07 .01 .56 .10
Pune 46 (.55 .19 073 0.73 (.46 0.2] a7 .21
Baramati .24 0.35 026 6,18 0.24 007 01 55 10
Indapmr 133 .43 128 1,43 (.33 .12 1h03 1L52 112
Dhomd Ih32 (.42 28 .74 .32 {11 2 k.52 L1
Muasik 047 0.55 039 681 .74 047 022 037 022
Sinnei 042 4o 037 2.37 a2 0.34 0z (.40 n1s
Malegaon 0,35 .44 (.34 T.HE .50 .22 0,06 .43 0,15
1¥hule .46 1L52 00,40 Q.59 172 [hdad VR .36 0,21
Sukn 37 047 032 TARA I ES 0,2 0.0¥7 047 013
Shulupur 0.45 051 (.41 954 072 0.431 0.18 (.35 (.21
Sanaola .33 0,30 0.3 T.03 035 0n.12 .03 (.44 .12
Madha (.40 045 0.37 5,36 035 0.26 .08 .44 0.le
Anmednagar (.34 .47 0,31 ALY 033 0.2 (.05 .44 010
Mirajmon L3Y .44 i34 .82 .47 0.2 I .44 .13
Fanon {153 .85 [b.40 11.12 .54 {.6d {130 136 126
Buldhana .37 064 048 1199 0.92 .76 (k.30 027 0.3l
Akola 033 .61 043 11403 .83 .64 0,37 32 .25
Araravati 055 (L 0,47 1218 0,92 77 032 28 31
Clamanabacd 0.55 {hal 0,47 11.53 1HEY L7 0,43 0,25 0,249
Bhir .45 .53 0.39 9.5 .71 043 .19 0.37 0.21
Auranpabad 0.53 0.6l 0.43 FLO7 {LRE .64 0.37 0.32 .26
Tarbbani (.55 ol 0.47 11.49 0.E2 0,70 0.43 0.2k [0.29
Manded .61 0,69 0.43 12.73 044 0,82 (.64 0.28 0,33
CHRONIC DROUGHT-PRONE AREA wieeks are expected in this arew, hence it is defined as
i chronie drought-prone area. Expected number of
Drowghlindes ol the arca is less than 3,125 {Tab. 1L wil weeks is 67, Early withdrawal of monsoon

Omee 10 three years more than Lhree cosceulive dry would affect the crop soverely. Maore than 10 wel
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TABLE TV Prohahilily of wel uml dry weeks in varows stations of Purubia and Cindih districts (Method 2)

Prabability ol petting wet weeks ak least

Staticn M e P Iy

Baghmundi .32 .13 k13 (341
Barabazar .33 13 13 (3,40
Thaida {138 1% (.13 0n.ar
Kashipur (.37 12 13 038
Para .37 miz .13 (.33
Benaabad 031 (13 .14 (.34
{randey h3s 0,13 (.13 1.34%
Ciriclih b, 365 (13 .13 138
Jamun .33 012 .12 1.7
Pauleunj .37 012 012 .38

E(L7) . b 12 Ly 3)
140 0,72 .57 .41 031
177 071 1,50 han 131

G07 0.6 L300 s fh3s
1.0k {165 {130 .1a 15
16,93 IR 0.3l 037 .34
18050 6% 3l 3% 32
141,H] 4% 33 0,34 .33
Hi 1Y (b6t .51 037 (.35

Q86 (R .44 .35 036
L 10y .66 .5t 037 .13

woeks are expeeted onee only in 5 or 6 years, Crop
prospeets are high only in these years. Only Jamus
{1201 =11} station 1% chromic droughl-prone arca
{Tah. 11} and Table 1L suppest that Jath (D1 = 12),
Mhaswad  (DI—09), Dahiwadi (DI— _10),
Baramati (D = .10, Tndapur (DT= 12}, Dhond
(=011}, Malegaon (I2I=_15} and Sangola
(D1 = .12) stations are chronic drought-prone area.

SEVERLLY DROUGHT-FRONE AREA

Drrought index of the area lies between 0.125 and
0.180{Tab. 1}. The expected number of wet weeks is
E-9. As it is expected to get more than 10 weeks
once in 4 or 5 yeurs, some potential of ground witer
rechurge is there. The probability of getting of dry
spell of length more than 3 weeks is greater than 0.3,
S0 this area may be defined as severely drought
promne arei. Severcly drowsghl prome arcas are found
in the followimg three stalions (Tab. 1T) which arc
Giridih (T3 = .16), Palganj (1)1 = .17), und Gandey
{121 —18) and also eight stations (Tab. D arc
severely drowght-prone namely, Sangh (121 =.15),
Vita (DI—.153), Pusesawli (1DI—.13), Sinne
(121 — 1%}, Bako (I31—.15), Madha (I —.16),
Ahmednagar (DI = 16) and Mirajgaon (D= _13)
of dry farming Tract of Maharashtra.

MODERATELY DROUGHT-PRONE AREA

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

is 10, The probabilily of sciiing more than 3
comseewtive dry weeks 18 fess than 020 Here
more than 10 wel weeks are expecled thriee in
five years. A good crop may be expected during
this period. Among three distvicts, six stations
{Tab. 1) found moderately drought prone area
(Baghmundi (DI— .21}, Barabazar (DI=_21),
Jhalda ({DI=.21), Kashipur (DI=2l), Para
{DI=.21), and Bengabad (DI-=_1%) and only
four stations (Tab. IIT) 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

Irought index of the area hes between 0.235
and 0310 (Tab. 1. The capected number of
wel weeks s 11120 4 times in 5 years more
than 10 wel weeks are expecied. A pood crop may
be expected in this region. Light stations of Dy
farming Tract of Maharashtra are mild- drought
prone area (Tab. III} ie., Satara (DT —.30),
Jagaon (DI=.26), Buldhana (DI 31}, Akela
(DI 26}, Amravati (DI-= .30}, Osmanabad
{DI—.29), Aurangabad (DI —.26) and Parbhani
{DI—.29),

OCCASIONAL DROUGHT-PRONE AREA

Drought index of the area s more than 0.310
{Tab. I). Once in [0 vears these areas may get less
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than 10 wet weeks. Expected number of wet weeks
is more than 12 Good potential of ground water
recharge is there hence this area iz 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 MNamded (1 =.33) among 30
stations of dry farming Tract of Maharashtra is
occasionally drought prone area {Tab, 111}

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 nnderstand
drought-proneness which has been identified with
the help of a simple index. In chronic drought-
prong areas the crop tailure 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-prome arcas a good crop may
harvested in aboul 40-50% und 50--35% ol the
yvears respeclively wnd crop prospect s high n
vccasionally droughl-prone arcis. Resulls can be
improved by superimposing aimospheric demand
and soil characteristics of the region on these
results. This study will contribute loward a better
understanding of the climatology of drought in
major monsoon region of the world. The results of
this paper will be nseful to agricultural planners
and irrigation engineers to identifving the areas
where agricultural development should be focused
as a long term drought mitigation strategy.
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