-

MAUSAM, 52, 2 (April 2001), 371-378

551.553.21:551.577 : 519.217

A probabilistic study of monsoon daily rainfall at Calcutta by Markovian model
and trend of rainfall during monsoon season

G. C. BASU
Regional Meteorological Centre, Alipore, Calcurta- 700027, India
and
SANJIB KUMAR BASU
Indian Institute of Technology, Kharagpur, India

(Received 9 June 1999, Modified 9 August 2000)

AR - fafys arRE & wEE $ Ay Sae (i) 7 e gl & sfveEei (SR a9
T are ), et awl, Hemw awi, w 9uf ofw @gd w9 auf) & for weifame fed gRt wE
WA Ewen ¥ Yl AN aF Uhd gil WMy G9Ifdd |id & 9ar @ T 81 g9
Mmu-gd § = & e gR AeE & 9wl & affiwe @ wrEiada ol @ srerEwer
(arfafeeaan) @1 swage b a1 @ | dodear § HEGT @ R F SR goiar aderr g1 R
SRS W IPpel e feufemt &1 Wt s fean T €| Hwifdg 99 gRT 39 UeR
@ aul & Afeev | W gy <ol ifaa wfee @ ouen o T # | g9 ue ud A
HAYA A & dRA, 9F @ Riday 9@ & yde AR 5 A g8 awl @t wrEn @ wgfy @ oft
searE o T g |

ABSTRACT. One-step transitional probability matrices are obtained by Markovian model from one transitional
state to other for different rainfall characteristics (such as, non-rainy days, light rains, moderate rains, heavy rains and
very heavy rains) at Calcutta (Alipore) for different monsoon months. The disordeness (uncertainty) of the transitional
system of the monsoon rainfall characteristics are studied by Shannon’s model. The favourable or unfavourable
condition of different states are also studied by redundancy test during monsoon period at Calcutta. A long-run
probability vectors of such rainfall characteristics are found out from probability matrices. A trend in rainfall amounts
during monsoon period at Calcutta for each of the monsoon month, June to September, has also been studied here.

Key words — Markov model, One-step transitional probability matrices, Entropy, Limiting probability vector,
Redundancy, Trend.

determining favourable or unfavourableness of the system
through redundancy method.

1. Introduction

Several authors like, Gabriel and Neumann (1962)
and Medhi (1976) have studied the probability of
occurrences of dry and wet days through Markovian

The main objective of this study by Markovian
model is to test whether the individual state of occurrence

model. Basu (1988) in his earlier work has studied the
probability of occurrences of different rainfall
characteristics through one-step transitional probability
matrices during monsoon period at Maithon by Markovian
model, where, the rainfall characteristics are categorised
into five different classes (amounts in ranges), according
to definition, such as, non-rainy days, light rains,
moderate rains, heavy rains and very heavy rains.
Domenico (1972) has suggested the test of uncertainty of
transitional probabilities of such occurrences for

depends on previous states of occurrences and to know the
probabilistic behaviour from one transitional state to
another. Data of daily rainfall amounts at Calcutta
(Alipore) during monsoon period for 30 years (1961-90)
have been used here. to find out one-step transitional
probability matrices for different states of rainfall
characteristics during monsoon months (June to
September) and favourable or unfavourableness of such
transitional probabilities of different states are tested by
redundancy of the system. A long-run probability vectors
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of different states are also found out by solving system of
linear equations. An attempt has also been made to find
out a trend in monsoon rainfall (1931-96) at Calcutta with
the progress of monsoon from June to September through
regression method.

2. Data used and processing

Daily rainfall amounts of Calcutta have been
Categorised into five different classes, according to
definition, as mentioned above, for each of the monsoon
month. The frequency of occurrences of daily rainfall
amounts at Calcutta from one transitional state to another
for different categorised rainfall amounts for each of the
monsoon month, June to September are found out and

have been arranged ina 5 X 5 arrays

One-step 5 x 5 transitional probability matrices
from one transitional state to another for such frequenc)
of occurrences have been computed for each monsoon

month. The transitional probability matrix is given by

10 ;7% ; P— P,
i
Py Px P,
P; =|
| Py Payvesics Ps

~ ~

where, P, (i, j=1,

probability from the jth state of occurrence to tl

state and Z P, =1, foreach i
-

H
rains;
very heavy rain.

2 * for light

* for moderate rain; * 4 * for heavy rain: * > * fo

ere, * 1’ indicates non-rainy days:
2
3

3. Methodology

3.1. Entropy of Markovian system and redundanc
test

A measure of uncertainty entropy ) of the

transitional probability ( P; ) of the above system 1s given

by Shannon’s formula

h' = 1:“ |l\\‘:I P. . foreach i
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TABLE 1

One-step transitional probability matrices by Markovian model and
limiting probability vectors for different categorised rainfall
amounts during each of the monsoon month at Calcutta

(a) June
Markov probability matrix

+0.4300000 +0.1900000 +0.2000000 +0.1200000 +0.0600000|
+0.4200000 +0.2200000 +0.1700000 +0.1300000 +0.0600000]
+0.7100000 +0. 1400000 +0.0700000 +0.0600000 +0.0100000|
+0).4200000 +0.1900000 +0.1800000 +0.0700000 +0.1400000
+0.2100000 +0.3000000 +0.1500000 +0.0900000 +0.2500000

probability vector
+0).2000088|
+0.2002212]
+0.1985901|
+0.2001954|
+0.2000844|

(b) JULY
Markov probability matrix

+0.5300000 +0.2000000 +0. 1500000 +0.0700000 +0.0400000|
+0.4000000 +0.2500000 -+0.1800000 +0.1300000 +0 l'l4()()il()“[
+0.3600000 +0.2800000 +0.1900000 +0. 1000000 +0.0600000|
+0.3400000 +0.2600000 +0.2 100000 +0. 1200000 +0 l]?(lll(ll)ll‘
0. 4600000 +0.2300000 +0.1300000 +0.0800000 +0.1000000|
Limiting probability vector

+0.2011523|

+0.2002094|

| +0.1981559

+0.2000976|

+0.2003848|

(¢c) AUGUST
Markov probability matrix

+0.5500000 +0.2100000 +0.1300000 +0.0700000 +0.0400000|
+0.3900000 +0.2400000 +0.2300000 +0.0800000 +0.0600000|
+0.38300000 +0.3200000 +0.1800000 +0.0900000 +0.0300000|
+0.3400000 +0.2300000 +0.2100000 +0. 1000000 +0.1200000]
+0.3000000 +0.2800000 +0.1200000 +0.1800000 +0.1200000]
Limiting probability vector

+0.2000001|

| +0.2000000]

| +0.2000000

| +0.2000000

| +0.2000000|

(d) SEPTEMBER
Markaov probability matrix
+0.4600000 +0.2500000 +0.1100000 +0.1300000 +0.0500000|
+0.4500000 +0.2400000 +0.1700000 +0.0200000 +0.0400000|
+0.6500000 +0. 1800000 +0.1 100000 +0.0500000 +0.0100000|
+0.4300000 +0. 1800000 +0.2100000 +0. 1000000 +0 H‘Jl)ll()tll}\
+0). 2000000 +0.2 100000 +0.0900000 +0.1500000 +0.2600000

ng probability vector
+0.2003833
+0.1978091|
+0.1999453|

| +0,2019461|

+0.1999163
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TABLE 2

Entropy and redundancy ( in percent ) during monsoon
months at Calcutta

Jun Jul Aug Sep
Hi (non- rainy day) 0.23 0.25 0.24 0.24
H. ( light rain ) 0.11 0.15 0.15 0.12
Hi; ( moderate rain ) 0.07 0.11 0.10 0.08
Hy ( heavy rain ) 0.05 0.06 0.05 0.05
Hs ( very heavy rain ) 0.03 0.03 0.03 0.03
H  (weighted entropy ) 0.50 0.59 0.58 0.52
R (redundancy ) 28 15 17 26

where, i ; denotes the entropy of the ith state of
occurrence (i=1,2,... ,5).

The entropy H of the Markovian system of the
transitional probability matrix ~P; obtained from the

probability of individual state of occurrence P; and
weighted H; and is given by
5
H=3%PH,
j=l
where, P; is the probability of the ith state of
occurrence.

The favourable and unfavourableness of the system
is tested by redundancy R and is given by

R = 1- H/ Hy,,

where, H,,, is the maximum possible entropy and
the value is equal to log 5. When the redundancy value R
tends to 1, the system tends to maximum favourable
condition, i.e., almost certain.

3.2, Limiting probability vector

Clarke and Disney (1970) has discussed the
behaviour of ‘long-run’ probability of states for aperiodic
system and for large value of ‘n’, the probability of state
p/™  tends to a limiting probability vector V and is

given by

V=l (n) _ e (n)
Ty " = i
The quantity V = (v;,va.v3, vy, vs) is asteady

state probability of the system.

To determine the limiting probabilities in finite
Markov - chain model, the vector V satisfy a system of
linear equations and is given by

and v; = 1 for j=1,234,5

The limiting probability vector V is determined by
solving the above system of linear equations by Gauss -
Jordon method through computer simulation. The vector
V' is expressed as an unique stationary probability vector
in Markov - chain process.

3.3. Trend of monsoon rainfall

The trend values of monsoon rainfall (¥,) are fitted
by a regression line, as discussed by Croxton and Cowden
(1956) and is given by

}’,.=3+ij

where, X; corresponds to the ith year of which
trend values Y, for each year for each of the monsoon
month is to be determined; ‘a’ and ‘b’ are constants to
be found out by the ‘ Least square method’,

a= SY/IN

b=F XY/T Xx*

An increase or decrease in trend values of rainfall
are determined by the value of ‘b’, positive or negative
respectively.

4. Discussion and results

4.1. Markov probability matrices and limiting
probability vector

One- step transitional probability P; are obtained
by dividing the frequencies of one state of occurrence for
the day followed from another state of occurrence of the
previous day f; by the frequencies of the state f, ie. P,
= f; / fi . These are arranged in 5x5 matrices for each of
the monsoon month from June to September at Calcutta
for different classes of the categorised rainfall amounts
(inranges ) and are shown in Tablel.

A long-run limiting probability vectors for each
of the state of occurrences of the different classes of the
categorised rainfall amounts for each monsoon month at
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TABLE 3

Rainfall total and trend (in mm) for each of the monsoon month at Calcutta

June 1gus September

Year Total Trer | Trend Total Trend Total Trend

1961 25 256.9 )8.0 273 $26.1 p 176.7
1962

1963

1964

1965

1966

1967

|968

1969

1980
1981
1982
1084
1985

19806

1989
1990
1991
1992

1993
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Fig. A. Graph showing entropy of different categorised
rainfall for monsoon months alongwith their weighted
values at Calcutta
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Fig. 1. June rainfall & trend at Calcutta

Calcutta have been found out from the above probability
matrices by solving the system of linear equations. In
order to solve Markov probability vectors, a object-
oriented computer programme has been developed in
C ++ language. The programme follows Gauss- Jordon
method of matrix inversion to solve the probability
vectors. The programme is based on DOS - environment
compatible to  Window- operating system also. The
special feature of the programme is that it generates the
matrices dynamically at run- time. The results for each of
the monsoon month are also shown in Table 1.

It is found from Table 1. that the limiting probability
vectors for non- rainy days in Calcutta is maximum in all
the monsoon months, whereas, minimum values for the
same vary for different classes of the categorised states of
rainfall in different monsoon months. In this study, it
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Fig. 2. July rainfall & trend at Calcutta
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Fig. 3. August rainfall & trend at Calcutta

reveals that the limiting probability vector for the month
of August in Calcutta are equally probable for all states of
occurrences of the categorised rainfall.

4.2. Disorderness of the Markovian system and
redundancy values

The entropies of the different categorised states of
rainfall amounts and also for the weighted entropies for
each of the monsoon month, June to September at
Calcutta are given in Table 2. It is found that the
maximum values of entropies are lying between 0.23 and
0.25 during the monsoon period from June to September
at  Calcutta for non-rainy days; while, the minimum
values for the same are 0.03 during the monsoon period
for very heavy rains, as shown in the Table 2. The
weighted entropy of the system varies from maximum
values 0.59 in July to minimum value 0.50 in June
during the monsoon period at Calcutta.
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Fig. 4. September rainfall & trend at Calcutta
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Fig. 5. Total monsoon rainfall & trend at Calcutta

The redundancy values of the system during
monsoon period at Calcutta are obtained as shown in
Table 2. The maximum value is 28 % during the month
of June and minimum value is 15 % during July at
Calcutta. This indicates that the favourableness of the
Markovian system is maximum in June and minimum in
July at Calcutta during the monsoon period.

4.3. Monsoon rainfall trends

The trend values ( ¥, ) of rainfall for each year

(1961-96) for the monsoon period at Calcutta for each of

the monsoon month are calculated by fitting regression
lines, as discussed by Basu (1982) in his earlier work.
These trend values of rainfall for each of the monsoon
month for each year during the monsoon period at
Calcutta are shown in Table 3. Regression lines for each
of the monsoon month at Calcutta are shown in Figs. 1 o
4 and are given by the following equations

Y. = 29273 + 2.11 X; ; for June

TABLE 4

Total monsoon rainfall (inmm) during Juneto September

and its trend (in percent ) at Calcutta

Year Rainfall Trend % Trend
1961 1103.2 1189.2 93
1962 917.8 1197.1 7
1963 1198.0 1204.9 99
1964 1207.4 1212.8 100
1963 1424.0 1220.7 117
1966 10129 1228.6 82
1967 1008.9 1236.5 82
1968 1802.0 1244.3 145
1969 1179.0 1252.2 94
1970 1618.9 1260.1 128
1971 1606.7 1268.0 127
1972 1169.6 1275.9 92
1973 1169.8 1283.7 91
1974 1145.7 1291.6 89
1973 1149.7 1299.5 88
1976 1177.8 13074 90
1977 1482.2 13153 113
1978 1920.5 1323.1 145
1979 1015.1 1331.0 76
1980 1207.6 1338.9 90
1981 1181.1 1346.8 88
1982 898.9 1354.7 66
1983 1019.0 1362.5 75
1984 1900 5 1370.4 139
1985 1219.6 1378.3 88
1986 1692.1 1386.2 122
1987 1478.7 1394.1 106
1988 1624.8 1401.9 116
1989 1037.6 1409.8 74
1990 1684.6 1417.7 119
199] 1456.6 1425.6 102
1992 1369.7 1433.5 926
1993 1636.6 1441.3 114
1994 1191.7 1449.2 82
1995 13923 1457.1 926
1996 13103 1465.0 ]9
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Yo = 38117 + 632 X; ; for July
Yo = 344,19 - 1.65 X, for August

Y, 305.04 + 7.55 X, ; for September

Origin is 1978 and X, units, one year each .

The rainfall amounts and trend values for each of the
monsoon month are given in Table 3. The positive slopes
indicate the upward tendency of rainfall, while, the
negative slope indicates the downward tendency for the
same. It is seen from above equations, the highest
increasing tendency of rainfall at  Calcutta during
September month in comparison to June and July months,
while, decreasing tendency of rainfall are noticed during
the month of August.

Similarly, the trend values of rainfall during the
monsoon period (June- September) as a whole, are
shown in Fig. 5 and is given by a equation

Y. = 132313 + 7.88 X;

Origin is 1978 and X ; units, one year each.

The monsoon rainfall amounts, trends and percent of
trends are given in Table 4. It is seen that the tendency of
monsoon rainfall at Calcutta during 36 years of study is
increasing in nature for the second half periods after the
year 1978 in comparison to first half, prior to 1978

5.  Conclusive remarks

The following salient features have been revealed by
the qualitative study of daily monsoon rainfall during
monsoon period at Calcutta.

(i) The total probabilistic behaviour for each of the
monsoon month at Calcutta are obtained from
one- step transitional matrices by Markovian
model and a long- run limiting probability
vectors for each of the monsoon month are
found out, as discussed above and shown in
Table 1. The limiting probability vectors for all
states of occurrence of the categorised rainfall
for peak monsoon month August at Calcutta are
equally probable whereas the same vary for
other monsoon months.

(if) The disorderness (entropy) of such probability
for each of the categorised classes of rainfall

amounts at Calcutta during monsoon period
with their weighted entropy values have also
been discussed alongwith favourable or
unfavourableness of occurrences of each state
have been tested by redundancy method, as
shown in Table 2. The entropy of the
probability is maximum 0.25 for the category
rainfall of non-rainy day in July at Calcutta
during monsoon period whereas the same is
minimum 0.03 for the category rainfall of very
heavy rain at Calcutta for all the monsoon
months, as shown in Fig.A.

(1if) The trend values, increasing or decreasing of
rainfall for each of the monsoon month , June
to September at Calcutta have been found out
by regression method, as discussed above and
shown in Figs. 1 to 5. The percent trend of
monsoon rainfall during the monsoon period
for 36 years at Calcutta have also been found
out, which vary year to year from 66% 1o
145% without any periodicity , as shown in
Table 4.

The model, as discussed above, may be applied for
probabilistic behaviour study and the trend of monsoon
rainfall during monsoon period, as a whole, over any
place, irrespective of geomorphic character of the place.
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