Simulation of Daily Rainfall Sequences Using Markov Chain
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Figure 1
Map of the northeast with the locations of selected rainfall stations

Abstract

Several characteristics of rainfall sequences in Northeast Thai-
land are incorporated in the development of a first-order
Markov chain model for the generation of daily rainfall amounts
in that region. The developed model is able to reproduce the
distribution of monthly rainfall; the mean, standard deviation,
and skewness coefficient of maximum amounts of daily rainfall;
the first two moments of the number of wet and dry days; and
the frequencies of wet and dry spells of the historical data.

Introduction

The Northeast of Thailand (Fig. 1) has an area of about 167 300
km? and a population of about 15 million. This region often

faces severe droughts in many months of the year and also suf-
fers from severe floods in the wettest periods. Since farming is
the primary source of income for the inhabitants of the region,
this unfavorable situation explains to some extent their poor
economic conditions.

In an attempt to improve the economic situation in this
part of the country, several development programmes have been
formulated. In the water resources section, several studies have
been carried out with an aim to arrive at an efficient use of
available water and a suitable cropping pattern needed in the
region. Important results regarding the characteristics of rain-
fall sequences and drought conditions which are based upon the
existing historical data have been made available (Phien et al.,
1980 a,b). In this study, additional characteristics of rainfall se-
quences in the region are presented. These in turn will be used
along with some previous results in the development of a model
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TABLE 1
LIST OF RAINFALL STATIONS AND THEIR LOCATIONS
LOCATION Period of
Station Record Used
Place Lat. N Long. E
BR A. Muang, Buriram 14° 59' 30" 103° 06’ 30" 1953 — 1977
KA A. Muang, Kalasin 16° 25’ 50” 103° 30" 407 1952 — 1977
KK A. Muang, Khon Kaen 16° 25" 49” 102° 50’ 20" 1952 — 1977
LO Huai Nam Man Weir, A. Muang, Loei 17° 29’ 00" 101° 42’ 30~ 1952 — 1977
MS A. Phayakkhaphum Phisai, Maha Sarakham 15° 30° 50" 103° 11" 50" 1952 — 1977
NK A. Muang, Nong Khai 17° 52 — 102° 45 — 1952 — 1973
NP A. Muang, Nakhon Phanom 17° 24' 35”7 104° 47 00~ 1952 — 1977
NR A. Muang, Nakhon Ratchasima 14° 58’ 10” 102° 08" 10 1952 — 1977
RO A. Muang, Roi Et 16° 03’ — 103° 41" — 1952 — 1977
SN A. Muang, Skhon Nakhon 17° 10" — 104° 09" — 1952 — 1977
SR A. Rattanaburi, Surin 15° 19’ 33 103° 51" 24~ 1952 — 1975
SS A. Khukhan, Si Sa Ket 14° 42’ 58~ 104° 12’ 03" 1952 — 1977
UB A. Muang, Ubon Ratchathani 15° 13° 18~ 104° 51" 42~ 1952 — 1977
ubD R.LD. Office, A. Muang, Udon Thani 17° 26 — 102° 46" — 1958 — 1977
(—):  not available in the provided data sheets
TABLE 2
RESULTS OF FITTING ANNUAL MAXIMUM SERIES OF DAILY RAINFALL
Station n Lognormal Pearson Log-Pearson Exponential Gumbel Ev3
Type I11 Type ITX
BR 25 — — — — + +
KA 26 - — — — + +
KK 26 - + - - + +
LO 26 — — ’ + — + +
MS 26 — — - - + +
NK 29 - + - - + +
NP 26 - - ~ - + +
NR 26 - - - — + +
RO 26 — — - — + +
SN 26 - — — — + +
SR 24 - + - - + +
ss 26 - _ - - + ¥
UB 26 — — — — + +
uD 25 — — + — + +
Notes n: number of events (length of record)
— not fitted
+:  fitted
TABLE 3
RESULTS OF FITTING PARTIAL DURATION SERIES BY THE SHIFTED EXPONENTIAL DISTRIBUTION
Threshold Value
Station 60 65 70 75 80
(1 2) (3) 1) 2) 3) a) (2) 3) SV @) 3) ¢V (2) 3
BR 0,090 117 0,126 0,048 94 0,140 0,062 80 0,149 0,049 720,157 0,081 66 0,164
KK 0,063 61 0,171 0,088 48 0,192 0,074 42 0,205 0,108 31 0,238 0,078 29 0,246
NK 0,103 101 0,135 0,124 81 0,149 0,181 63 0,168 0,065 45 0,198 0,078 38 0,215
NR 0,098 77 0,152 0,091 57 0177 0,119 49 0,190 0,151 40 0,210 0,158 31 0,238
RO 0,087 35 0,145 0,078 74 0,155 0,094 64 0,167 0,121 48 0,192 0,150 37 0,218
UB 0,060 97 0,138 0,039 720,157 0,048 58 0,175 0,061 47 0,194 0,181 40 0,210
Notes: (1) Kolmogorov-Smirnov statistic.
(2) Number of observations.
(3) Critical value at 59 significance level.
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for daily rainfall generation. Finally, a simulation model for the
evaluation of rainfed irrigation in the region is outlined.

Characteristics of Rainfall Sequences

The distributions of annual and monthly rainfall sequences in
the region have been reported by Phien et al. (1980a). In order
to supply more information for the development of a model for
daily rainfall generation, to be discussed later, additional cha-
racteristics of rainfall sequences were sought. These are the
distributions of maximum amounts of daily rainfall, wet and dry
spells. For this purposes, data at 14 stations listed in Table 1
(also shown in Fig. 1) were used. These data sets have been
found most representative for the whole region (AIT, 1978).

Distribution of Maximum Daily Rainfall

The maximum daily amount of rainfall investigated in this
study comprises two sequences, namely, the annual maximum
and the partial duration series. The annual maximum series
consists of the largest amounts of rainfall, one in a year, while
the other series is formed by taking all the amounts of rainfall
which are equal or greater than a threshold value.

There are many distributions which are usually used to fit
the maximum values. In this study, six distributions which are
most useful in hydrological applicatiéons were used. These are
the lognormal, Pearson Type I11, log-Pearson Type 11, shifted
exponential, Gumbel (or Type I} and Type 111 extreme value
(EV3) distributions. Their descriptions and the methods of
estimating the parameters involved can be found in many
publications, especially in Kite (1977).

The resules of the fitting are collected in Table 2 for an-
nual maximum series, where the parameters involved were all
estimated by the method of maximum likelihood. It is clear that
the Gumbel and EV3 distributions can be used to fit them in all
cases. However, inspection of the computer outputs reveals that
the Gumbel distribution gives the better fit. For more details on
this distribution, refer to the work of Phien and Arbhabhirama
(1980).

Regarding the partial duration series, the threshold value
is normally determined so that the number of elements in the
resulting sequence is in between n and 5n, where n is the length
of record in years. It was found that the partial duration series
consisting of daily rainfall amounts exceeding 60 mm can be fit-
ted by the shifted exponential distribution of the following
form:

F(R) = l-exp[-(R-R)/A], R =R (1)

where R denotes the rainfall amount, R is the threshold value,
N\ > 0 is the parameter, and F is the probability distribution
function. Typical results of the fitting are given in Table 3,
where the computed values of the Kolmogorov-Smirnov statistic
are much less than the corresponding critical values at the 5%
significance level, indicating that the fitting is satisfactory.

Distributions of Wet and Dry Spells

The number of wet and dry spells of different lengths was com-
puted from historical sequences. In most cases, the number of
wet spells is highest at the length of one day and decreases to
zero as the length increases. In the wet season, April through
October, the number of dry spells has the same variation, but in

the dry season, November through March, it fluctuates highly.

In this study, the modifications of the negative binomial
distribution, namely the shifted negative binomial distribution,
the geometric distribution and the logarithmic series distribu-
tion (as described in Buishand, 1977) were employed. Unfortu-
nately, none of them was found satisfactory in fitting these spells
in all months. Details of the fitting were presented by Warakit-
timalee (1980).

Model for Daily Rainfall Generation

For the generation of amounts of daily rainfall at a station,
Markov chain models have been proven to be very useful.
Research work on this problem was reported by Khanal and
Hamrick (1974) in which a first-order Markov chain with 14
states was employed. This work was extended by Allen and
Haan (1975) for the simulation of daily rainfall at Kentucky.
These successful attempts along with the work of Selvalingam
and Miura (1978) suggest the use of a Markov chain model in
the present study. Chin (1977) pointed out that the proper order
of the selected Markov chain must be determined using the
identification procedure by Akaike (1974) and Tong (1975).
However, such a determination might be necessary when one
wants to model the occurrence of wet and dry days rather than
to simulate the amounts of daily rainfall. So, the first-order was
adopted and this simplifies the determination of the number of
states to be used and the estimation of the corresponding transi-
tion probabilities.

Due to the rainfall pattern in the region (Phien et al.,
1980a) the transition probabilities between different states may be
assumed to be stationary within each month as made by Allen
and Haan (1975). There remains further consideration of the
number of states and the distribution within each class interval
corresponding to a state. Since there are no general methods for
determining the number of states, one normally relies upon the
trial and error procedure. In order to provide a guidance for such
a procedure, it is necessary to set up the criteria for the evaluation
of the selected model. The model being aimed at in this study
should be able to reproduce the following statistics of the his-
torical data at a station:

(1)  The distribution of monthly rainfall sequences

(2) The mean, standard deviation and skewness coefficient of
maximum amounts of daily rainfall in each month

(3) The mean and standard deviation of the number of wet
or dry days in each month

(4)  The frequencies of wet and dry spells in each month

For the case of rainfall data used in this study, the mini-
mum amount recorded is 0,1 mm. However, for irrigation con-
sideration, a day with rainfall less than 1 mm is normally treated
as a dry day, and this practice is also adopted here. Thus the
first state corresponds to the class interval [0, 1].

As seen from the foregoing analysis, the partial-duration
series of maximum amounts of daily rainfall exceeding 60 mm
can be fitted very well by the shifted exponential distribution.
However, since the daily amounts of rainfall in the region fluc-
tuate highly from month to month, the use of only one value for
the parameter A (Eq. 1) throughout the year as in Allen and
Haan (1975) is not realistic. Selvalingam and Miura (1978)
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employed a trial and error procedure in determining the thres-
hold value and the parameter A, but this introduces many more
parameters and is time consuming. To compromise these two
situations, this study uses the same threshold value for maxi-
mum daily rainfall amounts in all the twelve months, Conse-
quently, the lower limit of the last class interval should be > 60
mm. This implies that for a month (in the dry season) where
daily amounts of rainfall do not exceed the threshold value, the
last class interval does not apply.

By grouping daily amounts of rainfall in the range 1 —65
mm into several class intervals and analysing them, it was found
that these amounts in some classes are better fitted by the beta
distribution than the uniform distribution. However, fitting
rainfall amounts in each class interval by the beta distribution
would complicate the model in paramter estimation which
sometimes is unreliable because of the fact that the frequencies
of occurrences in the intervals with higher values for class limits
are very low (noting that the maximum length of record is 26
years). Therefore, the uniform distribution was used for all class
intervals except the first and the last.

Following the suggestion of Allen and Haan (1975), the
increase of class widths as a geometric progression was applied.
After several trials seven class intervals with limits obtained from
Allen and Haan (1975) by changing 100 x in. to mm as shown in
Table 4 were finally adopted. Consequently, the threshold R in
Eq. 1is 63 mm. In summary, the selected Markov chain is of the
first-order and has 7 states. The first state corresponds to a dry
day whereby rainfall is practically considered as zero. States 2
through 6 cover all rainfall amounts between I mm through 63
mm, where they are assumed to be uniformly distributed in each
corresponding class interval. The last state is reserved for rain-
fall amounts exceeding 63 mm which are represented by the
shifted exponential distribution.

TABLE 4
STATES AND CORRESPONDING CLASS LIMITS

State Limits (mm)
1 0,0 —-1,0
2 > 1,0 — 3,0
3 >30—-170
4 >7,0—1590
5 > 15,0 — 31,0
6 > 31,0 — 63,0
7 > 63,0 - + o

Generation Procedure

With the above discussions, the generation procedure at a selec-
ted station is as follows:

(1) For each month, the transition probabilities, P., and the
Parameter, A, are estimated from the historical data by the fol-
lowing €quations:

=f. 7/ Y of i=1,..,7 2)

Water SA Vol. 7. No. 4. October 1981

where £ is the historical frequency of transition from state i to
state j and R is the mean of daily rainfall amounts exceeding R
(=68 mm) in that month. However, if all daily rainfall amounts
are less than R , then ) is simply set equal to zero. Then the
cumulative transition probabilities, Q‘J are computed by:

J

v
Q i = =1 P,
(2) A uniform random number, U, between 0 and 1 is
generated.

Lj=1,..7 (@)

(3)  Knowing the state, 1, of one day, the state, j, of the follow-
ing day is determined by comparing U with Q.'f

if Us=sq,, thenj = 1 (5)

Il

and ifQ‘..k_, <U=x Qu( thenj=k(k = 2, ..., 7) (6)
When the two conditions k = 7 and A = 0 are simulca-

neously met, this step is repeated.

(4)  Ifj =1, the rainfall amount, R, is set equal to zero. If
2 < j = 7, a new uniform random number, V, on (0,1) is
generated and R is computed by
R=V(Cj+1—cj)+cj, f2<j<ép (7)
where C and G, are the lower and upper limits of the jth class
interval, or by
R =R —\n(1-V), ifj=7 8

Steps (2) through (4) are repeated until the desired length
of the generated sequence is reached.

It should be noted that Eq. 8 is obtained from Eq. 1 be-
cause F(R) is a random variable uniformly distributed on (0, 1).
Since 1—V is also a uniform random number on (0,1), Eq. 8
can be simply rewritten as

R=R —AnV 9)

where V is used instead of 1— V. This was adopted by Gordon
(1978)
variables.

A FORTRAN computer program was developed and run
on the IBM 370/145 system of the Regional Computer Center of
the Asian Institute of Technology (AIT). Uniform random
numbers were generated by the IBM scientific sub-routine
RANDU.

To start the generation, the state of the first day must be
given. It was found after some test runs that this initial state has
no important effects on the generated sequences as long as the
stipulated criteria are concerned. Even so, it was assumed here
to be the dry state because there is a very high probability that
the first day of any month is a dry day, as revealed by all the his-
torical data employed.

in discussing methods for generating exponential

Evaluation of the Model

To evaluate the model performance, the stipulated criteria were
used. In the following, the generated and historical sequences
are compared with regard to these criteria.



Distribution of monthly rainfall sequences

As reported by Phien et al. (1980a) monthly rainfall sequences
in Northeast Thailand consist of many zero values for the months
of the dry season, November through March, and they can
be fitted very well by the Leakage law or loi des fuites as em-
ployed by Buishand (1977). In the wet season, April through
October, they can be fitted also by the lognormal and gamma
distributions of which the probability density functions were
described by Yevjevich (1972). For the leakage law, it is more
convenient to use the probability distribution function:

Pr(R=0) = exp(—0) (10)
(Pr(R=r) = exp(—©)+{" exp(fefgx)(ge/x)%’
ll[ZQex)l/é]dx, r>0 (11)

where R denotes rainfall, I, is the modified Bessel function of
order 1, Pr stands for probability, and ¢ and © are the two
parameters of the leakage law.

Typical results obtained from a generated sequence of the
same length as the historical data (which were selected at ran-
dom) for the case of Buriram are shown in Table 5. Inspection
of this table reveals that the generated sequence in each month
has the same distribution as that of the historical data. Conse-
quently, the monthly mean, standard deviation, skewness coef-
ficient, etc., of the historical data are reproduced by the model.

The above observation is also valid for other stations un-
der consideration. To support this statement, Table 6 is
prepared where the results of fitting by the leakage law, which is
applicable to all the twelve months of the year, are collected for
several stations. First, it can be seen that the computed values of
the Kolmogorov-Smirnov statistic corresponding to the histori-
cal data in all months are much less than the corresponding
critical values at the 5% significance level, indicating that
monthly historical rainfall sequences are fitted very well by the
leakage law. Having established this fact, an attempt was then
made to fit generated sequences in each month by the same dis-
tribution. This means that for each month, the generated se-
quences are fitted by the leakage law of which the parameters ©
and o have been estimated from the historical data (when fit-
ting the historical sequence). For simple presentation, only the
average value of the Kolmogorov-Smirnov statistic computed
from 10 generated sequences, each having the same length as
the respective historical record are shown. These values (as well
as each individual value obtained from a generated sequence
not reported in Table 6) are all smaller than the critical values,
and therefore the model preserves the distribution of historical
data in each month.

Maximum daily rainfall in each month

For the model to be simple, the threshold value was set equal to
63 mm throughout the year as previously mentioned. This im-
plies that for a month (in the dry season) where daily rainfall
does not exceed the threshold value, the last class is not used.

SEQUENCES AT
Historical sequence
@O
Month
(D 2)
April 0,111 0,147
May 0,089 0,147
June 0,119 0,146
July 0,050 0,090
August 0,111 0,148
September 0,062 0,093
October 0,072 0,127
November 0,072 -
December 0,027
January 0,065 -
February 0,046
March 0,128 -
Notes: (1) by leakage law
(2) by lognormal distribution
(3) by gamma distribution
(-) not applicable
(:) critical value at 5% significance level = 0,264
(O]

TABLE 5
VALUES OF THE KOLMOGOROV-SMIRNOV STATISTIC(*) IN FITTING MONTHLY RAINFALL

the parameters of the distributions involved are also estimated from the historical data as in (1)

BURIRAM (BR)

Generated sequence( )

an

3) (83} (2) (3)
0,121 0,176 0,203 0,175
0,108 0,139 0,166 0,145
0,133 0,149 0,179 0,157
0,061 0,191 0,209 0,195
0,123 0,161 0,185 0,167
0,073 0,173 0,188 0,177
0,092 0,134 0,153 0,140

- 0,164 — —

- 0,062 —

- 0,079 — —

— 0,119 —

— 0,192 - —
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TABLE 6
VALUES OF THE KOLMOGOROV-SMIRNOV STATISTIC IN FITTING GENERATED SEQUENCES BY THE
LEAKAGE LAW AT SOME SELECTED STATIONS
Month
Station Critical
Value Apr.  May Jun. Jul. Aug.  Sep. Oct.  Nov. Dec Jan. Feb.  Mar.
BR 0,264 (1) 0,062 0,105 0,082 0,094 0031 0,097 0,061 0,074 0,114 0,045 0,225 0,167
(2) 0,140 0,190 0,152 0,204 0,149 0,161 0,129 0,139 0,116 0,655 0,118 0,169
KA 0,259 (1) 0,059 0,118 0,111 113 0,078 0,090 0,072 0,099 0,037 0,043 0,096 0,066
(2) 0,165 0,163 0,158 0,208 0,148 0,144 0,164 0,149 0,096 0,125 0,108 0,130
KK 0,259 )] 0,120 0,048 0,107 0,078 0,102 0,097 0,100 0,188 0,076 0,101 0,191 0,176
(2) 0,144 0,159 0,119 0,196 0,218 0,150 0,123 0,155 0,100 0,116 0,204 0,159
LO 0,259 1) 0,053 0,070 0,048 0,106 0,110 0,084 0,079 0,202 0,150 0,102 0,083 0,111
(2) 0,174 0,135 0,139 0,169 0,146 0,156 0,141 0,203 0,133 0,158 0,153 0,156
MS 0,259 (1) 0,073 0,172 0,088 0,097 0,132 0,08 0,061 0,186 0,049 0,050 0,146 0,162
(2) 0,142 0,151 0,145 0,170 0,153 0,162 0,128 0,156 0,085 0,086 0,120 0,148
NK 0,281 (1) 0,114 0,111 0,112 0,102 0,174 0,082 0,075 0,150 0,062 0,101 0,152 0,128
(2) 0,168 0,162 0,158 0,166 0,179 0,145 0,155 0,123 0,094 0,157 0,168 0,147
Notes: (1) from historical data
(2) from 10 generated sequences
TABLE 7
MEAN OF MAXIMUM DAILY RAINFALL IN EACH MONTH (mm)
Month
Apr. May  Jun. Jul.  Aug. Sep. Oct.  Nov. Dec. Jan. Feb. Mar.
Station
NP (1) 37,567 60,88 104,52 80,96 119,37 78,93 21,82 4,19 0,67 583 12,88 2264
(2) 43.64 61,01 108,20 82,17 111,73 78,33 23,21 2,79 1,07 6,05 12,41 2398
NR (1) 35,18 46,13 42,21 39,86 36,95 69,56 48,92 12,95 2,61 2,24 15,45 28,47
2) 36,98 4578 46,24 35,91 33,98 70,69 48,32 15,18 2,82 3,16 15,05 28,71
RO (1) 35,06 56,42 54,07 16,52 62,47 73,18 30,95 6,22 1,05 2,09 9,00 14,33
(2) 29,90 57,90 52,53 63,25 60,56 71,84 35,52 6,19 1,37 2,68 9,39 12,74
SN (1) 33,25 59,66 5743 49,15 7515 6852 29.80 5,34 3,83 4,20 9,38 16,50
(2) 32,16 60,66 58,46 52,77 73,83 67,35 30,13 4,75 3,74 5,27 9,29 1542
SR (1) 99,56 55,67 54,22 56,13 52,23 76,09 38,14 9,73 0,46 1,95 9,30 21,89
(2) 90,76 54,98 56,72 55,65 53,60 76,22 37,55 9,81 0,81 2,72 11,49 20,80
Notes: (1) from historical data.
(2) from ten generated sequences.

Even with this simplification as well as with the use of the
uniform distribution in class intervals 2 through 6, the results
collected in Tables 7—9 show that the historical maximum daily
rainfall amount in each month is reproduced by the model in
terms of the first three moments because the mean, standard de-
viation, and skewness coefficient obtained from simulated se-
quences are quite close to those of the historical record. These
statistics were obtained by taking the average of their values
from ten generated sequences, each having the same length as
the corresponding historical record. Although this number of
sequences employed is small, a good agreement has been reach-
ed.
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Numbers of wet and dry days in each month

It must be recalled that in this study, a day with rainfall amount
greater than 1 mm is considered as a wet day, otherwise it is a
dry day. As previously seen, all the distributions employed can-
not satisfactorily represent the wet and dry spells, therefore, on-
ly the numbers of wet and dry days are considered. It suffices
then to deal with the number of wet days, for example. The
results based on ten generated sequences are shown in Tables 10
and 11, for the mean and standard deviation, respectively.
Good agreement between simulated and historical values can be
clearly seen.



TABLE 8
STANDARD DEVIATION OF MAXIMUM DAILY RAINFALL IN EACH MONTH

Month
Apr. May Jun. Jul.  Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar.
Station
NP 1) 24,74 24,50 81,41 33,00 63,07 35,10 20,45 7,18 3,06 15,16 16,93 16,86
(2) 2507 21,92 78,40 37,61 5625 3386 21,18 6,83 3,83 14,55 16,82 18,12
NR ()] 21,55 26,85 22,24 21,00 17,05 32,60 26,12 16,25 5,07 4,19 18,81 22,82
(2) 22,69 23,49 23,48 26,50 16,63 34,45 21,35 19,54 5,51 5,34 19,28 22,08
RO 1) 21,85 24,78 27,33 31,02 28,65 42,61 19,54 9,12 4,29 550 13,92 14,70
(2) 21,52 23,27 23,10 32,93 2575 43,54 19,85 10,18 4,13 6,00 12,95 15,01
SN [¢8] 17,82 38,70 20,28 35,20 81,27 41,89 28,24 11,87 9,88 7,53 16,52 14,02
(2) 18,08 38,82 19.67 34,82 79,81 41,91 27,93 10,59 10,75 8,12 14,79 16,93
SR [¢)] 18,85 29,43 28,76 24,03 22,90 36,40 22,91 16,16 1,70 4,82 16,23 20,73
(2) 18,56 26,51 30,86 24,63 23,09 3531 23,00 15,27 2,47 4,23 17,62 21,69
Notes: (1) from historical data.
(2) from ten generated sequences.
TABLE 9
SKEWNESS COEFFICIENT OF MAXIMUM DAILY RAINFALL IN EACH MONTH
Month
Apr. May Jun. Jul.  Aug. Sep. Oct Nov. Dec. ]Jan. Feb. Mar.
Station
NP (1) ,67 1,11 3,36 1,57 1,82 0,31 2,06 ,97 4,74 3,87 1,07 0,48
@) 1335 0,68 377 1,50 092 089 177 1,70 482 353 149 0,64
NR (1) 080 135 15 1,79 0,32 067 1,29 292 2,13 ,
(2) 0,39 1,90 1,6 1,24 0,50 0,66 0.84 2,24 2,25 ,
RO (1) 0,43 0,50 1,26 0,82 0,56 ,58 0,55 2,00 4,68 3,47 2,18 1,48
(2) 0,10 0,6 0,97 1,08 0,63 21 0,39 2,42 4,62 2,95 2,45 0,97
SN 1) 0,11 2,87 0,07 2,66 4,19 1,80 1,88 3,16 2,62 1,77 1,92 0,88
(2) 0,09 2,53 0,09 2,71 3,55 1,20 1,46 3,04 3,36 1,71 1,71 0,95
SR 1) 0,25 0,75 18 0,75 0,94 1,84 1,30 2,08 3,74 2,31 1,92 0,82
(2) 0,19 0,93 00 0,68 0,70 1,11 0,98 2,02 3,99 2,48 1,42 0,70
Notes: (1) from historical data.
(2) from ten generated sequences.
TABLE 10 TABLE 11
MEAN OF NUMBER OF WET DAYS IN EACH STANDARD DEVIATION OF NUMBER OF WET
MONTH (DAYS) DAYS IN EACH MONTH (DAYS)
Station SS UB UD Station SS UB UD
Month m @ @O @ @O @ Month m @ @®» @ @O @
Apr. 2,77 2,89 5,38 546 6,92 6,99 Apr. 2,08 1,81 1,84 213 2,80 2,48
May 5,27 5,562 11,96 12,06 14,16 14,08 May 2,63 2,27 264 341 275 3,19
Jun. 5,27 5,20 15,00 14,84 11,24 10,81 Jun. 2.34 2,34 4,14 2,96 3,42 3,22
Jul. 6,85 6,72 16,15 1591 15,04 14,65 Jul. 3,14 360 391 3,73 3,60 3,55
Aug. 8,08 7,8% 18,58 18,57 15,64 15,50 Aug. 3,00 2.8 240 301 4,46 4,36
Sep. 9,15 8,83 16,54 16,42 12,44 12,98 Sep. 3,40 3,61 2,68 3,16 4,19 3,52
Oct. 4,77 4,38 17,31 7,38 344 3,39 Oct. 2,67 2,62 3,34 3,18 253 2,06
Nov. 1,19 1,08 1,77 1,60 0,44 0,35 Nov 1,50 1,06 1,63 1,39 0,82 0,69
Dec. 0 0 0,42 0,47 0,24 0,22 Dec 0 0 0,75 0,74 0,59 0,58
Jan. 0 0 0,19 0,20 0,96 0,94 Jan. 0 0 040 044 117 1,24
Feb. 0,15 0,21 0,85 0,77 2,04 2,32 Feb. 0,46 056 1,08 095 1,67 1,69
Mar. 1.15 1,17 2,81 2,32 292 288 Mar 1,35 1,07 1,96 1,67 1,68 1,94
Notes: (1) from historical data. Notes: (1) from historical data.
(2) from ten generated sequences. (2) from ten generated sequences.
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Month
1 2 3 4 5 6
Apr. (Iy 49 12 4 0 0 0
(2) 52 12 3 1 0 0
Jun. Iy 97 2 12 4 0 )
2 90 27 11 3 1 1
Aug. (1) 91 28 7 3 2 1
2 8 32 1 4 ) 1
Oct. (1) 56 18 9 5 2 0
(2) 56 91 9 4 2 0
Dec. (1 1 0 0 0 0 0
(2) 1 0 0 0 0 0
Feb. I 1 1 0 0 0 0
(2) 11 1 0 0 0 0

Notes: (1) from historical data.
(2) from ten generated sequences (after rounding up).

TABLE 12
FREQUENCY OF WET $PELLS AT BURIRAM (BR)

Length of spells (days)

7 8 9 10 1 12 13 14 15 >15

<
(=1
(=1
(=4
(=
(=

0 0 0 0

(=1
(=}
f—
(=1
(=
2
(=]
[=
<<
[=]

Month
1 2 3 4 5 6
Apr. (h 12 10 6 5 4 7
2 10 8 8 9 7 6
Jun. )y 41 3 27 13 4 5
2) 38 29 21 14 13 8
Aug. (1) 38 33 18 12 12 6
(2) 37 29 19 14 11 9
Oct. (1) 24 18 11 13 8 2
(2) 18 14 11 12 8 3
Dec. ) 0 0 0 1 0 0
(2) 0 0 0 0 0 0
Feb. (1) 2 1 0 1 1 2

(2 1 1 1 1 1 2

Notes: (1) from historical data.
(2) from ten generated sequences (after rounding up).

TABLE 13
FREQUENCY OF DRY SPELLS AT BURIRAM (BR)

Length of spells (days)

7 8 9 10 11 12 13 14 15

>15
9 4 4 5 4 1 2 2 2 10
5 5 4 4 3 2 2 2 10
4 4 3 2 2 1 3 0 3
6 4 3 3 2 1 2 6 1 1
7 3 3 2 2 1 1 1 1 3
6 8 3 3 2 2 1 1 1 2
0 3 5 2 3 1 2 2 1 10

0 0 0 0 0 0 0 0 0 25
0 0 0 0 0 0 0 0 0 25

2 1 1 1 1 0 0 0 0 24

Runs of wet and dry days in each month

The criterion of reproducing the runs of wet and dry days in
each month implies criterion 3. However, this implication is va-
lid only when the whole structure of the runs is reproduced. The
structure of the sequence of wet and dry days in a month is rior-
mally modelled by a Markov chain, and as previously discussed,
such a modelling involves the determination of the order of the
chain to be used, which is not simple. In this study, only the fre-
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quencies of the dry and wet spells at different lengths without
regard to the order of occurrence were employed and thus the
third criterion is still needed. The frequencies obtained by tak-
ing the average values from ten generated sequences are shown
in Table 12 for the wet spells, and in Table 13 for the dry spells
at Buriram. Inspection of these two tables reveals that the model
can reproduce the frequencies of wet and dry spells of the histo-
rical record at that station. By examining the related computer
outputs, it was found that the above statement (for Buriram) re-
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Figure 2
Sketch of the ssmulation model for rainfed irrigation assessment

mains valid also for all other stations listed in Table 1.
In summary, all the four stipulated criteria are met by the
developed model which is rather simple and easy to use.

Simulation Model for Assessment of Rainfed Irrigation

In a previous study (Phien et al., 1980b), a simple mathematical
model was developed for the assessment of rainfed irrigation in
Northeast Thailand, which was based upon the historical data
of rainfall. In order to provide more insight into the potential
success of rainfed irrigation in the region, daily evapotranspira-
tion for each type of crop should be taken into account along
with the occurrence and amount of daily rainfall. Moreover, the
different planting dates which are being practised by the farm-
ers in the region and the growth stages of crops should also be
considered so that the effect of dry spells and number of stress
days can be assessed as well. For such purposes, a more com-
prehensive model as sketched in Fig. 2 is being attempted. Since
no simple relationships exist between its different components a
simulation study would be appropriate. Such a study normally
requires more than one sequence for rainfall and evapotranspi-
ration, which are the main components of the model. Conse-
quently, besides historical data, several sequences of daily rain-
fall amounts have to be generated.

Consider the water balance analysis for a cultivation field
of a crop. On each day, a rainfall amount is fed into the field
and the evapotranspiration is computed using a suitable formu-
la. This rainfall amount is generated by the aforementioned
Markov chain model (here the historical record may simply be
treated as a generated sequence). Roughly speaking, if it is
small, then it evaporates without penetrating the soil. Accord-
ingly, the effective rainfall on that day is set equal to zero. If it is
high, a portion of it infiltrates into the crop root zone and a
smaller protion may eventually go deeper to become deep per-
colation. Another portion may flow to the surrounding fields,
giving rise to the overflow water or runoff. The remaining por-
tion is retained in the field or evaporated. That part which is
stored in the field or in the root zone will be treated as effective
rainfall. If it happens that the soil moisture in the root zone

drops below the water holding capacity of the soil in a day due
to very light or no rains in several preceding days, then that day
is considered as a stress day.

Having defined these components, the water balance
analysis is carried out on a day-after-day manner so as to ac-
count for the carry-over effect. Knowing the deep percolation
and the overflow, one can estimate the drainage requirement. It
should be noted that from the determination of the effective
rainfall and the computed value of evapotranspiration on each
day, the supplementary irrigation water for a specified period
can also be calculated. Finally the effect of the stress days on the
development and production of the crop may be evaluated by
comparing its growth stage which is reflected by the number of
days reckoned from the planting date with the occurrence and
the length of these stress days.

The water balance analysis is carried out at least for the
entire growing season of the crop and the whole analysis is re-
peated until the desired number of years in the simulation
study is reached. Results of this simulation study will soon be
reported.

Summary and Conclusions

The distributions of the maximum amounts of daily rainfall and
the wet and dry spells were investigated for the Northeast of
Thailand. It was found that —

® the annual series of maximum daily rainfall can be fitted by
the Type III extreme value and the Gumbel (Type I extreme
value) distributions, but the latter gives a better fit; and

@ the partial-duration series of maximum daily rainfall exceed-
ing 60 mm can be fitted by the shifted exponential distribu-
tion.

However, no suitable distributions among the most widely
used ones can satisfactorily represent the wet and dry spells in all
months of the year.

By using these findings along with the results obtained in
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determine the number of states, and the distribution used for
each class interval, four criteria were imposed. These are the
reproducibility, for each month of the year, of (i) the distribution
of monthly rainfall: (2) the mean, standard deviation, and skew-
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