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Abstract — This paper intends to evaluate the Markov Chain
model for forecasting rainfall of Uttarakhand state for each
district separately. District wise interpolated daily rainfall
data for the period 1971 — 2011 was collected from the NICRA
(National Initiative on Climate Resilient Agriculture) website
http://www.nicra-icar.in/nicrarevised/index.php/tools
services. Instat climatic software version 3.37 is used to
calculate the Markov chain probability of rainy day, rainy day
preceded by a rainy day, rainy day preceded by a rainy day
and rainy day preceded by a dry day. It is also used to study
the probability of getting dry spells of duration 5 and 7 days
during the monsoon period. This probability is used to model
the 75% probable amount of rainfall that can occur on a given
day using the Markov chain model. The model is validated for
the period 2002 — 2011 by using various evaluation methods
like skill scores, NMSE and MBE. Evaluation tests showed
that the average skill score of the forecast is 76% while highest
skill score is calculated for Udham Singh Nagar (88%) and
lowest for Tehri Garhwal (63%) district. The rainfall event
forecast during the months July and August was better
compared to June and September months. The deviation
percent is more than 20% for Bageshwar, Dehradun, Nainital,
Rudraprayag, Tehri and US Nagar districts. It can be
concluded that the Markov Chain model can be used for
forecasting precipitation but the forecast accuracy depends on
solely the reliability of the past rainfall data provided to the
model.
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I. INTRODUCTION

Time series of daily rainfall can be modeled using
traditional approaches such as moving averaging
techniques (MA), autoregressive models (AR), combined
autoregressive moving average models (ARMA) [1], [2]
and autoregressive - integrated - moving average models
(ARIMA). But rainfall in India is such a variable element
which varies both spatially and temporally [3]. It shows
long dry periods, intermittent dry days, heavy rainfall
events storms etc., so to predict such parameter we need
higher models. Especially daily and weekly rainfall data as
such does not fit into Gaussian model so a transformation
has to be applied before modelling it [4].

Rainfall variable is stochastic in nature and therefore they
require stochastic models to describe them [5]. Markov
Chain is one of the stochastic models that have gained
popularity in describing rainfall characteristics since its
introduction by Gabriel and Neumann [6]. They found that
the daily rainfall occurrence for the Tel Aviv data
successfully fitted using the first-order Markov chain
model. Kottegoda [7] also reported that the first order
Markov chain model found to fit the observed data in Italy

successfully. However, Wilks [8], [9] reported that there are
cases where first order Markov chain model failed to fit the
observed data and therefore higher order Markov chain
model was an alternative to improve these inadequacies.

Although a number of powerful statistical packages have
the capability to analyze rainfall data using Markov chain
models, most of them do not have specialized routines for
doing this. INSTAT was introduced in the early 1980s as a
simple statistical package to help in the teaching of
statistics. It was later improved by adding more components
with particular interest for processing climatic data [10].
Today it is the only available package with a specialized
routine accessible for analyzing rainfall data using Markov
chain models.

II. STUDY AREA

Uttarakhand is situated on the southern slope of the
Himalayas. The climate and vegetation of different cities of
this state vary with the height of its location. Glaciers are
located at the highest elevations. However, there are dense
forests at the lower elevations. It has 13 Districts and
Dehradun is the capital city. Uttaranchal consists of 13
districts i.e., Almora, Pauri Garhwal, Tehri Garhwal,
Bageshwar, Chamoli, Haridwar, Champawat, Nainital,
Dehradun, Udham Singh Nagar, Uttarkashi, Pithoragarh,
Rudraprayag. The state has two distinct climatic regions:
mainly the hills and the relatively smaller plain region. The
climatic condition of the plain region is very similar to
plains. The hilly region has cold winters with snowfall for
quite a long time, good rainfall in the monsoon, and mild
summers. The State is bestowed with a relatively high
average annual rainfall of 1229mm.

Normally rain starts in the State in late April and
continues up to September. However, the intensity of
rainfall increases during the months of June to September,
higher rainfall occurring during first week of July. Rain
continues through August until the first week of September.

Water, agriculture, forestry and energy, among other
issues, are central to the State’s inclusive strategy for future
growth. Most of the people of Uttarakhand state are
dependent on their natural environment, with over three
fourths of the total population dependent on agriculture for
their livelihood. When drought like conditions prevails
most of the remotely located springs start drying up or the
discharge is reduced to such a level that they are unable to
fulfill the basic requirement of the residents.

District wise daily rainfall data for the period 1971 —2011
(Venkateswarlu et al., 2011) was collected from the NICRA
(National Initiative on Climate Resilient Agriculture)
websitehttp://www.nicraicar.in/nicrarevised/index.php/tool
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s-services. The rainfall data utilized in the present study is
available with Agromet Databank, CRIDA and the
summary of the data are presented in Table 1. There is some
parity between the IMD rainfall data and the data used. But
the error is below the permissible limits. It is observed that
state average rainfall is 1388 mm; Pithoragarh district (2013
mm) receives more rainfall and Haridwar district (1115
mm) receives less rainfall compared to other districts of the
state. Data during the period 1971 — 2002 is used to calibrate
the Markov Chain model while rainfall data during 2002 —
2011 is used to validate the Markov Chain model for rainfall
prediction.

Table 1. Latitude, Longitude, Altitude and Annual average
rainfall of districts of Uttarakhand.

S. Lat Long Alt
No. District (deg) (deg) (m) Average
1 Almora 28.9 7l 1550 1 13052
2 Bageshwar 298 9.7 1600 1397.3
3 Chamoli 299 | 3101960 1459,
4 Champawat 293 793 1615 1811.8
5 Dehradun 302 8.1 960 1837.0
6 Garhwal 204 782 1500 1297.2
7 Haridwar 293 8.1 230 1115.1
8 Nainital 290 80.4 1938 1292.4
9 | Pithoragarh | 27 | 802 | 16501 95135
10 Rudraprayag 300 780 2100 1274.0
11 Tehri 303 73 1550 1532.2
12 | US Nagar 284 | 804 1 217 | yygy4
13 | Uttarkashi | 07 | 784 | 10 o556
Average ) ) . 1387.9

. The Markov Chain of First Order

In the first-order Markov chain, the current state is
dependent solely on the state of the immediate previous
period and the chance that a process is in state-j at time t
given that it was in state-i at time t-1 is represented by
transitional probability which is expressed as follows

Bj,r =F(X, :j|Xr—l:1) (1)

The first order model assumes that the probability of rain
occurring on any day depends only on whether it did or did
not rain on the previous day. To fit this model, the
parameter for transition probability p;, is estimated over
the year [11]. The p; , the probability of rain in day t given
state [ forj=1,0in day t -1. The estimate of p; is given
by rj . [12] which is the proportion of years with state-i in
their day t- 1 that had rain in the day . The r; ; is expressed
as shown below.

ne=m, )/(n, ,+n, ) )
Where n; . is the number of years with rain on day T and

n. _ is the number of years with no rain on day 7. A

iy,T
function, in this case, using Fourier analysis is fitted to the
estimated probabilities. Best fit is determined by F-test of
added harmonics to the function.
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II1. PROBABILITY OF DRY SPELL OCCURRENCE

For this application, a ‘dry’ day is defined as a day with
<0.25 mm rainfall and a ‘dry spell’ as any consecutive
number of days defined as ‘dry’. Rainfall characteristics
and dry spell occurrences were obtained by statistical
evaluation of data using a first-order Markov chain process
to estimate probability of occurrence of rainfall. It is
assumed that rainfall at any given day is a stochastic event
which is only dependent on the probability of the previous
day being dry (P(d)) or rainy (P(r)), therefore, it is a first-
order process. Each year (Q;) of the dataset can be described
as a sequence of dry (xj = 0) or wet (xj = 1) days as:

O, =X\, Xy s X, X, | for

Jj-1°
O, ={,2,3 . i—1,i}

where i is the number of years and j the day of year
(DOY). The probability for a day being rainy after a dry

day can be estimated as:
(xj =lx, =0)J

q=i

Z(xj—l = 0)
q=1

Similarly, a rainy day following a rainy day can be

described with:

q=

3

P(”d)=Pl’0b(xj = l’qu 20): (ql

(x, =1.x,, =1)J

P(rr)= prob(xj =lLx,, = 1): ["'1 : )

5 (x/—l = 1)

g=1

The determined functions of probable occurrence of
rainfall on any given day is then used to determine
probabilities of dry spell occurrence of stated lengths within
the next 5 or 7 days. For the estimation of probabilities of
rainfall and dry spell occurrences, the software INSTAT
version 6.5 was used (Statistical Service Centre, University
of Reading, UK) [13].

Daily and weekly rainfall data of Roorkee station is
directly used to assess dry spell trends. The direct method
of analyzing climate data is applicable if the data record is
at least 30 years long [11]. The daily rainfall data were fitted
to the simple Markov chain model as outlined in INSTAT
Climatic guide [13]. The Markov chain model was run so
that it gave the probability of getting 5 and 7 day dry spells
within 30 days following a wet day for monsoon season
consisting of four months (June-Sep). Five and seven day
dry spell was chosen because rainfall forecasts are currently
being issued for 5 and 7 day periods in India. The analyses
were performed.

IV. FORECAST EVALUATION

The rainfall being discrete variable, a daily contingency
table (Table 2) was prepared for further analysis of rainfall
data (bias corrected and observed) using [14] methodology
as described below:
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Table 2: Rainfall contingency table

- Observed
% Yes No
E Yes A (YY) B (YN)
© (Hits) (False alarms)
-jg No C (NY) D (NN)
(Misses) (Correct ejects)
Where,

A (YY) = No. of Hits (predicted and observed).
B (YN) =No. of False Alarms (predicted but not observed).
C (NY) = No. of misses (observed but not predicted), and
D (NN) = No. of correct rejects.
a) Forecast Accuracy or Ratio Score

It is the ratio of the number of correct forecasts to the total
number of forecasts. The score is expressed in percentage
indicating that higher the best.

AP

ACC=|—"""—————
[A +B+C+ D

] 100  (5)
It varies from 0 to 1. Perfect forecast is indicated as 1.
b) Probability of Detection (POD)

It is also known as Hit Rate and widely used to evaluate
probabilistic forecasts. It is sensitive to hits, but ignores
false alarms, very sensitive to the climatological frequency
of the event. Good for rarely occurring events such as
floods, cyclones, tornadoes, etc.

4
(A+C)
It ranges between 0 to 1 and POD value of 1 is considered
to be the best forecast.
¢) False Alarm Ratio
It is sensitive to false alarms, but ignores misses, very
sensitive to the climatological frequency of the event. It

should always be used in conjunction with the probability
of detection (above).

POD (6)

A
(4+B)

It varies from 0 to 1. Perfect forecast is indicated as 0.
d) Critical Succession Index

It is also known as Threat Score which measures the
fraction of observed and/or forecast events that were
correctly predicted. It is the accuracy score when correct
negatives have been removed from consideration, that is,
TS is only concerned with forecasts that count. Sensitive to
hits, penalizes both misses and false alarms. It’s
incapability is that it does not distinguish source of forecast
error. Depends on climatological frequency of events
(poorer scores for rarer events) since some hits can occur
purely due to random chance.

csr—— 4 (®)
(A+B+C)

(7
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It ranges from O to 1, 0 indicates no skill and 1 indicates
a perfect forecast.
e) Normalized Root Mean Square Error (NMSE)

The Normalized Root Mean Square Error (Kumar, 2000)
is concerned with the deviations from the true value
whereas SD is concerned with deviations from the mean.
The Normalized Root Mean Square Error is dimensionless
and calculated using the following formula.

A+ D
]*100 (5)
A+B+C+ D

A’CC:[

Where,

N = number of observations.
SD = Standard Deviation.
Pcorr = Bias corrected value.
Pobs = Observed value.
f) Mean Bias Error (MBE)

The Mean Bias Error [15] is simply the difference
between the average forecast and average observation, and
therefore expresses the bias of the forecasts. Forecasts that
are, on average, too high will exhibit MBE >0 and forecasts
that are, on average, too low will exhibit MBE < 0.

MBE =—*(Z (Pu, —Pu.)) (10)

V. PROBABILITY PLOTS

The probability plots (Fig.1) of a rainy day during the
month of June on an average for all the districts ranges from
30 to 70 % and median lies at 50% which suggests that the
rainy probability is unpredictable. The monthly average
probability of having a rainy day for the month of June is
highest (62%) for Champawat and Pithoragarh districts
while it is least for Chamoli district with just 40%
probability. Probability of having a rainy day is highly
variable for Udham Singh Nagar probability ranging from
25 to 82% and it less variable for Almora district with
probability ranging from 30 - 66%. July and August months
mean probability of having rainy day is 77% and 80%
respectively. Bageshwar, Champawat and Pithoragarh have
been observed to have highest probability as 87% and 89%,
lowest probability is observed for Tehri (67%) and Almora
(69%) districts for July and August months respectively.
Occurrence of a rain day is very much uncertain for Tehri
district as the probability ranges from 44 — 83% during July
month and Almora district during August month as the
probability ranges from 46 — 85%. However September has
less probability of a rainy day with only 53%. First and
second week probability is between 60-70% and keeps on
decreasing until it becomes 20-30% by the fourth week.
Therefore the variability is highest for June and September
months corresponding to time of onset and with drawl of
monsoon season.
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Fig. 1. District wise Error Charts showing the Markov Chain probability of getting a rainy day for June, July, August and
September months.

The probability plot of a rainy day followed by a dry day
(Fig.2) during the monsoon season on an average for all the
districts ranges from 40 to 90 % and median lies at 80%.
The monthly average probability of having a rainy day for
the month of June is highest (73%) for Pithoragarh district
while it is least for Chamoli district with 63% probability.
The p_rr is highly variable for Tehri Garhwal district with
probability ranging from 27 to 88%. The probability for
July and August months is almost similar with an average
of 85%. Champawat district has been observed to have
highest probability as 92% lowest probability is observed
for Nainital (75%) during July month. P rr during the
August month is highest for Bageshwar and Champawat
districts (92%) and least for Almora (77%) district. The
mean probability of rr during the September for all districts
is as high as 80% and as less as 63% for Bageshwar and
Tehri districts respectively. Occurrence of a rainy day
followed by a rainy is very much uncertain for Tehri and
Chamoli districts as the probability ranges from 57 — 96%
during July month and Almora district during August
month as the probability ranges from 46 — 85%. The first
and second weeks of June has less probability compared to

third and fourth week which indicates the onset of monsoon
and it has its complete intensity during July and August
months, First and second week probability of September
months is between 80-90% and keeps on decreasing until
it becomes 40-50% by the fourth week.

The probability of a rainy day followed by a rainy day
(Fig. 3) during the monsoon season on an average for all the
districts ranges from 40 to 90% and median at 80%. The
monthly average probability of having a rainy day for the
month of June is highest (73%) for Pithoragarh district
while it is least for Chamoli district with 63% probability.
The p_rr is highly variable for Tehri Garhwal district with
probability ranging from 27 to 88%. The probability for
July and August months is almost similar with an average
of 85%. Champawat district has been observed to have
highest probability as 92 % lowest probability is observed
for Nainital (75%) during July month. P_rr during the
August month is highest for Bageshwar and Champawat
districts (92%) and least for Almora (77%) district. The
mean probability of rr during the September for all districts
is as high as 80% and as less as 63% for Bageshwar and
Tehri districts respectively.
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Fig. 2. District wise Error Charts showing the Markov Chain probability of getting a rainy day preceded by dry day for
June, July, August and September months.
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Fig. 3. District wise Error Charts showing the Markov Chain probability of getting a rainy day preceded by a rainy day
for June, July, August and September months.

Occurrence of a rainy day followed by a rainy is very
much uncertain for Tehri and Chamoli districts as the
probability ranges from 57 — 96% during July month and
Almora district during August month as the probability
ranges from 46 — 85%. The first and second weeks of June
has less probability compared to third and fourth week
which indicates the onset of monsoon and it has its complete
intensity during July and August months, First and second
week probability of September months is between 80-90%
and keeps on decreasing until it becomes 40-50% by the
fourth week.

VI. MEAN AMOUNT OF RAINFALL MODELED

Using the above estimated daily probabilities for a rainy
day, rainy day followed by rainy day and dry day the
amount for each day is modeled and even the rainfall
amounts are fitted using a normal distribution curve. These
graphs give the most probable amount of rainfall that is
likely (75%) to occur on each day (Fig. 4). The modeled
rainfall shows that the heavy rainfall event (> 20 mm) can

very much occur on 10" June, 17" August, 13% and 24%
September. In case of Bageshwar the rainfall is rather
steady and continuous with no heavy rainfall events and for
Chamoli there are no heavy rainfall events but the rainfall
is also less. According to the modeled rainfall a heavy
rainfall event may possibly occur on 17" August in
Champawat district.

The probability of getting 5 and 7 day dry spells during
the monsoon period is given in Fig 5. Based on the data set
reviewed, Tehri Garhwal had the highest probability of
getting 5 and 7 day dry spells compared to the other stations
which would require frequent irrigations are required
during the crop period. The districts Bageshwar,
Champawat and Pithoragarh had the least probability of
getting dry spell for 5 and 7 days suggesting that the
irrigation scheduling in these districts can be minimized or
the irrigation water can be diverted to places of necessity.
However, irrigation management not only depends on the
rainfall but it also depends on slope and water retentive
capacity of soils.
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Fig. 4. Mean amount of SW monsoon rainfall modeled at 75% probability along with its trend line for the districts of
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Fig. 5. Markov Chain Probability of getting 5 and 7 days duration dry spells during the SW monsoon season for the
districts of Uttarakhand.

VII. EVALUATION OF MARKOV CHAIN MODEL

Various skill scores and error measures were used to
evaluate the rainfall simulated during the calibration period
(2002 —2011) (Table.3). The FC and CSI during the August
month (0.81) was higher compared to other months during
the monsoon. POD (0.87) and FAR (0.11) showed that the
rainfall simulation is better during the month of July. FC is
highest for Udham Singh Nagar during June (0.66), July
(0.89) and August (0.9) and for Bageshwar during
September month (0.65). While it is least for Rudraprayag
(0.51), Nainital (0.68), Tehri Garhwal (0.69) and Almora
(0.48) districts during June, July, August and September
months respectively. POD is highest for Bageshwar during
June (0.8) and September (0.74) and for Udham Singh
Nagar during July (0.93) and August (0.94) month; while it
is lowest for Tehri Garhwal district during June (0.5), July
(0.8) and August (0.75); for Almora district during
September (0.47) month. The higher values of FAR indicate
a wrong forecasts for Almora district during June (0.34),
August (0.13) and September (0.31) months and for July
(0.15) month it is higher for Tehri Garhwal district. Lower
values of FAR indicate higher number of correct forecasts
which is estimated for Pauri Garhwal and US Nagar for
June (0.21); US Nagar for July (0.05); Dehradun, Pauri
Garhwal Haridwar and Uttarkashi for August (0.03) and
Pauri Garhwal for September (0.19) month. CSI is used to
measure the accuracy of the forecast only during rainy days.
It is highest for Bageshwar during June (0.64) and
September (0.62) months; US Nagar during July (0.89) and
August (0.9) months. Poor rain forecasts are observed for

Tehri during June (0.4) and August (0.69) months; Nainital
and Almora for July (0.68) and September (0.38) months
respectively. The skill scores FC, POD, CSI and FAR only
indicate whether the rain event is forecasted correctly or not
but NMSE and MBE indicate the deviation of rainfall
amount forecasted from that of the observed. Higher values
of NMSE and MBE indicate more deviation of rainfall
amount forecasted from the observed values, while lower
values indicate a better forecast. According to NMSE
values rainfall forecast for Chamoli district is found to
deviate less from the observed during June (0.24), July
(0.19) and August (0.10); September (0.13) forecast was
better for Champawat district. NMSE is highest for
Haridwar, Rudraprayag and US Nagar districts during June
(0.49); US Nagar during July (0.68) and Tehri during
August (0.98) and September (0.87) months. MBE is
highest for Pithoragarh, Tehri, Dehradun and Almora
districts during June (2.96), July (2.62), August (-5.06) and
September (-5.42) months. It is lower for US Nagar during
June (0.01) and September (-3.04) months; Bageshwar (-
0.18) and Champawat (0.41) during July (0.89) and August
(0.9) months. The percent deviation of forecasted rainfall
from the normal rainfall of respective districts is calculated
(Fig. 6). The deviation percent is more than 20% for
Bageshwar, Dehradun, Nainital, Rudraprayag, Tehri and
US Nagar districts.

Copyright © 2018 IJAIR, All right reserved

149



International Journal of Agriculture Innovations and Research

Volume 6, Issue 5, ISSN (Online) 2319-1473

Deviation %

= 8
nowo
L L L L
L]

0
S =3 W > 5 S o < > S
o“} & ¢°\ < 5“’6 < & i ‘b‘v 4?'% y aF ; -'o& a5
& & & & & r & S o > St o ol g
= = S & & P & o < $ =S >
& U & F ¢ ST < & &
@ <] < = &
v‘s&
S

Fig. 6. District wise Deviation % estimated for Forecasted Rainfall (2002 —2011) from that of the Normal rainfall.

Dry spells of more than 7 days is not a common
phenomenon in Uttarakhand districts but due to undulating
topography the water retention within the soil is Iess.
Therefore 5 and 7 days dry spells adversely affect the crop
growth. The frequency of dry spells during the first
fortnight of June, second fortnight of August and September
months is more which indicate the necessity for irrigation
during these periods depending on the crop and the stage of
the crop. A study on dry spell analysis by Markov chain
approach for Nigeria was found reliable for Maize crop
planning [16]. Forecast is found reliable for districts with
majority of plain area and also for districts with proper
distributed rain gauges from whose regular and correct data
is being collected distribution. Forecasts with much
reliability can be issued using Markov Chain for districts
like US Nagar, Bageshwar, Garhwal and Haridwar districts.
Two state first order Markov Chain model simulated
rainfall for the period 2002-2011 proved to be reliable with
less bias for all the districts of Uttarakhand. Therefore it can
be concluded that the dry spell analysis and rainfall forecast
can be done using Markov Chain model. Similar report has
also been generated by [17] in which Markov Chain model
was used to simulate rainfall for Italy and Switzerland.
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