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Identification Of Regional Frequency Model For Rainfall
Based On Spatial Clustering In Lower Tapi Basin, India
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ABSTRACT

4 The hydrologic frequency analysis is a base for hydraulic design and water resources management. )
When the hydrologic data is scarce, regional frequency is adopted to enhance the quality of quantiles
predictions from the at site analyses. In regional frequency analysis, the selection of appropriate
probability distribution has been important to estimate the quantiles accurately. The candidate probability
distributions used in this technique are generalized extreme value (GEV), generalized logistic (GLO),
generalized Pareto (GPA), log normal (LN), and Pearson type Il (PE3). The present study has been
applied to lower Tapi basin for analysis of rainfall extremes. The available rainfall data gaps in the daily
time series were first filled by inverse distance weighting (IDW) method. The regional model has been
developed using L-moments approach while using data for annual maximum rainfall series for the period
of 33 years (1973-2005) at eleven stations in the basin. Discordancy measures were used for the initial
screening of sites data to check for the inconsistencies, and test was used for outliers present in the sample
data. The three regions were formed using agglomerative hierarchical clustering technique, and plotting a
dendrogram for eleven rain gauge stations. The Monte Carlo simulations were undertaken to test the
heterogeneity of the region by fitting Kappa distribution using regional average L-moments ratios. The
heterogeneity measures reported for the three regions were 0.845, -1.086 and -0.141 respectively for
region 1, I, and I11. The trend of the annual maximum series at all stations were determined using Mann-
Kendall and innovative trend analysis methods, and it was observed that six stations reported a decreasing
trend, while five stations reported an increasing trend. The Z-statistic test has been used for the three
regions to select the best fitted probability distribution, and subsequently, for prediction of regional
quantiles. It has been found that GPA, GLO and PE3 probability distributions best represented regions I, 11
and 1l respectively, based on minimum Z-statistic values which were worked out to be 1.071, 0.310, and
0.160 respectively. The development of regional model would be helpful in prediction of at-site quantiles
for different return periods based on the problem under consideration.

Keywords:Regionalization, L-moment approach, Heterogeneity measure, Monte Carlo simulations,
Trend analysis, Lower Tapi basin

- /

1. Introduction

The extreme rainfall event causes severe damages to lives and properties of the inhabitants in the

catchment.In recent years, it has been observed that the extreme rainfall events can also lead to
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flooding. With the use of frequency analysis of extreme rainfall events, the frequency of occurrence of
rainfall events can be predicted for different return periods. The estimation of rainfall events of various
return periods are required for the development of vulnerable maps at regional scales.Various
distribution have been used in the estimation of extreme rainfall events for at-site data, however, they
were proved not so accurate in estimation in regional scales. Hosking and Wallis (1993) described the
classical procedure of regional frequency analysisof annual maximum series (AMS)of hydrological
data using L-moments,and proved that the L-moments approach performsbetter than the conventional
moments, as former considers both the physiographic and statistical parameters. Trefry (2004) found the
application of partial duration series model in regional frequency analysis by adjusting the quantiles
estimates of AMS series using empirical factor.After Hosking (1993), other researchers like Kjeldsen
(2002), Trefry (2005), Hussain and Pasha (2008), Hussain (2011), Akhtar (2003), Rahman (2013), Wong
and Tung (2013) and othersfollowed classical regional frequency analysis for the analysis of
hydrological data.To find the erroneous site, the conventional method of discordancy measures was
proposed by Hosking and Wallis (1993).Saf (2009) found the gaps in the classical theory of discordancy
measures by comparing classical method with the robust method which uses minimum covariant
determinant. The homogeneity of pooling stations is the basic requirement of the regional frequency
analysis as explained by Dalrymple(1960). Castellarin (2008) assessed the presence of inter-site
correlations, and their impacts on the traditional statistical method of assessing heterogeneity measure
as proposed by the Hosking and Wallis (1993, 1997).For the development of regional model, the rain
gauge stations are clustered into the regions using agglomerative hierarchical clustering, adopted
byBothale(2014) in which mean annual precipitation and site elevation were taken as attributes.Some
cities in the Tapi basin like Suratcity, are vulnerable to floods and heavy rainfall events, and, therefore,
estimation of extreme events of various return period is required for managing the flood and developing
the vulnerable maps in the region. The objective of the present study is to analyze the frequency of
extreme rainfall events at regional level by filling the missing rainfall data, checking the discordant site,
forming the homogeneous regions and fitting suitable distributions for the identified homogeneous
regions. The developed regional scale models for homogeneous regions may be useful in predicting the
extreme rainfall events in the regions which, in turn, would be useful in developing the vulnerable maps

and managing the flood events.

2.Study Area and Data Availability

The study area includes the lower Tapi basin which is lying betweenGidhade gauging station to the
Arabian Sea, and covers an area of 10,395 sq. km. Thelower Tapi basin covers different percentage of
area in Dhule, Khargaon, Surat, and Bharuch districts. The data available for this study are daily rainfall

series and their latitude-longitude at eleven rain gauge stations,namely, Surat, Kamrej, Mangrol, Olpad,
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Bodhan, Kadod, Kathor, Kholavad, Puna, Mandvi and Kakrapar. The data used in the study were taken
from the government agencieslike India Meteorological department (IMD) and State Water Data Centre
(SWDC), Gandhinagar, Gujarat. The data used in the regionalization is daily annual maximum rainfall

series for the period (1973-2005). The index map of the lower Tapi basin is shown in Fig.1.
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3. Methodology

3.1 Missing data analysis

The available time series for rainfall were partly missing atfew stations for certain periods. It was
customary to estimate missing rainfall before moving to regional frequency analysis. The 'Inverse
distance weighing (IDW) method'as given in the paper of Chen and Liu (2012), has been used in the

estimation of missing rainfall, for present study is expressed as:

N
fa‘p = Z w; R, (1a)
=1
d; *
" ST )
where, _ meansthe unknown rainfall data, w, means the weighting of each rainfall stations, d, means

R
the distane from each rainfall stations to the unknown site, o means the power which has been taken 2 in

this study.

3.2 L-moments
Among various methods available for regional frequency analysis,L-moments has been chosen as the

best approach for regionalization. As unlikeother methods it considers, both statistical and
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physiographical characteristics of the data. When the data series is arranged in ascending order, where jis
the order of the data series and n 1s the total number of data in the series,the L-moments can be defined as

alinear combination of probability weighted moments (PWMs)

I =D =) (= 7) N
g’"_u;{n—lj(n—Z] ,,,,,, (n—r)™ ™" (2)

The first four sample L-moments are given as

Ay = Bo (33)
Ay =20y — o (3b)
Az = 65 — 6B, + By (3¢)
Ay = 2083 — 308, + 128, — fy (3d)

The L-moments can be made independent of units of measurement, called L-moment ratios,and are

givenas
Az
t=7 (4a)
g =3
3T, (4b)
I
s =7 (4c)
t, = A
r = 1 (4d)

The L-moments ratios for the population is represented by t, instead of 7,

3.3 Discordancy Measures

The available data are required to be screened for their appropriateness using Discordancy measures as
proposed by Hosking and Wallis (1997). The discordancy measures represents the difference between
the L-moment ratios of a site and the average L-moment ratios of a group of sitesin the region. The

discordancy measure for the i”
1
D; = EN(UI —U)" A (u; — U) (5)

The station can be defined in a three-dimensional space using L-moment ratios #,, ¢, and 7, If N is number
of rain gauge stations present in a region, then u, is transpose vector of the L-moment ratios at i" station,

and can be expressed as,
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w; = (ts, ta, ty)7 (6)

The unweighted group average U of the vector and a matrix A of sum of squares and cross products are

defined as
1 N
U= EZ Uy [?)
A= Z(u,. — ) (uy — U)T (8)

The station can be flagged as discordant, if its discordancy measure is greater than the critical value.

3.4 Regional Homogeneity Test

In general, Generalized Pareto distribution, Generalized extreme-value distribution, Generalized
logistic distribution, Pearson type III distribution, Lognormal distribution, Wakeby distribution, Kappa
distribution are the frequently used distributions in the regional frequency analysisCunnane (1989). In
regionalization method, called index flood procedure which is proposed by Hosking and Wallis (1993),
the stations with frequency distributions that are identical, apart from a station-specific scale factor, are
clubbed together such that they satisfy the condition of homogeneity. Grouping of stations may be based
on several characteristics such as latitude, longitude, elevation, and mean annual precipitation. The
agglomerative hierarchical clustering has been used to club the stations that begins with singleton
clusters andproceeds by merging smaller clusters into larger ones successively. This process is repeated
until a single cluster is left. The entire process may be represented in a nested sequence, called the
dendrogram, which shows the relationship of the clusters at various steps of the process. A distance
measure has been used in present study to evaluate the dissimilarity between any two cluster centroids,

or feature vectors.

To ensure the regional homogeneity, Hosking and Wallis (1993) suggested a test statistics as
Heterogeneity measure (H). TheL-moments approach being used to check the heterogeneity measure,is
based on the theory that all stations in the region have the same population. For ahomogenous region, the
heterogeneity measure compares the between-site variations in sample L-moments for the group of sites.
The homogenous regions can be examined using a Monte Carlo simulation procedure which is
accomplished by fitting a four parameter Kappa distribution to the regional average L-moment ratios,
Dupuis and Winchester (2007). The regions herein are synthetically generated using 500 simulations,

and assumed to be homogenous and have the same characteristics as the real region. The statistics H for
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the homogeneity of a region can be estimated as

_ (observed dispersion) — (mean of simulations)

()

(standard deviation of simulations)
Ve — v
H, = M k=123 (10)
Cr:)
Here, V is the weighted standard deviation of the at-site sample L-CVs (t), 1 is the number of sites in a
region. The V2 computes at-site dispersion of sample L-moments based on L-CV and L-skew and V3,
which measures the at-site dispersion of sample L-moments based on L-skew and L-kurtosis.
Theparameters p,and ¢,  are the mean and standard deviation of the synthetic counterparts of V

respectively. According to Hosking and Wallis (1993) a region is considered to be acceptably

homogenous if Hi< 1., possibly heterogeneous if 1 =H= 2, and definitely heterogeneous if Hz= 2.

3.5 Selection of best fit probability distribution

In regional frequency analysis, a single frequency distribution is fitted to data from several sites of a
region which would give quantile estimates for each site. The objective of regional frequency analysis is
to define accurately a robust common distribution which best fits to the data of all sites in the
homogeneous region. To determine an appropriate distribution for regional quantile estimation, a
goodness of fit measure was introduced by the Hosking and Wallis (1997) for the three parameter
distributions, called Z-statistics which measures the difference between the theoretical L-kurtosis of the
fitted distribution to the regional average L-kurtosis of the observed data. The Z-statistics or goodness of

fit measure for any three parameter distribution is given as:

DIST _ 4R
. Ty —ty + B
7DIST _ ( 4 +) (11)
04

1 ”T is the theoretical L-kurtosis for the candidate distribution, I,f is the regional average L-kurtosis
weighted by record length, B,is the bias correction used fort,;and @, is the estimate of the standard
deviation of ¢ f obtained from the repeated simulation of a homogenous region whose sites have the
candidate frequency distribution and record lengths as that of observed data. Selection of best fit
distribution is followed by the estimation of regional quantile parameters, namely, location, scale and
shape. The estimated parameters are used to calculate quantile estimates for different return periods or,

conversely the return period corresponding to a given extreme values.

4. Results and Discussions
The frequency analysis requires data of minimum 30years, after filling the gaps in the daily rainfall. The

daily annual maximum rainfall of eleven stations are analyzed for the period 1973-2005 and their
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statistical parameters are described in Table 1.

Table 1: Statistical properties of data used in present study

Station | Name of Mean Coefficient of Variance Coefficient of Coefficient of
No. Station (mm) (mm°) Skewness Kurtosis
1 Surat 158.94 3769.55 0.57 8.18
2 Kamrej 164.44 8161.76 1.34 1.65
3 Mangrol 164.67 6272.25 0.92 -0.78
4 Olpad 121.29 4176.63 1.71 -1.51
5 Bodhan 164.81 7025.98 0.86 1.67
6 Kadod 166.6 4748.23 0.49 8.25
7 Kathor 134.32 4105.81 0.99 1.41
8 Kholavad | 128.16 4272.12 2.75 0.24
9 Puna 170.68 3373.59 0.78 2.08
10 Mandvi 145.12 4070.65 0.49 1.98
11 Kakrapar 139.2 3609.55 0.75 2.47

4.1 Recognition of Discordant sites
The L-moment ratios t (L-C)), t, (L-C,), and t, (L-C,) of all the eleven stations each having 33 years of
data are calculated, and 'u' vector of L-moment ratios are determined. The computed values of

discordancy measure for all the eleven sites are shown in Table 2.

Table 2: Computed values of L-moment ratios and discordancy measures for rain gauge

stations
Station No. | Name of Station n; t {3 ty D;
1 Surat 33 0.22 0.094 0.088 0.564
2 Kamrej 33 0.295 0.284 0.161 0.843
3 Mangrol 33 0.265 0.219 0.168 0.68
4 Olpad 33 0.272 0.298 0.142 0.75
5 Bodhan 33 0.285 0.22 0.088 0.602
6 Kadod 33 0.237 0.114 0.085 0.378
7 Kathor 33 0.263 0.221 0.15 0.209
8 Kholavad 33 0.238 0.373 0.302 2.435
9 Puna 33 0.189 0.07 0.097 1.436
10 Mandvi 33 0.253 0.137 0.051 0.425
11 Kakrapar 33 0.242 0.214 0.072 1.676
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The critical value of discordancy measure for 11 stations is 2.632, which is higher than theDi value of all

eleven stations. Hence, all the sites can be considered suitable for frequency analysis.

4.2 Homogeneity Test
Agglomerative hierarchical clustering has been used in present study for forming homogeneous regions
for regional frequency analysis using complete linkage method and the clubbed stations are presented in

the form of a dendrogram.

50

30

10 -

o

Fi 8 2 5 3 1 4 6 9 10 11
Dendrogram (Cluster tree)

Figure 1.1:Dendrogram (Cluster tree) for 11 rain gauge stations

Optimum number of clusters werecalculated by plotting the number of clusters formed with respect to
their resulted fusion level. Cluster I contains the stations 6, 9, 10, 11; Cluster II contains the stations 7, 8,
2, 5; Cluster III contains the stations 1, 4 and Cluster IV contains only station 3. As Cluster IV has only
one station, it is not included in foregoing analysis, as regional model developed using one station only
cannot depict the behavior of a region with accuracy.To test the homogeneity of the formed clusters, the
four parameter Kappa distribution has been fitted to regional average L-moment ratios (1, TR, 13R, 14R)
of all the clusters, and 500 simulations were generated using Monte Carlo simulation such that generated
realizations of each region were having same number of sites as in the original clusters. Four parameters
of Kappa distribution & (location), a (scale), and k, h (shape) parameters were found for the three clusters

using trial and error method are described in Table 3.
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Table 3: Parameters of Kappa distribution for homogeneous regions

Cluster é, é, 03 6, A i k h
I 155.399 | 35.559 | 0.134 | 0.076 | 93.5 | 96.125 | 033 | 0.656
I 147.931 | 40.348 | 0.274 | 0.175 | 60.439 | 98.368 | 0.356 | -0.073
11 140.115 | 33.97 | 0.196 | 0.115 | 69.937 | 90.359 | 0.551 | 0.14

The heterogeneity measures H,, H, and H,for all three clusters I, IT and III were estimated as described
earlier. The estimated values of heterogeneity measures included in Table 4 for all the clusters. As the
estimated values of heterogeneity measures are less than their critical value (< 1.0), hence all the selected

clusters can be considered as homogeneous.

Table 4: Heterogeneity measures for homogeneous regions

Cluster H; H; H;
I 0.845 -1.272 -1.774
I -1.086 -1.736 -1.03
I -0.141 0.51 0.488

4.3 Z-Statistics Measures

The fit of a probability distribution can be treated as satisfactory, if | zPIST| < 1 g4 at5% significance
level as given by Hosking and Wallis (1997). The selected probability distributions which are satisfying
the above mentioned criteria are tabulated in Table 5 for the three regions. Table Sshows that the selection
of best fit distribution for regions I, IT and III can be judged by the minimum value of ZDIST-statistics
which were obtained as 1.071 for generalized Pareto distribution of region I, 0.310 for generalized

logistic distribution of region II, and 0.160 for Pearson type II1 distribution of region I1I.

Table 5: Z-statistics test for homogeneous regions

Region | Distribution t.R 64P8T By 64 zZPBT |ZPBT)
I GPA 0.076 0.043 0.002 0.028 -1.071 1.071
GEV 0.175 0.2 -0.063 0.03 -1.293 1.293
! GLO 0.175 0.229 -0.063 0.03 -0.31 0.31
GEV 0.115 0.161 -0.026 0.04 0.495 0.495
GLO 0.115 0.199 -0.026 0.04 1.437 1.437
11 GPA 0.115 0.075 -0.026 0.04 -1.683 1.683
PE3 0.115 0.135 -0.026 0.04 -0.16 0.16
LN 0.115 0.153 -0.026 0.04 0.284 0.284
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4.4 Development of regional model

The regional model has been developed by finding regional parameters for the three regions I, 11, and I11
corresponding to their selected best fit distributions. The developed regional models can be expressed
in terms of return period T, by taking the inverse of the cumulative distribution function or can be

expressed in terms of frequency factor K, for the non- invertible probability distributions.

For region 1, corresponding to GPA distribution having parameters £ = 0.4176, a = 0.8899 and k =
0.5280, the regional model is represented as

Iy a

—=¢+-(1-T* 12

L=+ (=179 (12)
For region II corresponding to GLO distribution having parameters & = 0.8825, o = 0.2382 and k = -

0.2741, the regional model is represented as

I a

Tt [1- (-1 (13)
I k

For region III corresponding to PE3 distribution having parameters a = 2.8371, B = 0.2704 and § =

0.2329, the regional model is represented as

ET:E&+5+KTJE (14)
5. Conclusions

The main objective of this study was to analyze the data for the development of regional model for
extreme events of different return periods.The following conclusions can be drawn from foregoing
studies:

a) The missing rainfall for available rain gauge stations have been completed using IDW method.

b) The discordancy measures has been undertaken for the available rain gauge site, and it is found that all
the available sites are suitable for regional frequency analysis.

¢) The existing sites in the study have been clustered in three homogeneous regions using the method of
Agglomerative hierarchical clustering.

d) For the homogenous regions, the best fit distributions have been identified using ZDIST- statistics
which are 1.071 for Generalized Pareto distribution for region I, 0.310 for generalized logistic
distribution of region II, and 0.160 for Pearson type III distribution of region III. The estimated
parameters of the identified distributions have been used for computation of rainfall of different return

periods.
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ABSTRACT

4 Drought is a deficit of water. Droughts are perceived as some of the most expensive and the least\
understood of natural disasters. Based on deficits observed in various hydrologic quantities, droughts are
interpreted differently. For example, meteorological droughts are based on deficits in precipitation,
agricultural droughts on deficits in soil moisture, and hydrologic droughts on stream flow deficits.

Drought modeling is normally done using the Standardized Precipitation Index (SPI).The SPI is a normal
quintile transformation applied to a fitted parametric distribution of precipitation time series (McKee et al.,
1993) Various drought prediction models have been developed by different researchers (Rao and
Padmanabhan (1984), Loaiciga and Leipnik (1996) ,Lohani and Loganathan (1997), Kim and Valdeés
(2003)) . Climate systems are the most complex systems in nature for modeling. However the difficulties in
modeling complex climate system are now considerably reduced by the recent 'Artificial Intelligence' tools
like Artificial Neural Networks (ANNs),; Genetic Algorithm (GA), Genetic Programming (GP) etc. Hence,
this research work deals with development of models for prediction of droughts for frequently drought
affected region of India i.e. Western Rajasthan. The predictions are based on Large-scale oceanic and
atmospheric inputs viz. El Nino Southern Oscillation Index, Equatorial Indian Oscillation and Multivariate
ENSO Index (MEI), using Al tool Genetic Programming. In this paper SPI index is predicted by using the
predicted rainfall values.

Better correlation coefficient between observed and predicted rainfall were observed for combination of
predictors viz. ENSO Index and EQUINOQO Index. The correlation coefficients between observed rainfall
and predicted rainfall were found to be remarkable. The drought events indicated by SPI-12 using GP
predicted rainfall values were found to match with those Observed drought events indicated by SPI-12
index.

Keywords: Standardized Precipitation Index (SPI), EL Nino-Southern Oscillation (ENSO), Equatorial
Indian Ocean Oscillation (EQUINOO), Multivariate ENSO Index (MEI), Genetic Programming (GP), D

-

1. Introduction

Drought is a deficit of water. Droughts are perceived as some of the most expensive and the least

understood of natural disasters. Based on deficits observed in various hydrologic quantities, droughts are
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interpreted differently. Scarce rainfall in monsoon leads to drought situations. Shortage of food and
fodder leads to massive devastating effect on human and animal. For mitigation of this affects

government can plan, if itreceives good forecast of drought before onset of monsoon.

Drought modeling is done using the Standardized Precipitation Index (SPI). SPI is simple to calculate,
powerful and flexible index. In computation of SPI index only rainfall data is required as data input. By
means of SPI indices we can identify dry periods and wet periods effectively. Drought is a temporary
condition resulting from prolonged absence, deficiency, or poor distribution of precipitation (Ogallo,
1994; Wilhite, 1993). Although precipitation is the main controlling factor in drought events in the
central Great Plains region (Wang, 2000), vegetation growth is dependent upon a number of additional
environmental factors, such as high temperature, high winds, low soil moisture content, or low relative
humidity. In particular, hydrologic soil properties play an important role in affecting vegetation growth
(Sly, 1984; Farrar, Nicholson, & Lare, 1994; Nicholson & Farrar, 1994; Timlin, Loechel, Pachepsky, &
Walthal, 2001). The total amount of water available for plant growth in a field is a function of the depth
and water holding capacity of the soil, water holding capacity is considered one of the most influential
hydrologic soil variables in calculating the amount of water storage in a soil profile (Brady & Weil, 2002;
De Jong et al., 1984; Timlin et al., 2001; Wright, Boyer, Winant, & Perry, 1990). Figure 1 depicts the
drought characteristics based on Standardized Precipitation Index (SPI). Shaded regions show drought

events. The symbols ti and te show initiation and termination of the drought events.
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Figure 1: Depiction of drought characteristics (Severity, S; Duration, D; and peak I) based on
Standardized Precipitation Index (SPI).
(Source: Poulomi Ganguli and M. Janga Reddy, 2013)
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Simultaneous variations of climatic conditions and hydrologic variables over widely separated regions
on the surface of earth have long been discovered and noted by the meteorologists, world over. Such
recurrent patterns are commonly referred to as "hydroclimatic teleconnection". It is established that the
natural variation of hydrologic variables is linked with these large-scale atmospheric circulation pattern
through hydroclimatic teleconnection (Dracup and Kahya, 1994; Eltahir, 1996; Jain and Lall, 2001;
Douglas et al., 2001; Ashok et al., 2001, 2004; Marcella and Eltahir, 2008; Maity and Nagesh Kumar,
2008). Indian hydrometeorology is prominently influenced by two large-scale atmospheric circulation
patterns. The first is El Nifio-Southern Oscillation (ENSO) from tropical Pacific Ocean and second is the
Equatorial Indian Ocean Oscillation (EQUINOQO) from Indian Ocean (Gadgil et al., 2004). El Nifio-
Southern Oscillation (ENSO), which is a large-scale circulation pattern from tropical Pacific Ocean, is
established to influence Indian Summer Monsoon Rainfall and the droughts over Indian subcontinents.
Another large scale circulation pattern from Indian Ocean viz. Indian Ocean Dipole Mode (IOD) also
influences the Indian Summer Monsoon rainfall and droughts due to deficit rainfall (Saji et al., 1999).
Equatorial Indian Ocean Oscillation (EQUINOQO) is the atmospheric component of the IOD mode
(Gadgil etal., 2003, 2004). Gadgil et al. (2003) have shown that the Indian Summer Monsoon Rainfall is
not only associated with ENSO, but also with EQUINOQO. They suggest that one can scientifically
predict the Indian Summer Monsoon Rainfall by knowing the prior EQUINOO status. Equatorial zonal
wind index (EQWIN) is considered as an index of EQUINOO, which is defined as negative of the
anomaly of the zonal component of surface wind in the equatorial Indian Ocean Region. Since nearly
80% of Indian Summer Monsoon Rainfall is due to the southwest monsoon, interaction between various
oceans due to ENSO and EQUINOO regulates the amount and distribution of the rainfall over the sub
continent. Such association is more prominent for the large aerial scale. It is also prominent for longer

temporal scale (seasonal) or smaller temporal scale (monthly).

Drought indices are typically designed for assessing current conditions and have little predictive
capability. Hence, Large-scale oceanic and atmospheric indicators such as the El Nino-Southern
oscillation phases, North Atlantic oscillations, Pacific North American index, Atlantic multidecadal
oscillations, and Pacific decadal oscillations are used as long-term precursors to annual/seasonal
forecasts of precipitation [Ropelewski and Halpert, 1996; McHugh and Rogers, 2001; Maity and
Nagesh Kumar, 2008a].

The climate teleconnections with meteorological droughts were analysed and used to develop ensemble
drought prediction models using a support vector machine (SVM)—copula approach over Western
Rajasthan (India) by P. Ganguli and M. J. Reddy (2013). The meteorological droughts were identified

using the Standardized Precipitation Index (SPI). They discussed about evaluation of trends and
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multivariate frequency analysis of droughts in three meteorological subdivisions of western India.

1.1 Prediction of drought by predicting rainfall using ENSO, EQUINOO, MEI

1.1.1 EINifio-Southern Oscillation (ENSO)

El Nifio-Southern Oscillation is a global coupled ocean-atmosphere phenomenon. The Pacific Ocean
signatures, El Nifio and La Nifia are important temperature fluctuations in surface waters of the tropical
Eastern Pacific Ocean. A higher EI Ni™no southern oscillation (ENSO) is associated with droughts and La
Ni™na is associated with of excess rainfall (Sikka 1980; Rasmusson and Carpenter 1983). For Indian
subcontinent, the general impact of El Nifio event is shown to be lower-than-normal rainfall, and the
opposite in case of La Nifia. (Rasmusson and Carpenter 1983; Khandekar and Neralla 1984; Ropelewski
and Halpert 1987). It is found that summer monsoon rainfall over India is maximum correlated with SST

from Nifio 3.4 region.

1.1.2 Equatorial Indian Ocean Oscillation (EQUINOO)

Equatorial Indian Ocean Oscillation (EQUINOQO) can be seen as the atmospheric component of the
India Ocean Dipole (IOD) mode (Gadgil et al., 2003; 2004). During summer monsoon session (June-
September), the convection over the eastern part of the equatorial Indian Ocean (90°E-110°E, 10°S—
0°) is negatively correlated to that over the western part of the equatorial Indian Ocean ~ (50°E - 70°E,
10°S—10°N). The anomalies in the sea level pressure and the zonal component of the surface wind along
the equator are consistent with the convection anomalies. When the convection is enhanced (suppressed)
over the western part of the equatorial Indian Ocean, anomalous surface pressure gradient high to low is
towards the west (east) so that the anomalous surface wind along the equator becomes easterly
(westerly). The oscillation between these two states is called the equatorial Indian Ocean Oscillation
(EQUINOO) (Gadgil etal.,2003;2004).

Equatorial zonal wind index (EQWIN) is considered as an index of EQUINOO, which is defined as
negative of the anomaly of the zonal component of surface wind in the equatorial Indian Ocean Region
(600E-900E,2.50 S2.50N).

1.1.3 Multivariate ENSO Index (MEI)

El Nifio/Southern Oscillation (ENSO) is the most important coupled ocean-atmosphere phenomenon to
cause global climate variability on interannual time scales. ENSO is monitored by basing the
Multivariate ENSO Index (MEI) on the six main observed variables over the tropical Pacific. These six

variables are: sea-level pressure (P), zonal (U) and meridional (V) components of the surface wind, sea
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surface temperature (S), surface air temperature (A), and total cloudiness fraction of the sky (C). These
observations have been collected and published in ICOADS for many years. The MEI is computed
separately for each of twelve sliding bi-monthly seasons (Dec/Jan, Jan/Feb,..., Nov/Dec). After spatially
filtering the individual fields into clusters (Wolter, 1987), the MEI is calculated as the first unrotated
Principal Component (PC) of all six observed fields combined. This is accomplished by normalizing the
total variance of each field first, and then performing the extraction of the first PC on the co-variance
matrix of the combined fields (Wolter and Timlin, 1993). In order to keep the MEI comparable, all

seasonal values are standardized with respect to each season and to the 1950-93 reference periods.

2.0 Objectives of the work

This work intends to develop monthly rainfall prediction models for medium range (1 month ahead)
forecasts of monthly Indian Summer Monsoon rainfall leading to drought prediction (if any) for
'Western Rajasthan' sub division of India, by using ENSO, EQUINOO and MEI indices as large scale

atmospheric circulation information, with the help of Artificial Intelligence tool Genetic Programming.

3.0 Data

Monthly rainfall data over all sub divisions of India (http://www.tropmet.res) (Parthasarathy et al. 1995)
used for this study were collected by India Meteorological Department for a period 1871-2010. The data
from 1950 through 2010 were only used, as the ENSO and EQUINOO data were available 1950
onwards. Monthly rainfall data from data from 1950 through 1975 were used for the Training purpose.
The data from 1976 through 1990 were used for the validation purpose. The data from 1991 through
2010 were used as testing the GP models. The analysis consists of rainfall depths all over India for so

called Indian Summer Monsoon season (June to September) plus the month of October.

Sea surface temperature (SST) anomaly from the Nifio 3.4 region (120° W—170° W, 5° S—5°N) is used as
the 'ENSO index' in this study. Monthly sea surface temperature data from Nifio 3.4 region for the period,
January 1950 to December 2010, data are obtained from the website of the National Weather Service,
Climate Prediction Centre of National Oceanic and Atmospheric Administration (NOAA)

(http://www.cpc.noaa.gov/data/indices/ and http://www.cpc.ncep.noaa.gov).

EQWIN, the negative of zonal wind anomaly over equatorial Indian Ocean region (60°E — 90° E, 2.5S -
2.5N) is used as 'EQUINOO index' (Gadgil et al., 2004). Monthly surface wind data for the period
January 1950 - December 2010, are obtained from the National Centre for Environmental Prediction

(http://www.cdc.noaa.gov/Datasets).
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MEI is re-computed every month to monitor the strength of ENSO conditions for the preceding two
months. The discussion of the MEI time-series and spatial patterns can be seen on (http://www

.cdc.noaa.god-kewlMEL/). It is updated during the first week of each following month.

The MEI is computed separately for each of twelve sliding bi-monthly seasons (Dec/Jan, Jan/Feb,...,
Nov/Dec). After spatially filtering the individual fields into clusters (Wolter, 1987), the MEI is calculated
as the first unrotated Principal Component (PC) of all six observed fields combined. This is
accomplished by normalizing the total variance of each field first, and then performing the extraction of
the first PC on the co-variance matrix of the combined fields (Wolter and Timlin, 1993). In order to keep
the MEI comparable, all seasonal values are standardized with respect to each season and to the 1950-93

reference period.

4.0 Methodology

Methodology is broadly divided in 4 steps

+ Data collection from source and data management for prediction of rainfall.
» Prediction of rainfall with given inputs by using Genetic Programming.

» Computation of SPI-12 index for observed and predicted rainfall.

+ Identification of drought and prediction of drought intensity by using SPI-12 index.

Data are collected from above mentioned sources and data management is done by using the software
MS Excel. Input files for prediction of rainfall are created by arranging the rainfall data and predictors.

Prediction of rainfall is done by using the Artificial Intelligence tool Genetic Programming.

Genetic Programming is widely used in recent years for data mining, rainfall runoff modeling and other
hydrologic predictions (Babovic, 2005; Babovic and Keijzer, 2002; Liong et al., 2002). Prediction of
meteorological events such as rainfall over a region is much more complex task due to extreme
instability of the atmosphere. Such complex systems can be considerably reduced by using the modern
Artificial Intelligence (Al) tools like Artificial Neural Networks (ANNs), Genetic Algorithm (GA) and
Genetic Programming (GP). GP is an evolutionary computing family, so it creates a lot of computer
programs. (Sette and Boullart, 2001;Saks and Maringer, 2010). GA usually operates on (coded) strings
of numbers, whereas GP operates on computer programs. Genetic Programming can solve much more
complicated problems. Genetic Programming can also be applied to a greater diversity of problems
(Koza, 1992).

The influence of ENSO and EQUINOO on regional Indian Summer Monsoon Rainfall varies from

Journal of Hydropower & Civil Engineering (Volume- 09, Issue -3, Sep - Dec 2025) Page No 17



region to region. The highest correlation between observed rainfall and predicted rainfall is observed for
Central North-East India and West Central India followed by North East and North West regions of
India. The GP based method proposed in this research is demonstrated in the contest of Indian Summer
Monsoon rainfall prediction which is dependent on ENSO and EQUINOO indices.(S.S. Kashid and
Rajib Maity(2012))

4.1 Genetic Programming

Genetic Programming breeds a population of computer programs to solve a problem. (Koza, 1992).
Five major preparatory steps in application of GP (Koza, 1992) can be summarized as following:

(I) selection of the set of terminals,

(i1) selection of the set of primitive functions,

(ii1) deciding the fitness measure,

(iv) deciding the parameters for controlling the run, and

(v) defining the method for designating a results and the criterion for terminating a run.

The choice of input variables is generally based on prior knowledge of casual variables and physical
insight into the problem being studied. If the relationship to be modeled is not well understood, then
analytical techniques can be used. GP evolves a function that relates the input information to the output
information, which is of the form:

Y'=f(X) (1)

Where X'is ann-dimensional input vector and Y” is an m-dimensional output vector.

GP has the unique feature that it does not assume any functional form of the solution. GP can optimize
both the structure of the model and its parameters. Genetic Programming evolves a computer program,
relating the output and input variables. The specialty of GP approach lies with its ability to select input
variables that contribute beneficially to the model and to disregard those that do not. Hence Genetic

Programming is used for modeling regional rainfall prediction in this study.

In the proposed study, the input vector consists of Historical Average Rainfall for particular month,
ENSO, EQUINOO and MElI indices of three previous monthly time steps. The output vector consists of

monthly rainfall for the particular month over the region.

In this work GP is implemented through Discipulus (Francone, 1998) software that is based on an
extension of the originally envisaged GP called Linear Genetic Programming (LGP). Genetic programs

normally represent highly non-linear solutions (Brameier and Banzhaf, 2004).
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4.1.1 Control parameters and input impact of different variables

Initially Values of control parameters of Genetic Programming can be selected and varied in trials till the
best fitness measures are produced. The fitness criterion is the mean squared error between the actual and
the predicted values. The statistical error criteria of Correlation Coefficient (C.C.) between observed and
predicted rainfall and Root Mean Square Error (RMSE) have been used in this study to compare the GP

predictions with the actual observations.

Four basic arithmetic operators (+, , *, /), trigonometric functions and some basic mathematical
functions like sqrt (x) and power are utilized. In this study GP control parameters adopted are as follows:
Population size: 500, number of generations: 300, mutation frequency: 90%, crossover frequency: 50%.
The reproduction rate in a run is left over after the application of the crossover and mutation operators.

The reproduction rate may be calculated (in percentage) as follows:

Reproduction rate = 100 - mutation rate - (crossover rate * [1 -mutation rate])

Main inputs in this study are monthly values of ENSO indices, EQUINOO indices and MEI indices of
few previous months. The values are taken for three previous monthly time steps. This it was decided to
use ENSO, EQUINOO and MEI indices of time steps (t - 1), (t - 2) and (t - 3) with climatological mean

rainfall of the particular month, as inputs. This combination could give the best results.

4.1.2 Genetic programming approach for monthly rainfall forecasting
Monthly rainfall data, ENSO, EQUINOO and MEI indices from, 1950 to 2010 was used for this study.
ENSO, MEI and EQUINOO indices for three immediate previous months are considered for monthly

rainfall prediction.

4.2 Monthly Rainfall Prediction of Western Rajasthan

The analysis in this study carried out, uses the large-scale atmospheric circulation pattern ENSO,
EQUINOO and MEI indices of three previous time steps for prediction of monthly rainfall. This can be
treated as medium range forecast with one month lead time, which has its own importance for planning

ofagricultural activities and judicious management of available water in reservoirs.

Here we have tried four different combinations of predictors as:
(1)MEI

(2) ENSO +EQUINOO

(3) MEI+EQUINOO
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Thus the monthly rainfall is modeled as a function of

(1) Historical average monthly rainfall of the particular month (HRt),
(i) ENSO indices of three previous monthly time steps (EN),

(ii1)) MEI indices of three previous monthly time steps (MEI),

(iv) EQUINOQO indices of three previous monthly time steps (EQ).

The pairs of equations for the aforesaid four combinations are listed as following:

R=FI(HR), (MEL.3, MEL.2, MEL 1)} <. oo e e e (1)
R,ﬁm=f{ (/HR_JW_]J (MLMWC}:, Mf,gpri_{. MEIMQJ } ............................................................ (2)
R=f{(HRy), (EN¢3, ENv3, EN.))(EQ:3, EQt2, EQrL)} oo (3)
R_)’un=f{ (HR_}W},WHWL Ef\{.{pﬂ;, EMM@)(EQMWC& EQApﬂ'.{r EQUm)} ................................... (4)

R, =f{(HR),(MET 3, MET 3, MEI ( }),(EQ 13, EQ 12, EQ (1)} v i (5
R e = f{(HR une), (MET ygarein, MET aprit, MET 140) (EQ rarch, EQuaprit, EQutiy)} evovvii i (6)

Thus the total summer monsoon rainfall is sum of rainfall from June through September, calculated as

following.

R =R +R,. +R

MOMIOOR June July August

+R
September (7)

Where Rt stands for predicted rainfall of particular month, HR stands for Historical average of rainfall in
particular month, EN stands for ENSO index, EQ stands for EQUINOO Index, MEI stands for
multivariate ENSO index. The optimum number of lags to be considered for each input variables was is

decided based on the 'input impacts' of that input variable during model calibration.

4.3 Computational Methodology of SPI Index

The SPI is a normal quantile transformation applied to a fitted parametric distribution of precipitation
time series (McKee et al., 1993). This SPI can characterize drought at multiple timescales such as 3, 6,9
or 12 months to capture different drought states ranging from short-term, medium-term and long-term
drought conditions. In this study, SPI at a 12-month timescale (SPI-12) is chosen for drought modeling,
which can be useful for assessing seasonal drought conditions. The details of computation of the SPI can
be found in McKee et al. (1993) and Janga Reddy and Ganguli (2012). A drought period is identified
when the SPI value falls below a threshold level, which is taken as the 20thpercentile value (Svoboda et
al.,2002). Figure 1 illustrates drought characteristic identification using SPI. Drought length or duration
(D) is taken as the number of consecutive time intervals (months) where SPI remains below the threshold

level. Drought severity (S) is the cumulative values of SPI within the drought duration.

Journal of Hydropower & Civil Engineering (Volume- 09, Issue -3, Sep - Dec 2025) Page No 20



For convenience, the severity of drought event [, is taken as positive and given as g.—= -y ?_ L SPL;

Table 1: Classification of Droughts According to SPI Index

SPI Index Drought Intensity Designation
2.0+ Extremely wet

1.5t01.99 Very Wet

1.0 to1.49 Moderately wet

-0.99 t0 0.99 Near Normal

-1.0to -1.49 Moderately dry

-1.5t0-1.99 Severely dry

-2 to less Extremely dry

5.0 Results and Discussions
The analysis performed here can be treated as a real time analysis, which uses large scale atmospheric
circulation pattern indices of three previous months to predict rainfall of current month. The

methodology is discussed as following.

5.1 Rainfall Analysis Using ENSO, EQUINOO and MEI

Presently detailed study and drought identification of western Rajasthan is completed. Western
Rajasthan with an area of 196,150 Km2 occupies 57.31% of India's total arid zone area. The climate is
characterized by low, highly variable and ill-distributed rainfall, high wind speed, high evaporation
losses, and extremes of seasonal temperatures. Rajasthan has only 1% ofthe country's total surface water
resources. The monsoon period is short about 2 to 3 months (July-September), resulting in annual
rainfall ranging from 150-900 mm in different part of the state (average annual precipitation 576 mm)
and temperature varies from 5°C-45°C in different seasons (RACP 2012). Rainfall analysis using MEI,
ENSO and EQUINOO Long term average (1950-2010) computed. Monthly average Rainfall (mm)

values of during monsoon months June to September is given in Table 2.

Table 2 Average Monthly Rainfall (mm) for Western Rajasthan during Monsoon Months June
through September

. September Total monsoon
No Region June (mm) July (mm) Augus t(mm)
(mm) (Jun—Sept) (mm)
1 Westemn | 5 44 94.73 93.94 4152 264.63
Rajasthan

As only June through September rainfall is treated as 'monsoon rainfall by India Meteorological

Department, June through September rainfall values are summed while reporting 'monsoon rainfall' in

Journal of Hydropower & Civil Engineering (Volume- 09, Issue -3, Sep - Dec 2025) Page No 21



this work. Monthly rainfall values during months June through October have been computed by Genetic
Programming models. Monthly rainfall anomalies of observed and computed rainfall with reference to
long term average (1950-2010) are also computed and presented through plots. The monthly rainfall
values over Training period, validation period and Testing period for All India Summer Monsoon

Rainfall can be visualized through charts.

Graphical Presentation of Observed and Predicted of all India with (ENSO+EQUINOO) combination
during training and testing is shown in Fig. 3(a) and Fig. 3(b) respectively.
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Figure 3 (a) Graphical Presentation of Observed and Predicted of all India with (EN+EQ)

combination (Training)
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Figure 3 (b) Graphical Presentation of Observed and Predicted of all India with (EN+EQ)

combination (Testing)

The joint influence of ENSO and EQUINOO is established in earlier studies (Gadgil et al., 2004; Maity
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and Nagesh Kumar, 2006). Three monthly time lags of ENSO, EQUINOO and MEI are considered in
this analysis. The earlier study by Maity and Nagesh Kumar (2006) uses two monthly lags for ENSO and
one monthly lag for EQUINOO. However the reason behind using three monthly lags in this analysis,
which is nothing but medium range forecast with 2 weeks lead time. It is interesting to see that the highest
Correlation Coefficient in Testing of GP model for 3 combination as [EN+EQ],[ MEI],[MEI+EQ] for

monthly rainfall has been observed for ‘All India Rainfall’, treating India as a single unit.

Rainfall is predicted by three combinations of the climatic predictors. The combination are tried to
achieve better and better predictions. The various combinations of input variables tried to predict rainfall
are (1) EQ+MEI, (2) MEI (3) EQ+ENSO. Therefore, rainfall predicted three times by three
combinations. SPI-12 index is calculated two times for each combination for observed and predicted

rain fall.

Best correlations between observed and predicted rainfall were achieved for [ENSO+EQUINOO]
significant difference in C.C. over Western Rajasthan region. The Pearson product moment Correlation
Coefficients for Training, and Testing for Western Rajasthan regions are tabulated in Table 3. Root Mean

Square Error For measurement of rainfall in mm during Training and Testing are enlisted in Table 4.

Table 3: Correlation Coefficients between observed and predicted rainfall during Training and

Testing
Regions CC EN+EQ MEI MEHEQ
Western Training 0.85 0.86 0.834
Rajasthan Testing 0.552 0.55 0.495

Table 4: Root Mean Square Error For measurement of rainfall in mm during Training and

Testing
Regions RMSE EN+EQ MEI MEI+EQ
Western Training 32.02 29.5 30.477
Rajasthan Testing 44.17 45.64 47.03

For first combination of predictor ( ENSO and EQUINOOQO) Person Co-relation coefficient for observed
and predicted rainfall is 0.850 and 0.496 respectively. Drought identification is carried out by calculating
SPI-12 index for both observed and predicted rainfall. From SPI-12 values it is observed that 4 severely
dry events identified in year 1951-53, 70-71,85-86,2002-03 and 6 moderately dry events identified for
observed rainfall. At the same time for predicted rainfall 3 Severely dry events identified out of that two
severe droughts events and their duration perfectly matching with observed drought, Similarly

moderately dry events and duration also matching with observed droughts.
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From Figure 4 it is observed that observed droughts events are nearly matching with predicted drought

events. By these studies we can give early warnings of droughts.

Table S. Observed and Predicted Droughts by Rainfall Prediction EN+EQ

SPI-12 by Observed Rainfall SPI-12 by Predicted Rainfall (EN+EQ)
Drought Year Duration Type Drought Year Duration Type
(Months) (Months)
1951-53 24 Severely dry 1951-52 22 Moderately dry
1957-58 12 Moderately dry 1957-58 11 Moderately dry
1968-69 12 Moderately dry
1970-71 12 Severely dry 1969-71 23 Severely dry
1974-75 10 Moderately dry
1985-86 12 Severely dry 1985 3 Moderately dry
1987-88 5 Moderately dry 1987 2 Moderately dry
1989 3 Moderately dry
1992-93 9 Moderately dry 1992-93 3 Moderately dry
1994-95 8 Moderately dry
1997-98 12 Severely dry
2002-03 11 Severely dry 2002-03 11 Severely dry
2009-10 9 Moderately dry
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Figure 4 Severe Observed and Predicted Historic Drought event Western Rajasthan

In second combination (MEI) index is taken as predictor and rainfall is predicted. Droughts identified by
SPI-12 for this combination given below Table No.6 Total 8 drought events identified out of these 3
droughts are severe and 5 droughts are moderate. It seems that most of drought events are matching with

observed droughts but its intensity is fluctuating and classification is changing.
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Table 6. Observed and Predicted Droughts by Rainfall Prediction using MEI

SPI-12 by Observed Ramnfall SPI-12 by Predicted Rainfall (MEI)
Drought Year g/luittl}?; Type Drought Year g/ﬁ;ﬁ; Type
1951-53 24 Severely dry 1951 6 Moderately dry
1957-58 12 Moderately dry 1957-58 2 Moderately dry
1969 2 Moderately dry
1970-71 12 Severely dry
1974-75 10 Moderately dry
1985-86 12 Severely dry
1987-88 5 Moderately dry 1987-88 14 Severely dry
1989 3 Moderately dry
1992-93 9 Moderately dry 1992-93 11 Severely dry
1994-95 8 Moderately dry
1997-98 13 Severely dry
2002-03 11 Severely dry 2002-03 11 Moderately dry
2009-10 9 Moderately dry

In third combination of predictor EQUINOO and MEI is use as predictor. Total 9 drought events are
identified out of that 2 are severe and remaining are moderate. Again in this combination there is close

association between observed and predicted SPI-12 Results but intensity reducing.

Table 7. Observed and Predicted Droughts by Rainfall Prediction EQUINOO and MEI

SPI-12 by Observed Rainfall SPI-12 by Predicted Rainfall (EQ+MEI)
Drought Year gduZ?lT}?; Type Drought Year (I;/Iu(r:z:tl}(])sn) Type
1951-53 24 Severely dry
1957-58 12 Moderately dry
1965-66 16 Moderately dry
1970-71 12 Severely dry 1969-70 10 Moderately dry
1972-73 11 Moderately dry
1974-75 10 Moderately dry
1982-83 12 Severely dry
1985-86 12 Severely dry 1986 2 Moderately dry
1987-88 5 Moderately dry| 1987-88 11 Severely dry
1989 3 Moderately dry
1992-93 9 Moderately dry| 1992-94 21 Moderately dry
1998-99 11 Moderately dry
2002-03 11 Severely dry 2003-04 10 Moderately dry
2009-10 9 Moderately dry
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5.0 Conclusions

This work uses the association between the large-scale circulation patterns for prediction of Indian
Summer Monsoon Rainfall and drought over Western Rajasthan regions of India which is quite
important for drought mitigations. Genetic programming approach is used for establishing the complex
relationship between inputs and outputs. Various combinations of predictors viz. ENSO, EQUINOO and
MEI were explored for the monthly rainfall prediction. Historical average rainfall of the particular
month was invariably used in each of the Combinations. Highest correlation was observed in
combination of ENSO and EQUINOO. However, combination of ENSO and EQUINOQO is found better
compared to other predictor combinations and drought events predicted by this combination with SPI-12

indices are nearly matching with observed events.
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ABSTRACT

/Indian Summer Monsoon Rainfall (ISMR) is found to vary annually leading to profound impact on\
agriculture. Hence monsoon forecast is always in great demand by government and farming community.

The Large-scale atmospheric circulation patterns are proven to influence the Indian Summer Monsoon

Rainfall. EL Nino-Southern Oscillation (ENSO) and Equatorial Indian Ocean Oscillation (EQUINOO)

have shown major influence on ISMR. Recently "Multivariate ENSO Index (MEI)'is also used to represent

ENSO on basis of six main observedvariables over the tropical Pacific. Hence ENSO, EQUINOO and MEI
indices are used to develop models for prediction of monthly Indian summer monsoon rainfall. This work

develops models for medium range forecasts, for five homogeneous monsoon regions of India. For

developing these models, recent Artificial Intelligence tool- Genetic Programming has been used. The

correlation coefficient between observed rainfall and predicted rainfall for different combination of
predicators andregions are calculated.

1t is observed that better correlation coefficient between observed rainfall and predicted rainfall were
found to for [ENSO+EQUINOQO] combination of predictors for most of the regions. The correlation
coefficient between observed rainfall and predicted rainfall were found to be highest for All India
predications due to large spatial extend of the area under consideration.

Keywords: EL Nino-Southern Oscillation (ENSO), Equatorial Indian Ocean Oscillation (EQUINOQO),
Multivariate ENSO Index (MEI), Genetic Programming (GP), Indian Summer Monsoon Rainfall
\(ISMR) %

1. Introduction

Indian Summer Monsoon Rainfall (ISMR) is always found to vary annually, leading to profound
impacts on agriculture based Indian economy. Spatiotemporal distribution of rainfall and amount of
monsoon rainfall influences many policy decisions at National level. Prediction of Monsoon rainfall has
been remained a great challenge for hydro-meteorologists due to inherent complexities in modeling the

climatic systems

There is a strong link between the interannual variation of Indian summer monsoon rainfall (ISMR) and
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El Ni"no southern oscillation (ENSO).Equatorial Indian Ocean oscillation (EQUINOO) plays an
importantrole. (Gadgil etal. 2003, 2004, 2007; Ihara et al. 2007; Francis and Gadgil 2010; Boschat et al.
2012; Rajeevan et al. 2012). Recent studies have shown that, in addition to El Ni"no southern oscillation
(ENSO) and equatorial Indian Ocean oscillation (EQUINOO), Multivariate ENSO Index (MEI) is also
considered as the most representative index, since it links six different meteorological parameters

measured over the tropical Pacific.

1.1 Prediction of ISMR using ENSO, EQUINOO and MEI

1.1.1 El Nifio-Southern Oscillation (ENSO)

El Nifio-Southern Oscillation is a global coupled ocean-atmosphere phenomenon. The Pacific Ocean
signatures, El1 Nifio and La Nifia are important temperature fluctuations in surface waters of the tropical
Eastern Pacific Ocean. A higher El Ni™no southern oscillation (ENSO) is associated with droughts and

LaNi™nais associated with of excess rainfall (Sikka 1980; Rasmusson and Carpenter 1983).

The intensities of El Nifio are generally assessed on the basis of the average SST over the different Nifio
regions in the Pacific Ocean, widely known as Nifio 1(10°S-5°S,90° W - 80" W), Nifio 2 (5°S - 0°,90° W
-80°W), Nifio 3 (5°S-5°N,90°W - 150°W), Nifio 3.4 (5°S-5°N, 170°E-120° W) and Nifio4 (5°S-5°
N, 160° E-150° W). Amap oftropical Pacific Ocean showing the above region is shown in Figure 1.

1&0E 1B I SO 1808 120 100w ST

Figure 1 Locations of different Nifio regions (Source: http://www.srh.noaa.gov)

1.1.2 Equatorial Indian Ocean Oscillation (EQUINOO)
Equatorial Indian Ocean Oscillation (EQUINOO) can be seen as the atmospheric component of the
India Ocean Dipole (IOD) mode (Gadgil etal., 2003; 2004). During summer monsoon session (June
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September), the convection over the eastern part of the equatorial Indian Ocean (90°E - 110°E, 10°S—0°)
is negatively correlated to that over the western part of the equatorial Indian Ocean (50°E - 70°E, 10° S —
10° N). The anomalies in the sea level pressure and the zonal component of the surface wind along the
equator are consistent with the convection anomalies. When the convection is enhanced (suppressed)
over the western part of the equatorial Indian Ocean, anomalous surface pressure gradient high to low is
towards the west (east) so that the anomalous surface wind along the equator becomes easterly
(westerly). The oscillation between these two states is called the equatorial Indian Ocean Oscillation
(EQUINOO) (Gadgil etal.,2003;2004).

Equatorial zonal wind index (EQWIN) is considered as an index of EQUINOO, which is defined as
negative of the anomaly of the zonal component of surface wind in the equatorial Indian Ocean Region
(60°E-90°E,2.5° S2.5°N).

1.1.3 Multivariate ENSO Index (MEI)

El Nifio/Southern Oscillation (ENSO) is the most important coupled ocean-atmosphere phenomenon to
cause global climate variability on interannual time scales. ENSO is monitored by basing the
Multivariate ENSO Index (MEI) on the six main observed variables over the tropical Pacific. These six
variables are: sea-level pressure (P), zonal (U) and meridional (V) components of the surface wind, sea

surface temperature (S), surface air temperature (A), and total cloudiness fraction of the sky ©.

2.0 Objectives of the work

This work intends to develop models for medium range (1 month ahead) forecasts of monthly Indian
Summer Monsoon rainfall for 'All India', as well as for five homogeneous monsoon regions of India, by
using ENSO, EQUINOO and MEI indices as large scale atmospheric circulation information, with the

help of Artificial Intelligence tool Genetic Programming.

3.0 Data

Sea surface temperature (SST) anomaly from the Nifio 3.4 region (120° W—170° W, 5° S—5 °N) is used as
the ‘ENSO index’ in this study. Monthly sea surface temperature data from Nifio 3.4 region for the
period, January 1950 to December 2010, data are obtained from the website of the National Weather
Service, Climate Prediction Centre of National Oceanic and Atmospheric Administration (NOAA)

(http://www.cpc.noaa.gov/data/indices/ and http://www.cpc.ncep.noaa.gov).

EQWIN, the negative of zonal wind anomaly over equatorial Indian Ocean region (60°E —90° E, 2.5S -
2.5N)isused as ‘EQUINOO index’ (Gadgil etal., 2004). Monthly surface wind data for the period
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January 1950 - December 2010, are obtained from the National Centre for Environmental Prediction

(http://www.cdc.noaa.gov/Datasets).

METI is re-computed every month to monitor the strength of ENSO conditions for the preceding two
months. The discussion of the MEI time-series and spatial patterns can be seen on (http:/www.

cdc.noaa.god-kewIMELJ/). Itis updated during the first week of each following month.

Monthly rainfall data over entire India as well as over homogeneous monsoon regions of India rainfall
data (http://www.tropmet.res) (Parthasarathy et al. 1995) used for this study were collected by India
Meteorological Department for a period 1871-2010. The data from 1950 through 2010 were only used,
as the ENSO and EQUINOO data were available 1950 onwards. Monthly rainfall data from data from
1950 through 1975 were used for the Training purpose. The data from 1976 through 1990 were used for
the validation purpose. The data from 1991 through 2010 were used as testing the GP models. The
analysis consists of rainfall depths all over India for so called Indian Summer Monsoon season (June to

September) plus the month of October.

4.0 Methodology

Genetic Programming has been used by many researchers in Hydraulics, Fluid Mechanics and Water
Resources Engineering.(Babovic, 2000; Aytek and Kisi, 2008; Harris et al., 2003; Babovic and Keijzer,
2000; Baptist et al., 2007; Keijzer and Babovic, 2002; Kisi and Shiri, 2011,Babovic and Abbott, 1997a;
1997b; Giustolisi, 2004).

GP has the unique feature that it does not assume any functional form of the solution. GP can optimize
both the structure of the model and its parameters. Genetic Programming evolves a computer program,
relating the output and input variables. The specialty of GP approach lies with its ability to select input
variables that contribute beneficially to the model and to disregard those that do not. Hence Genetic

Programming is used for modeling regional rainfall prediction in this study.

GPevolves a function that relates the input information to the output information, which is of the form:

Y'=f(X) (1)

Where X"isann-dimensional input vectorand Y" is an m-dimensional output vector.

In the proposed study, the input vector consists of Historical Average Rainfall for particular month,
ENSO, EQWIN and MEI indices of three previous monthly time steps. The output vector consists of

monthly rainfall for the particular month over the region.
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In this work GP is implemented through Discipulus (Francone, 1998) software that is based on an
extension of the originally envisaged GP called Linear Genetic Programming (LGP). Genetic programs

normally represent highly non-linear solutions (Brameier and Banzhaf, 2004).

4.1 Genetic programming approach for monthly rainfall forecasting

Genetic Programming models are developed to predict Indian Summer Monsoon Rainfall. India
Meteorological Department (IMD) has divided the country into five 'Homogeneous Monsoon Regions'.
Hence total six separate analyses are carried out for developing six separate models of ISMR
predictions. The first analysis deals with 'All India Summer Monsoon Rainfall' with India as one unit.

The other five analyses deal with five 'Homogeneous Monsoon Regions' of India.

Monthly rainfall data, ENSO, EQUINOO and MEI indices from, 1950 to 2010 was used for this study.
ENSO, MEI and EQUINOO indices for three immediate previous months are considered for monthly

rainfall prediction.

5.0 Monthly ISMR Prediction

The analysis in this study carried out, uses the large-scale atmospheric circulation pattern ENSO,
EQUINOO and MEl indices of three previous time steps for prediction of monthly rainfall. For example,
for the prediction of August rainfall, ENSO, EQUINOO and MEI indices of July, June and May are
given as input, with long term average rainfall August as one of the inputs. This can be treated as
medium range forecast with one month lead time, which has its own importance for planning of

agricultural activities and judicious management of available water in reservoirs.

Here we have tried four different combinations of predictors as:
(1)ENSO

(2) MEI

(3) ENSO + EQUINOO

(49) MEI+EQUINOO

Thus the monthly rainfall is modeled as a function of

(1) Historical average monthly rainfall of the particular month (HRt),
(11) ENSO indices of three previous monthly time steps (EN),

(ii1)) MEI indices of three previous monthly time steps (MEI),

(iv) EQUINOO indices of three previous monthly time steps (EQ).
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The pairs of equations for the aforesaid four combinations are listed as following:

RAT{(HRIENBENZENLID) oo (2)
R jun=f{HR jun, (ENrtaret, ENoiprs Ewm)} e 3
R=f{(HRy), (MEL3, MEIL 5, MEL 1)} < ..ot e e e et e e as 4)
R}un:f{ (HRJW_]J (MI_MWCP,, MIAM_{, MEJM@) } ............................................................ (5 )
R=f{(HR), (ENv.3, ENi2, EN.))(EQt.3, EQe2s EQel)} woveiiiiiiiiiieeeeieeeiee e (6)
Run=1{(HR ji), (ENytarcie ENaprit, ENutn) (EQsarcie EQuprit, EQntmg)} ooveneie i, (7)
R:=f{(HR),(MEI .5, MEI .5, MEI :).(EQ 3, EQ 12 EQ )} +eveeeeieee e, (8)
Rue = [{(HR nune), (MEI sgare, MEI sprity, MEI ), (EQ rarei EQuaprity EQuig)} «oveevevvieeeeveiins (9)

Thus the total summer monsoon rainfall is sum of rainfall from June through September, calculated as

following.

R =R

MOHIOOR June

+ RJ&!}' + RAugusr + RSgprgmbgr (10)

Where Rt stands for predicted rainfall of particular month, HR stands for Historical average of rainfall in
particular month, EN stands for ENSO index, EQ stands for EQUINOO Index, MEI stands for
multivariate ENSO index. The optimum number of lags to be considered for each input variables was is

decided based on the 'input impacts' of that input variable during model calibration.

5.1 Results and Discussions
The analysis performed here can be treated as a real time analysis, which uses large scale atmospheric
circulation pattern indices of three previous months to predict rainfall of current month. The

methodology is discussed as following.

5.2 ISMR Analysis Using ENSO, EQUINOO and MEI
ISMR analysis using MEILENSO and EQUINOO Long term average (1950-2010) computed and used

in this analysis for All India summer monsoon rainfall (June to September).

The South west monsoon normally touches Indian continent on the first day of June and returns in
November. Hence rainfall in October also can be considered as a part of Monsoon rainfall activity.
Monthly rainfall values during months June through October have been computed by Genetic
Programming models. Monthly rainfall anomalies of observed and computed rainfall with reference to
long term average (1950-2010) are also computed and presented through plots. The monthly rainfall

values over Training period, validation period and Testing period for All India Summer Monsoon
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Rainfall can be visualized in Figs. 5(a) and 5(b) respectively.

Three monthly time lags of ENSO, EQUINOO and MEI are considered in this analysis. It is interesting
to see that the highest Correlation Coefficient in Testing of GP model for 4 combination as [ENSO],
[EN+EQ],[ MEI],[MEI+EQ] for monthly rainfall has been observed for 'All India Rainfall', treating

India as a single unit.

This large difference in C.C. of Peninsular India region and other regions indicates that ENSO,
EQUINOO and MEI indices are not able to capture the total climatic mechanism behind summer
monsoon rainfall over peninsular region of India. It may be noted that ENSO, EQUINOO and MEI do
not well capture rainfall mechanism during summer monsoon over peninsular India. It might be due to
the fact that it is not the chiefrainy season for peninsular India. The Pearson product moment Correlation
Coeflicients for Training, and Testing for All India and five homogeneous monsoon regions are tabulated
in Table 1. Root Mean Square Error For measurement of rainfall in mm during Training and Testing are

enlisted in Table 2.

Table 1 Correlation Coefficients between observed and predicted rainfall during Training and

Testing
Regions CC ENSO EN+EQ MEI MEI+EQ

) Training 0.936 0.942 0.938 0.932

All India
Testing 0.884 0.889 0.852 0.873
) Training 0.932 0.919 0.903 0.925

Central NE India

Testing 0.815 0.837 0.817 0.839
) Training 0.891 0.874 0.895 0.883

NE India
Testing 0.786 0.78 0.721 0.785
) Training 0.859 0.897 0.884 0.848

NW India
Testing 0.731 0.776 0.745 0.742
) Training 0.773 0.806 0.635 0.724

Peninsular -
Testing 0.219 0.307 0.276 0.29
) Training 0.908 0.916 0.897 0.909
West Central India -

Testing 0.817 0.836 0.824 0.826
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Table 2 Root Mean Square Error For measurement of rainfall in mm during Training and

Testing
Regions RMSE ENSO EN+EQ MEI MEI+EQ
) Training 26.64 25.39 26.26 27.4
All India
Testing 32.79 32.21 37.3 34.24
) Training 37.01 39.59 43.19 36.33
Central NE India
Testing 60.87 57.6 60.89 57.2
) Training 51.77 59.94 50.61 53.25
NE India
Testing 67.42 67.82 77.63 67.06
) Training 43.88 38.54 40.3 45.33
NW India -
Testing 52.56 48.1 51.35 51.88
) Training 34.61 33.77 40.63 37.12
Peninsular -
Testing 51.56 46.31 47.33 46.6
West Central Training 43.62 41.647 45.73 42.77
India Testing 54.17 50.51 52.44 52.47

Graphical Presentation of Observed and Predicted of all India with (EN+EQ) combination during
training and testing is shown in Fig. 2(a) and Fig. 2(b) respectively.
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Figure 2 (a) Graphical Presentation of Observed and Predicted of all India with (EN+EQ)

combination (Training)
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6.0 Conclusions

This work uses the association between the large-scale circulation patterns for prediction of Indian
Summer Monsoon Rainfall over homogeneous monsoon regions of India which is quite important for
Indian hydro climatology. Genetic algorithm based approach (GP), is used for the complex relationship
between inputs and outputs. Various combinations of predictors viz. ENSO, EQUINOO and MEI were
explored for the monthly ISMR prediction. Historical average rainfall of the particular month was
invariably used in each of the Combinations. The highest correlation between observed rainfall and
predicted rainfall was observed for [EN+EQ] combination for All India Rainfall. Al tool Genetic
Programming developed most optimum model for prediction of Indian Summer Monsoon Rainfall with
correlation coefficient between observed and predicted rainfall as good as 0.889. However considerably
less correlation was observed for peninsular India, which covers Tamilnadu, Pondicherry, Coastal
Andhra Pradesh, Rayalseema and South Interior Karnataka regions of India. This can be attributed to the
climate systems other than ENSO, EQUINOO and MEI , which cause winter rainfall in months of

November and December in south part of Peninsular India.
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ABSTRACT

( The study discusses analysis of a daily gridded rainfall data set (IMD4) at a high spatial resolution\
(0.250 X 0.250, latitude X longitude) for the period of 110 years (1901-2010) over the Indian main land for
assessing effect of Effect of Climate Change on Spatio-temporal Distribution of Indian Summer Monsoon
Rainfall on 'Homogeneous Monsoon Regions of India".The study presents an analysis of extreme daily
rainfall (ER) events over homogeneous monsoon regions of India viz. Central India (CI), Northeast India
(NEI) and West coast (WC) based on the IMD4 data set.The study covers the spatial domain of the from
6.5°N to 38.5°N in latitude(129 points), and from 66.5°E to 100°E in longitude (135 points) covering the
mainland region of India (excluding the island parts). The study emphasizes re-examining results of some
of the recent research studies on variability and long term trends of monsoon rainfall over India conducted
using already available gridded daily rainfall data sets over the region.Thus present study focuses on
Climate Change Effects on Spatio-temporal Distribution of Indian Summer Monsoon Rainfall on
Homogeneous Regions of India.

The study highlights usefulness of proper water resources planning and management in the future.

Keywords:Extreme Rainfall(ER), High Rainfall(HR), Very High Rainfall(VHR), North East
\India(NEI), Central India(CI), Peninsular, West Coast(WC)

/

1. Introduction

Water is a precious natural resource and most of the water is received in the form of rainfall. Declining
rainfall has adverse effect on water resources, agricultural output and economy. It is well realized that
natural climate variability (e.g. decadal changes in circulation) and human induced (e.g. land cover and
emissions of green house gases) changes alter the rainfall patterns. The contribution and effects of these
factors are difficult to quantify and vary in time and space (IPCC, 2007). The rainfall has important
socioeconomic implications over the Indian subcontinent (Fein and Stephens, 1987). Therefore it isof
interest to study changing patterns of rainfall in spatio-temporal domain to identify areas undergoing
rapid change.Climate change is a significant and lasting change in the statistical distribution of weather

patterns over periods ranging from decades to millions of years.
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The monsoon is a special phenomenon exhibiting regularity in onset and distribution within the country,
but inter-annual and intrannual variations are observed. The monsoon is influenced by global and local
phenomenon like El Nino, northern hemispheric temperatures, sea surface temperatures, snow cover
etc.More than 22% of'the world's population depends inextricably on the South Asian summer monsoon,
which contributes as much as 75 percent of the total annual rainfall in major parts of the region (Dhar and
Nandargi, 2003). Given the dependence of large populations on monsoon rainfall, the response of South
Asian monsoon dynamics to elevated atmospheric greenhouse gas concentrations is an issue of both

scientific and societal importance (Ashfaq et. al, 2009).

India Meteorological Department (IMD) has recently made three datasets available over Indian main
land at different spatial grids and temporal periods. There are total two 10x10 gridded daily rainfall
datasets based on fixed network of raingauge stations(Rajeevan et.al.2006,Rajeevan et.al.2008).There
152 0.50x0.50 gridded daily rainfall data set based on variable network of raingauge stations(Rajeevan et
al 2009).Another daily gridded rainfall dataset of 0.250x0.250spatial resolution over Indian region was
made available as a part of the larger data set developed for the monsoon Asian region under Asian
Precipitation-Highly Resolved Observational Data Integration Towards Evaluation of the Water
Resources Project (APHRODITE) Project(Yatagaietal, 2012).

For the present study 0.250x0.250 spatial resolution data set IMD4 is used.

The objectives of the study are-

1) To examine the variability and long term trends in the Extreme Rainfall over central India (CI) during
the southwest monsoon season (June- September) using the IMD4 data, with high spatial resolution and
longer period

i1) To study spatiotemporal distribution of Indian Summer Monsoon Rainfall (ISMR) and capture the

changes in rainfall distribution on homogeneous monsoon regions of India.

2.Scope of Topic

Climate change is recognized as one of the major threats for the planet earth in the twenty-first century.
According to the Intergovernmental Panel on Climate Change (IPCC) report (IPCC,2007), instrumental
observations over the past 157 years show that temperatures at the surface have risen globally, with
significant regional variations. For the global average, warming in the last (20th) century has occurred in
two phases, from the 1910s to the1940s (0.35 C), and more strongly from the 1970s to the present (0.55
O).
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In general, this warming intensifies the global hydrological cycle (e.g., Milly et al., 2002) and it is well
established that the earth's mean surface temperature has been increasing following the last glacial

maximum 21,000 years ago severe or extreme droughts at any given time during the last century.

Figure 1 shows the predicted distribution of temperature change due to global warming from Hadley
CentreHadCM3climate model. These changes are based on the IS92a ("business as usual") projections
of carbon dioxide and other greenhouse gas emissions during the next century, and essentially assume
normal levels of economic growth and no significant steps are taken to combat global greenhouse gas

emissions.

The plotted colors show predicted surface temperature changes expressed as the average prediction for
2070-2100 relative to the model's baseline temperatures in 1960-1990. The average change is 3.0°C,
placing this model towards the low end of the Intergovernmental Panel on Climate Change's 1.4-5.8°C
predicted climate change from 1990 to 2100. As can be expected from their lower specific heat,
continents warm more rapidly than the oceans in the model with an average of 4.2°C to 2.5°C
respectively. The lowest predicted warming is 0.55°C south of South America, and the highest is 9.2°C

in the Arctic Ocean (points exceeding 8°C are plotted as black).(Ref-www.globalwarmingart.com)

Global Warming Projections

— CCSR/NIES W

— CCCma I
CSIRO v
Hadley Centre W ol
GFDL o

—— MPIM

—— NCARPCM

—— NCARCSM

B

Temperature Anomaly ("C)

T

=)

,.
!
L
£
=

1900 1950 2000 2050 2100
Fig. 1: Predicted Temperature changes due to Global Warming from Hadley

CentreHadCM3Climate Model. (Source: www.globalwarmingart.com)

Climate change can affect crop yields (both positively and negatively), as well as the types of crops that
can be grown in certain areas by impacting agricultural inputs such as water for irrigation, amounts of
solar radiation that affect plant growth, etc. These changes in agricultural cloud then affect food security,
trade policy, livelihood activities and water conservation issues, impacting large portions of the
population in India. Hence the present work intends to study the effects of climate change on Indian

Summer Monsoon Rainfall ISMR) on 'Homogeneous Monsoon Regions of India'. Figure 2 depicts
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Homogeneous Monsoon Regions of India defined by Indian Institute of Tropical Meteorology.
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Fig. 2: 'Homogeneous Monsoon Regions of India'

(Source: Indian Institute of Tropical Meteorology)

3.Data Sources

3.1.1 Observed Rainfall Data—IMD4
The gridded rainfall data are smoother compared to individual station data. IMDA4, a daily rainfall data

set from the archive of National Data Centre, IMD, Pune for the period 1901-2010 were used for the

present study.

The basic rainfall data and the gridded rainfall products are available from the India Meteorological

Department, Pune (www.imdpune.gov.in).

The data product is based on data collected from dense network of daily rainguage data across India.
Station rainfall data is converted into gridded data by spatial interpolation. The spatial domain of the
IMD4 extended from 6.5°N to 38.5°N in latitude(129 points), and from 66.5°E to 100°E in longitude
(135 points) covering the mainland region of India. The temporal domain of the dataset extends from
IstJanuary, 1901 to 31st December, 2010.Gridded data are also preferred for the model validations, as

the model outputs are generated at fixed spatial grid points.

For the present study IMD4 data set is used as daily rainfall records from 6995 rain gauge stations from
the country for the period 1901-2010 sourced from the archive of IMD were used, which is the highest

ever number of stations over Indian mainland usedby any studies so far to prepare gridded rainfall over
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the region. So, this data is preferably used in this study:.

3.1.1 South-west Monsoon/ Indian Summer Monsoon Summer Monsoon

The SW monsoon is the most significant feature of the Indian climate. Theseason is spread over four
months, but the actual period at a particular placedepends on onset and withdrawal dates. It varies from
less than 75 days overWest Rajasthan, to more than 120 days over the south-western regions of

thecountry contributing to about 75% of the annual rainfall.

The onset of the SW monsoon normally starts over the Kerala coast, thesouthern tip of thecountry by 1
June, advances along the Konkan coast in earlyJune and covers the whole country by middle of July.The
distribution of rainfallover northern and central India depends on the path followed by thesedepressions.
SW monsoon current becomes feeble and generally starts withdrawing from Rajasthan by 1st

September and from north-western parts of India

3.1.2 Climate Change Variations over a Period of Time and Extreme Rainfall Events during
Summer Monsoon
s and that over peninsular, east and north east India is increasing. The study was based on the daily

rainfall data of about 2599 stations having at least 30 years of data during the period 1901-2005.

4.0 Methodology

For the present study, we have used an updated version of the high resolution gridded daily rainfall data
developed by D.S.Pai et al (2010). The original dataset was developed for the period 1901-2010. The
daily rainfall data were interpolated into grids of 0.25° x 0.25°degree resolution using the interpolation
Method.The grid point rainfall data at different resolutions have been used for preparing the daily
rainfall over various spatial regions. The daily rainfall over a given region was computed as the area
weighted rainfall over all the gridboxes over the region.Most of the analysis in this study are based on
simple and well known statistical methods .GRADS (Grid Analysis and Display System) Software with
graphical user interface for representation of climatic data in map.GrADS interprets station data as well
as gridded data. Data from IMD4 data setis graphically overlaid, with correct spatial and time

registration.

5.Results and Discussion
Monthly, seasonal and annual rainfall data over entire India as well as over homogeneousmonsoon
regions of India rainfall data used for this study were collected by India Meteorological Department for a

period1901-2010 and variation is observed (Refer fig.3).
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Fig 3: Variation of Monthly, seasonal, annual rainfall over Indiafor the period 1901 to 2010

The Significant increasing trends in the heavy rainfall events i.eHR (=100 mm to 150 mm) and very
heavy rainfall events i.e. VHR (>150 mm) during the recent periods (1956-2010) were observed over
Central India, whereas during the same period, the disaster potential over NEI has reduced as HR events

show significant decreasing trend.
The statistical Properties of grid point extreme daily rainfall events averaged over Central India are
summarized in Table 1. Whereas, the statistical Properties of grid point extreme daily rainfall events

averaged over North East India are summarized in Table 2.

Table 1:Statistical Properties of grid point extreme daily rainfall events averaged over Central

India
Statistical prope Categories of Period
property Extreme Rainfall | 1901-2010 | 1901-1955 | 1956-2010
Rainfall maximum at any grid (mm) 763.38 515.79 763.38

25mm 89565 91470 87661

Mean (arid point events per scasony |10 88473 90426 86520
giep p 100-150mm 834 815 852
2150mm 259 229 290

?25mm 9791 9190 10083

Standard deviation (grid point events per |5mm-100mm 9771 9168 10045
season 100-150mm 198 177 216
2150mm 118 75 143

25mm 90464 93285 88425

Median (grid point events per season) Smm-100mm 89398 92152 87311
giep P 100-150mm 816 813 817
2150mm 252 227 261
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Table 2:Statistical Properties of grid point extreme daily rainfall events averaged over North

East India
Statistical Categories of Extreme 11);1(;1(1)(1 901 1956
Rainfall ) ) )
property 2010 1955 2010
Rainfall maximum at
m atay 939.45 525.83 939.45
grid (mm)
?25mm 26424 27267 255080
Mean (grid point events Smm-100mm 25968 26870 25066
per season) 100-150mm 330 309 350
?2150mm 126 88 164
?25mm 2225 1648 2415
Standard deviation (grid Smm-100mm 2144 1548 2286
point events per season 100-150mm 148 133 160
?2150mm 109 77 124
?25mm 26797 27343 25457
Median (grid point 5mm-100mm 26258 26791 25066
events per season) 100-150mm 321 275 326
?2150mm 93 64 149

Mean, Standard Deviation and Median for the Grid point events for the Extreme Rainfall Events are
evaluated per season for CI and NEI. During the total period (1901-2010), significant decreasing trends
were observed in the MR&ER events. As a result, area weighted season rainfall also showed
insignificant decreasing trend in spite of significant increasing trend in the VHR events Over India, the

large scale rainfall during the SW monsoon season is received in spells with intermediate dry spells.

During the peak monsoon rainfall months (July and August) of the season, the monsoon trough shifts
north and south about its normal position causing large scale intraseasonal rainfall variation over the
country. The intervals of dry monsoon conditions during which the large-scale rainfall over the monsoon
trough zone (the zone between which the monsoon trough fluctuates north and south wards) is
interrupted for several days in July and August are known as the breaks (Ramamurthy 1969, Raghavan
1973).

Thus, the present study emphasizes use of IMD4 toexamine climatology and variability of extreme
dailyrainfall events over India. During the total data period, there is decreasing trend in the MR events
and increasing trends in HR events and VHR events. Over CI, the ER & MR events showed significant
increasing trends in the first half and significant decreasing trend in the second half of the data period.
However, the decreasing trends were observed in the ER and MR events during the total period with

trend in the MR events being statistically significant.
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6. Conclusions

The observation shows that the occurrence of number of Heavy Rainfall days was significantly more in
the second half (1956-2010) of the data period than the first half (1901-1955). IMD4 data are also used to
examine trends in the extreme rainfall (grid point rainfall of > 5Smm) or ER events during the southwest
monsoon season over three regions over the country which were most favorable for the ER events;
central India (CI), northeast India (NEI) and west coast(WC). The significant increasing trends in the HR
& VHR events over CI during recent period are observed due to the increasing trend in the monsoon lows
during recent decades. On the other hand, the increasing trend in the monsoon lows has opposite impact
on the heavy rainfall events over NEI as the strong convergence in the low pressure systems over central
India blocks the moisture supply over NEI which inhibits deep convective activity and reduces heavy

rainfall events over NEI.
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ABSTRACT
4 N

The project aims at studying the effect of various size of coarse aggregates, fine aggregate percentage and

the use of flyash on pervious concrete and characterize the mix for use in pavements. With trials performed
for determining the suitable water-cement ratio for the mixes, the proportioning was done with the help of
American code for mix proportioning. Ten mixes were formulated and studied. OPC 53 grade cement,

coarse aggregates of sizes 10— 12.5 mm and 19-20 mm, fine aggregate as 5% and 10% replacement of
coarse aggregate and class C flyash as 10% and 20% replacement of cement were the materials used for
the study. For each mix, various material properties like compressive, tensile and flexural strength were

studied. Also, the permeability through the pores was studied using the falling head permeability test. And
the tile abrasion test was used to study the abrasive resistance of the concrete. The relationship between

strength, permeability and porosity with the help of angularity number of aggregates has been developed.

The suitability of each mix as a pavement material is studied.

Keywords: Pervious concrete, permeability, pores, abrasion
N

1. Introduction

The problem of water security is one of the major concerns in Indian economy today. Though India
receives an abundant rainfall every year, on a global scale, due to various reasons like climatic
conditions, contamination of surface waters, and manmade pressures, it mainly depends on groundwater
as a source. In India groundwater accounts for 65% of irrigation water and 85% of drinking water
supplies. It is estimated that 60% of ground water will be in a critical state of degradation within next 20
years. Unsustainable ground water depletion is a major issue to be addressed today. The natural ground
water recharge is prevented to a large extent by the impermeable pavements laid across the country.
Therefore, a solution to improve the groundwater recharge and reduce the depletion of water with the use

of concrete is needed, which would be a sustainable new technology to protect our environment.'

Pervious concrete pavements are a unique and most cost effective means of capturing rainwater and

allowing it to seep into the ground. This porous concrete is instrumental in recharging ground water and
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reducing storm water runoff. The pervious concrete consists of controlled amount of cement and water in
order to obtain considerable amount of paste to cover each coarse aggregate. The cementitious bond
obtained between all the aggregates on tamping holds the concrete and is responsible for its strength.
This concrete consists of no or less amount of fine aggregate. This omission of fines makes the concrete
porous enough to allow rain water to seep through. With proper tamping and about 15% to 20% of
porosity, a water permeability rate of greater than 0.34 cm/s can be achieved which supports the
collection of rainwater. The main issue of pervious concrete is the development of strength for
pavements. Though the strength of pervious concrete is considerably lesser than that of conventional
concrete, the strength can be improved through use of optimum amount of fine aggregates, water

reducers and supplementary cementitious materials (SCM).

The pervious concrete, with reduced cement content serves as a means in reducing environmental
pollution, and with the use of flyash it is actually an added benefit for the same. The use of flyash in the
pervious concrete not only make it economical (through cement reduction), but also serves in

considerable reduction of environmental pollution.

I1. Experimental Program

A.Materials and properties
Ordinary Portland Cement of grade 53 has been used as the primary binder in all the mixes and class C
flyash has been used as supplementary cementitious material (SCM). Two single sized aggregates of

sizes 10— 12.5 mm and 20 —-25 mm were used.

Properties Value
Specific gravity of cement 3.15
Specific gravity of coarse aggregate (20 mm) 2.63
Specific gravity of coarse aggregate (12.5mm) 1.85
Specific gravity of fine aggregate 2.62
Water absorption of aggregate(20 mm) 2.50%
Water absorption of aggregate (12.5 mm) 2%

Table 1. Physical Properties Of Materials

In addition, a sulfonated naphthalene-formaldehyde condensate superplasticizer has been used to

improve the workability of the no-slump pervious concrete mix. The properties of materials are listed in

table 1.
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B. Mix proportioning

The proportioning of pervious concrete was done with the help of the ACI 211.3R — 02, Guide for
Selecting Proportions for No-slump Concrete. The mixes were assumed to have 15% voids and the ratio
of cement to aggregate is 6, the percentage paste by volume was kept at 18%, the specific gravity, dry
rodded density based on ASTM C 29/ C29M and water absorption of the aggregates were determined
and the proportioning was done at saturated surface dry condition (SSD). By the ACI recommendations,
dry-rodded volume of coarse aggregate in a unit volume of concrete is used in the proportioning of the
pervious concrete. The volume varies with the percentage of fine aggregate substituted, that is, the
volume of the coarse aggregate is reduced with the increase in fine aggregate percentage based on the
dry-rodded density tests made by the National Aggregates Association- National Ready Mixed Concrete
Association (NAA-NRMCA).

3 trial mixes were cast with water cement ratio of 0.30, 0.33 and 0.35 and checked for compressive

strengths.

In a conventional concrete, with the reduction of w/c ratio, the strength of the concrete improves. It was
found the water cement ratio does not have the same effect on strength of concrete as that of the
conventional concrete. The mix with 0.33 w/c ratio gave the required 7 day compressive strength 7.35

N/mm?2 with the required workability for the usually dry mix.

The table 2 and 3 gives the details of mix proportioning done.

Fines Flyash SP 20-25 mm | 10-12.5mm
0 0 0 M1FO M2FO0
5 0 0 M1FO5 M2F05
10 0 0 M1F10 M2F10
0 10 0.2 M1FA10 M2FA10
0 20 0.3 M1FA20 M2FA20

C.Preparation and testing of specimens

Compressive strength tests:

Compressive strength tests were performed in accordance with IS 516. Specimens of size 150 X 150 X
150 mm cubes were cast for all the mixes. After 24 hours of casting, the specimens were demoulded and
subjected to curing till the day of testing. The testing was done at 3, 7 and 28 days to assess the variation

of strength of pervious concrete with age.
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Tensile strength test of specimen:

The tensile strength was assessed with the split tensile strength value, the test performed in accordance to
IS 5816. Cylindrical specimens of size 150 mm in diameter and 300 mm in height were cast for each mix
and were tested by applying compressive line load along the horizontal axis of the cylinder. The

specimens were subjected to curing and were tested at 7 day and 28 day.

Flexural strength test of specimen:
The third point loading flexural strength test was done to assess the flexural strength of specimens of all
the mixes. Beam specimens of size 100 X 100 X 300 mm were cast and tested in accordance to IS 516.

The specimens were tested at 7 days and 28 days after curing.

Permeability test:

The permeability rate of water through all the pervious concrete specimens was found using the falling
head permeability test. Cubical specimens of size 150 X 150 X 150 mm were cast and the permeability
test was done. The specimens were tested at 28 day after subjected to curing. The rate of permeability

was found using,

Where a is the area of the pipe, A is the area of the specimen, L is the thickness of specimen, t is time in

seconds, h1 and h2 are the head differences in water.

Abrasion resistance:

The abrasion resistance of concrete specimens was found using tile abrasion test done on tile specimens
of'size 50 X 50 X 20 mm. The specimens were tested at 28 day after curing in the Aimil Dorry Abrasion
Test Machine.

Angularity number:

The angularity number is a parameter for relating the shape of the aggregate with the porosity. The test
was done in accordance with IS 2386 (Part I). The angularity number was found by compacting the
aggregates in a cylinder of known volume. The aggregates in the cylinder were subjected to 100 blows by
tamping rod at the rate of 2 blows per second, such that the blows were evenly distributed. The volume of

the cylinder was found by weighing the amount of water required to fill in the cylinder.
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Cementitious Materials

Mix ID |Aggregates(Kg) |Fines(Kg) | Total (Kg) | OPC(%) |Flyash(%)| SP(%) |w/c

M1FO 1700 - 278.21 100 - - 0.33

M2FO 1700 - 278.21 100 - 0.33
M1F05 1600 80 278.21 100 - 0.8 0.33
M2F05 1600 80 278.21 100 - 0.33
M1F10 1550 155 278.21 100 - 0.2 0.33
M2F10 1550 155 278.21 100 - - 0.33
M1FA10 1700 - 278.21 90 10 0.8 0.33
M2FA10 1700 - 278.21 90 10 0.8 0.33
M1FA20 1700 - 278.21 80 20 0.8 0.33
M2FA20 1700 - 278.21 80 20 0.8 0.33

Table 3.mix Proportions Per 1 m’ Of Pervious Concrete

The angularity number was found by,

Angularity number

100W
CGy

Where, W is mean weight in g of aggregate in the cylinder, C is weight of water in g required to fill in the
cylinder, GA is the specific gravity of the aggregates.

The number 67 indicates that 33% of porosity is present by default in the compacted aggregates. Hence if

the angularity number 0, it indicates a porosity 0f33%

I11. Results And Discussions

A. Porosity

The porosity of the pervious concrete was analyzed with the help of angularity number of the two sizes of
aggregates used. The angularity number gives the porosity present in the aggregates after compaction. It

was related to the porosity of each concrete mix found. The bulk volume and the volume of solids were

determined to find the porosity. The volume of solids was found using the difference between mass of the
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sample in air and mass of the submerged sample. The porosity was found using,

Volume of solids

Porosity U = Bk volume X100
Mix details Aggregate size Value
M1 20-25 mm 4
M2 10-12.5 mm 0

Table 4. Angularity Number Of Aggregate In Each Mix

The angularity number for mixes is given in table 4 and the effect of angularity number on the porosity of

concrete is shown in table 5.

It could be found that no distinct effect of angularity on porosity was found. But it is clear from the results
that addition of fine aggregate to the concrete, makes the concrete less porous and hence the mix with an

angularity number of 0 and 10% fines addition had the low porosity. The porosity was within a range of

25-40% which is acceptable.

S.NO Mix details Angularity number [Porosity %
1 M1FO 4 37
2 M2FO 0 35
3 M1F05 4 33
4 M2F05 0 32
5 M1F10 4 30
6 M2F10 0 29
7 M1FA10 4 38
8 M2FA10 0 37
9 M1FA20 4 36
10 M2FA20 0 36

Table 5. Effect Of Angularity Number On Porosity Of Concrete

B. Strength characteristics

The compressive strength shown in tables 6 and 7 gives the mean compressive strength of 3 identical
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cube specimens, tested on the same age. Noticeable strength variations were seen among the specimens.
The compressive strength of the control mixes without any fines or flyash addition showed almost same
trend in strength development. But it was found that with the reduction of aggregate size, the
compressive strength of the concrete increased. This was because, with the reduction in size of
aggregates the surface area increased and also the paste contact area increased leading to a good bond
between the aggregates. Also with the reduction in size of aggregates, the voids in the aggregates reduced

leading to a better compressive strength.

Mix details Compressive strength (N/mmz) split tensile 2 Flexural strt:ngth
strength (N/mm°?) (N/mm°)
3 day 7 day 28 day 28 day 28 day
M1FO 5.78 16.2 23.2 3.68 2.6
M2FO 5.91 15 24 3.81 2.8

Table 6. Strength Characteristics Of The Control Mixes With Respect To Age

Compressive strength (N/mmz)

S.NO Mix details 3 days 7 days 28 days
1 M1FO 5.78 16.2 23.2
2 M2FO 5.91 15 24
3 M1F05 5.8 17.4 27
4 M2F05 5.92 16.2 27.5
5 M1F10 4.89 18.2 29.5
6 M2F10 5.1 18 30.1
7 M1FA10 4.56 14.3 21.2
8 M2FA10 4.3 16.2 22.1
9 M1FA20 4.62 10.5 21

10 M2FA20 4.52 9.6 20

Table 7. Compressive Strength Of Pervious Concrete At Various Stages

The addition of fines greatly improved the compressive strength of concrete. This was mainly because of
the reduction in porosity with addition of fines. The use of flyash as supplementary cementitious

replacement did not affect the strength of the concrete. Although a % reduction of strength was observed.
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With the results, it was observed that pervious concrete with reasonable strength as that of control mixes

can be obtained with flyash usage.

The results show that, there has been 30% of increase in strength from 7 day to 28 day in the control
mixes and with 10% flyash replacement, whereas, there has been 50% increase in case of 20% flyash

replacement.

The strength characteristics of the control mixes with respect to the age is mentioned in table 6. The
compressive strength, split tensile strength and flexural strength test of all the mixes are listed in table 7,

table 8 and table 9 respectively.

The tensile strength results from table 8 shows that the pervious concrete mixes were really weak in
tension. It showed the same trend in strength development as that of the compressive strength. With the

addition of fines there has been a slight improvement in the tensile strength of the concrete.

Tensile strength (N/mm?)
S.NO Mix details 7 days 28 days

1 M1FO 0.509 3.68
2 M2FO 0.61 3.81
3 M1F05 0.52 3.82
4 M2F05 0.65 3.82
5 M1F10 0.53 3.96
6 M2F10 0.6 4

7 M1FA10 0.42 3.31
8 M2FA10 0.45 3.29
9 M1FA20 0.4 2.96
10 M2FA20 0.43 3

Table 8. Tensile Strength Of Pervious Concrete At Various Stages

Flexural strength (N/mm?)
S.NO Mix details 7 days 28 days

1 M1FO 0.14 2.6
2 M2FO 0.14 2.8
3 M1F05 0.28 3.3
4 M2F05 0.28 3

5 M1F10 0.28 3.5
6 M2F10 0.28 3.9
7 M1FA10 0.14 2.5
8 M2FA10 0.14 2.6
9 M1FA20 0.14 2.4
10 M2FA20 0.14 2.4

Table 9. Flexural Strength Of Pervious Concrete At Various Stages
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The flexural strength of pervious concrete is very less compared to the conventional concrete owing to
the porosity. The results from table 9 show that the flexural strength actually increased with the reduction
of porosity. And the porosity was reduced with the addition of fine aggregate into the mix and also the
reduction in size of the aggregate. Hence the mix with aggregates of size 10-12.5 mm and 10 % fines
addition exhibited higher flexural strength.

C. Permeabiltiy

The rate of water permeability through each of the concrete specimen was found using falling head
permeability test. The results showed that addition of fine aggregate to the mix, resulted in considerable
reduction of permeability of water. With the addition of fines, the strength greatly improved because of
reduction of voids which further resulted in the reduction of water permeability rate. The porosity had a
considerable effect on the rate of permeability. With the decrease in size of aggregate, the coefficient of
permeability also decreased. This was mainly because of the reduction in the porosity of the mix. Table
11 shows the variation of average permeability rate with the variation of size of aggregates. The
replacement of cement with flyash did not have considerable effect on permeability. A suitable
permeability rate was achievable. Therefore, the mixes with higher porosity showed higher permeability
rate. Table 10 shows the permeability rate of each mix.

D.Abrasion

Abrasion is a major factor when it comes to pavement application. Each specimen was tested using the
tile abrasion test. As the results in table 12 shows, the abrasion in terms of weight loss % reduced with the
reduction in size of aggregates. This becomes evident with M1F0 and M2F0 mixes. This is mainly
because, with the reduction of aggregate size, the bond between the aggregates is comparatively high and
hence lesser abrasion.

The effect of fine aggregate addition and flyash substitution on abrasion turned out inconclusive. Also,
there was difficulty in preparing the right size of tile specimen for the test, owing to the requirement of
smaller size. Hence, it was evident that tile abrasion test is not suitable to study the abrasion effect on fine
aggregate addition or flyash replacement in pervious concrete.

S.NO Mix details Permeability (cm/sec)
1 M1FO 1.23
2 M2FO 1.1
3 M1FO5 1.15
4 M2F05 0.99
5 M1F10 0.98
6 M2F10 0.91
7 M1FA10 1.3
8 M2FA10 1.26
9 M1FA20 1.26
10 M2FA20 1.23

Table 10. Water Permeability Rate Of Pervious Concrete
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S.NO Size of aggrega tes Mix ID Permea bility rate (cm/sec)

M1FO,M1F05,M1F10,M
1FA10,M1FA20

1 20 - 25 mm 1.18

5 10— 12.5 mm M2F0,M2F05,M2F10,M 1.09
2FA10,M2FA20

Table 11. Variation Of Permeability Rate With Size Of Aggregates

S.NO Mix details Abrasion %
1 M1FO 4.2
2 M2FO0 4
3 M1F05 4.47
4 M2FQ5 4.2
5 M1F10 4.43
6 M2F10 4.56
7 M1FA10 4
8 M2FA10 4.45
9 M1FA20 4.45
10 M2FA20 4.23

Table 12. Abrasion Resistance Of Pervious Concrete

E. Effect of percentage of fines on strength characteristics

The fine aggregate addition into the mix, by replacement of some percentage of coarse aggregate led to
reduction in porosity of the concrete. Hence there was significant improvement in the strength
characteristics of the concrete. All compressive, tensile and flexural strength of concrete improved with

addition of fine aggregate.

This is clearly indicated by the graph plotted between porosity and strength characteristics as shown in
Fig1
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Fig 1 Relationship Between % Of Fines And Compressive Stréngth (n/mm’)
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F. Effect of porosity on permeability and strength characteristics

It was stated earlier that with the reduction in porosity, that is, with reduction in voids, the strength of the
concrete is increased. This is mainly because, with the reduction in the porosity of the concrete, the
density of the concrete is increased. This leads to concrete with greater strength and durability. This is

justified by the plotted graph shown in Fig 2.

Also, if the porosity is more, naturally the flow of water also will be more. And hence the rate of water
permeability through the concrete specimens will be quite high. With the reduction in porosity, the water

permeability rate also got reduced. This is justified by the graph plotted between the porosity of each mix

and the water permeability rate as shown in Fig 3
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Fig 2. Relationship Between Porosity (%) And Compressive Strength (n/mm’)
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Fig 3. Relationship Between Porosity (%) And Permeability Rate (cm/s)

G. Effectof age and flyash content on strength characteristics

Flyash was used as supplementary cementitious material (as replacement of part of cement) mainly to
improve the performance of the concrete and study its effect on strength characteristics. From the graph
plotted, as shown in Fig 4 and Fig 5, it can be seen that the c