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Regionalization of Precipitation in India—A Review

V.V Srinivas

Abstract | Regionalization of precipitation refers to delineation of rain
gauges in an area into homogeneous groups (clusters or regions). Vari-
ous regionalization procedures are employed by researchers in hydro-
meteorology for addressing a wide spectrum of problems. This paper
provides an overview of underlying concepts as well as advantages and
limitations of procedures that have been developed over the past six dec-
ades. Emphasis is given to studies that have been carried out in India.
Following this, gaps where more research needs to be focussed are high-
lighted, and challenges for regionalization in a climate change scenario

are discussed.

Keywords: regionalization, homogeneous rainfall regions, precipitation, India.

1 Introduction

Regionalization of precipitation is necessary for
various applications that include (i) meteorologi-
cal drought analysis and agricultural planning to
cope with water shortages that are likely due to
low rainfall, (ii) forecasting and downscaling of
precipitation (iii) design of water control (e.g.,
barrages, dams, levees) and conveyance structures
(e.g., culverts, storm sewers, spillways) to mitigate
damages that are likely due to floods triggered by
extreme precipitation, and (iv) land-use planning
and management.

Regionalization becomes a challenging task
when spatial and/or temporal variability of rainfall
is quite complex. Regions are often delineated for
specific purposes by analyzing records of relevant
rainfall patterns (e.g., extreme, long-term cumula-
tive) compiled at relevant temporal scale(s) (e.g.,
sub-daily, daily, monsoon, annual). Therefore
homogeneous regions delineated for different
purposes need not be identical, and the definition
of regional homogeneity in not unique.

The remainder of this paper is organized as
follows. Section 2 provides a historical perspec-
tive of regionalization of precipitation in India,
and presents an overview of underlying concepts
as well as advantages and limitations of various
procedures that have been developed to aid in the
task of regionalization. Following this, conclu-
sions are provided in Section 3. In the following
write-up the words ‘site, gauge and station’ and

the words ‘group, clusters and region’ are used
interchangeably.

2 Overview of Approaches to
Regionalization of Precipitation

The conventional practise was to delineate regions
as geographically contiguous areas based on phys-
iography and/or political/administrative bounda-
ries. As such regions may not have any definite
relationship to causal/explanatory variables influ-
encing rainfall, regions based on those factors
need not be homogeneous in rainfall. Based on
this argument India was delineated into 21 rainfall
provinces using rainfall records of stations spread
all over the country.! In spite of these develop-
ments, several studies continued to consider the
entire India as a homogeneous rainfall region for
the sake of investigating association of monsoon
rainfall with large-scale circulation. Even the India
Meteorological Department (IMD) traditionally
considers Meteorological Subdivisions (MSDs) for
reporting precipitation related forecasts and other
estimates at various temporal scales (e.g., weakly,
seasonal). Those subdivisions are based on politi-
cal boundaries and a well distributed network of
306 rain gauge stations over India. Their number
keeps increasing as new states emerge in India, as
evident in the recent past after formation of the
states Uttaranchal, Jharkhand and Chhattisgarh
in the northern part of India. As the number of
MSDs is fairly large (36), the general notion is that
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they are homogeneous. However, several of them
are too extensive to be considered homogeneous
as the possibility of entire subdivision getting sim-
ilarly affected by excess or deficit of rainfall is rare.
Various studies revealed that (i) India is too large
to be considered as a homogeneous region, as very
small or even negative correlations were found
between All-India rainfall and rainfall of various
MSDs, and between some MSDs,? (ii) many of the
MSDs are not homogeneous in frequency distri-
bution of rainfall,® and (iii) inter-site correlations
of rainfall for various pairs of gauges within cer-
tain MSDs are insignificant or even negative.**
Therefore rainfall estimates for those MSDs that
are generally reported by IMD might not be mean-
ingful. Some studies even suggested pooling of
certain MSDs owing to similarity in their rainfall
characteristics.” A brief review of various studies
that death with such investigations can be found
in literature.>® In the backdrop of some of these
significant findings, India was delineated into five
homogeneous Summer Monsoon Rainfall (SMR)
regions by grouping MSDs on the basis of the fol-
lowing criteria:® (i) Contiguity of area, (ii) contri-
bution of monsoon seasonal rainfall to the annual
amount, (iii) inter-correlations of sub-divisional
and All-India monsoon rainfall, and (iv) relation-
ships between sub-divisional monsoon rainfall
and regional/global circulation parameters. The
delineated five regions are referred to as, North-
west India, West Central India, Central North-
east India, Northeast India and Peninsular India.?
They were recently found to be heterogeneous in
frequency distribution of summer monsoon rain-
fall.> A group of 14 MSDs in Northwest and West
Central India regions was referred to as Homoge-
neous Indian Monsoon (HIM) region,® which was
recently found to be spectrally heterogeneous. '’

To delineate effective homogeneous regions a
variety of regionalization approaches have been
developed over the past six decades. They include
those based on (i) correlation analysis (e.g.,
elementary linkage analysis and its variation),
(ii) Principal Component Analysis (PCA) also
referred to as eigenvector analysis or the related
Empirical Orthogonal Function (EOF) analysis,
(iii) common factor analysis, (iv) spectral analysis,
(v) cluster analysis, and PCA in association with
cluster analysis, (vi) hierarchical approach, and
(vii) Region of Influence. Of these, PCA, cluster
analysis and the last two approaches found use for
regionalization of extreme rainfall.

In regionalization based on elementary link-
age analysis,"' formation of homogeneous precip-
itation regions is based on correlations between
precipitation time series corresponding to all

possible pairs of rain gauges in the study area. In
the first step, a pair of gauges having the highest
correlation in precipitation is identified to form a
tentative group. In the second step, a gauge whose
precipitation record has significant correlation
(greater than a specified correlation-threshold)
with that of each of the gauges in the tentative
group is identified from the remaining gauges
and then assigned to the tentative group. Follow-
ing this, the second step is repeated till no more
gauges can be assigned to the tentative group,
which is then declared as a homogeneous region.
Subsequently the foregoing procedure of forming
homogeneous regions is repeated on gauges that
are not already assigned to region(s). Thus each
of the regions delineated by elementary linkage
analysis has high inter-site correlation in precipi-
tation. This approach to regionalization found
application in countries such as Sierra-Leone,
West Africa,'”? Tanzania,” United Kingdom' and
Nigeria."

An alternate correlation analysis based region-
alization approach®’ begins with identification of
two gauges having least or weakest correlation in
their precipitation data to form central stations
or seed points. To form a coherent rainfall zone
(region) around a central station, gauges whose
precipitation records have positive significant
correlation (greater than a specified correlation-
threshold) with that of the central station are
identified and then ranked in descending order
of the correlation. Geographical proximity could
be the basis for ranking of gauges with a compa-
rable correlation value. The central station is first
grouped with the gauge that has the highest value
of correlation with it in terms of rainfall to form a
zone. Following this, other gauges are considered
one at a time, in order of their rank, and assigned
to the zone if the gauge’s precipitation time series
has positive significant correlation with precipita-
tion corresponding to each of the gauges available
in the zone at that stage. The subsequent central
station is chosen from the gauges that are not
already assigned to the existing zone(s), such that
its corresponding precipitation is as poorly cor-
related as possible to that of the existing central
stations, and the foregoing procedure is followed
to form a coherent rainfall zone around it. This
process is continued until an adequate network of
central stations representing the entire gamut of
rainfall variation in the study region is obtained.
This approach was applied to delineate Karnataka
state of India into 2 to 9 coherent rainfall zones.*
Intersite correlation of annual rainfall was consid-
ered to identify central stations and the coherence
within each delineated zone was examined in terms
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of intersite correlation on seasonal and monthly
scales. In a subsequently study, the approach was
applied to delineate India into 31 zones that were
coherent with respect to the variations of the SMR
that extends over the period June-September.
Monthly rainfall records of 200 IMD gauges hav-
ingatleast 25 years record (during 1901-1987) and
situated at locations having elevation within 1 km
above sea-level were considered for the study. Sev-
enteen of those regions were found to be definitely
heterogeneous and another four were found to be
possibly heterogeneous in terms of frequency dis-
tribution of SMR based on 1° X 1° resolution IMD
gridded rainfall data.' Very recently the approach
was adapted to delineate India into 26 homogene-
ous rainfall zones using annual as well as south-
west monsoon rainfall, and 20 zones using annual
as well as northeast monsoon rainfall."” Fifty-one
years long daily rainfall records collated during the
period 1951 to 2001 at 1025 rain gauges spread all
over India were considered for the study.

An issue with regionalization by the aforemen-
tioned correlation analysis based methods is that
the delineated regions are sensitive to the choice of
correlation threshold value, but there is no estab-
lished procedure to arrive at an optimal value of
the same.

In regionalization by Principal Component
Analysis (PCA), which is often referred to as eigen
vector analysis or empirical orthogonal function
analysis, Principal Components (PCs) that are
orthogonal to each other are derived from inter-
station correlation and/or covariance matrix of
precipitation in the study area. If the first few
leading PCs account for significant percent of the
total variance, their spatial patterns are analysed
to form homogeneous precipitation regions. This
approach could involve either plotting the unro-
tated and/or rotated PC loadings on the map of
the study area, or representing stations as points
in two-dimensional space of leading PCs. In the
context of regionalization of extreme rainfall,
regional frequency (growth) curves of precipi-
tation extremes are constructed for each of the
delineated regions using pooled information
from the region,'® or by fitting regional regression
relationship between PCs and parameters of the
distribution."” The developed curves or relation-
ships are useful to arrive at quantile estimates at
sites that are ungauged or have inadequate data.
The PCA approach has been widely applied to
precipitation data from various parts of the world
including southern Africa,® United Kingdom,?
United States” and its border regions with
Mexico,” European Mediterranean Countries,*
Austria,” Yugoslavia,” India,”* Switzerland,”
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Island of Tahiti,” Italy,™® and Spain.'®’! Deline-
ation of homogeneous rainfall zones based on
this approach becomes cumbersome when a large
number of PCs collectively account for a signifi-
cant percent of the total variance, and/or if the
number of gauges in the study area is large. In the
Indian context, prior studies>*?*** indicated that
the first few leading PCs are unable to account for
significant percent of the total variance in sum-
mer monsoon season during which the country
receives copious rainfall, possibly due to com-
plexity in spatial variation of the rainfall. Hence
PCA approach is not the best possible choice to
delineate homogeneous Summer Monsoon Rain-
fall (SMR) regions. In a study confined to sub-
Himalayan region and Gangetic plains of India,
four homogeneous rainfall regions for both sea-
sonal and monthly time scales were delineated
based on analysis of seasonal and monthly sum-
mer monsoon rainfall of 90 stations considered
over the period 1871 to 1984.%

To address lack of resolution power of conven-
tional PCA with progression to the higher com-
ponents (PCs), PCA based on sequential sieving
of stations was proposed for regionalization.”
The procedure involves identification of the first
major sequential region by grouping sites that are
highly correlated with the first significant PC. At
this stage, those grouped sites are omitted and the
reduced dataset is once again subjected to PCA. If
the new first PC is significant then second sequen-
tial region is formed by grouping stations that are
highly correlated with it. The process of eliminat-
ing already grouped sites and locating first new
PC using data of the remaining sites to delineate a
new sequential region is repeated till the residual
stations (unallocated to regions) naturally group
themselves into well separated geographically
contiguous regions. Ten sequentially coherent
homogeneous rainfall regions were identified in
India by applying this procedure to SMR totals
of 200 stations over the period 1901-1980. The
regions accounted for 91% of the study area.?” Six
of those regions were found to be definitely heter-
ogeneous and another three were found to be pos-
sibly heterogeneous when tested for homogeneity
in SMR frequency distribution based on 1° x 1°
resolution IMD gridded rainfall data.'

Common Factor Analysis (CFA) approach
to regionalization involves application of factor
analysis to inter-site correlation matrix to arrive
at common factors and specific factors. The analy-
sis assumes an underlying basic model for the
data and it allows accounting for specific vari-
ance, which is not possible with PCA. The specific
variance is related to local forcing that influences
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rainfall variability at individual gauges in the
study area, and is different from the forcing that
is common to a group of gauges.”>* In PCA, the
specific variance is distributed among all the load-
ings, indicating that the sum of localized effects
is spread over all the modes. In CFA, the specific
variance is not manifested on any of the loadings.
The number of common factors is optimized to
maximize the variance shared by stations (com-
munality) and minimize the specific variance.
Each of the common factors represents a region
comprising of stations that share the communal-
ity variance. If reasonable number of common
factors do not account for significant percent of
the variance shared by stations, CFA may not be
a good choice for regionalization. This approach
found applications on data from countries such as
Kenya® and Puerto Rico.**

Cluster analysis procedures gained recognition
for use in delineation of homogeneous rainfall
groups owing to their effectiveness in interpret-
ing patterns in data of explanatory variables
influencing rainfall, or in leading PCs resulting
from PCA. Each gauge is represented by a fea-
ture vector that comprises of explanatory vari-
ables or PCs, which are referred to as attributes.
Conventional practise is to consider attributes as
statistics computed from precipitation records,
besides location indicators of gauges (e.g., lati-
tude, longitude, elevation/altitude, distance to the
sea). The statistics include mean annual/seasonal/
monthly/daily precipitation, mean number of wet
days, ratio of minimum average two-month pre-
cipitation to maximum average two-month pre-
cipitation, parameters of hydrologic distributions
fitted to precipitation data. When such statistics
(attributes) form basis for regionalization, ade-
quate number of sites with sufficiently long period
of contemporaneous observations is necessary to
form meaningful regions, and regions cannot be
delineated in ungauged areas. The cluster analysis
approach facilitates formation of regions that are
not necessarily contiguous in geographical space.
It has been extensively applied throughout the
world, including countries like United States,***
Spain,®*  Australia,"’ Iran,** Austria,* South
Africa and Lesotho,* South America,* India>**-!
and China.”

In a study covering peninsular India, PCA in
conjunction with cluster analysis was applied to
the mean pentad (5-day) rainfall data of 53 sta-
tions pertaining to the period 1901-1950 for
regionalization.” The stations were represented as
points in the coordinate space of the amplitudes of
the two leading eigenvectors and nearest centroid
sorting (clustering) method was used to delineate

them into eight geographically contiguous areas
or clusters. Further, in a study confined to Western
Ghat region of India, Ward’s hierarchical cluster-
ing method was applied to gridded mean annual
rainfall data to form three zones (regions): Coastal
zone, Transition zone and Malanad zone.”® The
gridded data was based on records of 93 rain
gauge stations in the region (whose lengths varied
from 10 to 50 years), and the grid was designed to
have resolution of 7.5' X 7.5' on windward side,
and 15' x 15' on leeward side of Western Ghats.
Recently, in two studies covering India, partitional
clustering procedures were considered for deline-
ation of homogeneous summer monsoon and
annual rainfall regions.*” Attributes that facilitate
regionalization in ungauged as well as sparsely
gauged areas were suggested. Finer details of those
studies are provided in latter part of this review.
More recently a cluster ensemble algorithm was
applied to 1° x 1° gridded annual rainfall data
of IMD over the period 1951-2003 to arrive at
9 regions in India that are homogeneous in annual
rainfall.”!

In regionalization based on spectral analy-
sis, gauges that show significantly low spectral
variability are grouped together to form a region.
Recently a Monte-Carlo procedure to assess spec-
tral homogeneity of a region was proposed and
its utility in delineating a spectrally homogene-
ous region was demonstrated.”” The procedure
involves examining whether spectral variability of
the region differs significantly from that expected
in realizations of white noise process whose
number is equal to that of sites in the region.
Herein, the spectral variability refers to variation
among Power Spectral Densities (PSDs) of stand-
ardized anomaly precipitation time series of sta-
tions in the region, and it is computed with respect
to PSD of the ensemble average rainfall over the
region. Application of the spectral homogeneity
test to rainfall data over the period 1871-1990
and analysis of periodicities in rainfall revealed
that a group of 14 MSDs in the central and north-
western parts of India, which was declared to be a
homogeneous Indian monsoon (HIM) region in a
previous study,® is not spectrally homogeneous.'
One can explore forming homogeneous rainfall
sub-regions in India by grouping MSDs whose
spectral variability is less than that expected in
realizations of white noise process at specified
confidence level. An alternative option is to form
groups (regions) through application of agglom-
erative hierarchical clustering procedures (single,
complete and average linkage) to rainfall spectra,
by considering metric for estimating the distance
between any two gauges to be the deviation of the
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cross-correlation coefficient between their rainfall
spectra from unity."

Hierarchical regionalization approach explic-
itly accounts for spatial variability in moments of
predictand (extreme rainfall) data.>>* It is based
on the hypothesis that higher-order moments
(e.g., skewness and kurtosis) of extreme rainfall
data do not display significant spatial variabil-
ity over a larger area than relatively lower order
moment (coefficient of variation), which in turn
is assumed to vary more slowly over space than
the first-order moment. Therefore for the sake
of frequency analysis at a target site, information
from more (less) sites is used to estimate distri-
bution parameters controlling the higher (lower)
order moments. This approach is not appropriate
for direct application to large geographical areas
like Indian subcontinent with diverse climatic
conditions.

Region of influence approach considers each
target site to have its own region consisting of
those sites whose distance to the target site in a
weighted multi-dimensional space of predic-
tors does not exceed a chosen threshold distance
value.>¢ Pooled information from all the sites in
a region forms basis for constructing a regional
frequency curve, and in the process each site could
be weighed according to its proximity to the target
site. This approach contradicts with the notion of
forming geographically contiguous regions and
has subjectivity in the selection of weights and
threshold value.

Regions delineated using the conventional
regionalization procedures may not be reliable
when the study area is sparsely gauged and the
period of contemporaneous records for the gauges
considered is inadequate to account for sampling
variability. Further it is not possible to delineate
regions in ungauged areas using those procedures.
To address these issues an approach is proposed
recently, which recommends choosing attributes
for cluster analysis as location indicators of gauges
and PCs extracted from Large Scale Atmospheric
Predictor Variables (LSAPVs) influencing rain-
fall at those gauges.” This enables delineation of
regions even in ungauged areas because gridded
data on LSAPVs are available for the entire globe
(earth) from various reanalysis databases, irre-
spective of the available number of rain gauges
in the study area. Another advantage of choos-
ing such attributes is creation of an opportunity
to validate the delineated regions for homogene-
ity using statistics of the observed precipitation.
Such validation is not possible with conventional
approaches which delineate regions based on sta-
tistics estimated using at-site rainfall data (e.g.,
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correlations, summary statistics), because use of
the same or closely related statistics for region-
alization as well as validation of regions is inap-
propriate. Regions formed in ungauged areas
using the suggested approach could be validated
in future, when rainfall data becomes available.
Besides this, the approach provides scope to arrive
at future projections of homogeneous precipita-
tion regions in a study area, as information on
LSAPVs is available even for future periods from
a large number of General Circulation Models
(GCMs). Such projections might be useful to pre-
pare plans for water resources development and
management in the area. Based on this approach
India was delineated into 17 homogeneous sum-
mer monsoon rainfall (SMR) regions (Figure 1)
through analysis of results obtained from appli-
cation of K-means partitional clustering proce-
dure to feature vectors corresponding to fifty-two
2.5° x 2.5° grid boxes portraying grid of NCEP
(National Centers for Environmental Prediction)
reanalysis data covering the country.” Monthly
mean values of 15 LSAPVs (listed in Table 1) over
a spatial domain of 16 NCEP grid points sur-
rounding each grid box were subjected to PCA to
extract five PCs that preserved more than 97% of
the variance. Each feature vector comprised of the
PCs and three standardized location attributes:
latitude, longitude, and average elevation of ter-
rain in each of the NCEP grid boxes.

Besides this, the conventional regionalization
procedures yield hard clusters or groups of rain
gauges, which means that each gauge can utmost
belong to one region. This is based on the assump-
tion that rainfall of a gauge fully resembles that at
other gauges in the region (to which it is assigned)
in terms of explanatory/causal variables influenc-
ing the same, and it does not have any resemblance
to rainfall at sites in other regions. This assump-
tion is not valid in real world scenario and hence
formation of regions with soft boundaries would
be more meaningful. In this perspective, the fore-
going approach was extended to fuzzy framework,
which allows a gauge to belong to more than one
region simultaneously.’ India was delineated into
25 homogeneous annual rainfall regions (Figure 2)
through application of Fuzzy c-means cluster
analysis to feature vectors corresponding to two
hundred and ninety four 1° X 1° grid boxes depict-
ing grid of IMD rainfall data covering the country.
The NCEP reanalysis data of 15 LSAPVs (listed in
Table 1) were re-gridded from 2.5°x 2.5°to 1°x 1°
resolution and twelve monthly mean values of all
the LSAPVs over a spatial domain of 25 grid points
surrounding each grid box were subjected to PCA
to extract four PCs that preserved more than 95%
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Figure 1: Homogeneous summer monsoon rainfall regions delineated in India using large scale atmos-
pheric predictor variables [Reprinted from Satyanarayana and Srinivas (2008),° Copyright 2008 by the
American Geophysical Union, with permission from John Wiley & Sons Inc].

Table 1: Atmospheric variables considered for regionalization of Indian rainfall.

Variable name

Pressure levels (in kPa)

Air temperature
Geopotential height
Meridional wind
Precipitable water
Specific humidity
Surface pressure

Zonal wind

92.5, 70, 50, 20
92.5, 50, 20
92.5, 20

92.5, 85

925,20

of the variance. A feature vector representing each
grid box comprised of the corresponding PCs,
seasonality measure (Julian day depicting middle
day of a 30-day maximum rainfall period in each
year), and three standardized location attributes:
latitude, longitude, and average elevation of ter-
rain in the grid box. The seasonality of rainfall was
chosen as an attribute because the gauges which
receive maximum rainfall during the same time of
a year could form a homogeneous rainfall region,
owing to similarity in causal factors influencing
rainfall. Information on seasonality can be reliably
obtained from local inhabitants even at ungauged
sites.’

Each of the SMR (annual) regions delineated
in the foregoing studies>® was validated (tested)

for homogeneity in L-moment framework®” using
L-statistics of gridded SMR (annual rainfall) data
for the period 1951-2004. The gridded data were
prepared from daily records at 2140 stations (hav-
ing a minimum of 90% of data during 1951-2004)
chosen from the available 6329 stations in India by
Interpolation scheme of Shepard.”®**® Density of
considered stations was high over southern Penin-
sula and was low over northern plains and eastern
parts of India. In homogeneity test a region was
said to be homogeneous if precipitation records
of all the sites in it could be considered as samples
drawn from a particular frequency distribution
(population). An advantage with regional homo-
geneity test™ is that it avoids a priori assumptions
about the form of the probability distribution of
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Figure 2: Homogeneous annual rainfall regions delineated in India using large scale atmospheric predic-

tor variables [Reprinted from Satyanarayana and Srinivas (2011),® Copyright 2011, with permission from
Elsevier].

precipitation records. Besides this, it is worth not-
ing that the studies considered LSAPVs based on
reanalysis data as surrogate for those in observed
data to arrive at attributes, because latter data
were unavailable for target locations over the
study area. The reanalysis data are produced by
integration of historical observations (wher-
ever available) and model simulations using data
assimilation techniques. Typical examples of such
data that are available for use from public domains
include NCEP/NCAR reanalysis-1, NCEP-DEO
AMIP-II reanalysis,® ECMWF 15 year re-analysis
(ERA-15), ECMWEF 40 year re-analysis (ERA-
40),* and Japanese 25-year Reanalysis (JRA-25).¢
As reanalysis data based on different sources are not
the same, the number and composition of deline-
ated homogeneous rainfall regions might differ
with change in the data. Further, as the available at-
site rainfall records are not sufficiently large, there

is uncertainty in arriving at a precise estimate for
homogeneity of each of delineated regions. In view
of these issues, further investigations are necessary
to quantify various types of uncertainties associ-
ated with the delineated regions. Furthermore,
the regions could be revalidated for homogeneity
when more rain gauge data becomes available.
Another important issue is that the conven-
tional regionalization approaches consider rainfall
(predictand) to be a stationary stochastic process,
and assume that the relationships between rainfall
and its explanatory/causal (predictor) variables
are time invariant. In the recent decades there is
increase in evidence of climate change and non-
stationarity in rainfall is suspected in various
parts of the world. In this backdrop, it is neces-
sary to verify stationarity of datasets at time scales
of relevance before proceeding to regionalization
and develop effective regionalization approaches
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for use with non-stationary data. In Indian con-
text, it is worth noting that a study covering the
period 1871-1990 revealed large interannual and
decadal variations, but no systematic trend in the
all India rainfall.® Further, a study covering the
period 1951-2000 did not find significant trend
in the mean monsoon seasonal rainfall over cen-
tral India.®® Nevertheless, non-stationarity is sus-
pected to be more in data at finer time scales such
as daily and hourly, and it cannot be ignored while
performing regionalization of extreme rainfall.
Future research should explore these issues.

3 Conclusions
The following conclusions can be drawn from the
foregoing discussion:

1. India is too large to be considered as a homo-
geneous region. Further, many of the meteoro-
logical subdivisions that are being considered
by IMD for reporting precipitation related
forecasts and other estimates are statistically
heterogeneous in precipitation.

2. Principal component analysis approach is not
the best possible choice to delineate homo-
geneous Summer Monsoon Rainfall (SMR)
regions in India, because the first few leading
PCs (derived from inter-station correlation
and/or covariance matrix) do not collectively
account for a significant percent of the total
variance shared by stations.

3. Common factor analysis approach has capabil-
ity to account for specific variance that is related
to local forcing which influences rainfall vari-
ability at individual gauges in the study area.

4. Cluster analysis based regionalization approach
appears to be appealing owing to its effective-
ness in interpreting patterns in data of explana-
tory variables influencing rainfall, or in leading
PCs resulting from PCA.

5. Regions delineated using conventional region-
alization procedures (e.g., correlation analy-
sis, principal component analysis; common
factor analysis) may not be reliable when the
study area is sparsely gauged and the period of
contemporaneous records for the gauges con-
sidered is inadequate to account for sampling
variability.

6. Regions must be validated for homogeneity.
The validation could be done using rainfall
statistics that are not closely related to the sta-
tistics which form basis to arrive at the regions.
Delineation of regions using large scale atmos-
pheric (climate) variables and validating the
regions using rainfall statistics could be one
such strategy.

7. Regions need not be geographically contiguous.
8. Formation ofhomogeneousrainfallregionswith
soft (fuzzy) boundaries would be meaningful.

Received 14 May 2013.
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