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Abstract. Precipitation during the monsoon season over theyear during the four summer months of June, July, August,
Indian subcontinent occurs in form of enormously complexand September(JJAS). As a consequence, the monsoon tends
spatiotemporal patterns due to the underlying dynamics oto have a large socioeconomic impact on the inhabitants of
atmospheric circulation and varying topography. Employingthe region. Hence, understanding monsoon and its variability
methods from nonlinear time series analysis, we study spatiabn different time scales is of considerable importance in
structures of the rainfall field during the summer monsoonclimate sciences and in society/¢bster et a).1998 Gadgil

and identify principle regions where the dynamics of mon- 2003.

soonal rainfall is more coherent or homogenous. Moreover,
we estimate the time delay patterns of rain events. Here w
present an analysis of two separate high resolution gridde
data sets of daily rainfall covering the Indian subcontinent.
Usipg the method ofeven't synchronizat'ion (ES), we estimat short period of time and hence large parts of the land
regions where heavy rain events during monsoon happe%ass could receive rainfall simultaneously or within short

in some lag synchronised form. _Further usi_ng t_he OI_e_laytime delay of a few days. Active periods of monsoon
behaviour of rainfall events, we estimate the dlrect|onaI|t|esSeem to be formed as a cumulative effect of several events

related to the progress of such type of rainfall events. Thescattered over large spatial scales (100-1000km), which

Active (break) phase of a monsoon is characterised by ar?nay also include massive rain events resulting in 400 mm

increase(decrease) of rainfall over certain regions of theOf rainfall at a single dayMay, 2004 Stephenson et al.

!ndia_n sub(_:ontinent. We show th"f‘t our m_et_hod is able t019999. Such massive events take place due to the formation
identify regions of such coherent rainfall activity. of monsoon depressionSikka, 1977 or midtroposheric
cyclones Keshavamurthy1973.

The summer monsoon over South Asia does not only
how very strong temporal variations on multiple time scales
ut also an enormous spatial variability. During its active
hase monsoon could evolve on large spatial scales within

The spatial variability and patterns of monsoon over
South Asia is governed by both dynamics of monsoonal

Monsoons are among the most prominent and dynamicC'rculat'on.S and °r°9Yath- Th? influence of orography on
onsoon is most visible in regions of Western Ghats and

phenomena of the climate system, manifesting over Iarge]T. : . :
imalayas. Also, monsoonal rainfall is not localized at a

parts of the tropics. The origin of monsoons is in the ticular point in rather it cover rtain reqion in
seasonal reversal of wind directions due to the stronglfJa cular po space rather It Covers a certain regio

differential heating of land and the surrounding tropical (()arrm i(rjwfn rzsgﬁtet\(l)eirg:n?i?;es:cr?vreer :2:1958 r\?\/g(lalor?:r.e i%’ Iltols
Oceans. This in turn creates a very strong seasonalit y Imp 9 : ploy

in rainfall at the annual scale. In particular, the Indian rheimnemvf/’r? c:f etvhent synic;ihrct)nlzatl?r; (iES)Vtonftlnd outrsp;tr:alr
subcontinent receives over 75% of its annual rainfall over the c9' 01> WNEre € Specilic type of rain events occur eithe
simultaneously or within certain delay. In this way we are

) trying to regionalize the precipitation field. This kind of
Correspondence ta\. Malik regionalization has been endeavoured on precipitation with
BY (malik@pik-potsdam.de) different methodslyengar and P.Basat994 Gadgil et al,
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1993 Gutieerrez et al. 2006. The main idea behind our 35°Ny 8000
approach is not to find regions of similar variability but
regions of similar dynamics of rainfall. 30°NK

Another aspect of monsoonal rainfall are inter-seasonal
oscillations (ISO). They are composed of two distinct phases, 25'N i
known as the “Active Phase” and “Break Phase”. During an
active period heavy rainfall appears over most parts of India; 20N
in a break period the phase reverses and rainfall is recorded
only along the Himalayan foothills, south-east peninsular 18'N
India (Singh et al, 1992 Krishnmurthy and Shukl|a2000.

We try to understand these phenomena using ES and to find
out those regions where monsoonal activity has higher order
of synchronization than others.

In the next section we introduce the data sets used in th@fig_ 1. Topographic map of the region concerned in the data set
analysis. In Sect. 3 we discuss the climatology of the regionand the analysis. The colour represents the height above sea level in
In Sect. 4 we present the concept of event synchronizationmeters. This map is obtained from ETOPO1, the 1 arc min gridded
algorithm used for clustering and the method used to deriveglobal relief data provided by NOAA.
directionalities from the data . Then we proceed with results,
discussion and summary in Sects. 5 and 6, respectively.
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3 Patterns of mean and variability of monsoonal
2 Data rainfall

The main data set we have used is a daily precipitationBefore describing further details of methods and results,
gridded data set for 1961-2004 developed as part of thdt is essential to understand the climatology of the region
project — Asian Precipitation Highly Resolved Observa- analysed and especially to know the critical regions of
tional Data Integration Towards the Evaluation of Water monsoonal rainfall over South Asia.
Resources(APHRODITE)Yatagai et al.2009. It is freely The Indian monsoonal system covers some of the wettest
downloadable from the website http://www.chikyu.ac.jp/  to the driest regions on Earth. It shows an immense amount
precip/ We have extracted the data for the South Asianof spatial variability over the South-Asian subcontinent in
region from the 0.5degree resolution data set (APHRO-terms of net amount of rainfall over a season. The north
V0902) for monsoon Asia. We will refer this data set as east and western coast along the Western Ghats are the
APHRO-V0902 in the paper. For the purpose of comparingwettest regions, whereas north west is the driest. We observe
our results we have also used another high resolutiorthat rainfall regions on annual scale ranges from below
precipitation data set collected and developed by the Indiarl50 mm per season to above 2100 mm per season during
Metrological Department (IMD, Pune) from 1951-2004. summer monsoon (JJAS months). Apart from the monsoonal
(Rajeevan et al.2006. It has a daily, one degree latitude, circulation themselves, the orographic forcing drives this
and one degree longitude resolution. But its spatial coveragspatial variability too. The strongest topographic barriers
includes only the political boundary of India. In the exist along the western coast in form of the Western Ghats
following we will refer the data as IMD-D. In both these data and in the north and north east in form of Himalayas (E)g.

sets the density of rain gauge stations varies over the whole In the first step we coarse grain the mean seasonal rainfall
subcontinent. There are certain regions which donot seem tduring JJAS at each grid point into 15 equally distributed
be well represented, for example one of such regions is theartitions with each having a range of 300 mm. Then we
state of Jammu and Kashmir in IMD-D. Where the numbermerge the top 6 partitions into one partition; i.e. we club
of stations are 2 to 4 but the area interpolated is 23 gridtogether the regions having rainfall above 2400 mm into a
points which is roughly equivalent to 2500 kmHence we  single partition. So, now we have 9 partitions of mean
have tried to exclude this region in our analysis in IMD-D. seasonal rainfall, each plotted with different colour in FAg.

For the description of the interpolation method, the exactOne aspect that is obvious from this plot is a very strong
locations of rain gauge stations, and the quality of raw datagradient in mean rainfall when we cross the Western Ghats
used in IMD-D see the referencBgjeevan et a[2006, and  from west to east. The regions on the eastern side of the
Rajeevan et al(2005. For further comparison with wind Western Ghats are quite dry, whereas on the western side we
directions during certain type of rainfall events, we have have some of the wettest regions. So, western ghats does act
used the NCEP/NCAR reanalysis data from 1951-2004 withas a very strong orographic barrier to the moisture coming
2.5degree resolution, provided by the NOAA/OAR/ESRL from the Arabian Sea branch of the Indian Monsoon. A
PSD, Boulder, Colorado, USA, availablerdtp://www.esrl.  similar barrier exists in form the Himalayas all along the
noaa.gov/psd/ eastern boundary of the regioBqokhagen and Burbank
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Fig. 2. Partitions of mean seasonal rainfall based on the dataF9- 3. Variance of the mean seasonal rainfall at each grid point.
analysed from 1961 to 2004 (data used APHRO-V0902). The colour scale is relative hence each grid point could be compared
with the any other grid point (data used APHRO-V0902).

2006. Also, the north-east of India is another very wet

region. Central India is made of many different regions in » . C .
terms of mean annual rainfall. The north west again is ver event’ or a rainfall event which is a result of increased
' 9 Ymonsoonal activity, the thresholt} on a rain event at grid

dry which includes the Thar Desert. L . . :
S . point j is calculated by taking the; percentile of rain events
To evaluate the patterns of variability of mean rainfall . i ;
peccurring at gridj of all wet days Ri’ > 0). Next, we

during the summer monsoon season, we next determine t

variance ak-th grid as determine the time indeces of evemé > T; in our data.
” Let such an event occur at tim\)é at grid point; andt,’j, at
o2(k) :Z)"' |k 12, grid pointk, [ andm are the time indices assigned to the
= eventsl =1,2,....s;,m=12,...,s5x. Where,s; ands; are

. total number of such events occurring at grid pgirdndk,

wheree' is thei-th empirical orthogonal function (EOF); respectively and within a minimal separation tia&e/”'f for
is the corresponding Eigen value, ands the total number each pair of eventd,m), where it is defined as
of EOF, which in this case will be equal to the total number . o
of grid points Trauth 200§. The result is shown in Fig. 6/~ = min{t/+1—t/,t/ —t] otk =tk —t,’;_l}/z (1)
We examine this variability using a relative scale ensuring
that each grid point could be compared with any other oner/* is the minimum time between two succeeding rainfall
(Fig. 3). We infer that the regions of maximum rainfall are events.We need to count the number of times an event occurs
not the most variable ones in terms of mean seasonal rainfalkt ; after it appears &t and vice versa. This is achieved by
We find that the central Indian region and the north westdefining the quantities(j|k) andc(k|j):
parts of the subcontinent are the most variable regions in .
';ﬁ:)rrr:zoo;rl:lluctuatlon of mean seasonal rainfall during summerc(j ) = Z ik

After having a detailed introduction to the data and !
climatology of the region, we next introduce the special with
methods used in our data analysis for identifying those
regions of rainfall which show higher level of coherence in '
terms of rainfall activity. =112 if 1] —tk =ik ()

0 else

)

I=1m=

; 1jk J k jk
1 it <t -1y, <7/

4 Methods wherez/¥ is the upper limit of the range of time delays and

4.1 Event synchronization /7% is the lower limit. These time delay limits will be used

to explicitly take into account the different time scales on
In this section we describe the concept of ESiifoga et al. which monsoonal precipitation can evolve(as in Sect. 5.3). If
2002. Let Rij be the net amount of rainfall received at Not explicitly mentioned then we have estimated the delays
grid point j on thei-th day during the JJAS months of any from minimum separation time, Eql), i.e. t/* = 6/" and
year in the data. To classify events into a “heavy rainfall /¥ =0 (Sects. 5.1 and 5.2).
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node has zero or more children nodes and at most one parent
node. As we have large data to cluster (around 1800 grid
points in APHRO-V0902 and 350 in IMD-D) we have used

05 the “average linkage” as the linkage criterion for merging the
nodes of the tree. In the average linkage method the distance
L between two clusters, sdy andV, is defined as

1600 -

0.6
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0.4
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800 -

0.3

1 .
0.2 L=|U|.|V|sz(1’k) (6)

jeUkev

600 -

Where; andk are the indices for the grid pointd/| and|V|
0 stands for number of elements in €étand V, respectively,
and d(j,k) =1— Qi is the dissimilarity matrix . The
clusters which have leagt are merged together first. The
hierarchical tree so formed is cut at the second highest value
of the inconsistency coefficient. At the highest value all the
leaf nodes of the hierarchal tree are merged together. The
inconsistency coefficient is given by the relation

L L L L L L L L
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. 003 where u; is the mean of the heights (height of a node is

. L 004 the length of the longest downward path to a leaf from that

o w0 0w o0 0 10 0.0 node) of all the links included in the calculation asdis

the standard deviatiorg; is the distance between the links

joined at the level (level of a node is the length of the path

to its root). After obtaining the tree, we recognize only those

clusters which contain more than or equal to 3 grid points.
Similarly we can also define(k|j) and from these The smaller clusters are discarded.

quantities we obtain

c(jlk)+c(klj)

(©)

Fig. 4. (a)lt is the matrix ofQ for « =94%, (b) matrix for q for
a=94%.

4.3 Time-delay patterns of events

Qik (S .Sk) ) From Eqg. b) we extract the time delay patterns of events.
) ! ] Remember thaj;; > 0 means that events knprecede events
Qi = c(lk) —c(klj) (5) in j and forg; <O vice-versa. So it is easy to determine
(stk) the delay direction of events occurring at locatiprand

k. We determine the time delay patterns as follows. In
Qjx is the measure of event synchronization between gridaccordance with the convention that negatiyemeans time
pointsj andk. Theq;, measures the delay behaviour. Thesedelay is from; to k and vice-versa for positivg;x, we try
measures are normalized to<0Q;x <1 and—-1<q; < to calculate the average direction to the nearest neighbours.
1. Qjr =1 implies complete synchronization angy =1  Say a vectorY jx = (xjx,y;x) gives the direction between
means that events dt precedes events ifi. Along the  two nearest neighbor grids (see FB). and xj; = cos
diagonals we find higher values Qfjx as the elements along and yj; = sindjx, where 6;; could have discrete values
the diagonals are closer in space (Hy. {0,7/4,7/2,3n /4,57 /4,3 /2,77 /4,2 }. Then the average

direction will be

Z qjkY jk

4.2 Clustering

To achieve the task of regionalization, we have used the nearest

hierarchical clustering algorithm for forming clusters out neighbours

of the matrix Q;; (Jain and Dubgs1988. Hierarchical y/jkz"ff— (8)
clustering can be considered as building a hierarchical tree Z qdjk

(or dendrogram) where at each step we merge the leaf nodes n;gﬁ;‘iﬂrs

sequentially based on a linkage criterion. Each of these leaf
nodes is a cluster. All the clusters are fused together at the
root of the hierarchical tree. In the sense of graph theory aVe plot the direction at the corresponding grid points and
hierarchical tree is an acyclic connected graph where eaclhkompare with wind data from NCEP/NCAR reanalysis.

of j
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Fig. 5. (a) Representation of the grid for estimati@q; andq , (b)—(c) diagrammatic representation for calculating time delay patterns.

Table 1. Summary of results of Cluster analysis.

Data Used Threshold I Figure Total Clusters containing
percentile no. Clusters greater than
3 grid points

APHRO-V0902 94% 1.547 6a 67 38

APHRO-V0902 90% 1.547 6b 45 27

IMD-D 94% 1.538 6c 14 10

IMD-D 90% 1.538 6d 19 14
5 Results and discussion Sect.2). Nevertheless, we find some striking similarities

in the structures in all the figures (Fi§a—d). In all cases

5.1 Spatially coherent zones of heavy rain events studied in clustering analysis we see a cluster forming along

the strong orographic barrier of Western Ghats on the west
coast of India (cluster number 4 in Fi§a—d) pointing the
ﬁmportant role played by orographic barriers in generation
X _ of rainfall. Interestingly, the whole of north east (cluster
could be_ mtgrpreted as very heavy to heavy ra|_nfa|| eventSy \mber 10 in Fig6) emerge as a single cluster even though
Our motivation for ch_oosmg these thresholds IS bgsed Nhe region comprises of a very variable topography, including
the fact that such rainfall events at a given location Canmany high mountain ranges. We also observe many other

Ionly occm:'r Iwhe.n mon?op n 'Str'p Its ?ctllve Iphafe ovser ﬁsimilarities in the results like formation of separate clusters
arge spatia’ region containing this particuiar Iocation. Sucty, o, st peninsular India (cluster number 5 in 6ag-d).

events can be scattered over many locations within a large
spatial region occurring either at the same time or with some The basic motivation for the above analysis was to identify
delay. To get these regions where monsoonal activity isregions where monsoonal rainfall dynamics is more coherent
more coherent compared to any other region, we appliedr connected than others. So, in a way we have been
a clustering analysis to the ES measure of this coherenable to identify the following major dynamical regions of
activity. The result of clustering are shown in Fywhere = monsoonal activity over the Indian subcontinent, these are:
clusters containing at least 3 or more grid points are showri) along the west coast (cluster number 4), ii) north east of
in colour and the remaining grid points are marked in black.India and parts of Bangladesh (cluster number 10), iii) north
We have marked some of the larger clusters by numbersvest of the subcontinent (cluster number 1), iv) western and
for easy reference. A summary of the analysis is givenadjoining parts of central India (cluster number 2), v) south
in Table 1. We do not expect to generate exactly equal east peninsular India (cluster number 5). Some of the clusters
structures for both data sets used in our analysis, as spatialre large in size covering thousands of kilometers. A possible
resolution, spatial extent and time period are different (seemechanism for the existence of such long range spatial

For calculating the ES we have used two different threshold
of a =94 percentile and: =90 percentile. These thresholds

www.nonlin-processes-geophys.net/17/371/2010/ Nonlin. Processes Geophys., 33132010
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Fig. 6. Different colours here gives the different clusters obtained using Hierarchal clustering algorithm using m&rasfdissimilarity
matrix. (a) Data used is APHRO-V0902, threshald= 94%, (b) data used is APHRO-V0902, threshald 90%, (c) data used is IMD-D,
thresholdx = 94%,(d) data used is IMD-D, threshole=90%.

correlations could be due to clustering of synoptic activity rainfall zones was based on the variation of monthly rainfall.
during the active phase of monsodadgswami et al.2003. They have estimated 31 zones (limited to political boundary
Such type of monsoonal rainfall activity seems to be a resulof India) in number and quite smaller in size than we have
of large spatial scale atmospheric activity, like the formationestimated above. In present work we had maximum of 14
and clustering of large low pressure systems. In one monsooto 19 clusters when we considered data only for India (see
season there could be 3—4 active (break) periods and slowl¥ig. 6c and d and Tabld). Most of the basic structures
evolving between each othdrgwrence and Webste2002). we have found and mention above were also present in
Very heavy rain events are associated with the active phase dadgil et al. (1993 but few of them defragmented into
monsoon. So from our method we could obtain the regionssmaller zones. This difference seems to emerge due to two
where monsoon gets active simultaneously or within somemain reasons — (1) dissimilarities in the spatial and temporal
delay. During the active phase of monsoon, large parts ofesolution and spatial extent of the data analysed in the
the country experience heavy rainfall (above normal rainfall).present study. We used spatially interpolated daily rainfall
But some parts like the south east peninsular India are outlata compared to the monthly rainfall station dat&eudgil

of phase with it Krishnmurthy and Shukla200Q Singh  etal.(1993. (2) In our study we have aimed at understanding
et al, 1992, and receive rain during the break phase. Wethe dynamical coherence in the daily rainfall activity during
also see in our clusters that south west peninsular India isnonsoon season. For measuring the dynamical coherence
always a small separate cluster. Different rain producingwe have used a nonlinear measure of correlations rather than
monsoonal systems can evolve at many different time scaleg;oherence in variation of monthly rainfall as was done in
in Sect.5.3we make an explicit distinction between different Gadgil et al.(1993.

modes of rainfall activity present in monsoon and estimate

coherent zones based on time scales involved in monsoond.2 Time delay directions

precipitation.

Coherent rainfall zones over India have been previouslyThe method of ES as defined before, allows for obtaining
recognised byGadgil et al.(1993. The data used in their time delay patterns of events. The time delay patterns could
work was monthly rainfall from 459 stations spread over be further used in studying the paths of rain events and
India for the period 1907-1981. The delineation of the their moisture sources or paths of synoptic scale atmospheric

Nonlin. Processes Geophys., 17, 338% 2010 www.nonlin-processes-geophys.net/17/371/2010/
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Fig. 7. (a)Time delay patterns as obtained form APHRO-V0902fer94%. (b) Time delay patterns as obtained form IMD-D for 94%.

(c) Mean wind direction at the height of 850 hPa during rain events above the threshotddPo, derived from NCEP/NCAR data set with
time indices for the events calculated from NCEP/NCAR precipitation data.

disturbances and their evolution. This is significant in the10 to 20days and 30 to 60 day¥Vdliser; 2006 Ding
light that Indian summer monsoon has two major branchesand Sikka 200§. The 3 to 7days mode is caused by
or sources of moisture. The first one is the Bay of the oscillation of monsoon trough over the Indo-Gangetic
Bengal on the east and the second one is Arabian seplains. Both 10—20 day$K¢ishnamurti and Ardunayl980

on the west. In Fig.7 we show the time delay patterns (quasi-biweekly oscillation — QBM) and 30-60 dayikka
obtained employing the approach discussed in Seg&tWe  and Gadgil 1980 (Madden-Julian oscillations — MJO) are
observe similar patterns for both data sets. We compar@associated with planetary scale waves.

these results with wind directions as calculated from the As a first exercise we try to identify the important time
reanalysis data at 850 hPa height for the same thresholdelays in our data at a particular threshold on the rain events.
Fig. 7c. To obtain wind directions we have taken the For this purpose we use the IMD-D data set and we calculate
mean of the wind directions over the days when there werehe frequency distribution of the delaysn;?) = P(|t1j 5D
events above aa percentile in the precipitation data set of for a given distance between the grid pointg andk on the
NCEP/NCAR reanalysis data sets, i.e, the time indices areattice wheren = |l —m|, n =1,2 ... 122 (days) and is an
also derived from the same NCEP/NCAR reanalysis dat&ndex for a Specific comparison between the grid poiﬁts
set. The directions estimated by our proposed method argndx satisfying the distance criteriom@xnorni;, k) = d).
almost identical to the wind directions (Fig) derived from  To calculate the relative significance (not in a strict statistical
reanalysis data. We have obtained similar results for thesense) of delays, we calculate Shannon’s entropy for each
other thresholds too. The similarity between time delay I = 4 4 g

patterns and wind directions indicate that our method allowsdelay ats; = > p(n{)Inp(n!). Clearlys; is a measure of

to estimate th? pa_ths qf '””O'St“Te movement_ over the .Ianchow uniform lthle distribution is for a particular delay over
mass or the directions involved in atmospheric circulations

all » comparisons. The more uniform the particular delay

during moisiure transport in the monsoon season. It 'Sthe more it has relative importance in the system. Further

interesting to note that the moisture source of heavy rainfall d eaMmax

. L . o ISy =Sy | Jmax .
events over central Indian region is the Bay of Bengal. It iswe normalizeSS by, S = — max— WhereS; " is the
known that rainfall over the central part of India is received n

by north ward movement of low pressure areas from themaximum ofS;’ over all the delays. In Fig8 the lowest
Bay of Bengal (al et al, 1995. Therefore we find strong Values (white colour) of gives the most significant delays.
directionality of arrows from the Bay of Bengal to north over We observe that the most important delay lies between 10

central India (Fig7). to 40 days with a maximum spatial extent for 10 to 20 days.
We may conclude that the 10 to 20 days mode is the most
5.3 Separating time scales influential one and has largest spatial scales.

For the purpose of our study on the spatial organization
The Monsoon'’s inter seasonal oscillations (ISO) are anothepf the rainfall field and the formation of coherent zones,
intriguing feature of monsoon dynamics. These oscillationswe use four different delay ranges: 3-7days, 10-20days
are part of an internal dynamics of monsoon and also(QBM), 30-60days (MJO), and 0-7 days to account for
govern its inter seasonal variability (ISV). The ISO is the fluctuations in synoptic systems such as lows and
composed of a hierarchy of quasi-periods like 3 to 7 days,depressions. Applying these time slices in Eg) {ve

www.nonlin-processes-geophys.net/17/371/2010/ Nonlin. Processes Geophys., 33132010
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Table 2. Summary of results of the Cluster analysis.

Data Used Threshold percentile  time delay range  [; Figure no. Total Clusters  Clusters plotted
IMD-D 94% 10-20days 1.1496 9a 119 14
APPHRO-V0902 94% 10-20days 1.1546 9% 239 10

IMD-D 94% 30-60days 1.1467 9 159 6
APPHRO-V0902 94% 30-60days 1.1546 9 28 6

IMD-D 94% 3-7days 1.1545 9c 69 15
APPHRO-V0902 94% 3-7days 1.1546 od 213 19

IMD-D 94% 0-7 days 1.148 9e 29 18
APPHRO-V0902 94% 0-7 days 1.15469  of 32 19

For the case of the MJO scale we tak&=30 andr /*=60.
09 Again we find a formation of geographically discontinuous
08 clusters, with largest coherence emerging between the west
coast of peninsular India, parts of central India, the northeast
of India and the foothills of the Himalayas (see yellow colour
08 along the west coast, along Himalayas, central India and
05 parts of north east of India in Fig@c and yellow colour in
Fig. 9d marked as 1a, 1b and 1c). The high coherence in
rain intensities over the west coast and central India on MJO
03 timescales has also been reported Siggh et al.(1992.
02 However the coherence observed between the Himalayan
foothills and the north east has not yet been known. One
striking dissimilarity between the results for the two data
set is the formation of a single cluster covering the east

Time delay(in days)

120 120
1357911 1356791 1357911

Distance along the Distance along the Maximum norm distance

latitude (in degress) longituds (indegrees)  (in degress) peninsular India and Indo-Gangetic plains (green colour in
Fig. 9c) in APHRO-V090 as compared to IMD-D Fi§d
Fig. 8. Shannon entropy for the distribution of each delay for all \yhere the region is defragmented into very small clusters.
comparisons between grid with a given distance. The data used tq-he clustering algorithm is not able to fully resolve the

generate above image is IMD-D. structures in this particular case of the IMD-D data set.

In the next case we consider the time scelé = 3 and

! ( :
calculate the ES matri® and perform a clustering analysis ¢/ = /- Now we do not find too much geographically

on it. This allows us to determine the spatial scales undefiScontinuity in clusters (Fig9e and f). There does not
explicit consideration of the aforementioned time scales. XISt Very long range correlations as observed before when
In Fig. 9a and b we consider’ = 10 andz/* = 20, cor- considering larger time scales. We observe clear and strong

responding to the QBM. In this case we get geographicaIIyCIUSterS glong both east and'west peninsular India, the
rmer being the larger one (Fi§e and f; clusters 4 and

discontinuous clusters. We find a strong coherence betweef? ) : .
the west coast of peninsular India, parts of central India®)- We find a strong separate clustering over central India

and the northeast of India (see green colour along the Wes"imd/?,?rth east tojg. Finally, we take a temporal thresholds
coast and north east of India in Figa and yellow colourin O 77" =0 andz/* =7, putting together all the synoptic

Fig. 9b marked as 1a, 1b and 1c). The black colour means thgcale activities and fluctuations into one single time scale.
formation of very small clusters or defragmentation. Another ©PViously, very long range correlations and geographically

important aspect to note is the formation of a huge clustediscontinuous spatial correlations as observed above do not
formed over parts of central India, north India and Pakistan€Xist. we also have similar observation for these time scales

Fig. 9a. These findings suggest that two zones of rainfallin the Fig. 8. The last two time scales are indicative

activity exist on these times scales, one along the west coasf(‘,Jr spa.\tlally Iocal_yquatlpns in monsoonal rainfall due .to
parts of central India and north east and another one consisfYOPtC scale activities like monsoonal troughs, depressions
of the Indo-Gangetic plains. The detected spatial scales ar@"d lows. Even with all the dissimilarities of IMD-D and
now rather large, as also expected because this particuldtP PHRO-V090 we see striking similarities in the clusters
mode is associated with the planetary scale phenomena df Fi9: 99 and h. The clustering analysis is summarized in
westward moving waves originating in the Pacific. Table2.
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. APHRO+V0902
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(a) Time delayl0 —20 days (b) Time delayl0 — 20 days

65 E 70E 75E B0 E 85 E 90 E 95 E 65 E 70E 75 E 8 E 8 E 90E 95 E

(c) Time delay30 — 60 days (d) Time delay30— 60 days
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10'N
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(e) Time delay3 — 7 days (f) Time delay3 — 7 days

65 E 70E 75 E 80 E 8 E 90E 95'E

65 E 70E 75 E 80 E 85 E 90 E 95 E

(g) Time delay0—7 days (h) Time delayo — 7 days

Fig. 9. Results of clustering at different delays.

From the above results we can conclude that duringand MJO time scales, we have long range spatial correlations
monsoon the rainfall field exhibits an obvious spatial organ-transacting even couples of 1000 km, where at shorter time
isation. Our study provides a qualitative view of this spatial scales of 3 to 7days and 0 to 7days the spatial scales
organization. It has a strong dependence on the time scales efe smaller. The interaction of topography and monsoonal
the different rain producing processes and systems. At QBMlynamics is also apparent in the shape of the clusters.

www.nonlin-processes-geophys.net/17/371/2010/ Nonlin. Processes Geophys., 33132010



380 N. Malik et al.: Spatial structures and directionalities

5.4 Remarks scales. At the time scales of QBM and MJO, which
are related to the planetary scale waves, we have seen
By using event synchronisation we have estimated differentery long range spatial correlations crossing over even the
dynamical zones of monsoon and how they re-organizegeographically discontinuous regions. Our results also seem
themselves on different time scales. Our results stronglyto be consistent with the observation of recurring extreme
point towards the existence of spatial organization in theevents (floods) over these regions. We suggest that the
rainfall field due to the interaction of physico-geographical possibility of employing such approach in the prediction of
factors with the dynamics of the monsoon. The spatialextreme events at different time scales should be explored.
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