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An Obijective Study of Indian summer Monsoon Variablity
Using the Self Organizing Map Algorithms

A.K. Sahai and R. Chattopadhyay
Indian Institute of Tropical Meteorology, Pune

ABSTRACT

The Intraseasonal Oscillations (ISO) of the Ind&ummer Monsoon (ISM) has
been classified traditionally in terms of activeldireak phases after the onset around the
end of May or early June. Such phases of monsauglaracterized by distinct synoptic
features associated with precipitation and varwoiher meteorological parameters. Here
we make an attempt of objective classificationhaf $ynoptic patterns of precipitation in
terms of the following dynamical parameters: lasgale circulation indices viz. vertical
zonal wind shear index (Webster and Yang, 1992}jce¢ meridional wind shear index
(Goswami et al. 1999) and meridional shear of zeriatl index (Wang and Fan, 1999),
mean sea level pressure (MSLP), specific humiditgZ0mb (SPH) and geopotential
height at 500mb (GPH). The data used in this stuay obtained from ERA-40 data set
(http://www.ecmwif.int/research/eja/The classification is obtained using Koheneel S
Organizing Map (SOM) algorithms. The most importadivantage of SOM is that we
don't fix any pre-defined criterion to determine thalues of parameters in identification
of active and break states; instead various statelse interacting non-linearly in such a
way that very dissimilar states are widely separaad transitional states are placed
between the groups. In this study the 1SOs aresifiled using 3x3 SOM states. When
compared for precipitation, it is found that 3 lbémn belong to active (with one wettest),
3 to break (with one driest) and remaining 3 beltlmgormal conditions. The composite
spatial patterns of these states showed that theeamnd break states of precipitation and
their transition are well captured with the aboventioned parameters. The states
characterized as wettest and driest patterns wamsidered further to obtain objective
classification of active and break spells. Using plioposed criteria (Table 2) 42 active
and 37 break spells were identified during 198012@@riod. The spatial pattern of
composite break and active spells matches well wihlier studies and with other
observations. This shows that any general cirarathodel which captures the spatial
and temporal variability of large scale circulatitwmidity, pressure during the monsoon
season may well forecast the rainfall. The othgrartant results are:

The study shows that the multi-scale non lineaerattions among large scale
circulation (represented by circulation indices)d docal convection (represented by
MSLP, GPH and SPH) play the key role in the mongo@tipitation.

A significant correlation of break state with Elfdi condition can be seen from
the study.

There is a systematic transition pattern from dia¢esto the other with higher
staying probability at the most active and breakest



Introduction

The monsoon season over Indian subcontinent hagexold tradition of synoptic
classification. Such synoptic grouping is based wowmmerous observations by
meteorologists for over a century (one of the estlreference being Blanford, 1986).
The synoptic charts and the experience of manywead meteorologists lead to a
satisfying and simpler classification of monsoona(ikar 1950; Ramamurthy 1969;
Raghavan 1973; Krishnamurthy and Bhalme 1976; Aldga et al. 1978; Sikka 1980
Goswami and Mohan 2001; Gadgil and Joseph 2003 ieto. dry or wet spells of
rainfall. The grouping is basically based on rdinfgensity over Indian landmass. After
the onset during the end of May or first week ofeluthe monsoon is said to have an
active phase, a break phase and a normal statenorhel state is defined by averaging
the mean rainfall (or any other meteorological peeters like wind, surface pressure
etc.) time series for a long duration of time apdcg. During the active phase the rainfall
over the Indian subcontinent is much more thanpifelefined climatological normal.
There is a widespread occurrence of rainfall ovestof the Indian landmass, except
over parts of Tamilnadu and parts of northeast&ates There is a formation of trough
over north Indian landmass at lower level known“@®nsoon trough” and another
trough forms over the west coast known as “wesstta@ugh”. The position of the
monsoon trough oscillates roughly between the folig of Himalayas to central India
and is placed over central - north India duringvecphase. Each and every parameter
like pressure, wind are seen to have distinctiveratteristics features of its own which
change drastically during the active or the breadlls. As mentioned earlier, though,
active or weak spells are defined in terms of &dirdver the central north India or the
monsoon zone (Gadgil and Joseph 2003), differesearehers included different
parameters along with rainfall to define the activébreak states. Magana and Webster
(1996) defined break spells in terms of weak spdllsonvection and 850 hpa zonal wind
speed over a large region Pe595°E, 10N-20°N). Krishnan et al. (2000) defined break
spell in terms of positive anomalies of outgoingdwave radiation (OLR) over the
central north India. Circulation parameters are ailsed by many workers. Goswami and
Mohan (2001) defined break spells in terms of 8p8 hwind speed at a particular grid
point 15N, 9CFE; De et al (1998) defined in terms of cycloniccaiation, pressure and
wind structures at the lower levels. The traditlorsanfall intensity is also continued to
be utilized to define break spells until recentBaflet and Daniel 1988; Annamalai and
Slingo 2001). Such broad classifications effectiveéflect the complexity of the
monsoon and it goes beyond mentioning that no eipglrameter can represent the
situation efficiently. So the question remains shene: Can the rainfall pattern during the
active or break phase be represented using onlprdigal parameters in a General
Circulation Model (GCM)? Or if we take that it ispresented, what is the criterion to be
imposed on the dynamical parameters for that? @rduxrurately such states of “rain” or
“no rain” are represented only with dynamical paetens even if we do not include any
information of rainfall? Whether rainfall itself ise cause of active or break phase or it is
the effect of such dynamical interactions?

It is evident from all the studies cited abovet th@ny parameters are required to
capture the nonlinear structure of the monsoorfathimariability. In addition to that the
local and the global nature of the influence of pgaameters are also important. The



influences of the circulation parameters are b#gioaore global in nature as revealed by
many earlier works which defines various indicele Tirculation indices we take here
are defined by Webster and Yang (1992), Goswanal.€1999), and Wang and Fan
(21999). In this paper we will try to classify theinfall pattern from the synoptic point of
view (i.e. active, break or normal states) usingy dhe dynamical parameters and sea
surface temperature (SST) without the informatidnrainfall and we will see how
correctly the rainfall pattern is represented. Hynbe pointed out that the circulation
indices were basically designed in the contexintdriannual variability of the monsoon
system. However some recent studies (Annamaldi,eé2@G00 and Goswami et al. 2001)
indicate that the intraseasonal and the inter-annaidability both have the common
mode of spatial and temporal variability as obtdifieom the EOF and the Principal
Component Analysis (PCA). But it is not clear tibw about the skills of the large scale
indices in simulating the intraseasonal variatibnainfall. It is well known from various
earlier studies (e.g. Palmer and Sperber, 1996)thealarge scale dynamical and the
regional features are well simulated in Generat@ation Models (GCM), though the
models respond poorly in simulating or forecastimgrainfall. The may be due to lack of
representation of sub-grid scale processes andusparameterization. Hence predicting
the large scale features from the GCMs and theryiagpthe statistical scheme for
forecasting the rainfall may be a solution to thelyem.

The present study is an alternate framework tortesthe role of broad scale and
regional scale parameters on the active and byeglls svhich has duration of a few days
to few weeks. The efficiency of the large scale adgital forcings along with the
regional parameters in defining the intraseasooVeand break pattern and assessing
their role in depicting the sub-seasonal variatigriseing attempted in this paper. We are
not interested in defining the break phase alosastr@ssed by many of the earlier authors
mentioned in the text. Rather, first we want toidkvthe rainfall pattern into discretized
state in terms of many parameters taken at a tindetlaen we will see whether the
pattern match with our traditional definition oftave states or break states in terms of
rainfall pattern which is the key deciding factdraodry or wet spell. The classification
method used here is the Kohenen's Self Organizirapp NISOM) (Kohenen 1990;
Kohenen 1995; Hewiston and Crane 2002) which fafider the class of unsupervised
learning of synapses in a Artificial Neural Netwodigorithm. We feel that the
unsupervised learning is the best option to clgsHie synoptic states during the
monsoon season which assumes that the statesrdaimeuonisly evolving of its own (i.e.
without any supervision) yet can be discretizetb ancountable number of states. Such a
formulation has the following important advantagéky It will answer all the above
questions and put forward a more efficient meansbgéctive classification of the active
and break spells using dynamical parameters.(8)illtshow how the states evolving
from one state to another and if the time evolutltas any ordered fashion. On
intraseasonal scale such information would show d¢hkelution and movement of
anomalous convection (or suppressed convectiomyd watterns or any other parameters
which we have chosen. (3) What are the most stataiees(or nodes) and how the
transient states behave during any episode? (4)3imh information may be useful for
developing a model dependent climatology in defiractive and break state without any
a-priori criterion (5) Journey towards a predictischeme and how such information
shows predictability limit?



The study may help in the following way:

To see the role of dynamical and the thermodyndmpi@eameters at the regional
and global scale for the synoptic features assedtiatith active or break like
condition and rainfall is an effect of non-lineamteractions among those
parameters.

A criteria for describing active, break and norroahdition can be obtained in
terms of those parameters.

The nonlinear interactions can be described ingesfrthe observables in a more
efficient way.

To develop a statistical-dynamical scheme for desg Indian summer
monsoon rainfall variability.

The next section will describe the SOM algorithm krief. The subsequent
sections will describe the data used, methodologyelbped for this study and the
results.

2 Data and Methodology

2.1 Data

The dataset used for the study is the EGMVAN year reanalysis data (ERA-40)
which is freely available for download from the E@W data server
(http://fecmwf.int/research/). The data is downloaffedh 1980 to 2001 which is used for
the analysis in this paper. The daily 6 hourly globataset for 6 months from May to
September is obtained for the following parametergeast-west) wind (850mb and
200mb), v (north-south) wind (850mb and 200mb}p-getential height for the 500mb,
specific humidity at 850mb, precipitation, mean $exel pressure and the monthly
global sea surface temperature (SST). The 6 hadabpset for the precipitation is
summed over to get the accumulated daily rainfiie other 6 hourly parameters are
averaged for the 24 hours to get the average dailye. The u-wind or the v-wind
represents the large scale dynamical parameterseadhe@eopotential height, specific
humidity and the sea-level pressure representéota variables. The wind parameters
are then converted into following large scale iedi@s mentioned earlier: vertical zonal
wind shear index (Webster and Yang, 1992, hendeféfY1), vertical meridional wind
shear index (Goswami et al. 1999, henceforth Gt) mreridional shear of zonal wind
index (Wang and Fan, 1999, henceforth WFI). Themses level pressure, geopotential
height and the specific humidity are area averames Indian region (6%£-95°E, 15N-
25°N) to formulate the local index. The circulatiomlices, though originally formulated
for seasonal scale, are examined first to see whetey potentially capture the
intraseasonal variability. The monthly SST is takéor the regions given in Table 1.
These indices are used in the SOM mapping singefthmd to be successfully capturing
the intraseasonal variation (Fig.1).



2.2 TheKohenen Self Organizing Map Algorithm

The SOM algorithm developed by Kohenenedsrred above usually consists of
one or two dimensional neurons which are identicalature and properties. The neurons
map the less (statistically) informative input w@stto a more informative out put vector
space. Thus essentially it is a clustering algaritiSuch clustering is done without any
pre-information or supervision and the neurons stdfihemselves according to the
information provided by the data. The steps areutised below:

(& All the neurons of dimensionality (K1 x K2)eamssigned with a initial weight
vector w (i) which are random in nature with thecstcondition that no two input vectors
are identical.

(b) Input vectors x of dimensionality N, are broasted parallel to all the neurons
(see fig.) and for each input vector the most rasp@ neuron is located. The weight
vector associated with this neuron and predefinehborhood neurons, which are
assigned randomly initially, are adjusted to redineeEuclidean distance with the input
vector.

That is || x(n)-w|| is minimum (j=1,2,...M, & M=K1.K2).

(c) All the weight vectors are adapted accordinatythe winning neurons including
those in the neighborhood are adapted. Those eutdid neighborhood are kept
unchanged.

M) + cmx(n)-wm] | R(n)
W(n+1) =
M) otherwise

where c(n) is the adaptation constant and F{njhe current neighborhood size
centered with the winning neuron.

(d) Such steps are continued as necessary untilimioer change (or it reach some
termination condition); the step (b) is repeatdttowise.

Thus finally the states arrange themselves accgrdd the data. The SOM
algorithm has been used for synoptic classificatbstates (see for example, Cavazos,
1999)). The importance of using SOM is that it asss the data is continuous, yet the
nonlinearity is well taken into account and capsutbe similar states. The other
important advantage is that the lesser SOM nodesallcated when the data is sparse in
a region (Hewiston and Crane 2002). All these athges prompts us to classify the
synoptic states during the monsoon.



2.3 Methodology

The wind, geopotential height, specific humidiyd the mean sea level pressure
are used for the SOM classification of rainfall. iver as mentioned earlier, both the
broad scale features and the local features areftube contributing in the evolution of
the monsoon rainfall pattern. So we choose to lsalaily circulation indices WY, Gl
and WFI as described earlier which are based ge Iscale dynamical variation of wind
pattern. The regional features are assumed tofgresented by the daily indices defined
from geopotential height, specific humidity at 85@hand mean sea level pressure. For
the actual computation of the input reference wsctof the SOM we used the
standardized and smoothed anomaly values (11 dayiny mean) of all the indices.
Henceforth all the discussion will be based on thsult of using the smoothed
standardized values. The non-linear combinatioralbthe indices should sufficiently
represent the complex Intraseasonal variation efrttonsoon rainfall and the indices
themselves have the capability of capturing theeality. This is shown (and justified)
in fig.1 and fig.2. The influence of the Oceansmansoon rainfall are very important
from coupled ocean atmosphere interaction pointi@f as known from many previous
works. Since the Ocean has a large memory anddaggo-day variation, we also
include the monthly variation of the sea-surfacegerature is also included for the
classification of SOM patterns (Table-1).

The freely available software for implementing SOl downloaded
(http://www.cis. hut.fi/research/som-research/) glomwith detailed references and
instructions for practical usage. Since it is memed earlier that our basic aim is to see
whether the active or break like rainfall pattecas be simulated or not using dynamical
parameters, we do not include the information @& frecipitation during the SOM
training of the nodes. The SOM classification istfimade to distribute the nine (3x3)
states of rainfall pattern (fig.3) with referenoecentral Indian region as referred in many
papers for the classification of active or breakggh(Cadet and Daniel 1988; Annamalai
and Slingo 2001; see also Hewitson and Crane 2@&jazos 2000 for similar
application of SOM to some other region). The caa¢ number of nodes is purely on
physical basis since mathematically there is ntricgéien in choosing the resolution of
the nodes. The physical justification is descrilrethe introduction of sec. 3. The area
averaged standardized rainfall anomaly is overdClie 3x3 nodes as in Table-2. This
gives a first hand impression of the most activd #me most break node. The area
averaged values for the selected six indices (sddeT3 for the area selection) are taken
for each target day. For the same target day we bansidered the data for the day itself,
previous three days and forward three days. Thulave seven days data for each of six
variables (indices) i.e. 42 inputs. Along with teek? inputs we club the monthly SST of
6 regions (given in Table-1) of Indian Ocean areRAacific Ocean and thé' May initial
condition for each of 6 indices for a particulaage Finally the Julian day variation of
each parameter is introduced as a variable acapegdirfCavazos 1999):

sin [(2 t/n)- /2]



Thus states of the corresponding dynamical patemen obtained from 55
((42+6) + 6+1) points spanning the dimension ofitipait vector (i.e. 55 coefficients for
the reference vector of each node) for each dagetoan output vector corresponding
each node out of 2684 samples selected from 23 géafataset. For the training purpose
we have selected 2074 samples collected from 1i& y@ad for actual classification we
put 2684 samples spanning all the 22 years. Thé@moof the each node illustrates how
the winds, humidity and all the other parametensalve during such classified rainfall
states. The nine rainfall patterns, in the fig.3ig#, themselves show which is the most
active or which is an intense break phase (disculsger). Next we plot the movement of
the rainfall patterns 9 days (-3 triad) before kireak, composite condition during the
break and 9 days (+3 triad) after the break. Thaesthing is repeated for the active
phase also. Here the break or active spells whielyeeater than 3 days are only plotted.
The conditions of the wind or pressure or otherapaaters during the active or break
spells are also shown and they efficiently repreaéirthe supporting evidence of active
and break spells. The mean and anomaly plots glebdw the distinction between these
two rainfall states in terms of dynamical parametéee for example, the plots of
circulations at 850mb and 200mb) which are welludoented in literature. We have also
shown the percent probability of staying in a paitr state (or node) out of all the
events classified and the probability of transititom one state to other and the direction
of transition. The probability of staying in a nogethe probability of mapping in the
same node for two consecutive occasions. The pildlgaldf transition is the probability
of mapping onto the different node from a particmade. The vector for the direction of
transition is obtained by picking up the relativember of transitions from one node to
the other and is normalized by the total frequeotevents before being plotted for
direct comparison. The other important things whied show here are the seasonal
trends in the rainfall events during the active dmdak condition and for all other
classified events and the correlation of the aitreak nodes with the seasonal averaged
(June, July, August and September) NINO3 indexjaimdcean Dipole (IOD) Mode
index and the North Atlantic Oscillation (NAO) indeThe IOD index and the NINO3
index are calculated using the SST anomalies femptiescribed region (table-1), while
the NAO index is downloaded from Climate Developtr@entre (CDC) NOAA website.
We also test our classification for three represtéreé years: 1987, 1988 which are
contrasting years of summer monsoon rainfall omdian subcontinent and the 1997 El-
Nino but normal year.

We next aim to quantify our classification of &etiand break states in terms of
the local and global indices. For this purpose demniify the activity days for each of the
nine nodes. These days for each node representatsfication to each node. Next we
compute the values of each of the 6 indices fohesmde and the values for all the
nodes are tabulated (Table-4). Then from the ERApdgLipitation data a criteria is
obtained for the days that are to be selected enralues are greater or lower than the
prescribed value. A composite made from those days, represents the reconstructed
active or break days. The reconstructed activethadoreak nodes are then compared
with the primary classification obtained from SOMining of the data. The composite
patterns are then validated using the actual IM&ipitation data over land for the same
period and from the NOAA OLR data during the saradqul. The inferences from the
figures will be discussed in details in the nexitiss.



3. Results and Discussion

We decide to define minimum 3x3 SOM nodes aftes lof experiment and
permutations. However there is no hard and fast iruldeciding the number of nodes.
More the number of nodes more is the resolutionthednodes more closely represent
the atmospheric continuum. The aim in choosingstid number of nodes was that at
one hand it should be kept minimum and should Heast distortion and sufficiently
low quantization error (a measure of error dueetuction in output dimension, see S.
Haykins, Ch. 9) while on the other hand it shoulddoice maximum information of the
important synoptic states discussed so far inditee (e.g. active states, break states,
normal states etc.). Also from meteorological pective the position of the monsoon
trough decides the active or break-like conditioreroindia. Now there are three
positions of monsoon trough as described earliemnal position, south of the normal
position and north of the normal position. Now feach position of the trough we
differentiate the states, at the sub divisionaglginto normal, below normal and above
normal cases, which gives a total of 9 states. ¥é that the assumption is justified
since the attention in literature is given to 3ibasates: active, break or normal states.
The inclusion of three more transition states facheof the above states is required to
have a more detailed idea of regional patternsadaat its movement from one phase to
the other. If we resolve more states, though ther ggradually decreases, the states of
monsoon are not distinguishable from each otheradswlinvolves more computer work-
time. So considering a mathematical optimizatiod areteorological perspective, 3x3
states is chosen. The states sufficiently repretbenactive break states and transitions.
This can be seen in Table-2. We produce the aremged rainfall values over CI for
each node in Table -2. The values show that thHesstaaving negative values of area
averaged standardized anomaly of rainfall can bedd as acute break state (1, 3), less
acute break states [(2, 3) and (3, 3)], normahtoriegative side (1, 2), normal to the
positive sides(3,2), less intense active stated)(and (3,2)Jand intense active states
(3,1) and a complete neutral state(2,2). The commpleutral state has a near zero value
of rainfall anomaly compared to all other statecltatates are also showing transition
when we compare rainfall anomalies.

The sub sections below will describe the detaflsesults obtained using such
classification. The application of SOM classificatiremoves the ambiguity or confusion
that may creep up while classifying rainfall eveimtsa synoptic way: whether or not a
state can be said an active state or a break @tatenormal state which so far actually
depends on the experience of the observer.

3.1 The representation of monsoon rainfall in terms ahfe indices of
dynamical parameters:

It is mentioned elsewhere that the robustnessheflarge scale and the
regional parameters that are used in the intrasaastassification of SOM nodes has to
be discussed first to be sure of their applicatiothe sub-seasonal classification. The
fig.1 shows the area averaged ®5°N, 70°E-85°E) seasonal mean of all of the indices
plotted along with the precipitation data obtaifiean the ERA-40 and the actual ground
based observation obtained from the India Met. Diptthe same period (1980-2001).
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The shaded region in all the plots shows the vianawithin the £1 standard deviation
range. It can be seen that all the indices havsith#ar intraseasonal variation as that of
the precipitation. The Wang and Fan index seensite a more detectable intraseasonal
pattern. The variation in rainfall pattern is maraplified in this index. The other broad
scale indices are also capturing the basic Gaussiaaoture of the intraseasonal rainfall
pattern. The fig.2(a) shows the intraseasonal bditia of all the indices along with the
rainfall pattern. The figure is shown for the yeH®87 and 1988 for the sake of
clarification in the two contrasting monsoon yedre figure 2(b) shows the plot of the
area averaged value of rainfall anomalies overrdl the area averaged value of rainfall
composite for each class for a particular day iaryE87 and 1988 which are mapped
onto the SOM nodes (Table-2). The strong fluctuetigthough in a very complex
manner) of all the indices in fig 2(a) in the isteasonal scale and the density of classes
in the positive (negative) side in the year 1988{)S%hows that a judicious selection of
large scale and regional scale indices may destii@traseasonal rainfall pattern.

3.1(a) Classification of Precipitation States

The application of SOM technique is justified oiflyve can reproduce the
synoptic classification of rainfall pattern. Theg.8 shows the 3x3=9 states of the
anomalous rainfall pattern which is produced ushrgydynamical parameters described
in section 2.1. It is clear that the corners (1aBjl (3,1) shows the patterns of break and
active condition respectively and they are easiltinguishable without the use of
rainfall data. From now onwards the state (3, 1l)lve termed as active (or wettest) state
and the state (1, 3) as a break (or driest) stdite.active and break states are taken with
reference to central India (385N, 70-85°E, henceforth CI) where a prominent
precipitation extremum has an important contribuiio the seasonal mean rainfall value.
During the active phase (3, 1) the mean precipiais maximum over central India and
suppressed over northeastern states and Tamileadt) Coast in the peninsular India.
The condition is reversed in the state (1, 3) whbeze is a rainfall maximum over
northeastern states and Tamilnadu coast and hamimum over the rest of Indian
subcontinent. It also clearly shows a phase relersahe eastern coast and the
northeastern states during active and break stalés. other states in the figures 3 are
states showing transition from one state to therothhe states (1,1) or (2,1) (fig.3), we
take as an example, also shows high positive athehomalies but most of the rainfall is
towards the lower part of the peninsula or overdbean and hence it can not be termed
as a break or active phase over Cl. The correspgratlates of circulation and other local
indices like MSLP, specific humidity and geopotehtieight also shows the systematic
transition as seen from precipitation anomaly 8jgThe SOM patterns for all the other
dynamical parameters are described through figfiggtd0.The anomalous MSLP (fig. 8)
and the geopotential height (GPH) (fig.9) shows fba the most active state (3, 1) the
closed iso-lines (or low pressure center) are Hyosigread over central north India and
over the Arabian Sea and Bay of Bengal. Thouglttimvection centers in fig. 3 are also
intense and organized in (2, 1) and (1, 1), theynaostly over ocean and peninsular part
of India whereas central and northern parts defgstsrainfall in those states. Similarly
the states (2, 3) and (3, 3) represents the brkalcdndition and the state (3,1) being the
intense break state as discussed earlier. Similarithe states (2, 3) and (3, 3) global and
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the local dynamical features as represented bwlaiions, geopotential height, specific
humidity and mean sea level pressure can also ée &e represent the break like
condition for the same states of precipitationthi@ state (3, 3) there is a development of
negative pressure anomalies, though the gradiemdtiseen to be strong. The state (3, 2)
however shows more pressure gradient fields whahthe effect of increased rainfall
anomaly for the same node as can be seen fronréa@jpation anomaly. An interesting
observation can be made from the comparison othallanomalies e.g. MSLP (fig.8),
GPH (fig. 9) and the specific humidity (sph) at 880el (fig. 10) with the precipation
anomaly (fig.3): that for some of the nodes (e,d.)tthere is a mismatch between rainfall
pattern and the parameter(i.e. MSLP and GPH) pattemay be noted that there is a
development of week positive pressure anomaliesyagte (1, 1), though positive
precipitation pattern remains persisted (thoughkn@zer land).This shows a time lag
between a variation in the rainfall and pressuteepa However for other parameter like
sph, the pattern match with rainfall at the samden(l, 1) i.e. there is a high rainfall
when there is an ample supply of moisture; thusveing no lag. So rainfall indeed is a
complex interaction between all the parameters.states (1, 2), (2, 2) and (3, 2) is seen
to be intermediate of all the states for precimtahence we call them normal states and
as we will see later, a random transition may tpleee to any state. During the active
stage (3, 1), the ITCZ (as represented by the pitatibn band) is active over whole of
the continent and extends up to pacific. Therdss a signal of developing suppressed
convection anomalies in the equatorial Indian Oc@&#&is anomaly is seen to be moving
northward (the direction of movement as will becdssed little later.

3.1(b)Classification of large scale circulation patterns

The detailed features anomalous 850mb wind stiearahd vorticity are plotted
in fig.4 respectively and anomalous wind vector aragnitude in fig. 5 respectively. The
anomalous wind states are actually showing nicély tharacteristics features of
circulations during the break state and the adiaée (state (1,3) and state(3,1)) as can be
seen in literature (Goswami and Mohan 2001, Gamigil Joseph 2003). The strength of
magnitude of wind vectors are increased signifigachiring active state and are reduced
during the break state. The plots in figures, astiored above, show the time evolution
of the increment or decrement of magnitude. Itlvarseen in the figure 6 that during the
active (break) phase strong (weak) westerlies twerndian region and the anomalous
wind showing westerlies during active phase andedass during the break phase. The
wind vectors in fig.5 also show anomalous anticy@avinds over Indian Ocean during
active phase and cyclonic circulation during thealirphase. The streamlines (fig. 4) are
also showing close packing during the active phager the Indian region and the
curvature across the monsoon trough can also Ine She break state in the same figure
also clearly shows less packing of the streamlimé #he absence of monsoon trough
leads to less pronounced curvature. The lower lrge positive vorticity can also be
seen in active state which is absent during thalbstate (actually negative over western
India). The anomaly vorticity and the streamlines actually opposite in nature which
can be seen from fig.4 during the active and tle@akicondition only to support the mean
wind conditions shown in the previous figure. Thedvpatterns in the other nodes show
a transition pattern from or towards active or krsiates.
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The circulation features at the 200mb are ploitefigs.6 and 7. The mean wind
shows Tibetan anticyclone is extended to the wédsitso normal position and is
widespread over the subcontinent (fig. not showhg anomalous vorticity also shows a
shifting of the positive core towards west durihg break phase than the active phase
The break phase shows the circulation is towardsetist of its normal position (the
normal phase may be the state (1,1) (2,2) or @3)onfirmed from precipitation states
in fig. 4. The strong easterlies (Tropical Eastdey) over the Indian subcontinent can be
seen during the active phase beloWN®ver a larger region as compared to the break
state in fig. 7. The westerly jet stream are muichng during the break state than the
active state and the anomalous wind (Fig.7) is shgwhe extension of the core below
40°N during the break phase than in the active phasehich the strength is considerably
reduced.. The actual plot of u and v wind is corapkr to the earlier description (figs.
not shown). The mean u wind shows strong eastetlatj 200mb during active phase.
During the active phase there is a large anomalousnd from the Indian landmass
showing the return circulation of the anomalous leactell that develops over Indian
subcontinent.

3.1(c)Classification of regional dynamical patterns

The detailed features of mean sea level pres8t&tR) are examined next. The
trough over the CI is clear from the mean plot Wwhis seen to be shifted towards
foothills of Himalayas during the break phase (figst shown). This is also clear from
anomaly plot (fig. 8) which shows negative pressamemaly over whole India during
active phase and positive pressure anomaly duhedteak phase. Also the number of
isobars over India is seen to be much more duhegttive phase than the break phase.
The anomalous 500mb geopotential height is alstigoldn fig.9 to support the surface
observations. The anomalous specific humidity &n@b is also plotted in figure 10 to
show the spatial and temporal distribution of aalzlé water content. The mean plot
shows the high perceptible water during the acpililase over the CI region than the
break phase where it is shifted towards the nostieea parts of India (fig. not shown).
The anomaly pattern depicts positive values duaiciiye state or negative values during
the break phase (with slight positive values neatHills).

The above discussions show conclusively the pattesf dynamical
parameters can efficiently simulate the rainfalit@@ during the monsoon season and
those patterns are representative of active okl@anormal) states. The requirements
of all these seven parameters shows the rainftiieigffect of many interactions, though
nonlinear, can be classified logically using theMs@lgorithm. It is worth mentioning
here that all the states are showing some featliseretized from others and some states
give good rainfalls than other. So in true sensayrsdates are giving rainfall over many
parts and many states don't give rainfall which canse drought over some parts of
India and flood to the other part.
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3.2. Stability of the states and the direction obwement

In the last section we have talked about the gnw@ution of the states. The
direction of evolution will give the important infmation of the temporal movement and
its variability. This is plotted in fig.11 (a).THegure clearly shows that the direction of
movement is mostly in a clockwise in sense. Somtestshows probability of transition
to a particular direction only while the other stahows movement to any of the nearby
available state. For example, the state (1,3) sladsslute probability of transition to the
state (2,3) while the state (2,2) shows the prdibglf transition to any of the nearest
neighborhood. This figure is a clear indication thé uncertainty of transition in a
particular direction. It actually shows some statss more predictable than others. If the
system is in state (1,3) we can certainly say thatnext transition state will be (2,3)
while if it happened to be in state (2,2) it is mospredictable. Similarly the break state
(3,1) shows almost certainly that the next traosistate to be (2,3). Thus transition from
active or break state are more directed to a pdatistate while the other states are more
“confused”. This may explain the reason of failefethe model at times. The inherent
uncertainty of an integration state may lead torang state in next step of integration.
The cause of this uncertainty may arise from thgreke of non linearity associated with a
state because some states have more “degreesedbiiné than the others which is
inherent with a nonlinear system. This in simplesgeimplies that if the system is in an
active state, will definitely move towards a less$ivae state and the same conclusion are
also valid for a break state. If the system isnnrdaermediate state it has a comparative
probability (high confusion) of all nearest neighboThus we can infer that the low
entropy (more informative) corner states are maegliptable for transition to the other
states.

The stability at each node (probability of no &iéion) is also important
beside the probability of transition. The probadbtfystaying in a particular state is plotted
in fig.11(c). The figures in each box shows thecpatage probablity of staying in that
state once the system has arrived at that nodg.viery clear that active state and the
break state are the more stable states than ofhkesstates (1,1) and (3,3) are also
somewhat stable than remaining 5 states. Howeeeinthcation is clear from the figure
that the active or break states are more stahiesstéhus if we concern only on intense
break states and probablity of transition from gtate we can say that once the system is
in an intense break or active condition, it has gtrong affinity of staying in that state
rather than transition. The state is in some sadlypamic equillibrium. This may explain
why the atmospheric conditions sometimes lead tararsual break spell of prolonged
duration. Once all the dynamical parameters haeecdndition of state (1, 3) (tobe
discussed later), it will lead to a prolonged bredkwever the advantage of finding a
system in such a state is that the predictabifityransitions is also increased from those
states!

The percentage frequency of staying at each nedgaqar is plotted in fig. 11(d).
This shows the average frequency of staying indtive node or the break node is
highest and is equal (21). The next plot fig.11 gepws the mean days per event in a
season. The most active and the most break nodeshawing that the mean number of
days of staying in those states is more than citaes. This actually supports the high
probability of staying during the active state oedk state as plotted in earlier figure.

14



3.3 Movement of Precipitation bands during the aaior break phase over
Central India

The last subsection describes the movement ofyktems as a whole from the
sample obtained in a SOM node. We also wish tolchd®ether the composite behavior
of the movement can be seen by plotting a triadodr For this purpose we classify the
active and the break days for each year and madenposite of the entire active and the
break phase. The composite is made for the actieeak nodes from the days identified
in that node using SOM. The triad value of the cosifie of breaks/actives greater than
three days is plotted from three triads beforebtteak/active phase to the three triad after
the break/active phase. The triad 0- (0+) deplotsstate when the system entered (left)
the break/active stage. The middle state (all caitgpis the composite of all the break
or active state.

The movement of the break phase (state (1, 3)1@) structure shows that the
movement started from triad -3, and ended at tHadboth of which are more or less
normal states. The negative precipitation anomtgted from Indian Ocean bifurcated
to Bay of Bengal and Arabian Sea and finally adite land at triad O-. At the composite
structure the equatorial Indian Ocean shows theakigf increased convection which
subsequently moves northward towards the subcanttinghe succeeding triads.

The movement of the precipitation band during db&ve phase (state (3, 1)) is
seen clearly starting from the Indian Ocean in fi§. The precipitation band is well
established over Indian land mass in the triacalD€omposite, and 0+. On and after the
triad +1 the negative precipitation anomaly stanspagating from the Bay of Bengal.
Such propagation may be seen as a Rossby wavensespe described by many authors
(Krishnan et al., 2000; Annamalai and Sperber, 2005

3.4 The correlation of the SOM nodes with ENSO, |GIbhd NAO

The events like ENSO, 10D and the NAO are referi@ds significant factors
determining the intensity, spatial and the tempaaiiability of the monsoon. The
seasonal averaged ENSO index, 10D index and the MW&éXx, which are determined as
mentioned elsewhere, is used to correlate withaittevity days obtained from SOM
classification from 22 years of data for each nddwis for the most active node (3,1) it
gives a day-to-day correlation of the dates indbeve spells greater than 3 days in a
season with the values of ENSO index for the saatesd The correlation coefficients are
plotted in fig.14. An examination of figures foacgh node for ENSO index shows that
the break state (1,3) is highly correlated with SNat a 99% level of confidence, the
states (3,2) and (2,3) are correlated at 5% le¥edignificance, while no other states
including the intense active state (3,1) are nailaignificantly correlated. Thus the role
of ENSO with the acute break phases of Indian summussoon can be associated in a
gualitative way. The other two indexes like 10D éwdor the NAO index, however, are
seen not to be significantly correlated with anges
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3.5 The Trends in the Rainfall pattern and some eagtudies

The seasonal averaged trends in the rainfall pattesrpbotted in fig.11(b).The
figure clearly shows that the states (2,3), (23] (3,2) shows higher increasing trend
while the states (1,1), (1,2) and (3,1) shows tieeasing trend and the state (1,2) is
significant at 2% level. The state (1,2) represamsintense break like situation in
peninsular India.This supports the important notibat the extreme states or weather
conditions are going to prevail replacing the ndrstates which is the conclusion of
many recent climate change experiments (see fangbeaRupakumar et al 2006). The
role of Green House gases, though, can't be assdissetly from the study done here, it
can be said that the role of initial conditions aohtinuous existence of extreme events
due to climate change in a sample can have a gignifrole in determining the trend.

Finally the case study for the year 1987, 19831&% 1997 are shown in fig. 15
to substantiate the effectiveness of SOM algoritmyear wise study. The year 1987 is
a drought year, 1988 is a flood year and 1997risranal year. The figures for the year
1987 shows that there are 73 acute break daye (EtaB8)) and only 15 intense active
days (state (3,1)), and the year 1988 shows tka¢ tlre 32 active days and 3 break days.
Thus the opposite conditions are nicely capturethénfigure. The year 1994 is an 10D
and good monsoon year. It can be seen that the ewailactive days are more in the
most active node (3,1). The year 1997 shows cortiparaumbers of active and break
phases though the number of break phases are mbile, the other number of other
phases decreased considerably. An interesting vdiger can be made from these
figures and the correlation coefficient values potgd for each node in fig.14. The
figures of correlation indicate that only break slag significantly correlated, which
means that in an El Nino year number of breaks Isho& more than non El Nino years,
while, the active phase is related insignificantiyh the ENSO phenomena. This leaves
the impression that the dynamics of active and koistates are separately related to
ENSO phenomena hence ENSO index may not be a golachior of active or normal
monsoon year.

3.6 The guantification of the active and break stat

We have discussed earlier about the states @)d. )1, 3) which are classified as
the most active and break states of rainfall patt€he dynamical features corresponding
to those states clearly support the rainfall stdtesvever, as is our aim, it is important to
quantify those classifications. Such quantificat®achieved by computing the values of
the indices (like WYI, Gl etc.) for each of 9 SOMdes which are used in SOM
classification. The standardized anomaly valuethefindices are given in Table -4. The
result indicates that for the most active (3,1) #relbreak node (1,3) all the values are
close to +1 with the exception of Wang and Famexd he value of £1 is a statistically
sound criterion. Thus to see the role of the regliamd the global parameters and at the
same time assuming a stringent statistical critéoia the most vigorous period of
monsoon fluctuation, i.e., during % 3une to 1% September, the standardized anomaly
values for the states (3, 1) and (1, 3) are taidret+1 and is given in Table -3. A careful
observation shows that the values of the indicesjwst opposite in nature as the SOM
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nodes are mapped in figure. The days are obtaiagtdfrom the 22 years dataset when
the values of the parameters are greater or lessttte prescribe value to represent the
active or break like situation. A reconstructiontioé states using the same days and the
condition described in Table-3 from the NOAA OLRtaldor the same period (1980-
2001) shows similar spatial features of active dmaks states (fig. 16). The
reconstruction shows a close resemblance with SOd&nit also captured all the basic
global features of active and break phases as sieduin various literatures (e.g. Gadgil
and Joseph, 2003) as obtained in the primary Glzsson (fig.4). However it is
important to note that though the gross spatiaiufes are nearly opposite using the
opposite values of the indices for the active amedak states, they are not exactly
opposite. Thus the dynamical forcings governing dhéval of active and break states
may not be exactly opposite in nature or may notebaally tuned to contrasting
characters of active or break phase. For the Indiacthmass we have compared the SOM
reconstructed ERA-40 rainfall with the IMD rainfalata over land for the same period
(1980-2001). The reconstruction using the rainfbbtained for the whole globe (figs.
not shown). However for the sake of comparison\aidiation the spatial distribution of
the rainfall pattern during the active and brea&gghis given in figs. 17 and 18. The top
panels show the ERA-40 active or break states lamdbdttom panels show the active or
break condition for the IMD °X1° data. It can be easily verified that the rainfatp
using the SOM criteria proposed in Table-3 anddags identified for active and break
phases from the ERA-40 data captured all the Haaikures of rainfall during the active
or break phase from IMD rainfall data as describgd/arious other studies (Gadgil and
Joseph, 2003) and is also comparable with ERA-dOnsruction.

4. Conclusion
We briefly summarize below the results of shely:

1. The SOM algorithm can be used as an excellenttalescribe and classify the
states of Indian Summer Monsoon. The synoptic giea8ons of active and break
states are easily achieved using the SOM technidulee states are classified as
active state, break state, normal state and tmsitian states. The 3x3 mapping
shows 3 active states (with state (3,1) being B#eactive state), 3 normal states
and the 3 break states (with state (1,3) beingcarte break state).

2. It is possible to achieve the perfect classificataf states only with dynamical
parameters like wind, MSLP, specific humidity etgthout the information of
rainfall. There are three global and three locdlides used in the classification.
They are vertical zonal wind shear index (WYI), tieed meridional wind shear
index (Gl) and meridional shear of zonal wind inq&%Fl). The mean sea level
pressure, geopotential height and the specific titynare area averaged over the
region (68E-95°E, 15'N-25°N) to formulate local indices. These indices thelwese
show intraseasonal variation and can be seen toridesthe active and break
patterns of rainfall. Hence the role of global &mel local parameters represented by
the indices are evident in this study.
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10.

11.

Most of the dynamical models are able to capturgelacale spatial and temporal
variation of the dynamical parameters realisticéBperber and Palmer, 1996) but
the simulation of rainfall is very poor. This dispancy may be attributed to poor
physical parameterization. Therefore this study lsarextended to obtain realistic
rainfall simulation by developing statistical reéteiship with dynamical parameters
simulated by the GCMs and rainfall.

The active and break nodes show good probabilityaofsition to a single nearest
neighbor with less ambiguity. The probability ciyhg in active or break states is
also more than that of the intermediate statesttamahormal states. The ambiguous
probability of transition may be due to non lingateractions among various

parameters. The percentage frequency of stayirg particular node per year is

maximum at the active and break node.

The study can be used to quantify the values otuycal parameters during the
active and break states. Such quantification maydeel to estimate actual value of
the rainfall at each node which we wish to showa fature study.

The SOM derived active and break state compositddgr nicely show the
northward propagation of the rainfall band. Thepsepsed convection anomaly can
also be seen propagating northward during theatiot of the break phase.

The correlation analysis shows that only break pl{asasonal total of number of
break days) is significantly correlated to the seas ENSO index (the active phase
is mildly correlated without significance). The 1GBdex and NAO index are also
insignificantly correlated.

The year wise study illustrates that active andibnmeodes are correctly observed
each year. It also indicates the dynamics of aciivé break phase are differently
related to ENSO, the relation with break state ¢petatistically significant.

The trend in the rainfall pattern shows increasirend of extreme states and
decreasing trend of normal states. Such trendsalse@dy predicted by climate
change experiments incorporating the effect of Gideuse effect.

A scientifically satisfying quantification of acevand break state can be achieved
using the values of six indices. Though active brebk states have opposite values
of indices the states are not exactly opposite patial distribution of rainfall
pattern. This may be due to the fact that the dycanforcings governing the
arrival of active and break states may not be éxagiposite in nature or may not
be equally tuned to contrasting characters of eaivbreak phase.

A reconstruction of active and break states usegtrescribed values of indices (as
in Table -3) capture very nicely the features dfivacand break states as obtained
from primary classification. The reconstruction d@tso verified using the IMD
rainfall data over land for the same period. Thengosite features of active and
break states are well captured even if the dayslargified using ERA-40 data.
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Table-1
The six regions over which SST is used in SOMsifasition.
50E-70E 90E-110E  150E-180E 180E-210E 210E-270E 110E-140E
10S-10N 10S-ON 15S-5N 5S-5N 5S-5N ON-20N
Table-2

Values of area averaged standardized anomaligsim®ll from ERA-40 data
over central India for all 3x3 SOM nodes.

1.3) 2.3) 3.3)
-2.04 -1.23 -0.54
1.2) 2.2) 3.2)
-0.60 0.03 0.37
1) 2.1 3@.1)
0.41 0.85 2.39
Table- 3

Table showing the objective criteria that should dagisfied for at least three
continuous days(or more) by different indices fetedmining active(break) days.

Index (all values in standardized anomalies) Active State  Break State

Either
Goswami et al. Index >1 <-1
v850(70-11CE,10S-30N) — V200(76-11FE,10S-30N)

or
Wang and Fang Index >1 <-1
U850(40-80°E,5°N-15°N) - U850(66-90°E,20-30°N)

or
Webster and Yang Index >1 <-1
U850(40-11FE,P-20°N) — U200(48-11FE,(P-20°N)
And
Either
Mean sea level pressure index B®5E,15°N- <1 >1
25°N)

or
Specific humidity (850mb) index (86-95°E,15N- >1 <1
25°N)
or

Geopotential Height (500mb) Index(&5 <-1 >1

95°E,1PN-20°N)
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Table-4

Values of area averaged standardized anomalieferfesht indices from ERA-40
data over central India for all 3x3 SOM nodes

Webster Wind index Goswami wind index
-1.00 0.11 0.61 -0.67 -0.41 -0.05
-0.51 0.26 0.83 -0.34 -0.05 0.26
-0.04 0.26 0.74 0.24 0.51 0.70
Wang wind index Geopotential height index
-0.94 -049 -0.04 0.81 -0.02 -0.81
-0.26 0.08 0.35 0.60 0.13 -0.66
-0.03 037 1.14 0.50 -0.03 -0.84
Specific humidity 850hpa index MSLP index
-091 -0.74 -0.71 1.02 0.32 -0.48
0.07 0.01 0.03 0.64 0.04 -0.71
0.67 0.72 1.09 0.26 -0.28 -1.12
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Wang and Fan Index

Webster and Yang Index
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Figure 1 : Plot showing the 22 year climatologidailly mean (1 June to 30 Sep) of all the
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Index Anomalies

Rainfall Anomalies
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Figure 2: (a)The plot shows the intraseasonal oscillation of all the indices during the
year 1987 and 1988. The MSLP and the GPH are multiplied by -1.0 to revert the phase
of the two indices.(b) The plot showing the efficiency in capturing the rainfall pattern
by SOM.The thick line show the area averaged rainfall anomaly composite for the 3x3
SOM class for the period 1980-2001. The broken curve show the area averaged rainfall
anomaly from Jun to Sept. for the year 1987 to 1988.
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