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tively low response of foodgrain production to average

factors which are critical for inter-annual variation of and abpve average monsoon raihpost-1980, is thgt the

the Indian summer monsoon rainfall and the major strateglgs that would allow farmerg to reap ben'eflts of the
milestones leading to this understanding. The nature 90od rainfall years are not economically viable in the cur-
of the two critical modes for monsoon variability, viz. rent mileu. Such strategies (such as adequate investments
El Nino Southern Oscillation and equatorial Indian in fertilizers and pesticides over rain-fed areas) would
Ocean Oscillation is considered and their links to the become economically viable if reliable predictions for
monsoon elucidated. We suggest possible reasons forno droughts’ could be generated.

the rather poor skill of simulation of the interannual Thus prediction of the interannual variation of ISMR
variation of the Indian summer monsoon rainfall by — ang particularly for the occurrence/nonoccurrence of the

gémgrs\f)ehf”gage”ﬁ;ilect'gﬁla;'rg? rrgogelsbrlrj]g;"r"ﬂlé?]zi extremes (i.e. droughts and excess rainfall seasons) contin-
S S€a su P u s bou Y ues to be extremely important. However, the skill of at-

tion. We discuss implications of what we have learned : . - ;
for the monsoon of 2006, and possible use of informa- MosPheric and coupled models in predicting the Indian
tion on the two important modes for prediction of the MONS00N rainfall is not satisfactory, and the problem is

rainfall in all or part of the summer monsoon season. Particularly acute as these models fail to predict the ex-
We conclude with our view of what the focus of re- treme$. For example, none of these models could predict
search and development should be for achieving a the recent droughts @002 and 2004. It is important to
substantial improvement in the skill of simulation and

prediction of the Indian summer monsoon rainfall in

the near future. i

2 L

In this article, we first discuss our perception of the
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IT is well known that the variation of the Indian summe §
monsoon rainfall (ISMR) from year to year (Figure 1) ha
a large impact on the agricultural production and hent .=

the economy of the country. In the colonial era, the Ir !
dian economy was described as a gamble on the monst ™ s ew wea v wam e w0 s o oo e es s
rains. With planned development since independence, 1 3 ™ - —r —

o - : i_—|éx;s;;""
contribution of agriculture to the Gross Domestic Produr , r_ Drought 1

(GDP) decreased substantially and led to the expectati
that the impact of the monsoon on the economy wou
have also decreased. However, a recent analysis of = @
variation of the GDP and the monsddras revealed that _
the impact of severe droughts on GDP has remained |
tween 2 and 5% of GDP throughout. A significant findin¢=2|
of this study is the asymmetry in the response to monso L. i . .
variation, with the magnitude of the impactfond-grain 19 1964 1969 1994 1999 2004
production (IFGP) and the GDP (IGDP) of deficit rainfall

; ; ; igure 1. Variation of the anomaly of all-India summer monsoon
bemg Iarger than that for surplus rainfall (Flgure 2)' I une—September) rainfall from 1871-200bdee, as percentage of

has been suggested that a possible reason for the relgsn) and 1979-2004 (below, normalized by standard deviation).
Droughts, i.e. years with deficit larger than 10% of the average are
shown as red and excess monsoon seasons, i.e. with excess larger than
*For correspondence. (e-mail: sulo@caos.iisc.ernet.in) 10% of the average are shown as green.
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note that the breakthroughs in seasonal forecasting owmean waters of the central and eastern Pacific and en-
the tropics have come from the phenomenal progreBanced convection in the atmosphebewe, and a cold
since the eighties in the understanding of the physics pfiase, La Nina, characterized by abnormal cooling of
El Nino Southern Oscillation (ESO), the dominant signal these waters and suppressed convection iatthesphere
of interannual variation of the coupled atmosphere—oceabove. Studi€s® have shown that there is an increased
system over the Pacific. The elucidation of the nature pfopensity of droughts during El Nino and of excess rain-
ENSO, unravelling of the underlying mechanidms$ed fall during La Nina. To study the relationship of the
to the development of models to a level at which thd$MR with ENSO, we use an ENSO index based on the
could simulate the phenomenon and its impacts on t&&T anomaly of the Nino 3.4 region (120-170 W, 5 S—
climate of different regions realistically. Understanding5N), since the magnitude of the correlation coefficient of
simulating and hence predicting the variability of the INNSMR with the convection over the central Pacific is
dian monsoon is clearly the next frontier in tropical varihigher than that with convection over the east Pacific
ability. (Figure 3). The ENSO index is defined as the negative of

A major advance in our understanding of the intethe Nino 3.4 SST anomaly (normalized by the standard
annual variation of the monsoon occurred in the eightieeviation), so that positive values of thdEO index imply
with the discovery (or rediscovery) of a strong link witha phase of ENSO favourable for the monsoon. El Ninos
ENSO. ENSO involves oslation between a warm phase,are associated with ENSO index less than —1.0 and La
El Nino, characterized by abnormal warming of surfacllina with ENSO index greater than 1.0.

The relationship of ISMR with ENSO index for the pe-
riod 1958-2004 is shown in Figure 4 in which the
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Figure 4. Normalized ISMR anomaly versus ENSO index for all the

. ) ) ) June—-September seasons between 1958 and 2004. Red represents
Figure 2. a, Variation of the impact on foodgrain production, IFGP.droughts, i.e. seasons with ISMR deficit greater than 1 standard devia-
b, Variation of the impact on GDP, IGDP with that of the monsoonion in magnitude; whereas blue represents excess monsoon seasons,
rainfall anomaly; numbers represent the years. i.e. with ISMR anomaly greater than 1 standard deviation.
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droughts and excess rainfall seasons of ISMR can alsoibdependent. For example, Fasdfithas shown that a
distinguished. It is seen that when the ENSO index is fatrong association exists between ENSO and the Eurasian
vourable (>0.6), there are no droughts and when it is usrow cover.
favourable (< —0.8) there are no excess monsoon seasons.
If we consider the interannual variation of the monsoon
since 1980 (Figure ), consistent with the links of the The Indian monsoon and its variability
monsoon with ENSO, the EIl Ninos of 1982 and 1987
were associated with droughts and the La Nina of 1988e last three decades have withessed enormous progress
with excess rainfall (Figure 4). It turned out that for 14n our understanding of the physics of the monsoon and
consecutive years beginning with 1988, there were rits variability. Over 300 years ago, Haftéguggested that
droughts; furthermore, during the strongest El Nino evethe primary cause of the monsoon was the differential
of the century in 1997, the ISMR was higher than thlkeating between ocean and land and the monsoon was
long-term mean (Figure 1) and Krishna Kuneral? considered to be a gigantic land—sea breeze. There is an
suggested that the relationship between the Indian maaternative hypothesis in which the monsoon is consid-
soon and ENSO had weakened in the recent decadesed as a manifestation of the seasonal migration of the
Then came the drought of 2002, which occurred in assiortertropical convergence zone (ITGZ)or the equatorial
ciation with a much weaker El Nino than that of 1997 anttough®®*’, in response to the seasonal variation of the
neither the statistical nor the dynamical models coul@titude of maximum indation. It is important to note that
predict it. The experience of 1997 and 2002 suggestadhereas the first hypothesis associates the monsoon with
that the link with ENSO had yet to be properly undera system special to the monsoonal region, in the second,
stood. the system responsible is the planetary scale system asso-
The intriguing monsoon seasons of 1997 and 2002 trigiated with the major tropical rainbelt (ITCZ/equatorial
gered studies which suggested a link to events over ttreugh) and the monsoonal regions differ only in the am-
equatorial Indian Ocedh'*and studies relating the impactplitude of the seasonal migration of the basic system. The
of El Nino on the monsoon to the pattern of SST anomaliegso hypotheses have very different implications for the
over the Pacifit? and to the nature of the evolution of thevariability of the monsoon. For example, in the first case
El Nino in the seasons preceding the summer mortdoorwe expect the intensity of the monsoon to be directly re-
Gadgil et al!*** showed that in addition to ENSO, thelated to the land—ocean temperature contrast.
phase of the equatorial Indian Ocean Oscillation Simpsori® was perhaps the first to question the impor-
(EQUINOO), which is considered to be thtmospheric tance of the role played by land—ocean temperature con-
component of the Indian Ocean Dipole/Zonal Mdd¥,  trast: it is only when one points out that India is much
makes a significant contribution to the interannual variatidmotter in May before the monsoon sets in than in July
of ISMR. The results of Iharat al 1° of the association of when it is at its heights — or draws attention to the fact
ISMR with ENSO and EQUINOO over 1881-1998 are¢hat the hottest part of India — the northwest gets no rain
consistent with those of Gadget al''. Gadgilet al'* at all during the monsoon— or shows by statistics that the
further showed that there is a strong relationship betweamerage temperature is much greater in years of bad
the extremes of ISMR and a composite index of ENS@ins than in years of good rains, that they begin to doubt
and EQUINOO withall the droughts characterized bywhether they know the real cause of the monsoon.
low values of this index and all excess monsoon seasonsSubsequent studies have shown that the land surface
high values. It is surprising that for a complex phenoméemperature is higher when there is less rainfall during
non such as the Indian monsoon, the extremes can be ‘the summer monsoon and lower when the rainfall is
plained’ in terms of links with just two modes: ENSO andhigher®. This is shown in Figure 5 in which the patterns
EQUINOO. for the anomalies of rainfall and surface temperature for
In this article, we focus on the present understandingtife drought monsoon season of 2002 are shown. Thus,
the links of the interannual variation of ISMR to ENSQather than the land surface temperature determining the
and EQUINOO and the majonilestones leading to this amount of rainfall via the impact on the difference be-
understanding. We will not attempt a comprehensive réween land and ocean temperature, the land temperature
view of the interannual variation of the monsoon which is determined by the rainfall (or lack thereof).
also known to be related to several other faélasch as Sikka and Gadgil®8 study of the daily satellite imagery
the Himalayan snow covér Eurasian winter/spring snow- over the Indian longitudes lent support to the second hy-
cover®?" pre-monsoon surface air temperature anomaothesis considering the monsoon as a seasonal migration
lies over Indid®?° the northern hemispheric temperaturef the ITCZ. They showed that (i) the cloud band over the
in winter’®, the surface air temperatures over northweshdian subcontinent on an active monsoon day is strik-
Europe and Eurasij which may be caused by the differ-ingly similar to that characterizing the ITCZ over other
ent phases of the North Atlantic OscillatfériThese fac- parts of the tropics and (ii) dynamically the systemailas
tors and ENSO and EQUINOO are not necessarithe important characteristics of the ITEcluding low
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Figure 5. Anomalies of the rainfall (left) and maximum temperature (right) for the summer mons2602{June to September).

level convergence, intense cyclonic vorticity above thiereaks showed that the competition is particularly with
boundary layer and organized deep convection. Thbe eastern equatorial Indian Ocean (Figure 6). A promi-
large-scale rainfall over the Indian monsoon zone is ditent feature of the intraseasonal variation is the north-
rectly related to the meridional shear of the zonal windard propagations of the cloud bands from the equatorial
just above the boundary layer, i.e. the intensity of thiemdian Ocean onto the Indian monsoon zone at intervals
continental ITCZ% of 2—6 weeks (e.g. Figure 7) and the continental TCZ is
Thus, the monsoon is a manifestation of the seasomahintained partly by these propagations of the oceanic
migration of the ITCZ and monsoon variability is associTCZ. Thus the relationship between the TCZs is complex
ated with the space-time variation of the continentaVith the oceanic TCZ contributing to the maintenance of
ITCZ*. Important feedbacks, such as cloud radiatiothe continental TCZ on the one hand and competing with
feedbacks or the feedback between vertical instability aftdon the other.
mid-tropospheric heating by the deep cldtiasll oper- It has been known for a long time that a substantial
ate for the continental ITCZ as well as the oceanic ITCZraction of the large scale rainfall over the Indian monsoon
In addition, processes special to the continental ITCZone occurs in association with propagations of synoptic
such as land surface processes will play a role in detacale systems generated over the Bay of Bengal onto the
mining the variability. Indian monsoon zone. Several of these systems are be-
Sikka and Gadgfif have also pointed out two importantlieved to arise from westward propagations of systems
features of the cloudbands over the Indian longitudes dwver the west Paciffé. Since a vast majority of the syn-
ing the summer. First, there are two favourable locatioroptic and planetary scale systems that result in rainfall
for cloud bands/ITCZ, one over the heated subcontineater the monsoon zone are generated over the surround-
and another over the warm waters of the equatorial Indiamg oceans, we expect the variation of the monsoon rain-
Ocean. Since the convergence in both the zones cannofdieto be linked to that of organized deep convection over
intertropical, the term tropical convergence zone, TCke surrounding oceans.
(rather than the ITCZ) is used when referring to the In- Satellite imagery clearly shows that the cloud band as-
dian longitude¥’. Second, there is a competition betweesociated with the continental TCZ is often of planetary
the continental TCZ and the oceanic TCZ with activecale, stretching eastward from the Indian longitudes to
spells of one occurring primarily during weak spells obver west and central Pacific and even beyond. The OLR
the other. In fact, a subsequent stiidyf active spells of pattern for the active/break composites based on the ac-
the monsoon and intense dry spells, i.e. the so-calltide/weak spells of the rainfall over the Indian monsoon
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Figure 6. Composite OLR patterns for breaks in the rainfall over the Indian monsoon zone (top) and
active rainspells over the Indian monsoon zone (bottom) (after Gadgil and Fpseph
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Figure 7. Variation of the region with deep clouds (identified as grids

with OLR less than 200 and 180 Wi at 9CE during March— Figure 8. Correlation of June—September OLR with ENSO index.
Decemberl979. The seasonal envelope is also indicated.

zone, also shows the large longitudinal extent of the zoMonsoon, ENSO, EQUINOO and 10D
over which the variation of deep convective clouds is co-
herent (Figure 6). Thus, in addition to the links with th&Ve can get an insight into the intriguing response of the
Indian Ocean, there appears to be a direct link betwesronsoon to the El Ninos of 1997 and 2002 by considering
monsoon variability and the deep convection associatéae events over the equatorial Indian Ocean. We realized
with the TCZ over the Pacific. the importance of convection anomalies over the equato-
The major impact of El Nino (La Nina) over the Indiarnrial Indian Ocean in determining monsoon variability
Ocean is the large positive (negative) OLR anomalieg/hen we were examining the evolution of the monsoon
suggesting suppression (enhancement) of deep convet-2003 after the severe unanticipated drotightof
tion over almost the entire equatorial and north IndiaR002. The most striking feature of the monsoon of 2002,
Ocean (Figure 8). This in turn appears to be associatédring a relatively weak El Nino, was the uepedented
with suppression (enhancement) over the Indian monsodeficit of 49% in the peak monsoon month of July. On
zone leading to the well-known association of drought$ie other hand, the July rainfall in 1997, with the intense
(excess rainfall seasons) with El Nino (La Nina). The reel Nino over the Pacific, was only slightly below the
lationship of convection anomalies over the Indian regidong-term mean. Fortunately, the season of 2003 turned
with that over the Indian Ocean is not surprising since tloait to be far better than that of 2002, with that of ISMR
large scale monsoon rainfall over the Indian region is abeing in excess of the mean by about 2% and the all-India
sociated with propagation of convective systems whictainfall in July 2003 in excess by about 7%. The OLR
are generated over the warm ocean around the subcomitomaly patterns for July 2002, 1997 and 2003 are shown
nent. We next consider the link of the monsoon witln Figure 9. As expected, the OLR anomaly patterns over
events over the equatorial Indian Ocean. the Pacific are similar for the EI Nino years of 1997, 2002
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with the anomalies being of larger magnitude in 1997
The OLR anomaly patterns over the equatorial India
Ocean are strikingly similar for 1997 and 2003, with suf
pression of convection over the eastern equatorial Indii
Ocean and enhancement over the western equatorial
dian Ocean. On the other hand, the July 2002 pattern
characterized by suppression of convection over tt
western equatorial Indian Ocean and enhancement o
the eastern equatorial Indian Ocean.

Suppression of convection over the easteri«B00E,
0°-10°S, henceforth EEIO) and enhancement over tf
western part (58-7C°E, 100S—-10N, henceforth WEIO)
are characteristics of the positive phase of the Indie
Ocean Dipole/zonal mode (IOD/IODZM). Enhanced con
vection over the western part of the equatorial India
Ocean and reduced convection over the eastern part are
sociated with easterly (i.e. from the east to the wes
anomalies in the equatorial zonal wind; whereas the r
verse case, i.e. with enhanced (suppressed) convect
over the eastern (western) part, is associated with we
erly anomalies of the zonal wind at the equator. The @
cillation between these two states is the Equatorial Indii
Ocean Oscillation. The patterns in Figure 9 suggest tl
presence of a positive phase of the EROD in 1997,
2003 and a negative phase of the EROD in 2002.

That a positive phase of EQNDO with enhanced
convection over WEIO is favourable for the monsoon i
clearly seen from the pattern of the correlation of ISMI
with OLR (Figure 3). It should be noted that the magni
tude of the correlation with the convection over WEIO i:
comparable to that with the convection over the centr.
Pacific corresponding to the link with ENSO. We use a
index of the EQUINOO based on the aray of the zonal
component of the surface wind at the equator’E60

Ak

Figure 9. OLR anomaly patterns foa) July 2002, ) July1997 and
(c) July 2003.
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Figure 10. a, Normalized ISMR anomaly versus EQWIN for all the
June—September seasons between 1958 and 2004. Red represents
droughts, i.e. seasons with ISMR deficit greater than 1 standard devia-
tion in magnitude; whereas blue represents excess monsoon seasons,
i.e. with ISMR anomaly greater than 1 standard deviatiprBame as

(a) but versus DMIc, DMI versus EQWIN.
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90°E, 2.5S-2.5N), which is highly correlated (coeffi- ENSO index and EQWIN. When the value of this index is
cient 0.81) with the difference between OLR of WEIChigh (i.e. point above the line L) not only is there no
and EEIO. The zonal wind index (henceforth EQWIN) ighance of droughts but also no chance of moderate defi-
taken as the negative of the anomaly so that positive valits. For low values of the index (i.e. below the line L)
ues of EQWIN are favourable for the monsoon. there is no chance of excess rainfall seasons but a small
The relationship of ISMR with EQWIN is shown inchance of moderate excess rainfllls important to note
Figure 10a. It is seen that when EQUINOO is favourablehat the strong relationship between extremes of ISMR
(EQWIN is >0.2), there are no droughts and when it iand this composite index is not predictive but simultane-
unfavourable (EQWIN <-0.8) there are no excess monsoons. We find that there is a similar separation between
seasons. The ISMR anomaly, the$O index and EQWIN extremes of the July—August rainfall in the phase plane of
for the summer monsoon seasons with the magnitude of the concurrent values of the ENSO index and EQWIN
ISMR anomaly larger than one standard deviation (i.éFigure 12b).
extremes) during 1979-2004 and the special season of
1997, are depicted in Figure 11 in order of increasir __ - -
ISMR. It is seen that each drought (excess rainfall seas(‘&) , = ISMR
is associated with unfavourable (favourable) phases
either ENSO or EQUINOO, or both. In 1997, the twc
indices are comparable, but opposite in sign and the IS\ 1l N
anomaly is small. In 1994,N650 is unfavourable and the
excess rainfall can be attributed to the favourable phase
EQUINOO. In the monsoon season of 208Rhough the
El Nino is weaker than that in 1997, EQUINOO was als
unfavourable and a severe drought occurred. Thus wi
EQUINOO we can ‘exfain’ not only the droughts that
occurred in the absence of El Nino or in the presence o -
weak El Nino, but also excess rainfall seasons in whic . L
ENSO was unfavourable. The worst droughts are egedc -2
with unfavourable phases of both the modes. .57
In Figure 12a, the ISMR for all the seasons, i.e. the
June-September seasons in the period 1958-2004, -3, g P , 2 3
shown in the phase plane of the June to September av EQWIN [J1AS)
ages of the ENSO index and EQWIN. The most strikin @ G T AT
feature of the distribution of extreme years is the clei
separation between the years with excess and defic e
with each of the surplus (deficit) years located above (b
low) a certain line in the phase plane (the line L in Figur c 54
12 a). Furthermore, note that there are no seasons wi )
even moderate deficits (between half and one stande
deviation) &ove the line and only two seasons with mod
erate excess, below this line. This distribution in th
phase plane suggests that an appropriate index would t
composite index, which is a linear combination of th:

aTs

sESL Wk " asg
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gl- i
_1 I1 I I I I I Figure 12. a, ISMR in the phase plane of June—September average
values of the ENSO index and EQWIN for all the June—September sea-
sons between 1958 and 2004. Red (dark red) represents seasons with
L — ISMR deficit greater than 1 and 1.5 standard deviation respectively;
‘202 1987 79 62 86 83 8 whereas blue (dark blue) represents seasons with ISMR excess of mag-
nitude greater than 1 and 1.5 standard deviation respectively. Green
Figure 11. The ISMR anomaly, EQWIN and ENSO index for all (orange) represents moderate positive (negative) ISMR anomaly of
summer monsoon seasons with large deficit or excess du@@@— magnitude between 0.5 and 1 standard deviatipBame asd) but for
2002 and 1997. July—August all India rainfall.
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The study of Iharat al'® on the relationship of the al.’s*® suggestion that thebave nomal ISMR during
variation of the monsoon with ENSO, EQUDO and 1994 was due to the strong (positive) 10D event of that
IOD, using data for a much longer period (from 1881 tgear. Annamalai and Lt suggested that the combined
1998) than that used by Gadgil al!* also suggests that effect of subsidence anomalies forced by intense El Nino
the variation of ISMR is better described by use of indievents and the presence of IODZM results in the presence
ces of ENSO as well as EQWIN. For ENSO, they havef negative precipitation anomalies over the entire longi-
used the Nino 3 index and for the 10D, the dipole modeides of EEIO—maritime continent and this in turn leads
index (DMI)'’ derived from the SST data of Kaplah to above namal rainfall over India during July—August.
al.*’. EQWIN was derived from the monthly zonal sur-This is consistent with our attributing the normal mon-
face wind data from IOADS*. For this longer dataset, soon of 1997 to the highly favourable EQWIN despite an
the magnitude of the correlation between ISMR and Ninmfavourable ENSO index. However, positive and nega-
3.4 index is somewhat larger (0.59), and that with EQWINve phases of EQUINOO do not have a one-to-one rela-
smaller (0.15). They have shown that, although EQWINonship with positive and negative 10D events. For
correlates poorly with ISMR, the linear reconstruction oéxample, in 1962 and 1999 while the June—September
ISMR on the basis of a multiple regression from the Ninaverage EQWIN was large and positive, DMI was nega-
3 and this wind index better specifies the ISMR, than théve; in 1972 while June-September average DMI was
regression with only Nino 3. They point out that their relarge and positive, EQWIN was negative. Itis, therefore,
sults regarding the equatorial wind anomalies are essarot surprising that there is a substantive difference in the
tially consistent with those of Gadgdt al'®'’ who relationship of ISMR with EQWIN and that with DMI. It
analysed only the recent record. Hence theygest that appears that what matters for ISMR is the atmospheric
‘it is possible to conclude that the association between ttedeconnection with EQUINOO, while DMI does not play
Indian monsoon, equatorial zonal wind and the monso@my role in the variability of ISMR. Thus, considering
holds good for the entire observational record’. EQUINOO as theatmospheric component of the 10D

EQUINOO has been considered to be alv@ospheric may be neither correct nor useful.
component of coupled Indian Ocean dipole/zonal mode
(IOD/1I0ODZM). The oceanic component of the mode is
characterized by anomalies of opposite sign in the sd4onsoon and ENSO: recent studies
surface temperature (SST) and sea surface height (SSH)
over WEIO and EEIO. Generally, DMI, based on the difin a recent study, Krishna Kumar (K} al*? suggested
ference in the SST anomalies of WEIO and EEJ@s that El Nino events with the warmest SST anomalies in
used for identifying the phases of the IOD and its reldhe central equatorial Pacific (such as 2002, Figure 13)
tionship with rainfall over different regions. Saji al’’ are more effective in focusing drought-producing subsi-
have shown that while DMI is highly correlated withdence over India than events with the warmest SST over
rainfall over eastern Africa and western equatorial Indiatihe eastern equatorial Pacific (such as 1997, Figure 13).
Ocean, the correlation with the rainfall over the Indiafhis hypothesis is supported by the results of AGCM ex-
region is poor. The only statistically significant correlaperiments forced with SST patterns resulting from linear
tion is between DMI and September rainfall over Ifdlia combinations of the first two leading patterns of tropical
On the seasonal scale, the variation of ISMR does not dacific SST variability. When the amplitude of the SST
pear to be related to that of DMI (Figure B0 Iharaet anomalies is sufficiently large, the second component,
al.'® also find that, in contrast to EQWIN, no skill iswith positive SST anomalies over the central Pacific and
added to the specification of ISMR by the DMI indexhegative over east Pacific, is shown to be associated with
when analysed over the long interval from 1881 to 199& large deficit in rainfall over the Indian region. However,

EQUINOO has been considered to be dlvaospheric there are major exceptions to this association. For example,
component of 10D just as the southern oscillation is thee severe drought occurred in 1972, although the SST anom-
atmospheric component of the coupled ENSO mode ovaly pattern of 1972 was similar to that of 1997 (Figure 13).
the Pacific. However, whereas there is a tight linkage be-The results of the POGA experiments presented by KK
tween the southern oscillation in the atmosphere and thield some insights, which have not been discussed by
fluctuations between El Nino and La Nina in the oceanhem in the short paper. An important feature of the ob-
with the southern oscillation index being highly correlatederved difference in the composite precipitation for El
to the different El Nino indices (correlation coefficient oNinos with severe droughts and drought-free El Nino
0.86 for the Nino 3.4 index), the correlation betweegears (Figure 14 after their figure 2B) is the large nega-
EQWIN and DMI is only 0.52 for the period 1958-199%ive anomaly over WEIO and the positive anomaly over
(Figure 10c). As expected, the positive dipole events oEEIO. This pattern is consistent with the observed nega-
1994 and 1997 were associated with a positive phasetive phase of EQUINOO in the severe drought aisged
EQUINOO. Thus, oumttributing the excess rainfall in with El Nino of 2002 and the observed positive phase of
1994 to favourable EQWIN is consistent with Beheta EQUINOO in the drought-free El Nino of 1997 (Figure
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Figure 13. Indian summer monsoon rainfall anomalies (left) and Pacific SST anomalies (righ§%ér 2002 and 1972.

9). However, the rainfall pattern for the difference inWest Pacific and EEIO (Figure 8) is well knoW®n® It
composite derived from idealized model experiments fdras been suggested that suppression of convection over
impact of the second leading component of SST shown EEIO can trigger the development of positive EQOIO
Figure 14b (after their figure 4B) indicates a zonal beltand thereby positive IOD eveRts®. It appears that in the

of negative anomalies over the equatorial Indian Oceah850-2004 run of POGA sintion, in some El Nino

It is interesting that east west gradients in precipitatiotases, a positive phase of EQIDO is indeed triggered.
over the equatorial Indian Ocean, similar to the observethus the observed signature over the equatorial Indian
are seen in the difference between the composite rainf@ltean is probably linked to the first mode since it is gen-
patterns simulated for ElI Ninos with and withouterated by the observed SST pattern of the Pacific, but not
droughts from 16 member POGA runs of CCM3 foin the experiments with only the second SST mode over
1850-2004 (Figure 14 after their figure S2, in the sup- the Pacific. The result of KK that the second mode of
porting online material), despite the specification of climaSST is more effective in focusing drought-producing sub-
tological SST for the Indian Ocean. The impact of Esidence over India than the first can now be interpreted
Nino on suppressing the convection over the equatoriasing our understanding of the association between
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EQUINOO and ISMR. We expect that when the firsbf incorporating the information on spatial patterns of
mode dominates, a positive EQUDO could be triggered SST do lead to an improvement in prediction anticipated
and hence there is a chance of a drought-free El Ninloy KK needs to be investigated.
whereas when the second mode dominates, the El Nindn an interesting study of the El Nino—monsoon relation-
will be associated with a drought since a positivehip, lharaet al!® have demonstrated the critical role
EQUINOO will not be triggered. Whether this explana-played by the nature of the evolution of the EI Nino in the
tion is valid has to be assessed with analysis of the simaeasons preceding the summer monsoon. They have
lations. shown that when the ISMR is not deficit despite the co-
KK et al. have also suggested that these findings hawecurrence of an El Nino event, warming over the eastern
important implications for monsoon forecasting. In partiPacific starts from boreal winter and persists through the
cular, the incorporation of additional information on theeference summer; whereas when El Nino—deficit ISMR
spatial distribution of SST anomalies over the equatoriatlationship holds, the eastern equatorial Pacific starts
Pacific Ocean in the statistical models is expected to inarming rapidly only about a season before the reference
prove monsoon forecast skill. However, j@van and summer so that western central Pacific remains cold dur-
Par® have shown that the incorporation of information oing the summer monsoon season. The aim of this study
the spatial pattern of SST anomalies does not improve thas to identify a robust feature of Indo-Pacific SST evo-
association between El Nino and Indian monsoon rainfdlitions associated with wet monsoon during ElI Nino
and suggested that using the SST index over the centeaknts over the long period of over hundred years. The
Pacific (Nino—3.4) may be a better indicator for the assimplications of this interesting result for prediction of the
ciation than using the SST index over the east Pacifimpact of an evolving EI Nino on the monsoon needs to
(Nino 3) or Trans Nino Indéx. Whether other methods be further explored.

Simulation of interannual variation with
atmospheric models

Given the links between the Indian monsoon and ENSO,
it was expected that it would be possible to simulate the
interannual variation of the ISMR with AGCMs when the
observed SSTs are specified as a boundary condition.
However, the results of several such stutfigssuggest
that the problem remains a challenging one. Analysis of
the simulations for the years 1979-95 by 20 state-of-the-
art AGCMs organized under the Atmospheric Model In-
tercomparison Project (AMIP, Gat8sshowed that while
almost all models simulated the correct sign of the ISMR
anomaly in 1988, a vast majority of the models failed to
capture the anomaly for the excess monsoon season of
1994 (during which the ENSO was unfavourabl&one
of the models participating in the CLIVAR/Monsoon
GCM Intercomparison Project, could sikate realisti-
cally the observed response of the Indian monsoon to the
1997 El Nino everit®2 Wanget al® suggest that the
models experience unusual difficulties in simulating the
Indian monsoon of 1997.
Thus, the skill of the models in simulating the sign of

“ i P4 f,x the anomalies is not the same for all the droughts or excess
R T T T T T R T rainfall years. On the whole, the skill of the models in

s dmy simulating the sign of the anomaly for extreme ISMR
seasons is higher for the extreme seasons which are associ-
Fi - ated with ENSO. The poor skill for the seasons of 1994
igure 14. a, Observed composite difference pattern between severe . .
drought and drought-free years of velocity potential (contours) ardnd 1997 which had a strong positive phase of ENQ®D
rainfall (shaded) (figure 2B from KK)b, The ensemble mean rainfall (Figure 11) suggests that more research and development
(shading) and 200 hPa velocity potential (contour) differences betwegtort s required to develop models which are capable of
experiments (ii) and (iii) (figure 4B from KK)c, Composite rainfall

difference map between severe drought and drought-free years of fel€@listic simulation of the links of the monsoon to
POGA simulations. (Figure S2 from KK.) EQUINOO.
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stidssadiss® |
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Prediction tendency of SST anomalies over the equatorial Pacific
(Nino 3.4). The monsoon rainfall performance, in fact,
Predicting the Indian summer monsoon rainfall is one of theas alarming till the third week of July. As on 26 July
important mandates of the India Meteorological Depar006, all-India cumulative rainfall departure V@86 be-
ment. Hence until the skill of the atmospheric and codew normal. However, rainfall activity revived by the
pled models in simulating and predicting the interannudghird week of July and good rainfall activity extended al-
variation of the Indian monsoon improves, the empiricahost unabated till the middle of September, thus improv-
approach has to be adopted for operational forecasiisg the rainfall situation over the country. At the end of
However, our analysis of the predictions generated by timonsoon season, seasonal rainfall was 100% of its long
empirical models used operationally by IMD since 193Xeriod averad8. During August—-September there were
suggests that the performance of these models based onléinge positive (negative) OLR anomalies over the eastern
relationship of the monsoon rainfall to atmospheric/ocean{western) equatorial Indian Ocean (Figure 15) and
conditions over different parts of the globe has not beemomalous easterlies over the equatorial Indian Ocean,
satisfactory. Whether new approactfés’® which take
into account the inherent nonlinearity in the relationships
will yield better results, has to be explored. )

The predictors in these models are primarily related &/ [, ' ' ISMA |
the link of the monsoon with ENSO. A recent sttidyas -
suggested that the ElI Nino—monsoon relationship deper . w74 75
on the nature of the evolution of El Nino in the seasor
prior to the summer monsoon. They have shown th
when warming over the eastern Pacific starts from bore
winter and persists through the reference summer, t
ISMR is not deficit despite the co-occurrence of an E
Nino event, whereas when El Nino—deficit ISMR rela
tionship holds, the eastern equatorial Pacific starts wari
ing rapidly only about a season before the referen:
summer. It would be worthwhile to explore use of this re L
lationship in empirical models of prediction. sar

Our experience of the monsoon of 2006 suggests tr | . s
incorporation of predictors associated with EQQIO
along with those associated with ENSO may improv A A A

o . . : -2 -1 0 1 2
predictions. Based on the analysis of predictors, IMD i EQWIN (MAY)
sued a long-range forecast for the 2006 monsoon sea:@ T
rainfall as 93% of long period average. This inference « 2r
below normal was drawn based primarily on warm wate
anomalies over the equatorial Padfiand the warming : or2
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Figure 16. a, Same as Figure 12but for ISMR in the phase plane of
May values of the ENSO index and EQWIN for all the June—September
seasons between 1958 and 20084Same as Figure 12 but for July—
August all India rainfall in the phase plane of June values of ENSO in-
Figure 15. OLR (shaded) and surface wind anomalies during Augustdex and EQWIN for all the July—August seasons between 1958 and
September 2006. 2004.
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suggesting that a positive phase of EQOIO had devel- 6.
oped in this period. The enhanced rainfall during the sec-
ond half of monsoon season could be attributed to this as
the characteristic link of enhanced convection from the;
west Indian Ocean to north west coast of India and ad-
joining North-east Arabian Sea is also seen in Figure 15.
Clearly, had the development of positive EQIQIO 8.
phase by August been predicted, it might have been pos-
sible to predict that the deficit would certainly not be asg
large as expected from ENSO alone.

We explored the possibility of using EQWIN and
ENSO indices before the season for prediction about tH&-
forthcoming season. However, there appears to be rela-
tively little information about the rainfall for the forth- 14
coming season in the May values of EQWIN and ENSO
index (Figure 1@). Preliminary results of analysis of
rainfall over India, EQWIN and ENSO indices suggest
that like in the case of association, i.e. concurrent valuéé
of indices, the extremes of the mid-season rainfall (July
and August) are well separated in the phase plane of the
indices for June (Figure 1. So from the June indices,
it is possible to derive useful information about nonoccur-

: - : 14.
rence of extremes (either deficit or excess rainfall) for
July and August together. More studies are required to
assess whether it is possible to predict the EQUINOO fas.
any part of the season (with statistical models) and also
the impact on the Indian rainfall in that part of the season
for a given (predicted) ENSO state.

Clearly it is important to embark on detailed studies ofg
the physics of EQUINOO with new obseations over
critical regions as well as modelling studies. This could
lead to empirical models for prediction of EQUINOO.17-
We have seen that most atmospheric models are able to
capture the extremes of ISMR when they are linked tg;
ENSO. This was achieved by concerted efforts under an
international programmélONEG’ in the nineties under
which the cases of 1987 and 1988 were studied with1&-
slew of models. We now need research and development
of atmospheric and coupled models to a level at whicjy
they can simulate realistically the response of the Indian
monsoon to EQUINOO as well as ENSO. Once this is
achieved it may be possible to generate reasonable pfé-
dictions of the Indian summer monsoon rainfall with dy-
namical models. 22.
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