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ABSTRACT. The year 1997 was characterized by rapid develapofea strong El Nino event and during 1999, a

La Nina episode prevailed. The response of allandonsoon rainfall to these events in 1997 (almmrenal rainfall;
>100%) and 1999 (below normal rainfall; <100%) wé&sinusual nature. In this paper, the reasonghisrhave been
investigated in terms of planetary scale dynamacal thermal anomaly indices. The major findinfghis study are (a)
The early onset of south west monsoon in 1999 asasciated with the stronger positive verticabsloé zonal anomaly
over the north Indian Ocean, (b) Development ofative inverse Hadley circulation over Indian ldode appears to
play an important role to reactivate monsoon duridugust and September in 1997, (c) Positivenaiies of
tropospheric temperature occupied larger area theefTibetan Plateau in May 1999, (d) The geemixl height
anomaly at 200 hPa over the Tibetan Plateau dutiegmonth of May in 1999, in the year of early emnswvas
considerably higher compared to 1997 and (e) Theirlince of negative anomalies of mean sea levekpre during
May in 1999 over Indian region reflected the Liadinfluence.
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1. Introduction long term normal is greater (less) than 10% anwbisnal
otherwise. As such during both the year monsoon was

The southwest monsoon of 1997 was dominated bynormal. But the major difference noticed is in the
an El Nino event whose intensity was unprecedethef  monsoon onset dates. In 1997 onset over Keralaow&s
century. From the known influence of El Nino tbladia June, 8 days delay from the normal date (1 Juné)imn
monsoon rainfall index (AIRI), it was expected that 1999 it was on 25 May, 7 days in early. This défece
monsoon rainfall of 1997 would be well below normal between two onset dates was of 15 days. Another
But it was 2% above normal. Thus response of AtREK difference observed is that in 1999, during thst firalf of
Nino event of 1997 was of unusual character. Adain the season (June to July) monsoon was more active
Nina condition prevailed in 1999. The above normal compared to the second half (August to September),
monsoon rainfall was expected from the behaviourasf while in 1997 the second half of the monsoon wasemo
Nina in 1999, but the AIRI was 4% below normal. active than first half.

Indian monsoon is termed as good (bad) monsoon if The purpose of this paper is to examine the monthly
the season’s (June-September) rainfall departora the planetary scale dynamical and thermal anonmaliges
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Figs. 1(a-d). Monthly anomalous vertical shear of zonal wingfjrbetween 850 and 200 hRa&s{-Uxoq) for the month of (a) May 1997, (b) May
1999, (c) August 1997 and (d) August 1999

that prevailed during pre-monsoon and monsoonthso by the intensity of anomalous vertical shear ofatamind
in 1997 and 1999, with a goal to understand thissual between 850 and 200 hPaigru,qog) averaged over the

response of monsoon to Hino and La Nina events. domain between Lat. 0° to 20° N and Long. 40°16°1
E. Wang and Fan (1999) used Hadley Monsoon
2. Choiceof indices Circulation Index (MHI), defined as meridional wind

shear between 850 and 200 hRgu{v200) averaged over
The years of strong and weak monsoon over Indianthe domain between Lat. 4@ 20 N and Long. 70° to

subcontinent have been studied in relation to #ré&ation 101° E and made an intercomparison with DMI with
of the atmospheric/oceanic circulation system bynyna reference to AIRI. Using the monthly data from Juoe
researchers (Wang and Fan, 1999; Thapkyal., 1998; September for 40 years 1958-97 from NCEP-NCAR
Li and Yanai, 1996; Ju and Slingo, 1995; ®al., 1995; reanalysis, they noted that the correlation coieffic
Webstar and Yang, 1992, Meehl, 1987 etc.). Study o (CC) between MHI and AIRI is 0.64 where as between
Meehl (1987) suggests that tropical east west lticun DMI and AIRI is 0.52. The CC between MHI and DMI is
in the Asia/Pacific sector provides a connectiotwieen 0.29.
the Asian summer monsoon and El Nino. In another
approach Webster and Yang (1992) demonstrated Ethat The studies of Li and Yanai (1996) are based on the
Nino can have a substantial impact on lower tropesp concept on the significance of Tibetan Plateau as a
westerlies and upper tropospheric easterlies ovbe elevated heat source for abrupt seasonal changssg U
summer monsoon domain. They used a Dynamicalmonsoon intensity index based on magnitude of the
Monsoon Index (DMI) to classify Asian monsoon syst ~ summer mean anomaly of the 200-500 hPa terysera



BHOWMIK : SUMMER MONSQ®OOF 1997 AND 1999 813

(b)

1006 110E 1200 1J0E 140 180E

' o @

A G

Y e = & |
10E 200 306 40€ S0 60c 70C @OE OF 100E VIUE 1700 130E I40E S50 |

»

Figs. 2(a-d). Same as in Fig. 1 except for the meridional wimg)

(Tsoor T200 they demonstrated that strong (weak) Asian India Meteorological Department (IMD), known as
monsoon years are associated with positive (negativ Limited area Analysis and Forecast System (LAF3e T
tropospheric thermal anomalies over most of theraen LAFS is a complete system consisting of real time
and north eastern Asia but negative (positive) aalpm processing of data received on Global Telecommtinica
over Indian Ocean. System (GTS), decoding and quality control procesdur
handled by AMIGAS software, 3-D multivariate optimu
In this paper the responses of the Indian summerinterpolation scheme for objective analysis andtitayer
monsoon to the major El Nino event of 1997 and\iiaa primitive equation model. The first guess fieldsr fo
event of 1999 have been investigated in terms ef th running the analysis scheme are obtained onlinen fro
following large scale monthly anomalies of pre nuos National Center for Medium Range Weather Forecgstin
and monsoon months: (a) Zonal vertical shear anpmal (NCMRWF), New Delhi.
(DMI), (b) Meridional vertical shear anomaly (MHI{¢)

Tropospheric thermal anomaly, (d) 200 hPa circoiati Monthly anomaly data are derived using
anomaly, (e) 200 hPa geopotential height anomady(8n  climatology data (1979-89) at the resolution 1° % 1
Mean sea level pressure anomaly. Lat./Long. from the National Center for Environment

Prediction (NCEP), Washington. In this study mdnth
3. Datasources anomaly of May is considered as representative mfuomt

the pre-monsoon month. As the onset process ca#inu
The primary data used are from the daily analysistill July (normal date of onset to cover entire ilnds
field for the year 1997 and 1999 (at the resotutié x 1° 15 July), August is considered as the represestati
Lat/Long.) from the operational forecasting sysianthe month for the southwest monsoon season. Utiege
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Figs. 3(a&b). Monthly anomalous temperature difference (°Cieetn 200 and 500 hP&s{sT2o0) for the month of (a) May 1997
and (b) May 1999
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Figs. 4(a& b). Monthly anomalous wind field (m$ at 200 hPa for the month of (a) May 1997 and\ay 1999

anomalies, DMI  gsg-Uzo0), MHI  (vgsgV2og) and Arabian Sea were negative and no appreciable relifte

(Tsog T209 are computed. was noticed over the north Indian Ocean.
4. Resultsand discussion The major difference that noticed is the stronge
positive anomalies prevailed over Arabian Seaktan of
(a) Zonal vertical shear (DMI) Bengal during May in the year 1999. This is caesis

with the results documented by Webster and Yan§2)L9
Figs. 1(a-d) presents the anomalies of zonal windthat during EI-Nino years the lower (upper) tropguesfic
vertical shearugsgUsgg) for the month of May and August  westerly (easterly) flow is weaker, while in La ldigears
during 1997 and 1999 respectively. In the montivady it tends to be stronger. Thus delayed (early) bimsthe

1997 positive anomalies of order 5 Msconfined over  El Nino (La Nina) year of 1997 (1999) may be well
eastern part of Indian Ocean and also over the &ay connected with the weak (strong) shear of zonatlveiver
Bengal. While in 1999 during May the shear anomsalie the north Indian Ocean. Ju and Slingo (1995) atsed

are found to be significantly stronger (10 to 1§ nover that the greatest impact of EI-Nino related boundar
the Arabian Sea and Bay of Bengal along Long. 10° N forcing on the strength of monsoon circulatiends to
However, during August in both the years anomadiesy occur during the onset phase of monsoon. In El Nears
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Figs. 5(a-d).
1999, (c) August 1997 and (d) August 1999

the strength of monsoon, in general, is influenbgdhe
modulation of Walker circulation because of implied
additional subsidence over the west Pacific andhseast
Asia due to systematic eastward shifting of corieect

(b) Meridional vertical shear (MHI)

Figs. 2(a-d) illustrates the anomalies of meridion
vertical shearvgsgVagg) for the month of May and August
during 1997 and 1999 respectively. During May, 1997
positive anomaly shear is seen over Indian Oceaha
Long. 80° E with maximum value over south Indian
Ocean. During August positive anomalies (4 to 69ms
occupied over the large areas in the north Indiesan,
extending north upto Arabian Sea and Bay of Bengaik
shows development of strong inverse Hadley circufat
with ascending limb over Indian monsoon domain.ibmr
May 1999 positive anomaly (4 msextended over Indian
Ocean from north of Lat. 10° S to Bay of Bengabwimng
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Same as Fig. 4, except for the geopotential hef{ghm) at 200 hPa for the month of (a) May 1993), May

southward shift of the inverse Hadley circulatioampare
to May 1997. In August, 1999 positive anomaly (§')n
confined over Bay of Bengal and adjoining Indiace@n,
east of Long. 80° E., indicating eastward shiftofgthe
inverse Hadley circulation, compare to 1997.

The fact that appears from the results of merigion
vertical anomalies is that development of activeeise
Hadley circulation during monsoon season may play a
important role to activate the monsoon activity.uthe
ward shifting of the inverse Hadley circulation May
1998 was associated with the early onset of monsbloa
season's above normal rainfall of 1997 appearbeto
inconsequence with the enhanced effect of inverse
Hadley circulation over the larger domain in thertho
Indian Ocean. But in 1999, the Hadley circulatiauld
not influence the Indian monsoon may be becausasif-
ward shifting of its location. Development of thjgpe of
active inverse Hadley circulation during thensoon
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Figs. 6(a&b). Same as in Fig. 4, except for the mean se&pegssure (hPa)

1988, causing above normal monsoon rainfall is well supports the fact (Vernerkat al., 1995) that excessive

demonstrated by Krishnamusdtial. (1990).

(c) Tropospheric thermal anomaly

Figs. 3(a&b) shows the anomalies of 200-500 hPa

layer temperatureTfog T, for the month of May during

1997 and 1999 respectively. In both the years largeFigs. 4(a&b).

positive temperature anomalies (4° - 6° C) coverexst
of the Eurasia between Lat. 30° N and 40° N. 18718he
location of positive anomaly over Tibetan area ¥easmd
slightly to the east and confined over a smalteaa

Eurasian snow cover may lead to weaker summer

monsoon.
(d) 200 hPa wind anomaly

The anomalies of 200 hPa wind for the month of
May during 1997 and 1999 respectively are shown in
During 1997 in May an anomalous
anticyclonic circulation was seen over north-easlid. A
weak cyclonic circulation over northwest India walso
noticed. In May 1999, anomalous anti-cyclonic cliation
was seen over northern India. Thus during bothydees,

200 hPa wind anomaly pattern shows presence of
anomalous anticyclonic circulation over northermtpaf

The evolution of vertical difference of temperature the country which is considered to be another feafle

anomalies reflects the development of the meralion
temperature gradient over Tibetan Plateau duringtmo
of May in both the years which is considered toabe
favorable condition for a good monsoon (Li and Yiana
1996). The major difference that noticed is thatl#99
positive anomaly of tropospheric temperature angmal
occupy larger areas over the Tibetan Plateau. Tihetdn
heat source is mainly contributed by sensible hgatt is
noticed that heat of condensation over the Indiaean

condition for a good monsoon (Pdi al., 1998). But
easterlies associated are found to be stronger thee
Peninsular India during May 1999.

(e) 200 hPa geopotential height anomaly

Figs. 5 (a-d) represents the anomalies of 200 hPa
layer geopotential height anomaly for the monthviafy

does not cause appreciable temperature change ovend August during 1997 and 1999 respectively. urin

Indian Ocean because of compensating effect obatia
cooling. It is the sensible heating over the Tihd®ateau
in the month of May that leads to reversal of mendl

temperature gradient.  Yana@t al. (1992) further
demonstrated the thermal influence of Tibetan Blates a
dominant factor driving monsoon circulation. Thisca

1997, in the month of May positive anomalous height
order 40 gpm centered near Lat. 35° N and Lohg? E.

In August, biggest change in the height occurréare
maximum amplitude of height anomaly increased to
100 gpm and centered around Lat. 40° N/Long. H.0°
During 1999 the positive anomaly (90 gpm) centeredr
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Lat 30° N/Long. 80° E in May and maintained the sam (1999) the easterlies over the peninsular Indiaewer
intensity in August with location near Lat. 42° a&hd stronger.

Long. 100° E. Thus prominent differences in the 200 hPa

geopotential height were noticed in the month ofyMa (v) The geopotential height at 200 hPa overTihetan
The higher geopotential height anomaly at 200 hiRag 0 Plateau during the month of May in 1999, in theryafa
the Tibetan Plateau during the month of May i ykar early onset, was considerably higher compare®8y 1
1999 was associated with the early onset of mansoo

(vi) In both the years during May negative anomafy
(H Mean sea level pressure anomaly mean sea level pressure prevailed over Indian medgat
in 1999 the magnitude of negative anomaly was highe
The anomalies of mean sea level pressure for theThis may be due to La Nina influence.
month of May during 1997 and 1999 are shown in
Figs. 6(a&b) respectively. In both the year duridgy
negative anomaly of mean sea level pressure pegvail Acknowledgements
over the Arabian Sea, Bay of Bengal and major parts
the country. But in 1999 the magnitude of negative The author is grateful to Dr. R. R. Kelkar, Directo
anomaly was of order 4 hPa where as in 1997 & wa General of Meteorology, India Meteorological
2 hPa. The dominance of negative anomalies in D289 Department, New Delhi for his valuable commentd an
Indian region are evidence of La Nina episode. kind interest in this work.

5. Conclusions
The following conclusions can be drawn from the

inter-comparison of anomaly pattern between ther yea
1997 and 1999:
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