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ABSTRACT. The Historical Soviet Daily Snow Depth (HSDSD) versll data set has been used to examine the
empirical relationship between the winter/springwrdepth anomaly over three different regions ofaSia and Indian
Summer Monsoon Rainfall (ISMR). HSDSD data showvt tha difference in snow depth between two extrgees is
most prominent over western Eurasia in the montAmfl and the inverse relationship between thengpsnow depth
anomaly and the following ISMR is very robust witorrelation coefficient of —0.43 at 5% significalavel.
Examination of seasonal mean circulation patteingusSiICEP/NCAR reanalysed data shows that low latrelospheric
temperature difference between two extreme yealsghf and low western Eurasia snow depth in Amait be as large
as 10C which gives rise to anomalous cyclonic circulatiover the Caspian Sea and this may be resporfsible
affecting the monsoon circulation over India. Resallso show that there is a complete phase rdviershe dipole
structure of the upper tropospheric velocity pasnanomaly from the deficient to excess ISMR ipedtive of
occurrence of different phases of ENSO events gin/liw Eurasian snow. However, during opposite phad ENSO,
the divergence center has east-west shift as cauparthe high Eurasian snow when the divergenetecshifts to the
southeast over Australia.

Keywords — Indian summer monsoon rainfall, Historical isbvdaily snow depth, EI-Nino, Divergence centre,
Correlation coefficients, Mid latitude circulation.
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1. Introduction

MAUSAMB4, 2 (April 2003)

tropical eastern Pacific during previous wintereifhiesults
also indicate that Eurasian snow depth influendes t

An inverse relationship between the strength of the seasonal mean monsoon independently of EI-Ninoh&aut

Indian summer monsoon and the extent of Eurasiaw sn

Oscillation (ENSO).

cover in the preceding season has been documemgted b

several authors (Hahn and Shukla 1976, Dicks&4 Had
Sankar Racet al 1996 ). Sensitivity studies with general
circulation models (GCMs) such as those of Bareettl
(1989), Vernekaet al (1995) have shown that when large,
spatially coherent, positive snow anomalies areosap
over Eurasia in winter/spring, the monsoon cir¢ofain the
following summer is weaker than average. Bamzah&ki
(1999) using snow fall frequency data have confitrieat
only for the western Eurasian region, the correfati

Almost all the observational studies of snow-momsoo
connection are based on the relationship betwezisrtbw
and monsoon rainfall only. How the antecedent si®w
linked to the large scale monsoon circulation is clear.
Sankar Raet al (1996) using NOAA NESDIS data for the
period 1967 to 1992 concluded that following thetesis of
more show, stationary perturbations with highersguees
over central Asia north of India are produced ie kbwer
atmosphere and the following Asian summer monsagon i

between the winter snow cover anomaly and subséquenweaker. Simultaneously, in the upper atmosphenegrio

monsoon rains is statistically significant. Kripalaet al
(1996) used snow depth from Nimbus-7 satellite fauthd
two regions over Eurasia had negative correlatigh the
monsoon rainfall; one region to the north-east afstbw
and the other between Mongolia and Siberia. Kripata
Kulkarni (1999) based on Historical Soviet Daily 08n
Depth (HSDSD) version | data for the period 1888589
concluded that winter-time snow depth over wedkemasia
surrounding Moscow shows significant negative i@festhip
with subsequent monsoon rain whereas, that oveeraas
Eurasia in central Siberia has significant positive
relationship with monsoon rainfall. They conjecturthe
existence of a mid-latitude long wave pattern wéth
anomalous ridge (trough) over Asia during the wipéor
to a strong (weak) monsoon.

Meehl (1997) using a coupled Ocean-Atmosphere

GCM demonstrated that land-surface conditions mesite
temperature contrast between land and ocean without
feed backs from snow cover. He further, inferreat §now
cover anomaly may be an artifact of the mid-lattud
circulation pattern associated with convective ihgat
anomalies, rather than an independent forcing.i @bral.
(2000) based on their 12 ensemble runs of Euroeatre

anomalous pressure occurs during summer which wweake
the upper level monsoon high.

The purpose of the present study is to examine the
evolution of seasonal mean monsoon circulationufeat
from the midlatitude circulation in response to Ehgrasian
snow depth in April. A detailed analysis of the
characteristics of atmospheric circulation duriogtcasting
years of high(low) winter/spring snow depth follavey
deficient(excess) monsoon rain over India has lolese in
order to identify the signal of excess or deficiaminsoon
rainfall two months in advance. In order to separtdie
effects of Eurasian snow from that of the Pacif®TScare
has been taken so that the selected cases ofitwghsfow
years followed by deficient (excess) ISMR are not
influenced by ENSO.

2. Datasources

The HSDSD version Il data set provides a long-term
climatological data (1881-1995) and updates anthceg
the original HSDSD version 1 data set that wasiptesly
available from National Snow and Ice Data Center
(NSIDC) on CDROM. The HSDSD data were extracted

for Medium range Weather Forecasts (ECMWF) andfrom the Soviet meteorological archive, which cama

previously established results (Palnetral 1992; Ju and
Slingo 1995; Ferrantt al 1997), concluded that the snow
monsoon relationship is just an artifact of théuiefice of El
Nino anomalies on both the winter time and the semm
time circulations. However, they did not rule out active
role of the snow anomaly in causing the persisteridbe
Eurasian wind anomaly. They further, cited 1994 soom
case (Soman and Slingo 1997) indicating that thmwsn
related wind anomaly over Eurasia persisted frontexito
summer independently from the Pacific SST anontiding
several simulations of ECMWF model, Ferranti andtito
(1999) have concluded that the inter-annual vdifatnf
Eurasian snow-depth in early spring is influencedthe
boundary forcing arising from SST anomalies oveg th

daily data from Russian\USSR World Meteorological
Organisation (WMO) stations. The original data wes
compilation of three meteorological archives sush(p
the TM1-Day archive, which contains daily
meteorological observations for the USSR betweer 18
and 1965, i{() the Day—76 meteorological archive for the
entire USSR between 1966 and 1984 aimjl the Day—76
meteorological archive for the Taiga region betw#866
and 1984. The latest update from 1985 through 1995
comes from the Day-76 meteorological archives and
includes 222 stations.

HSDSD includes daily snow depth and daily state
of snow cover (percentage of surroundingaatteat is
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Fig. 1. Division of Eurasia into three zongi. West (W), Central (C) and East (E). Stars (*) espnt the locations of
WMO defined stations where daily snow depth werseoled in Historical Soviet Daily Snow Depth (HSDSD
version—|l data set

covered by snow). Products derived at NSIDC and potential, stream function and geopotential fiedtisipper
included on the CD-ROM are the daily, monthly, sewaé and lower atmospheres. These reanalyses were akelert
and climatological summaries. In this study dailgtad  with fixed state-of-the-art data assimilation/as@y
summaries are used to compute the monthly mean snownethods (Kalnagt al 1996) to provide multi-year global
depth for all the 284 WMO defined stations. These data sets for a range of investigations of mangetspof
stations are located in the mid-latitudes (Fig.nigstly climate, particularly inter-annual variability. $lies
inhabited area of Eurasia. The geographical digioh of (WCRP 1998) indicate that the reanalysis has pealid
the stations lie between 35° N and 72° N latituded and much improved consistent and more homogeneous Igloba
between 20° E and 180° E meridians, while the ¢dleva  fields.

of the stations varies from —15 meters to 2100 raete

Further the monthly mean snow depth data are casegb We have not used NCEP/NCAR reanalysed snow
according to the number of days where snow depth wa since this data set does not contain snow depththaut
greater than 5cm, 10cm and 50cm. HSDSD product hasvater equivalent of snow. Kripalaat al (1998) analysed
been updated from 1881 (for the earliest operationathe data set and did not find its relationship WBMR
stations) through 1995 using improved data quatitytrol good. They explained that the difficulty in transiieg the
and sophisticated computer software. It may bedhttat depth of newly fallen snow in to water equivalesitthe
where slight differences in position between predidlata ~ major short coming in using NCEP/NCAR data for such
and the WMO station position existed, the WMO stati  studies.

point was used.

ISMR data from June to September for the period 3. Statistical relationship between Eurasian snow
1881-1994 (Parthasarthst al 1995) have been used in depth anomaly and ISMR
classifying the excess, normal and deficient ragarg.
We have also used NCEP/NCAR reanalysed data for the ~ For better understanding of snow monsoon
period 1966-94 which include temperature, windpuigy ~ relationship and for easy comparison with all frevious
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TABLE 1

Correlation coefficients between antecedent January and April
snow depth anomalies over western, central and eastern Eurasia
and Indian Summer Monsoon Rainfall (ISMR). Numbersin bracket

MAUSAMB4, 2 (April 2003)

TABLE 2

Sameasin Tablel but for 19 yearsdiding correlation coefficients

West (Jan) West (Apr) Central (Jan)East (Jan)

show level of significancein %. Dashesindicate that the relationship Years Eurasia Eurasia Eurasia  Eurasia
isnot statistically significant
1966-94  -0.50(1) - 0.50(1) 0.42(5)
) Months Western  Central Eastern
Period Eurasia  Eurasia Eurasia 1966-84  -0.57(0.1) 0.57(0.1) -
1966-94 Jan  -0.50(1) 0.50(1) 0.42(5) 106785 -0.55(1) B 0.52(1)
1975-94 Jan  -0.62(0.1) 0.57(0.1) 0.43(5) 1968-86  -0.59(0.1) 0.52(1) 0.47(2)
1975-94 Apr -0.43(5) - -
1969-87  -0.61(0.1) 0.47(1) 0.53(1)
1970-88 -0.61(0.1)  -0.44(5) 0.54(1) 0.54(1)
studies, Bamzai and Shukla (1999) correlated Deeemb
January, February and March (DJFM) mean snow cover 1971-89  -0.51(1) -0.41(5) 0.69(.1) 0.54(1)
anomalies for four regions with the following ISMRheir
four regions of study were)(west Eurasia (40° N-60° N, 1972-90  -0.50(1) -0.44(5) 0.74(0.1) 0.57(0.1)
10° W-30° E), i) the whole of Eurasia (20° N-90° N, 0° -
190° E), {ii) southern Eurasia (20° N-50° N, 0° -190° E) 1973-91 -0.68(0.1)  -0.58(0.1) 0.59(0.1)  0.48(1)
and {v) the Himalayas (30° N-45° N, 60° E-105° E). They ) )
used satellite-derived snow cover data for 22 years 1974-92 -0640.1)  -0570.0) 056(0.1)  0.50(1)
spanning the period 1973 to 1994. Bamzai and Shukla ;475 g3 06401)  -0.47(1) 0.55(1) 0.50(1)
(1999) found the largest correlation with the weste
1976-94 -0.57(0.1) 0.62(0.1)  0.46(2)

Eurasia snow cover with correlation coefficient jQ& —
0.63 followed by the whole of Eurasigd(34). The winter

and spring snow cover of southern Eurasia and theilSMR. Although HSDSD data set is for the perio®18

Himalayas have high interannual variability but poerly
correlated with the subsequent monsoon rainfall.

to 1994, there are a lot of missing data at maatiosts
before 1966. In order to make a coherent time sevie
have considered the period 1966 to 1994. Only ti@Se

The HSDSD version Il data set used by us does notwhich are significant at 5% level or above havenbee

contain uninterrupted data for all the stations.né¢e
clusters of stations are selected over which mgntidan

presented in the table. Table 1 shows that thealgn
snow depth anomalies over western Eurasia have very

snow depth data are available uninterrupted for agood inverse relationship whereas the anomalies e

considerable length of time for statistical meahihg
relationship. Based on this data set, three zbaes been

identified such as west (25° E-68° E, 35° N-65° N),

central and eastern Eurasia have positive reldtipnsith
the following ISMR. The April snow depth anomalyenv
western Eurasia has also strong negative relatijpneith

central (68° E-98° E, 35° N-65° N) and east (98° E- the following ISMR for the period 1975-94. April ®n

140° E, 35° N-65° N) where consistent data arelalvis.

depth anomalies over central and eastern Eurasiaotio

The Lag CCs between monthly snow depth anomaly forshow any significant relationship with ISMR. To exiae

three regions namely western, central and easterasia
and ISMR for the period 1966-94 are computed i thi
study. No attempt has been made to generate gsngi
data either by interpolation or by any other teqgbei We
have used the actual data provided by HSDSD irCibe
However stations north of 65° N are not considénetthis
study because the number of stations are scarcalaod
the occurrence of missing data is high.

Table 1 presents the CCs along with their significa

the consistency of above relationships, the CCs for
overlapping 19 year periods have been recomputadgiu
the period 1966-94 and are shown in Table 2. Tgledst
magnitudes are obtained for the western Eurasiaaign
snow depth during 1973-91, 1974-92 and 1975-93, all
significant at 0.1% levels. The April snow depttoaraly
over western Eurasia shows very strong relationslitip

the following ISMR for the period 1973-93.

Our analysis shows that January snhow depth

levels between monthly snow depth anomalies overanomalies over western Eurasia lying between 2&hd

western, central and eastern Eurasia over theudatt
35° N to 65° N for the periods 1966-94 and 1945a&h

68° E depicts negative correlation while those aesrtral
and eastern Eurasia lying between 68° E and E4tsve
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Figs. 2(a&b). (a) Correlation coefficients (CCs) between Jantamasian snow depth anomalies at
locations mentioned in Fig. 1 with the followingM® during the period 1966-94.
(b) EOF-1 of standardised snow depth anomaliesaimudry corresponding to the
stations and period considered in Fig. 2(a)

positive correlation with the subsequent ISMR [B{@)]. ISMR based on the earlier version of HSDSD data set
This result confirms the relationship of two coh#re The new results of our study based on the version |
regions identified by Kripalani and Kulkarni (199@jth HSDSD data set are the positive correlatddncentral
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Snow and ISMR anomalies
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Fig. 3. Standardised snow depth anomaly over western Eumas ISMR for the period 1966-94

TABLE 3

Seasonal Southern Oscillation Index (SOI) and Sea Surface Temperature (SST) anomaly for the years 1975, 1979, 1983 and 1987

SST Anomaly{C)
Years SOl (5° N-5° S, 150 W-90° W)
DJF MAM JIA SON DJF MAM JIA SON
1975 -0.1 0.8 1.9 18 -0.4 -0.5 -1.0 -1.3
1979 -0.1 -0.2 -0.3 -0.3 0.2 0.4 0.5 19
1983 -3.7 -1.7 -1.0 -0.4 3.3 3.2 1.6 0.4
1987 -1.2 -1.9 -1.6 -0.8 1.2 14 1.7 17

Eurasia snow depth in January with the followinlylFSas
shown in Tables 1 & 2.

Empirical Orthogonal Functions (EOF) of January
snow depth anomaly for the period 1966-94 have also
been computed for the whole of Eurasia and itsethre

Some notable CCs in the eastern Eurasia are, 8t55 ( regions separately in the present study. Januasglésted

1% level), 0.55 (at 1% level) and 0.51 (at 1% I\l
Cul'Man (56.9° N,124.9° E), Zigalovo (54.8°N, 105R)
and Kirensk (57.8° N, 108.1° E) respectively in dastern
side of Eurasia. CCs of -0.50, -0.47 and -0.47
obtained at the stations Nizhnuj Tagil (57.9° N,180E)

because of its highest CC with ISMR. In our studyr=1l

over the whole of Eurasia, the western, centraleasiern

Eurasia explains about 19.5%, 27.2%, 31.1% and%26.5
areof variability respectively. EOF-1 [Fig.2(b)] fohe¢ whole

of Eurasia is compatible with the station wise CCs

and Minsk (53.9° N, 27.5° E) and Vitegra (61.0° N, [Fig. 2(a)] especially in the western and centrafdsia.

36.5° E) respectively in western Eurasia.

Our study based on the version Il HSDSD givesngfer
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Figs. 4(a-d). Mean snow depth (cm) for 1979 (a) January anéyio) and snow depth (1979-75) difference (cm)dh January and (d) April

variability than the corresponding value obtained the
whole of Eurasia by Kripalani and Kulkarni (1999sed
on version | data set. They found 15.8% and 15.5%is shown in Fig. 3. The years having snow depthratp
variability in the first component during Januamda
November over the whole of Eurasia. Better resultssnow years. Similarly the years having snow depth
obtained in the most dominant EOF-1 in our study asanomaly equal to or above +1 standard deviatioraden

compared to those of Kripalani and Kulkarni (19993y
be ascribed to better quality of snow depth dateension
[l than in version | HSDSD.

4.

Selection of high and low snow years

standard deviation. The standardised snow deptmalyo
considered for the western Eurasia for the peti@gb-94

betweenzl standard deviation are considered as normal

as high snow years and those having equal to erthem

-1 standard deviation snow depth anomaly are idedtif
as low snow years. Based on this criterion it ignfib that

the years 1971, 1975 and 1983 are low snow yeals an
1968, 1979, 1986, 1987 and 1989 are high snow years
Rest of the years in the period 1966 to 1994 hathab

Using the monthly snow depth data for the year snow depth anomaly. Similarly the ISMR rainfall arady
1966-94, January and April mean values for each yeafor each year has been computed and plotted irBFighe
over the western Eurasia are computed and the miean years having ISMR anomaly more than or equal to +1
the series and the standard deviations are alsolatdd.
The snow depth of each year for the period 1966594 and those less than or equal to —1 standard dewviatie
expressed as a standardised snow depth anomaly bgonsidered as deficient monsoon years. The yeaiada
dividing the departure of each year from normal by ISMR anomaly betweenl and +1 standard deviation are

standard deviation are termed as excess monsoaos yea
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(a) 850 hPa temperature (1979-75) April (b) 500 hPa temperature (1979-75) April
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Figs. 5(a-d). Temperature differencéQ) between 1979 and 1975 (a) 850 hPa April (b)fgR8 April (c) 850 hPa May and (d) 500 hPa May

termed as normal monsoon years. Based on thigiorite relationship with ISMR. Normally ENSO events are
the years 1970, 1975, 1983, 1988 and 1994 are £xce<lassified by either the strength of the Southesnil&tion
monsoon years and 1966, 1968, 1972, 1974, 1972,198 Index (SOI) or SST anomaly of different Pacific icets
1986 and 1987 are deficient monsoon years. Fig. 3such as Nino-3, Nino-3.4 etc. In the present pabeth
confirms the well established inverse relationdfgpyveen SOl and SST anomaly of winter/spring seasons aé s
the Eurasian snow depth anomaly and ISMR deviation.the identification of ENSO phases. SOl is the stadised
Out of all the years of high and low snow which are anomaly of the mean sea level pressure differeateden
related to below normal and above normal monsoamnsye Tabhiti and Darwin. For the years 1975 and 1979, &@l
respectively, we have a case in 1975 where lowenint SST anomaly are given in Table 3 based on the riyonth
show is followed by excess monsoon rain and anahse SOl of the Climate Prediction Center (CPC). Considp

in 1979 where high snow is followed by deficient JJA SST anomaly—1.0° C), 1975 may be taken as
monsoon rain. These two years are considered foebe  La-Nina event. However, with a view to considertbtite
from the effect of ENSO phase on ISMR. It may be&ed surface boundary conditions such as Eurasian smmv a
that in this study the effect of winter/spring snowISMR Pacific surface state corresponding to the sameosea
is being examined. In order to eliminate the effe€t 1975 is taken equivalent to non-ENSO year in thids
ENSO on ISMR, it will be consistent to consider the

Pacific  boundary  conditions  corresponding to The relationship of April snow depth anomalies of
winter/spring rather than that of JJA. The boundary western Eurasia with the following ISMR is also who
conditions of JJA will only give a simultaneous in Fig. 3. It is found that the high anavienow depth



@
90N

DASEt al : INFLUENCE OF EURASIAN SNOW ON MONSOON CIRCULADIN

30N { &
70N
soN 1%
50N F
oK K
30N

20N «

10N1 4 » =«

,,,,,

%

R
40E 60E 80E 100E  120E  140E  160F 180
10

Wind(m/s)& Geopotential anomalies JJAS

30N{ ~ - *

20N 1

Wl

Figs. 6(a-c).

3 ot
100E 120E 140E

6

180E 1

Wind (1979-75) difference (m/s) and geopotential
height (1979-75) difference (gpm) at 850 hPa for
(a) April (b) May and (c) mean of June, July, Augus
and September. The contours and arrows indicate
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anomaly years classified using January snow depth
anomaly over western Eurasia are not always the ssm
based on April snow depth anomaly. However the two
cases of low snow depth anomaly followed by excess
ISMR in 1975 and high snow depth anomaly followgd b
deficient ISMR in 1979 are common. In other workls t
characteristic of low/high snow depth anomaliesL&v5
and 1979 remained the same in winter and spring.

Figs. 4(a&b) show the January and April mean snow
depths in 1979 respectively and Figs. 4(c&d) defhet
high minus low snow depth anomaly (1979-75) in dapu
and April respectively. Other cases of low/high wsno
followed by excess/deficient ISMR fall in 1983 ah@ig87
respectively. However, 1983 and 1987 were also lra N
and El Nino years respectively and hence are not
considered for our analysis. This way we have elatad
the effect of SST which has been established asnthst
dominant slowly varying surface boundary conditamd
thus considered the effect of Eurasian snow on the
monsoon circulation only. In order to compare tfffeat
of high/low snow on the atmospheric circulationhatihat
of El Nino/La Nina, we have chosen contrasting nooms
years 1972 and 1988 which had deficient and excess
ISMR  respectively under the spell of ENSO only
(Table 3). Fig. 3 shows that both 1972 and 1988 had
normal Eurasian snow depth anomaly.

5. Difference in circulation characteristics in high
and low snow years

The difference in the circulation characteristics i
1979 and 1975 are studied in detail by analysing th
difference in temperature, wind, geo-potential hgig
stream function and velocity potential in 1979 d8¥5
from NCEP/NCAR monthly mean reanalysis at 850 hPa
and 200 hPa. Bamzai and Shukla (1999) emphasis¢d th
the inverse snow-monsoon relationship holds sggdial
those years when snow is anomalously high or low fo
both the winter as well as the consecutive spragsen.
CCs given in Tables 1&2 and the snow depth diffeegin
Figs. 4(c&d) indicate that the anomalous snow deptith
in January and subsequent April are significantndéewe
have computed the circulation characteristics dottgal
the difference fields in April and May individualnd in
June, July, August and September (JJAS) as thersaas
mean with a view to examine the evolution of theame
monsoon fields two months in advance in respongbego
Eurasian snow in April. It may be noted here tlesuits of
Kripalaniet al (1996) show the areal extent of snow cover
over Eurasia having the strongest relationship ngduri
April. Also study by Bamzai and Shukla (199&yeals
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Wind(m/s) & Geopotential (gpm) anomalies April
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Figs. 7(a-c). Same as Figs. 6(a-c) except for 200 hPa
that the inverse snow-monsoon

relationship  holds

especially in those years when snow is anomalously

high or low for both the winter as well as the andive
spring season.

120E

5.1. Temperature anomaly

140E 160E

Figs. 8(a-c). Same as Figs. 6(a-c) but for meridional wind

Fig. 5(a) shows that the entire Eurasia is cooléi9i79
April compared to 1975 April. In 1979, the westezgion
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Figs. 9(a&b). Velocity potential difference (fan?/s) between 1979
and 1975 at 200 hPa (a) April and (b) May

was cooler maximum up to 10° C at 850 hPa whet@as t
eastern and central Eurasia were cooler maximui®® @
and 4° C respectively. The cooling anomaly is olesgup
to 500 hPa level with 6° C in the west and 4° ¢hancentral
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noticed (not shown in figure) in the difference 72975)
field of JJAS means.

5.2. Wind and geopotential height anomaly

The lower level wind difference fields and
geopotential height difference fields in April ariday
shown in Figs. 6(a&b) respectively are consisteith w
the corresponding temperature difference fields in
Figs. 5(a&c). The anomalous cyclonic circulatioreothe
Caspian Sea at 850 hPa in Fig. 6(a) can be attdkotthe
cooling due to the snow in April [Fig. 4(c)] almaost the
same location. In May [Fig. 6(b)] the anomalouslayic
circulation weakened and its remnants are visibler the
west coast of India over Gujarat [Fig. 6(b)]. JJa&d
difference field at 850 hPa Fig. 6(c) clearly shdhat the
monsoon westerlies over the Arabian Sea were waaker
1979 compared with 1975. The negative geopotential
difference field over the western Eurasia can triédated to
the high snow Fig. 4(c) in 1979 compared to the $mow
in 1975. From the geopotential difference fields in
Figs. 6(a-c) it is seen that the monsoon heattotay over
central south Asia was weaker (positive valuesi979
compared to 1975. This positive geopotential diffiee
field indicates adverse pressure gradient anomaly f
monsoon development.

The wupper level wind difference fields and
geopotential difference fields at 200 hPa in Apviay and
JJAS are depicted in Figs. 7(a-c). The upper level
anomalous cyclonic circulation over the Caspian sS&avs
a clear southward movement by about 20° latitudes f
April to May, which gives rise to the anomalous tedy
monsoon wind over Arabian Sea in 1979 May compsoed
1975 May [Fig.7(b)]. Thus in 1979, the easterliearted
weakening in April through May to give rise to weak
monsoon easterlies [Fig. 7(c)] during JJAS. Weatezkes
and westerlies at 200 hPa and 850 hPa respectixvelthe
characteristics of weak monsoon circulation asafigened
in 1979 compared to strong monsoon circulation 9@51

and eastern regions [Fig. 5(b)]. The cooling of the The geopotential difference field at 200 hPa irsFifa&b)
atmosphere can be ascribed to the snow depth apomalindicates weaker upper level high (negative valogsy east

shown in Fig. 4(c).

In May 1979, the eastern Haras Asia in April and May 1979 which is prominent inAE

remains cooler by 6° C [Fig.5(c)] and the tempegatu
difference is small at 500 hPa [Fig.5(d)]. The auplover
the western Eurasia in April [Fig. 5(a)] undergoas
southward shift as shown in Fig. 5(c). The coolaighe
Afghanistan-Pakistan region up to
[Fig. 5(d)] by about 2° C and some parts of norttid at

[Fig. 7(c)]. Similar results were obtained by Sankao
et al (1996). The corresponding upper level stream
function difference fields (not given) indicates atth
weakening of the upper level circulation in 197®mindia

mid-atmosphere and central Asia started in April and persistedugh May

up to JJAS. Rajeevan (1993) examined the composiss

850 hPa by about 3° C [Fig. 5(c)] might have played circulation and thermal fields at 200 hPa from AtiJune

significant role in the weak monsoon circulationdan
deficient rain in 1979 compared with 1975. The apheric
cooling of the eastern Eurasia and the monsoon lbeat
area has been persistent through the monsoon masths

and showed a cyclonic (anticyclonic) anomalousutation
with cold (warm) temperature observed over ceniisih
near Caspian Sea during April of drought (floodarge The
cold cyclonic anomalous circulation adverseffects the
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Figs. 10(a&b). June, July, August and September velocity Figs. 11(a&b). Same as Figs. 10(a&b) but for 1972-88
potential difference (Afs) between 1979 and 1975
(a) 200 hPa and (b) 850 hPa

monsoon activity due to excess Eurasian snow avéthe  anomaly over the Arabian Sea may be taken as éueisor
Iarge scale intrusion of dry westerlies into |ndmgi0ns. to the weak Souther|y monsoon wind at the loweelléw
Krishnan and Majumdar (1999) have shown the promtine 1979, In JJAS, weaker southerlies Fig. 8(c) in 1879very
southward incursion of midlatitude westerlies over prominent over most of the Indian region excemrdhe
northwest India during May at 200 hPa. Such an @fmms  Arabian Sea. This again supports the weak monsoon

feature suppresses the development of upper pbpds circulation in 1979 compared to 1975.
anticyclone and hence the monsoonal circulatiom hdia.

Earlier Joseph (1978) and Josegthal (1981) had also 5.3. Velocity potential anomaly
noted similar anomalous features which lead to weak
monsoon over India. The upper tropospheric velocity potential differenc

fields in April, May and JJAS are shown in Figs(a&b)
Figs. 8(a-c) are in agreement with Figs. 6(a-c). and Fig. 10(a) respectively. It is well known tkiagre is a
Northerly wind anomaly in the entire belt of°T$ to 70 N strong upper level divergent centre (Krishnamettial
over the Caspian Sea area in April in [Fig. 8(ayjicates 1971) associated with the Asian monsoon. Normdily t
that the northerlies were stronger in 1979 compavit upstream side of TEJ is associated with the ladjestgent
1975 and hence there was advection of western iBoras centre and the downstream side, west of Indiasecisted
cold air up to Arabian sea. In May [Fig. 8(b)tmortherly with convergence (Chen and Van Loon 1987). Thédipes
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(c) 200 hPg(10° mé/s) (1979-Mean) JIAS

(a) 200 hPg(10° m?/s) (1972-Mean) JJAS
ON
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(b) 200 hP(1C° m?/s) (1988-Mean) JIAS
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Figs 12(a-d).

908
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Difference of mean of June, July, August and Sebez velocity potential (fon? /s) at 200 hPa in (a) 1972, (b) 1988,

(c) 1979 and (d) 1975. Difference field in eachrye@omputed by deducting from 30 year mean value

difference field over the Indian subcontinent arfte t
negative difference field to the east in Figs. 9¢a&nd

Fig. 10(a) indicate that the upper level divergeneatre

was weaker over India in 1979 compared to 1975.

This divergent circulation changed in such a waat th
the intensity of TEJ over the monsoon regions ofttsgrn
Asia and Africa was weak [Fig. 7(c)] in 1979. Aswn by

Chen and van Loon (1987), the anomalous divergent

circulation during weak TEJ year reduces the geioeraf
kinetic energy on the upstream side of the jet dral
destruction of kinetic energy on the downstreams sifithe
jet. The weak divergent circulation in 1979 [Fida)® is
thought to be due to the decrease of intensityivargent
circulations as well as their eastward shift. AHasequence
the generation and destruction of kinetic energyttus
upstream and downstream side of the jet respegtivete
also reduced during weak TEJ of 1979.

Comparing the dipole structures in Figs. 9(a&b) and
Fig. 10(a), it is clear that the weakening of djet center
in the left and the convergence center in the rightinued
from April to May and then to JJAS. Figs. 9(a&b)dan
Fig. 10(a) are compatible with the wind differeffigdds in
Figs. 7(a-c) respectively.

6. Differencein circulation characteristics in El Nino
and La Ninayears

El Nino and La Nina are the most important slowly
varying boundary conditions which affect the momsoo
circulation characteristics and associated rainfall this
section, the differences in circulation charactiessetween
an El Nino year associated with deficient monsagin m
1972 and a La Nina year associated with excessonons
rain in 1988 are examined and compared with tHerdifice
fields discussed in the previous section. As shiowiig. 3,
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these two years had normal snow depth in winter the
western Eurasia. Fig. 3 also shows that in 1988etkwas
normal snow depth in April over the western Eura3i\S
wind difference fields of 1972 minus 1988 at 850lzPd
200hPa (figures not shown) over India are simitathibse
of 1979 minus 1975 [Figs. 6(c) and Fig. 7(c)] which
confirms the fact that monsoon wind in 1972 werakee
than in 1988.

MAUSAMB4, 2 (April 2003)

monsoon year 1972 [Fig. 12(a)] is opposite to ithaixcess
monsoon year 1988. There is a complete phase ab\ers
the upper tropospheric velocity potential anomabnt the
deficient monsoon year to the excess year. Onattaioute
this to the east-west shift of the upper level djeace
centre. The positive (weak) divergence anomaly dveia

in 1972 is replaced by negative (strong) divergereamaly

in 1988 giving rise to strong TEJ. 1972 and 1988
contrasting monsoon cases are due to El Nino arditha

Velocity potential has been recognised as a veryrespectively. The above mentioned basic charatitsrief

important field to examine the interannual variapilof
monsoon. Kanamitsu and Krishnamurti (1978) examthed
upper level divergent circulation in normal raihfgkar
1967 and during the drought year 1972 and fountdttiea
major center of the divergence circulation in tbenmal year
was established near 28 (close to Bay of Bengal) and in
dry year it was located eastward and equatorwawdnar
10° N. In order to compare the contrasting monso@exa
of 1979vs 1975 and 1972s 1988, we have examined the
lower and upper tropospheric velocity potentiafedénce
fields in both the cases. JJAS 1979 minus 1975ciglo
potential differences at 200 hPa and 850 hPa anersin
Figs. 10(a&b) respectively. Similarly, JJAS 1972nus
1988 velocity potential differences at 200 hPa &5d hPa
are shown in Figs. 11(a&b) respectively. Comparisbthe

the dipole structures in the velocity potential maty in
1979 [Fig. 12(c)] and 1975 [Fig. 12(d)] are alsceatved
due to high and low Eurasian snow depth anomalywiib
certain differences. The centres of positive (weak)
divergence anomaly in deficient monsoon year 1979
[Fig. 12(c)] and negative (strong) divergence arlgnma
excess monsoon year 1975 [Fig. 12(d)] are shifbethe
southeast over Australia.

7. Conclusions

Based on the results of this study the following
conclusions can be made.

(i) Lag CCs indicate that antecedent January snpthde

two cases indicates dipole structures at the upperanomaly over western (2&-68 E, 35 N-65°N), central

troposphere Figs. 10(a) and Fig. 11(a)] are siraitat are in
opposite phase to those at the lower troposphége 18(b)
and Fig. 11(b)]. However, the dipoles in 197421988 case
are stronger in intensity than those in 19891975 case
both at 200 hPa and 850 hPa. This shows that titeasbin
divergence centers over India due to El Nino and\ire is
much more than that due to high and low Eurasianwsn
depth. Also in El Nino/La Nina case the centerslipbles
were in the equatorial belt. In case of high/lowdsian
snow depth, the anomalous velocity potential digpog
center at 200 hPa and the corresponding convergemter
at 850 hPa shift to the southern hemisphere ovstralia.
The centers at both the levels have southeastdstgfto the
snow anomaly over the western Eurasia [Fig. 4(Ehe
Indian Ocean SST anomaly also plays significang ial
ISMR. However, in this study it is found that thedian
Ocean MAM SST anomaly in 1979 is very smaé.
—0.17 C compared to the mean value of 28.&1during

(68° E-98 E, 35 N-65° N) and eastern (98E-14C E,
35° N-65° N) Eurasia have significant CCs of —0.50, 0.50
and 0.42 respectively with the subsequent ISMRrursaly
snow depth anomaly over eastern Eurasia has signifi
CC of 0.55 with the following ISMR. However, April
snow depth anomaly over western Eurasia has ctarla
coefficient of —0.43 with the following ISMR at 5%
significance level indicating that the inverse tielaship
between the spring snow depth anomaly and thewoilp
ISMR is very robust compared to winter snow depth
anomaly.

(i) Low level atmospheric temperature difference
between two extreme years of high and low western
Eurasia snow depth in April can be as large &€ 1thich
gives rise to anomalous cyclonic circulation ovée t
Caspian Sea. This anomalous circulation at therdppel
migrates by about 2datitudes to the south that may be

the period of study based on NCEP/NCAR reanalysis.responsible for weakening the monsoon circulativaro
Hence the effect of Indian Ocean MAM SST anomaly on India during the year having high snow depth angmal
1979 ISMR is assumed to be small compared to that o over western Eurasia.

Eurasian snow anomaly in the same year.

In order to study the shift of the dipole structuie
deficient and excess monsoon years from the noyesas,
the velocity potential difference fields at 200 hR&l972,
1988, 1979 and 1975 are plotted in Figs.
respectively. The nature of dipole structure in dedicient

(i) The upper level divergence center was weaker ove
India in 1979 compared to 1975. Comparison of ipeld
structures in the velocity potential difference Idieat
200 hPa shows that in 1979 the weakening of garare

12(a-d) center over the Indian land mass and the conveegesttter
to its right continued from April to May and thendJAS.
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(iv) There is a complete phase reversal in the dipoleFerranti, L., Slingo, J. M., Palmer, T. N. and Huki B. J. 1997,

structure of the upper tropospheric velocity patdnt
anomaly from the deficient to excess ISMR irrespectf
the cause of excess/deficient ISM& El Nino/La Nina or
high/low Eurasian snow. However, in case of El Nithe
divergence center has eastward shift as comparda to

Nina whereas in case of high Eurasian snow the

divergence center shifts to the southeast overrAlistas

compared to low Eurasian snow. This shift might be

attributed to the excess west Eurasian snow deptigh
snow year. It is planned to model such observatigitis
the help of a GCM.

(v) All the above conclusions are based on only @se c
of high west Eurasian snow followed by deficier¥FS and
one case of low west Eurasian snow followed by &xce
ISMR during the period of study from 1966-94. Na&lsu
other cases were available during the same pefibd.
conclusions should be interpreted in the light bé t
statistical limitations of the data. These can bafiomed
with the availability of more contrasting snow andnsoon
years.
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