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l k jl k jl k jl k j  & ;wjsf'k ;k  d s rh u fo fHk Uu {k s=k sa esa 'k h r@olar _rq d s nk S jk u iM+h  cQZ d h  xgjk bZ esa vfu;ferk  
vk S j Hk k jrh ; xzh "ed k yh u ek ulwu o "k k Z d s ch p  vk uqHk fo d  laca/k  d h  t k ¡p  d jus d s fy, ,sfrgk fld  lk sfo ;r 
nS fud  fge xgjk bZ ¼,p -,l-Mh -,l-Mh -½ o t Zu II  Mk y lsVk sa d k  m i;k sx fd ;k  x;k  gS A ,sfrgk fld  lk sfo ;r 
nS fud  fge d h  xgjk bZ d s vk ¡d Mk sa ls ;g irk  p yrk  gS  fd   p je ek S le ok ys fo fHk Uu nk s o "k k sZa esa]  if'p eh  
;wjsf'k ;k  esa vÁS y d s egh us esa cQZ d h  xgjk bZ esa fo 'k s"k  varj gS  rFk k  olar _rq d s nk S jk u iM+h  cQZ d h  xgjk bZ 
d h  vlk ek U;rk  d s ch p  izfryk sHk  laca/k  vk S j 5% d s egRo iw.k Z Lrj ij &0 -4 3  d s xq.k k ad  lglaca/k  d s lk Fk  
Hk k jrh ; xzh "ed k yh u ek ulwu o "k k Z vR;ar larqfyr gS A ,u-lh -bZ-ih -@ ,u-lh -,-vk j- d s iqu% fo 'ysf"k r vk ¡d Mk sa d k  
m i;k sx d jrs gq,]  ek S leh  ek /; ifjlap j.k  iS VuZ d h  t k ¡p  ls irk  p yrk  gS  fd  if'p eh  ;wjsf'k ;k  esa fge d h  
xgjk bZ d h  vf/k d rk  vk S j U;wurk  ok ys nk s o "k k Zsa d s ch p  fuEuLrjh ; ok ;qeaMyh ; rk iek u varj 1 0° ls- rd  
vf/k d  gk s ld rk  gS  ft lls d S fLi;u lk xj esa vlk ek U; p Ø zok rh ; ifjlap j.k  c<rk  gS  vk S j ;g Hk k jr esa 
ek ulwu ifjlap j.k  d k s izHk k for d jus d k  d k j.k  gk s ld rk  gS  ,ulk s ifj?k Vuk vk sa vFk ok  ;wjsf'k ;k  d h  Hk k jh  @  
gYd h  fgeik r  d h  fo fHk UUk  voLFk k vk sa d h  ?k Vuk  d s U;wu ls vf/k d  Hk k jrh ; xzh "ed k yh u o "k k Z ls  Å ijh  
{k k sHk eaMyh ; osx fo Hk o  vfu;ferrk  d s Mh ik sy lajp uk  d h  voLFk k  iw.k Zr;k  fo ijh r gS A rFk k fi ,ulk s d h  fo ijh r 
voLFk k vk sa d s nk S jk u ;wjsf'k ;k  d h  Hk k jh  o "k k Z d h  vis{k k  vilj.k  d sanz iwoZ&if'p e d h  vk S j c<+rk  gS  t c 
vk LVªsfy;k  vilj.k  d sanzz nf{k .k  iwoZ d h  vk sj c<+rk  gS A 

 
 

ABSTRACT. The Historical Soviet Daily Snow Depth (HSDSD) version II data set has been used to examine the 
empirical relationship between the winter/spring snow depth anomaly over three different regions of Eurasia and Indian 
Summer Monsoon Rainfall (ISMR). HSDSD data show that the difference in snow depth between two extreme years is 
most prominent over western Eurasia in the month of April and the inverse relationship between the spring snow depth 
anomaly and the following ISMR is very robust with correlation coefficient of –0.43 at 5% significant level. 
Examination of seasonal mean circulation pattern using NCEP/NCAR reanalysed data shows that low level atmospheric 
temperature difference between two extreme years of high and low western Eurasia snow depth in April can be as large 
as 10°C which gives rise to anomalous cyclonic circulation over the Caspian Sea and this may be responsible for 
affecting the monsoon circulation over India. Results also show that there is a complete phase reversal in the dipole 
structure of the upper tropospheric velocity potential anomaly from the deficient to excess ISMR irrespective of 
occurrence of different phases of ENSO events or high/low Eurasian snow. However, during opposite phases of ENSO, 
the divergence center has east-west shift as compared to the high Eurasian snow when the divergence center shifts to the 
southeast over Australia.  

 
Key words  –  Indian summer monsoon rainfall, Historical soviet daily snow depth, El-Nino, Divergence centre, 

Correlation coefficients, Mid latitude circulation. 
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1. Introduction 
  

An inverse relationship between the strength of the 
Indian summer monsoon and the extent of Eurasian snow 
cover in the preceding season has been documented by 
several authors  (Hahn and Shukla 1976,  Dickson 1984 and  
Sankar Rao et al. 1996 ). Sensitivity studies with general 
circulation models (GCMs) such as those of Barnett et al. 
(1989), Vernekar et al. (1995) have shown that when large, 
spatially coherent, positive snow anomalies are imposed 
over Eurasia in winter/spring, the monsoon circulation in the 
following summer is weaker than average. Bamzai & Shukla 
(1999) using snow fall frequency data have confirmed that 
only for the western Eurasian region, the correlation 
between the winter snow cover anomaly and subsequent 
monsoon rains is statistically significant. Kripalani et al. 
(1996) used snow depth from Nimbus-7 satellite and found 
two regions over Eurasia had negative correlation with the 
monsoon rainfall; one region to the north-east of Moscow 
and the other between Mongolia and Siberia. Kripalani & 
Kulkarni (1999) based on Historical Soviet Daily Snow 
Depth (HSDSD) version I data for the period 1881-1985 
concluded that winter-time snow depth over western Eurasia 
surrounding Moscow shows significant negative relationship 
with subsequent monsoon rain whereas, that over eastern 
Eurasia in central Siberia has significant positive 
relationship with monsoon rainfall. They conjectured the 
existence of a mid-latitude long wave pattern with an 
anomalous ridge (trough) over Asia during the winter prior 
to a strong (weak) monsoon. 

 
Meehl (1997) using a coupled Ocean-Atmosphere 

GCM demonstrated that land-surface conditions may create 
temperature contrast between land and ocean without any 
feed backs from snow cover. He further, inferred that snow 
cover anomaly may be an artifact of the mid-latitude 
circulation pattern associated with convective heating 
anomalies, rather than an independent forcing. Corti et al. 
(2000) based on their 12 ensemble runs of European Centre 
for Medium range Weather Forecasts (ECMWF) and 
previously established results (Palmer et al. 1992; Ju and 
Slingo 1995; Ferranti et al. 1997), concluded that the snow 
monsoon relationship is just an artifact of the influence of El 
Nino anomalies on both the winter time and the summer 
time circulations. However, they did not rule out an active 
role of the snow anomaly in causing the persistence of the 
Eurasian wind anomaly. They further, cited 1994 monsoon 
case (Soman and Slingo 1997) indicating that the snow 
related wind anomaly over Eurasia persisted from winter to 
summer independently from the Pacific SST anomaly. Using 
several simulations of ECMWF model, Ferranti and Molteni 
(1999) have concluded that the inter-annual variability of 
Eurasian snow-depth in early spring is influenced by the 
boundary forcing arising from SST anomalies over the 

tropical eastern Pacific during previous winter. Their results 
also indicate that Eurasian snow depth influences the 
seasonal mean monsoon independently of El-Nino Southern 
Oscillation (ENSO). 
  

Almost all the observational studies of snow-monsoon 
connection are based on the relationship between the snow 
and monsoon rainfall only. How the antecedent snow is 
linked to the large scale monsoon circulation is not clear.  
Sankar Rao et al. (1996) using NOAA NESDIS data for the 
period 1967 to 1992 concluded that following the winters of 
more snow, stationary perturbations with higher pressures 
over central Asia north of India are produced in the lower 
atmosphere and the following Asian summer monsoon is 
weaker. Simultaneously, in the upper atmosphere, lower 
anomalous pressure occurs during summer which weakens 
the upper level monsoon high.  
  

The purpose of the present study is to examine the 
evolution of seasonal mean monsoon circulation features 
from the midlatitude circulation in response to the Eurasian 
snow depth in April. A detailed analysis of the 
characteristics of atmospheric circulation during contrasting 
years of high(low) winter/spring snow depth followed by 
deficient(excess) monsoon rain over India has been done in 
order to identify the signal of excess or deficient monsoon 
rainfall two months in advance. In order to separate the 
effects of Eurasian snow from that of the Pacific SST, care 
has been taken so that the selected cases of high (low) snow 
years followed by deficient (excess) ISMR are not 
influenced by ENSO. 
  
2. Data sources 
  

The HSDSD version II data set provides a long-term 
climatological data (1881-1995) and updates and replaces 
the original HSDSD version 1 data set that was previously 
available from National Snow and Ice Data Center  
(NSIDC) on CDROM. The HSDSD data were extracted 
from the Soviet meteorological archive, which contains 
daily data from Russian\USSR World Meteorological 
Organisation (WMO) stations. The original data set was 
compilation of three meteorological archives such as (i) 
the TM1–Day archive, which contains daily 
meteorological observations for the USSR between 1874 
and 1965, (ii ) the Day–76 meteorological archive for the 
entire USSR between 1966 and 1984 and (iii ) the Day–76 
meteorological archive for the Taiga region between 1966 
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   surrounding  area  that  is  
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Fig. 1.  Division of Eurasia into three zones viz. West (W), Central (C) and East (E). Stars (*) represent the locations of 
WMO defined stations where daily snow depth were observed in Historical Soviet Daily Snow Depth (HSDSD) 
version–II data set 

 
 
covered by snow). Products derived at NSIDC and 
included on the CD-ROM are the daily, monthly, seasonal 
and climatological summaries. In this study daily data 
summaries are used to compute the monthly mean snow 
depth for all the 284 WMO defined stations. These 
stations are located in the mid-latitudes (Fig. 1) mostly 
inhabited area of Eurasia. The geographical distribution of 
the stations lie between 35° N and 72° N latitude lines and 
between 20° E and 180° E meridians, while the elevation 
of the stations varies from –15 meters to 2100 meters. 
Further the monthly mean snow depth data are categorised 
according to the number of days where snow depth was 
greater than 5cm, 10cm and 50cm. HSDSD product has 
been updated from 1881 (for the earliest operational 
stations) through 1995 using improved data quality control 
and sophisticated computer software. It may be noted that 
where slight differences in position between provided data 
and the WMO station position existed, the WMO station 
point was used. 

              
ISMR data from June to September for the period 

1881-1994 (Parthasarthy et al. 1995) have been used in 
classifying the excess, normal and deficient rain years.  
We have also used NCEP/NCAR reanalysed data for the 
period 1966-94 which include temperature, wind, velocity 

potential, stream function and geopotential fields at upper 
and lower atmospheres. These reanalyses were undertaken 
with fixed state-of-the-art data assimilation/analysis 
methods  (Kalnay et al. 1996) to provide multi-year global 
data sets for a range of investigations of many aspects of 
climate, particularly inter-annual variability. Studies 
(WCRP 1998) indicate that the reanalysis has provided 
much improved consistent and more homogeneous global 
fields. 
  

We have not used NCEP/NCAR reanalysed snow 
since this data set does not contain snow depth but the 
water equivalent of snow. Kripalani et al. (1998) analysed 
the data set and did not find its relationship with ISMR 
good. They explained that the difficulty in transferring the 
depth of newly fallen snow in to water equivalent is the 
major short coming in using NCEP/NCAR data for such 
studies.   
 
 
3. Statistical relationship between Eurasian snow 

depth anomaly and ISMR  
  

For better understanding of snow monsoon 
relationship and for easy comparison with all the  previous  
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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). Numbers in bracket 
show level of significance in %. Dashes indicate that the relationship  
                                  is not statistically significant 

 

  Period 
Months Western 

Eurasia 
Central 
Eurasia 

Eastern 
Eurasia 

1966–94 Jan −0.50(1) 0.50(1) 0.42(5) 

1975–94 Jan −0.62(0.1) 0.57(0.1) 0.43(5) 

1975–94 
 

Apr −0.43(5) -- -- 

 
 

studies, Bamzai and Shukla (1999) correlated December, 
January, February and March (DJFM) mean snow cover 
anomalies for four regions with the following ISMR. Their 
four regions of study were (i) west Eurasia (40° N-60° N, 
10° W-30° E), (ii ) the whole of Eurasia (20° N-90° N, 0° -
190° E), (iii ) southern Eurasia (20° N-50° N, 0° -190° E) 
and (iv) the Himalayas (30° N-45° N, 60° E-105° E). They 
used satellite-derived snow cover data for 22 years 
spanning the period 1973 to 1994. Bamzai and Shukla 
(1999) found the largest correlation with the western 
Eurasia snow cover with correlation coefficient (CC) of –
0.63 followed by the whole of Eurasia (−0.34). The winter 
and spring snow cover of southern Eurasia and the 
Himalayas have high interannual variability but are poorly 
correlated with the subsequent monsoon rainfall.  

 
The HSDSD version II data set used by us does not 

contain uninterrupted data for all the stations. Hence 
clusters of stations are selected over which monthly mean 
snow depth data are available uninterrupted for a 
considerable length of time for statistical meaningful 
relationship.  Based on this data set, three zones have been 
identified such as west (25° E-68° E, 35° N-65° N), 
central (68° E-98° E, 35° N-65° N) and east (98° E-    
140° E, 35° N-65° N) where consistent data are available. 
The Lag CCs between monthly snow depth anomaly for  
three regions namely western, central and eastern Eurasia 
and ISMR for the period 1966-94 are computed in this 
study.  No attempt has been made to generate the missing 
data either by interpolation or by any other technique. We 
have used the actual data provided by HSDSD in the CD.  
However stations north of 65° N are not considered in this 
study because the number of stations are scarce and also 
the occurrence of missing data is high. 
  

Table 1 presents the CCs along with their significant 
levels between monthly snow depth anomalies over 
western, central and eastern Eurasia over the latitudes   
35° N to 65° N  for  the periods 1966-94 and 1975-94 with  

TABLE 2 
 

Same as in Table1 but for 19 years sliding correlation coefficients 
 

  Years 
 

West (Jan) 
Eurasia 

West (Apr) 
Eurasia 

Central  (Jan) 
Eurasia 

East (Jan) 
Eurasia 

1966–94 -0.50(1) -- 0.50(1) 0.42(5) 

1966–84 -0.57(0.1) -- 0.57(0.1) -- 

1967−85 -0.55(1) -- 0.52(1) -- 

1968–86 -0.59(0.1) -- 0.52(1) 0.47(2) 

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) 

1971–89 -0.51(1) -0.41(5) 0.69(.1) 0.54(1) 

1972–90 -0.50(1) -0.44(5) 0.74(0.1) 0.57(0.1) 

1973–91 -0.68(0.1) -0.58(0.1) 0.59(0.1) 0.48(1) 

1974–92 -0.64(0.1) -0.57(0.1) 0.56(0.1) 0.50(1) 

1975–93 -0.64(0.1) -0.47(1) 0.55(1) 0.50(1) 

1976–94 
 

-0.57(0.1) -- 0.62(0.1) 0.46(2) 

 

ISMR.  Although HSDSD data set is for the period 1881 
to 1994, there are a lot of missing data at many stations 
before 1966. In order to make a coherent time series, we 
have considered the period 1966 to 1994. Only those CCs 
which are significant at 5% level or above have been 
presented in the table.  Table 1 shows that the January 
snow depth anomalies over western Eurasia have very 
good inverse relationship whereas the anomalies over the 
central and eastern Eurasia have positive relationship with 
the following ISMR. The April snow depth anomaly over 
western Eurasia has also strong negative relationship with 
the following ISMR for the period 1975-94. April snow 
depth anomalies over central and eastern Eurasia do not 
show any significant relationship with ISMR. To examine 
the consistency of above relationships, the CCs for 
overlapping 19 year periods have been recomputed during 
the period 1966-94 and are shown in Table 2.  The highest 
magnitudes are obtained for the western Eurasia January 
snow depth during 1973-91, 1974-92 and 1975-93, all 
significant at 0.1% levels. The April snow depth anomaly 
over western Eurasia shows very strong relationship with 
the following ISMR for the period 1973-93. 
   

Our analysis shows that January snow depth 
anomalies over western Eurasia lying between 25° E and 
68° E depicts negative correlation while those over central 
and  eastern  Eurasia lying between 68° E and 140° E have  
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                                    (a)                                         Correlation Coefficient 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                   (b)                               Empirical Orthogonal Function-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 2(a&b).  (a) Correlation coefficients (CCs) between January Eurasian snow depth anomalies at 
locations mentioned in Fig. 1 with the following ISMR during the period 1966-94. 
(b) EOF-1 of standardised snow depth anomalies in January corresponding to the 
stations and period  considered in Fig. 2(a) 

 
 
positive correlation with the subsequent ISMR [Fig 2(a)]. 
This result confirms the relationship of two coherent 
regions identified by Kripalani and Kulkarni (1999) with 

ISMR based on the earlier version of HSDSD data set. 
The new results of our study based on the version II 
HSDSD  data  set  are  the  positive  correlation  of  central  
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Snow and ISMR anomalies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Standardised snow depth anomaly over western Eurasia and 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 
 

 
  Years 

 
SOI 

SST Anomaly(°C) 
(5° N-5° S, 150° W-90° W) 

 DJF MAM JJA SON DJF MAM JJA SON 

1975 -0.1 0.8 1.9 1.8 -0.4 -0.5 -1.0 -1.3 

1979 -0.1 -0.2 -0.3 -0.3 0.2 0.4 0.5 1.9 

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 1.4 1.7 1.7 

 
 
 
Eurasia snow depth in January with the following ISMR as 
shown in Tables 1 & 2.  

 
Some notable CCs in the eastern Eurasia are, 0.55 (at 

1% level), 0.55 (at 1% level) and 0.51 (at 1% level) at  
Cul’Man (56.9° N,124.9° E), Zigalovo (54.8°N, 105.2° E) 
and Kirensk (57.8° N, 108.1° E) respectively in the eastern 
side of Eurasia. CCs of –0.50, –0.47 and –0.47 are 
obtained at the stations Nizhnuj Tagil (57.9° N, 60.1° E) 
and Minsk (53.9° N, 27.5° E) and Vitegra (61.0° N,   
36.5° E) respectively in western Eurasia. 

Empirical Orthogonal Functions (EOF) of January 
snow depth anomaly for the period 1966-94 have also 
been computed for the whole of Eurasia and its three 
regions separately in the present study. January is selected 
because of its highest CC with ISMR. In our study EOF-1 
over the whole of Eurasia, the western, central and eastern 
Eurasia explains about 19.5%, 27.2%, 31.1% and 26.5% 
of variability respectively. EOF-1 [Fig.2(b)] for the whole 
of Eurasia is compatible with the station wise CCs        
[Fig. 2(a)] especially in the western and central Eurasia. 
Our  study  based  on the version II HSDSD gives stronger  
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Figs. 4(a-d). Mean snow depth (cm) for 1979 (a) January and (b) April and snow depth  (1979-75) difference (cm)  in (c)  January  and (d) April 

 
 
 
variability than the corresponding value obtained for the 
whole of Eurasia by Kripalani and Kulkarni (1999) based 
on version I data set. They found 15.8% and 15.5% 
variability in the first component during January and 
November over the whole of Eurasia. Better results 
obtained in the most dominant EOF-1 in our study as 
compared to those of Kripalani and Kulkarni (1999) may 
be ascribed to better quality of snow depth data in version 
II than in version I HSDSD.   
 
4. Selection of high and low snow years 

 
Using the monthly snow depth data for the year 

1966–94, January and April mean values for each year 
over the western Eurasia are computed and the mean of 
the series and the standard deviations are also calculated. 
The snow depth of each year for the period 1966-94 is 
expressed as a standardised snow depth anomaly by 
dividing the departure of each year from normal by 

standard deviation. The standardised snow depth anomaly 
considered for the western  Eurasia for the period 1966-94 
is shown in Fig. 3. The years having snow depth anomaly 
between ±1 standard deviation are considered as normal 
snow years. Similarly the years having snow depth 
anomaly equal to or above +1 standard deviation are taken 
as high snow years and those having equal to or less than  
−1 standard deviation snow depth anomaly are identified 
as low snow years. Based on this criterion it is found that 
the years 1971, 1975 and 1983 are low snow years and 
1968, 1979, 1986, 1987 and 1989 are high snow years. 
Rest of the years in the period 1966 to 1994 had normal 
snow depth anomaly. Similarly the ISMR rainfall anomaly 
for each year has been computed and plotted in Fig. 3. The 
years having ISMR anomaly more than or equal to +1 
standard deviation are termed as excess monsoon years 
and those less than or equal to –1 standard deviation are 
considered as deficient monsoon years. The years having 
ISMR  anomaly between −1 and  +1 standard deviation are  

 

(a) January Mean 1979 (b) April Mean 1979 

(c) (1979-75) January  (d) (1979-75) April  
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Figs. 5(a-d). Temperature difference (°C) between 1979 and 1975 (a) 850 hPa April  (b) 500 hPa April (c) 850 hPa May and (d) 500 hPa May 

 
 
 
termed as normal monsoon years. Based on this criterion 
the years 1970, 1975, 1983, 1988 and 1994 are excess 
monsoon years and 1966, 1968, 1972, 1974, 1979, 1982, 
1986 and 1987 are deficient monsoon years. Fig. 3 
confirms the well established inverse relationship between 
the Eurasian snow depth anomaly and ISMR deviation. 
Out of all the years of high and low snow which are 
related to below normal and above normal monsoon years 
respectively, we have a case in 1975 where low winter 
snow is followed by excess monsoon rain and another case 
in 1979 where high snow is followed by deficient 
monsoon rain. These two years are considered to be free 
from the effect of ENSO phase on ISMR.  It may be noted 
that in this study the effect of winter/spring snow on ISMR 
is being examined. In order to eliminate the effect of 
ENSO on ISMR, it will be consistent to consider the 
Pacific boundary conditions corresponding to 
winter/spring rather than that of JJA. The boundary 
conditions of JJA will only give a simultaneous 

relationship with ISMR.  Normally ENSO events are 
classified by either the strength of the Southern Oscillation 
Index (SOI) or SST anomaly of different Pacific regions 
such as Nino-3, Nino-3.4 etc. In the present paper, both 
SOI and SST anomaly of winter/spring seasons are used in 
the identification of ENSO phases. SOI is the standardised 
anomaly of the mean sea level pressure difference between 
Tahiti and Darwin. For the years 1975 and 1979, SOI and 
SST anomaly are given in Table 3 based on the monthly 
SOI of the Climate Prediction Center (CPC). Considering 
JJA SST anomaly (−1.0° C), 1975 may be taken as        
La-Nina event. However, with a view to consider both the 
surface boundary conditions such as Eurasian snow and 
Pacific surface state corresponding to the same season, 
1975 is taken equivalent to non-ENSO year in this study.  

 
The relationship of April snow depth anomalies of 

western Eurasia with the following ISMR is also shown   
in  Fig. 3.  It  is  found  that  the  high  and low snow depth  

 

(a) 850 hPa temperature (1979-75) April (b) 500 hPa temperature (1979-75) April 
 

(c) 850 hPa temperature (1979-75) May 
 

(d) 500 hPa temperature (1979-75) May 
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Figs. 6(a-c).  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, August 
and September. The contours and arrows indicate 
the geopotential height differences and wind 
differences respectively 

anomaly years classified using January snow depth 
anomaly over western Eurasia are not always the same as 
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 followed by 
deficient ISMR in 1979 are common. In other words the 
characteristic of low/high snow depth anomalies in 1975 
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) depict the 
high minus low snow depth anomaly (1979-75) in January 
and April respectively. Other cases of low/high snow 
followed by excess/deficient ISMR fall in 1983 and 1987 
respectively. However, 1983 and 1987 were also La Nina 
and El Nino years respectively and hence are not 
considered for our analysis. This way we have eliminated 
the effect of SST which has been established as the most 
dominant slowly varying surface boundary condition and 
thus considered the effect of Eurasian snow on the 
monsoon circulation only. In order to compare the effect 
of high/low snow on the atmospheric circulation with that 
of El Nino/La Nina, we have chosen contrasting monsoon 
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 in 
1979 and 1975 are studied in detail by analysing the 
difference in temperature, wind, geo-potential height, 
stream function and velocity potential in 1979 and 1975 
from NCEP/NCAR monthly mean reanalysis at 850 hPa 
and 200 hPa. Bamzai and Shukla (1999) emphasised that 
the inverse snow-monsoon relationship holds specially in 
those years when snow is anomalously high or low for 
both the winter as well as the consecutive spring season. 
CCs given in Tables 1&2 and the snow depth difference in 
Figs. 4(c&d) indicate that the anomalous snow depths both 
in January and subsequent April are significant. Hence we 
have computed the circulation characteristics and plotted 
the difference fields in April and May individually and in 
June, July, August and September (JJAS) as the seasonal 
mean with a view to examine the evolution of the mean 
monsoon fields two months in advance in response to the 
Eurasian snow in April. It may be noted here that results of 
Kripalani et al. (1996) show the areal extent of snow cover 
over Eurasia having the strongest relationship during 
April.  Also  study  by  Bamzai  and Shukla (1999) reveals   
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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 consecutive 
spring season.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 
5.1.  Temperature anomaly 

  
Fig. 5(a) shows that the entire Eurasia is cooler in 1979 

April  compared  to 1975 April. In 1979, the western region  
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Figs. 9(a&b).  Velocity potential difference (106 m2/s)  between 1979 
and 1975 at 200 hPa  (a) April and (b) May 

 
 
 
was cooler maximum up to 10° C at 850 hPa whereas the 
eastern and central Eurasia were cooler maximum by 6° C 
and 4° C respectively. The cooling anomaly is observed up 
to 500 hPa level with 6° C in the west and 4° C in the central 
and eastern regions [Fig. 5(b)]. The cooling of the 
atmosphere can be ascribed to the snow depth anomaly 
shown in Fig. 4(c).  In May 1979, the eastern Eurasia 
remains cooler by 6° C [Fig.5(c)] and the temperature 
difference is small at 500 hPa [Fig.5(d)]. The cooling over 
the western Eurasia in April [Fig. 5(a)] undergoes a 
southward shift as shown in Fig. 5(c). The cooling of the 
Afghanistan-Pakistan region up to mid-atmosphere         
[Fig. 5(d)] by about 2° C and some parts of north India at 
850 hPa by about 3° C [Fig. 5(c)] might have played 
significant role in the weak monsoon circulation and 
deficient rain in 1979 compared with 1975. The atmospheric 
cooling of the eastern Eurasia and the monsoon heat low 
area has been persistent through the monsoon months as 

noticed (not shown in figure) in the difference (1979-75) 
field of JJAS means.  

 
5.2.  Wind  and geopotential height anomaly 

  
The lower level wind difference fields and 

geopotential height difference fields in April and May 
shown in Figs. 6(a&b) respectively are consistent with       
the corresponding temperature difference fields in                
Figs. 5(a&c). The anomalous cyclonic circulation over the 
Caspian Sea at 850 hPa in Fig. 6(a) can be attributed to the 
cooling due to the snow in April [Fig. 4(c)] almost at the 
same location. In May [Fig. 6(b)] the anomalous cyclonic 
circulation weakened and its remnants are visible over the 
west coast of India over Gujarat [Fig. 6(b)]. JJAS wind 
difference field at 850 hPa Fig. 6(c) clearly shows that the 
monsoon westerlies over the Arabian Sea were weaker in 
1979 compared with 1975. The negative geopotential 
difference field over the western Eurasia can be attributed to 
the high snow Fig. 4(c) in 1979 compared to the low snow 
in 1975. From the geopotential difference fields in          
Figs. 6(a-c) it is seen that the monsoon heat low in May over 
central south Asia was weaker (positive values) in 1979 
compared to 1975. This positive geopotential difference 
field indicates adverse pressure gradient anomaly for 
monsoon development.   
  

The upper level wind difference fields and 
geopotential difference fields at 200 hPa in April, May and 
JJAS are depicted in Figs. 7(a-c). The upper level 
anomalous cyclonic circulation over the Caspian Sea shows 
a clear southward movement by about 20° latitudes from 
April to May, which gives rise to the anomalous westerly 
monsoon wind over Arabian Sea in 1979 May compared to 
1975 May [Fig.7(b)]. Thus in 1979, the easterlies started 
weakening in April through May to give rise to weaker 
monsoon easterlies [Fig. 7(c)] during JJAS. Weak easterlies 
and westerlies at 200 hPa and 850 hPa respectively are the 
characteristics of weak monsoon circulation as it happened 
in 1979 compared to strong monsoon circulation in 1975. 
The geopotential difference field at 200 hPa in Figs. 7(a&b) 
indicates weaker upper level high (negative values) over east 
Asia in April and May 1979 which is prominent in JJAS 
[Fig. 7(c)]. Similar results were obtained by Sankar Rao      
et  al. (1996). The corresponding upper level stream 
function difference fields (not given) indicates that 
weakening of the upper level circulation in 1979 over India 
and central Asia started in April and persisted through May 
up to JJAS.  Rajeevan (1993) examined the composite mean 
circulation and thermal fields at 200 hPa from April to June 
and showed a cyclonic (anticyclonic) anomalous circulation 
with cold (warm) temperature observed over central Asia 
near Caspian Sea during April of drought (flood) years. The   
cold  cyclonic  anomalous  circulation  adversely  affects the  
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Figs. 10(a&b).  June, July, August and September velocity   
potential difference (m2/s) between 1979 and 1975 
(a) 200 hPa and (b) 850 hPa 

 

 
monsoon activity due to excess Eurasian snow cover and the 
large scale intrusion of dry westerlies into Indian regions.  
Krishnan and Majumdar (1999) have shown the prominent 
southward incursion of midlatitude westerlies over 
northwest India during May at 200 hPa. Such an anomalous 
feature suppresses the  development of upper tropospheric 
anticyclone and hence the monsoonal circulation over India. 
Earlier Joseph (1978) and Joseph et al. (1981) had also 
noted similar anomalous features which lead to weak 
monsoon over India.  

 
Figs. 8(a-c) are in agreement with Figs. 6(a-c). 

Northerly wind anomaly in the entire belt of 15° N to 70° N 
over the Caspian Sea area in April in [Fig. 8(a)] indicates 
that the northerlies were stronger in 1979 compared with 
1975 and hence there was advection of western Eurasian 
cold  air  up to Arabian sea. In May [Fig. 8(b)] the  northerly  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 11(a&b). Same as Figs. 10(a&b) but for 1972-88 

 
 
 

 
anomaly over the Arabian Sea may be taken as the precursor 
to the weak southerly monsoon wind at the lower level in 
1979. In JJAS, weaker southerlies Fig. 8(c) in 1979 are very 
prominent over most of the  Indian region except over the 
Arabian Sea. This again supports the weak monsoon 
circulation in 1979 compared to 1975.  

 
5.3.  Velocity potential anomaly 

  
The upper tropospheric velocity potential difference 

fields in April, May and JJAS are shown in Figs. 9 (a&b) 
and Fig. 10(a) respectively.  It is well known that there is a 
strong upper level divergent centre (Krishnamurti et al. 
1971) associated with the Asian monsoon. Normally the 
upstream side of TEJ is associated with the largest divergent 
centre and the downstream side, west of India is associated 
with  convergence (Chen and Van Loon 1987). The positive  
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Figs 12(a-d). Difference of mean of June, July, August and September velocity potential (106 m2 /s) at 200 hPa in (a) 1972,  (b) 1988,     
(c) 1979 and (d) 1975. Difference field in each year is computed by deducting from 30 year mean value 

 
 
 
difference field over the Indian subcontinent and the 
negative difference field to the east in Figs. 9(a&b) and        
Fig. 10(a) indicate that the upper level divergence centre 
was weaker over India in 1979 compared to 1975.  
  

This divergent circulation changed in such a way that 
the intensity of TEJ over the monsoon regions of southern 
Asia and Africa was weak [Fig. 7(c)] in 1979.  As shown by 
Chen and van Loon (1987), the anomalous divergent 
circulation during weak TEJ year reduces the generation of 
kinetic energy on the upstream side of the jet and the 
destruction of kinetic energy on the downstream side of the 
jet. The weak divergent circulation in 1979 [Fig. 9(a)] is 
thought to be due to the decrease of intensity of divergent 
circulations as well as their eastward shift. As a consequence 
the generation and destruction of kinetic energy on the 
upstream and downstream side of the jet respectively were 
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 divergent center 
in the left and the convergence center in the right continued 
from April to May and then to JJAS. Figs. 9(a&b) and       
Fig. 10(a) are compatible with the wind difference fields in 
Figs. 7(a-c) respectively. 
 
6.  Difference in circulation characteristics in El Nino 

and La Nina years 
  

El Nino and La Nina are the most important slowly 
varying boundary conditions which affect the monsoon 
circulation characteristics and associated rainfall. In this 
section, the differences in circulation characteristics between 
an El Nino year associated with deficient monsoon rain in 
1972 and a La Nina year associated with excess monsoon 
rain in 1988 are examined and compared with the difference 
fields discussed in the previous section. As shown in Fig. 3, 

 

(a) 200 hPa χ(106 m2/s) (1972-Mean) JJAS (c) 200 hPa χ(106 m2/s) (1979-Mean) JJAS 
 

(b) 200 hPa χ(106 m2/s) (1988-Mean) JJAS 
 

(d) 200 hPa χ(106 m2/s) (1975-Mean) JJAS 
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these two years had normal snow depth in winter over the 
western Eurasia. Fig. 3 also shows that in 1988, there was 
normal snow depth in April over the western Eurasia. JJAS 
wind difference fields of 1972 minus 1988 at 850hPa and 
200hPa (figures not shown) over India are similar to those 
of 1979 minus 1975 [Figs. 6(c) and Fig. 7(c)] which 
confirms the fact that monsoon wind in 1972 were weaker 
than in 1988. 
  

Velocity potential has been recognised as a very 
important field to examine the interannual variability of 
monsoon. Kanamitsu and Krishnamurti (1978) examined the 
upper level divergent circulation in normal rainfall year 
1967 and during the drought year 1972 and found that the 
major center of the divergence circulation in the normal year 
was established near 20° N (close to Bay of Bengal) and in 
dry year it was located eastward and equatorward around 
10° N.  In order to compare the contrasting monsoon cases 
of 1979 vs. 1975 and 1972 vs. 1988, we have examined the 
lower and upper tropospheric velocity potential difference 
fields in both the cases. JJAS 1979 minus 1975 velocity 
potential differences at 200 hPa and 850 hPa are shown in 
Figs. 10(a&b) respectively.  Similarly, JJAS 1972 minus 
1988 velocity potential differences at 200 hPa and 850 hPa 
are shown in Figs. 11(a&b) respectively. Comparison of the 
two cases indicates dipole structures at the upper 
troposphere Figs. 10(a) and Fig. 11(a)] are similar and are in 
opposite phase to those at the lower troposphere [Fig. 10(b) 
and Fig. 11(b)]. However, the dipoles in 1972 vs. 1988 case 
are stronger in intensity than those in 1979 vs. 1975 case 
both at 200 hPa and 850 hPa. This shows that the contrast in 
divergence centers over India due to El Nino and La Nina is 
much more than that due to high and low Eurasian snow 
depth. Also in El Nino/La Nina case the centers of dipoles 
were in the equatorial belt. In case of high/low Eurasian 
snow depth, the anomalous velocity potential divergence 
center at 200 hPa and the corresponding convergence center 
at 850 hPa shift to the southern hemisphere over Australia. 
The centers at both the levels have southeast shift due to the 
snow anomaly over the western Eurasia [Fig. 4(c)]. The 
Indian Ocean SST anomaly also plays significant role in 
ISMR. However, in this study it is found that the Indian 
Ocean MAM SST anomaly in 1979 is very small i.e.             
–0.17° C compared to the mean value of 26.81° C during 
the period of study based on NCEP/NCAR reanalysis. 
Hence the effect of Indian Ocean MAM SST anomaly on 
1979 ISMR is assumed to be small compared to that of 
Eurasian snow anomaly in the same year. 
  

In order to study the shift of the dipole structures in 
deficient and excess monsoon years from the normal years, 
the velocity potential difference fields at 200 hPa in 1972, 
1988, 1979 and 1975 are plotted in Figs. 12(a-d) 
respectively. The nature of dipole structure in the deficient 

monsoon year 1972 [Fig. 12(a)] is opposite to that in excess 
monsoon year 1988. There is a complete phase reversal in 
the upper tropospheric velocity potential anomaly from the 
deficient monsoon year to the excess year. One can attribute 
this to the east-west shift of the upper level divergence 
centre. The positive (weak) divergence anomaly over India 
in 1972 is replaced by negative (strong) divergence anomaly 
in 1988 giving rise to strong TEJ. 1972 and 1988 
contrasting monsoon cases are due to El Nino and La Nina 
respectively. The above mentioned basic characteristics of 
the dipole structures in the velocity potential anomaly in 
1979 [Fig. 12(c)] and 1975 [Fig. 12(d)] are also observed 
due to high and low Eurasian snow depth anomaly, but with 
certain differences. The centres of positive (weak) 
divergence anomaly in deficient monsoon year 1979      
[Fig. 12(c)] and negative (strong) divergence anomaly in 
excess monsoon year 1975 [Fig. 12(d)] are shifted to the 
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 snow depth 
anomaly over western (25o E-68o E, 35o N-65o N), central 
(68° E-98° E, 35° N-65° N) and eastern (98° E-140° E, 
35° N-65° N) Eurasia have significant CCs of –0.50, 0.50 
and 0.42 respectively with the subsequent ISMR. February 
snow depth anomaly over eastern Eurasia has significant 
CC of 0.55 with the following ISMR. However, April 
snow depth anomaly over western Eurasia has correlation 
coefficient of –0.43 with the following ISMR at 5% 
significance level indicating that the inverse relationship 
between the spring snow depth anomaly and the following 
ISMR is very robust compared to winter snow depth 
anomaly.  
 
(ii)  Low level atmospheric temperature difference 
between two extreme years of high and low western 
Eurasia snow depth in April can be as large as 100C which 
gives rise to anomalous cyclonic circulation over the 
Caspian Sea. This anomalous circulation at the upper level 
migrates by about 20° latitudes to the south that may be 
responsible for weakening the monsoon circulation over 
India during the year having high snow depth anomaly 
over western Eurasia.  
 
(iii )  The upper level divergence center was weaker over 
India in 1979 compared to 1975. Comparison of the dipole 
structures in the velocity potential difference field at         
200   hPa shows that in 1979 the weakening of divergence 
center over the Indian land mass and the convergence center 
to its right continued from April to May and then to JJAS. 
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(iv)  There is a complete phase reversal in the dipole 
structure of the upper tropospheric velocity potential 
anomaly from the deficient to excess ISMR irrespective of 
the cause of excess/deficient ISMR i.e. El Nino/La Nina or 
high/low Eurasian snow. However, in case of El Nino, the 
divergence center has eastward shift as compared to La 
Nina whereas in case of high Eurasian snow the 
divergence center shifts to the southeast over Australia as 
compared to low Eurasian snow. This shift might be 
attributed to the excess west Eurasian snow depth in a high 
snow year. It is planned to model such observations with 
the help of a GCM. 
 
(v) All the above conclusions are based on only one case 
of high west Eurasian snow followed by deficient ISMR and 
one case of low west Eurasian snow followed by excess 
ISMR during the period of study from 1966-94. No such 
other cases were available during the same period. The 
conclusions should be interpreted in the light of the 
statistical limitations of the data. These can be confirmed 
with the availability of more contrasting snow and monsoon 
years.   
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