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Abstract Information on long-term climate variability of western Himalayan region based
on instrumental records and dendroclimatic investigation have been discussed. Instrumental
records of monthly temperature and precipitation of 10 stations for about 100 years have
been analysed to look into the pattern of climate variability during the 20" century. Wide
network of tree-ring data of Himalayan conifers have been used to deduce climatic
information beyond the instrumental period. Pre-monsoon (March-April-May) climate of
western Himalaya reconstructed from tree-rings since AD 1747 do not show any impact of
Little Ice Age in the later phase of the phenomenon.

INTRODUCTION

There are very few studies available (Pant and Borgaonkar, 1984a) on
climate change during the instrumental record for the Himalayan region. Most of
the studies of the region deal with the climate conditions over the specific locale
(Dhar and Farooqui, 1973; Dhar et al., 1987). Information on long-term variability
based on instrumental as well as proxy records is equally important to understand
the nature of different climatic systems over the region. Such information is very
useful in various aspects of environmental studies such as glacier fluctuations, water
resource projects, and forest ecosystem management. This also provides some
glimpses of anthropogenic activities causing changes in the regional environment.

Due to the characteristic geographical setting of the Himalaya from west to
east, the differences in temperature and precipitation regime are not only well
marked but distinctly reflected in many of the environmental responses such as
composition of flora, vertical limits of tree-growth, snow-line, time of snow melt
discharge in the river etc. In winter, the great Himalayan ranges serve as an
effective barrier to the intensely cold continental air blowing southwards into the
subcontinent. In the monsoon months, the Himalayas force the rainbearing winds up
the mountains to deposit most of their moisture on the Indian side. One of the most
important effects of Himalayas on the summer monsoon of India is in the location
of the ‘heat low’ over Sind and adjoining areas and the monsoon ‘trough’ across
northern India. The heat low is known to be one of the controlling factors of the
monsoon circulation in the lower levels in the Indian subcontinent. It is an
established fact that the position of the heat low over Sind and that of the monsoon
trough over the northern plains are determined by the mountain and surrounding hill
configuration (Rao, 1981).
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The geological, palaeobotanical and archaeological studies from this region
point towards its palacoclimatic history of glacial and interglacial phases in a
broader sense. However, corroborative signals of climatic significance need careful
examination. In the recent past, with about a century of recorded data, the region
shows the most varied climate throughout the year. Large variations in topography
and location result in great contrasting climates within short distances. Besides
these local and regional variations in climate, the entire Himalaya experiences a
general weather and climate pattern dictated by the monsoon systems of Asia and
the chain of mid latitude extra-tropical systems.

INSTRUMENTAL PERIOD CLIMATE CHANGE

For the Himalayan region, most of the climate studies so far have dealt with
the mean precipitation conditions over specific locales like Mount Everest (Dhar
and Narayanan, 1965), Cherrapunji (Dhar and Farooqui,1973), Garhwal Kumaon
Himalaya (Dhar et al., 1984a), Uttar Pradesh Himalaya (Dhar et al., 1987) and
Ladakh region (Dhar and Mulye, 1987); extreme rainfall events (Dhar et al., 1975)
and break-monsoon rains over the foothills of north India (Dhar et al., 1984b); and
variation of rainfall with elevation (Dhar and Bhattacharya, 1976). There are very
few studies availabie on the climate change of the Himalayan region during the
instrumental record of the past century. Pant and Borgaonkar (1984a) studied the
climate of the hill regions of Uttar Pradesh on the basis of annual rainfall data of six
stations and temperature data at one station, for a period of about a century. They
found that the rainfall at the six stations is significantly correlated, indicating that
the interannual variability has good spatial coherence. They did not find any long-
term trend in the rainfall series. However, there was a long period of below-normal
rainfall during 1925-1975. A marked increase in winter maximum and winter mean
temperature was also observed after the year 1935.

Attempts have been made to look at the available climatic records on rainfall
and temperature at some observations in and around the western Himalaya, for
possible evidences of long-term changes. The data are taken from the Monthly
Weather Reports of the India Meteorographical Department and other published
reports. The rainfall includes snowfall also, converted to rainwater terms, wherever
applicable. It may, however, be noted that the results can only be an indicator of the
broad signal of climatic change over the western Himalaya. Of course, the complex
terrain of the Himalaya make generalizations extremely difficult, if not impossible.

RAINFALL

The mean, standard deviation and linear trend during the available period
for all the stations are presented in Table 1. The linear trends are expressed in
c¢m/100 years. These statistics have been given for four seasonal totals as well as the
annual total of rainfall. Srinagar, which is well beyond the reach of the monsoon,
shows conspicuously different rainfall regime both in terms of mean and standard
deviation. Pre-monsoon season experiences maximum amount (38%) of annual
rainfall. In case of Shimla, all the seasons except post-monsoon season show
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significant negative trend, whereas post-monsoon rainfall shows significant positive
trend over the period of a century.

Table 1 Mean, standard deviation and long-term trends of rainfall of the Western Himalayan
stations

Station Period Parameters Winter Pre- Monsoon Post- Annual
@ monsoon monsoon
Srinagar 1893-1990 Mean 17.1 26.0 19.7 4.6 66.4
Std.dev. 7.9 92 6.8 4.1 14.2
Trend 36 1.2 -1.7 2.9* 2.2
Shimla 1863-1990 Mean 16.6 18.2 120.0 4.7 157.7
Std.dev. 8.7 10.3 282 5.0 31.2
Trend -4.6% =7.5% -18.1% 1.0* =29 8%*
Mussoorie 1869-1987 Mean 153 14.7 201.0 52 230.8
Std.dev. 8.2 74 4238 7.4 46.7
Trend -4.1 =22 2254 36 =292
Dehradun 1861-1990 Mean 14.8 92 199.6 4.4 221.1
Std.dev. 9.1 5.5 475 6.1 493
Trend 35 0.4 22.1 4.3* 28.8*
Pauri 1871-1980 Mean 15.0 13.6 072 43 130.0
Std.dev. 79 7.6 235 6.5 26.9
Trend -1.5 -1.9 52 22 38
Nainital 1849-1980 Mean i7.2 16.3 200.9 7.7 2523
Std.dev. 10.9 10.5 60.4 13.1 66.0
Trend -2.8 -1.6 11.1 38 16.2
Mukteswar 1901-1990 Mean 13.9 13.7 98.0 6.8 135.2
Std.dev. 7.6 7.0 26.2 95 30.2
Trend -3.8 19 -7.8 1.1 -8.8
Almora 1856-1980 Mean 11.3 12.1 78.1 43 1059
Std.dev. 6.0 6.2 20.5 6.5 233
Trend -1.1 -2.0 52 2.8 54
Joshimath 1871-1987 Mean 20.0 19.0 61.1 4.4 101.3
Std.dev. 112 i0.0 22.5 5.0 314
Trend -1.0 -1.4 -12.4 1.9 -13.7
Pithoragarh 1864-1980 Mean 12.4 15.0 97.8 49 130.2
Std.dev. 7.0 7.8 25.0 69 28.2
Trend -1.0 -0.6 13.0 3.4* 14.7
Western 1901-1980 Mean 6.4 6.2 95 44 79
Himalaya Std.dev. -1.0 30 38 0.8 1.0
(Anomalies) Trend

@ Mean and standard deviation in cm; Trend in cm/100 years
* Significant at 5% level; ** Significant 1% level

Annual and post-monsoon rainfall of Dehradun and post-monsoon rainfall of
Pithoragarh show significant increasing trend. A noticeable feature for all the
stations except Dehradun is that they show decreasing rainfall tendency in the
winter season, whereas all stations experience increasing tendency for post-
monsoon rainfall. The mean rainfall anomalies for the Western Himalaya have also
been computed for the common period 1901-80 using the ten stations listed in the
Table 1. These anomalies have been obtained by arithmetic average of rainfall
anomalies at individual stations from their respective means. The linear trends do
not show any significant increase or decrease in rainfall during 1901-1980 in any of
the seasons. Figure 1(a) represents annual Western Himalayan rainfall anomalies.
The smooth curve (dashed line) is the 8" degree polynomial curve indicating low
frequency variability. The smooth curve does not show any marked trend in the
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annual rainfall. However, except for winter season all other seasons and annual
rainfall show a slight long-term increase in rainfall.
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Fig. 1 Annual mean temperature and rainfall anomalies over western Himalaya based
on instrument records.
TEMPERATURE

The mean, standard deviation and linear trend (°C/100 years) for seasonal as
well as annual mean temperature are presented in Table 2. During winter season all
the six stations show increasing trend, of which Srinagar, Mussorie and Mukteswar
experience significant increasing trend. During the pre-monsoon season, none of the
stations shows any significant trend. During the monsoon season, Srinagar, which is
beyond the monsoon regime, shows significant increasing trend, whereas the
stations Mussoorie and Dehradun which are at the foothills of Himalaya show
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significant decreasing trend. In the post-monsoon season, all stations except Leh
show increasing tendency of mean temperature, the increase being most
conspicuous at Shimla and Mukteswar. The spatial mean temperature anomalies for
four seasons as well as annual temperature have been computed for the common
period 1901-90 using data of five stations namely Srinagar, Shimla, Mussoorie,
Dehradun and Mukteswar. The station Leh has not been included in the common
period analysis as data period is relatively short. A general increasing trend in mean
temperature has been observed over the Western Himalaya during the period
1901-90 in all seasons. Temperature in monsoon season do not have any trend,
whereas in other seasons conspicuous increase in mean temperature, particularly in
pre-monsoon and post-monsoon temperature has been observed. Figure 1(b)
indicates annual mean temperature anomalies of Western Himalaya.

Table 2 Mean, standard deviation and long-term trends of mean temperature of the Western
Himalayan stations

Station Period Parameters Winter Pre- Monsocn Post- Annual
(@ monsoon monsoon
Lah 1901-1960 Mean -4.9 53 153 3.8 5.8
Std.dev. 0.8 1.1 0.8 1.1 0.6
Trend 0.3 -0.6 0.4 -1.2 0.0
Srinagar 1893-1990 Mean 2.6 13.0 225 10.4 13.3
Std.dev. 1.4 1.0 0.8 0.9 0.7
Trend 1.4* 0.7 0.7* 0.3 0.8**
Shimla 1876-1990 Mean 6.5 14.9 18.4 12.6 13.5
Std.dev. 1.2 1.2 0.5 1.0 0.7
Trend 0.2 -0.3 -0.3 0.5% -0.2
Mussoorie 1901-1990 Mean 6.7 16.4 18.1 13.0 144
Std.dev. 09 1.1 03 0.7 0.7
Trend 4 0.3 -0.9* 0.8 0.4
Dehradun 1901-1990 Mean 13.8 245 25.9 19.8 21.7
Std.dev. 0.8 1.0 12 0.8 0.7
Trend 0.1 -0.3 -0.6 0.1 -0.2
Mukteswar 1901-1990 Mean 7.2 14.5 17.4 12.8 13.5
Std.dev. 1.1 1.1 0.7 0.7 0.5
Trend T1.3* 0.6 -0.2 0.8% 0.4
Western 1901-1990 Mean 06 1.0 02 0.8 0.4
Himalaya Std.dev. 0.5 0.7 0.0 0.8 0.5
(Anomalies) Trend

(@ Mean and standard deviation in °C; Trend in °C/100 years
* Significant at 5% level; ** Significant 1% level

DENDROCLIMATIC STUDIES

A very useful method of studying the climate of the recent past is based on
the climatic inferences drawn from the annual growth rings of certain tree species.
This area of study is known as dendroclimatology. There are several tree species
which have distinct annual growth rings that can be precisely dated. Quite a few of
them have a long life span, extending to several hundreds of years and occasionally
reaching even a couple of thousands of years. These trees being substantially
dependent on the climatic environment, provide the finest source of climatic
information where instrumental records are not available. The climatic information
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recorded by the trees growing in stressful forest environment can be extracted from
the size, structure and chemical composition of the annual growth rings. The
precisely dated and continuous climatic information from tree rings is an impoitant
addition to other available data on seasonal to century scale climatic variations.

Over the Western Himalayan rcgion a substantial work on tree-ring analysis
has been carried out using Himalayan conifers such as Pinus, Picea, Cedrus, Abies
(Pant, 1979, 1983; Pant and Borganokar, 1984b: Hughes and Davies, 1986;
Borgaonkar et al., 1994, 1996). Tree-ring width index chronologies from different
parts of the Westerri Himalaya show very significant relationship with pre-monsoon
{March-April-May) climate (temperature and precipitation) of the region
(Borgaonkar, 1996).

In the present analysis, total eight tree-ring index chronologies of Himalayan
conifers (Borgaonkar, 1996) covering the period AD 1725-1988 have been
subjected to principal component analysis. First three components of the data set
explain more than 50% of the total variance, whereas first component itself explains
about 35% of the total variance. Hence, first component has been used in further
dendroclimatic analysis.

A stepwise multipie regression analysis is used to model tree growth-climate
relationship. In this process when climatic parameters (monthly and seasonal
temperature and precipitation) are predictors, it is called response function analysis
(Fritts, 1996). It gives quantitative measure of relationship in terms of variance in
tree growth due to particular climatic variable. In case of Himalayan conifers
response function analysis revealed that the pre-monsoon (March-April-May)
climate plays a very important role in tree growth-climate relationship (Borgaonkar
et al., 1994, 1996; Borgaonkar, 1996). The strong association of pre-monsoon
climate with tree growth is mainly due to severe moisture stress conditions
occurring in these months. Figures 2(a) and 2(b) represent the response function
analysis on monthly and seasonal scales, respectively. This analysis is based on first
principal component of wide network of tree-ring data over entire Western
Himalayan region and monthly as well as seasonal temperature and precipitation
anomalies. In both cases, strong negative response of pre-monsoon temperature and
positive response of precipitation during the same months on tree growth have been
observed.

In climate reconstruction analysis tree growth parameters are used as
predictions in multiple regression equation to estimate a most responsive climate.
This is known as transfer function analysis. The calibration equation thus formed is
verified width original climate data using various statistical test and then be used to
reconstruct past climatic information by incorporating earlier part of tree-ring data
in the equation. Figure 3 represents reconstructions of pre-monsoon temperature and
precipitation anomalies of Western Himalaya from tree-ring data. The
reconstructions go back to AD 1747, earlier to that the sample size is not sufficient
to represent a signal to the significant level (Wigley et al., 1984). Smooth lines in
the figure are low-frequency variations based on cubic spline smoothing at 50%
VRF (Variance Reduction Frequency) of 10 year (Clock and Peters, 1981). Both
temperature and precipitation series do not show any long-term trend. The
reconstructions also reveal that the pre-monsoon climatic conditions during last 250
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years were not significantly different that the present climatic conditions based on
the instrumental records. Reconstructions cover later part of Little Ice Age. It is
observed that this phenomenon was not significant in later phase over the Western
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Fig. 2 Response function analysis (a) monthly, and (b) seasonal scale, using first component
of western Himalaya tree-ring network and temperatute and precipation anomalies. Symbol
e and o represent response of climate on tree growth significant level.
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Fig. 3 Reconstructed pre monsoon (March-April-May), temperature and rainfall anomalies
since AD 1747 over the western Himalaya using tree ring chronology network. Smooth lines
indicate low frequency variations.

PALAEOCLIMATIC AND GLACIOLOGICAL STUDIES

The palaeoclimate of the Himalaya and north-west India on different time
scales has been studied by various workers (e.g. Pilgrim, 1932, 1944; de Terra and
Paterson, 1939; Moms, 1938; Zeuner, 1972; Agrawal, 1985; Agrawal et al. 1989;
Bhattacharyya, 1989). On the whole, the climatic pattern of Kashmir and western
part of the Himalaya follows a global trend: the warming up of the Pliocene, the
glacial and interglacial oscillations of the Pleistocene, etc. However, the Pleistocene
cooling was not abrupt but very gradual.

Information on past records of glacier fluctuations over the Himalayan region
is also important to understand the cause and effect mechanism of climate
variability. Very few studies (Mayewski and Jescke, 1979; Mayewski et al., 1980)
are available which indicate glacier fluctuations since the beginning of 19" century
in terms of absolute time scale. They reported the glacier fluctuations on the basis of
percentage of advancement, retreating and stationary positions of several glaciers
across the Himalaya on yearly scale since AD 1812. These records indicated the
fluctuations in dominancy of advance and stationary positions of glaciers till AD
1870. During AD 1870 to 1940, random fluctuations in dominancy of retreat,
advance and stationary regimes were observed followed by retreating phase in
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present decades. Mayewski et al. (1980) also discussed the relationship between
glacial advances from 1890 to 1910 in the Trans-Himalaya and strengthened
monsoon circulation pattern.

DISCUSSION AND CONCLUSIONS

Climatic information on Western Himalaya based on the instrumental records
as well as dendroclimatic analysis do not indicate any long-term change in
temperature and rainfall pattern since past 250 years. The role of Himalaya in
controlling and maintaining Indian monsoon is so vital that it draws foremost
attention of climatologists, geologists and other research workers to understand and
the complex system of Himalaya in the context of regional as well as global climate
change. Efforts are being made to extract palaeoclimatic information using various
kind of proxy sources abundantly available in the Himalaya to look in to the past
climate change and thereby model the cause and effect mechanism of monsoon and
other related regional and global parameters such as snow cover, glacier
fluctuations, EI’ Nino etc. Dendroclimatic reconstructions presented in this paper
give pre-monsoon climatic variations for last 250 years. Reconstructed temperature
and rainfall series do not show any long-term significant increasing or decreasing
trend. Low-frequency variations indicate a warm and dry epoch from AD 1791-
1805 and cool and wet epoch from AD 1827-1844. These reconstructions cover
later part of Little Ice Age (AD 1747-1850) do not show strong influence of this
phenomenon over this part of Himalaya.

Tree-ring data of the region have tremendous potential of past climatic
information. Bhattacharyya and Yadav (1996) tried to analyse the relationship
between tree-ring variations and glacier behaviour of few Western Himalayan
glaciers. They showed the usefulness of tree-ring data to reconstruct the past
information on the patterns of glacier movements. However, for a comprehensive
and conclusive evidence of the climate change a better network of observations in
remote areas is required. In the absence of long-period data over a dense network,
proxy climatic records like tree-rings provide a very useful tool in understanding the
contemporary climatic change patterns over the Himalaya.
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