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Variability in water discharge of the rivers originating
in high Himalayan ranges affects water availability
for domestic, agricultural and other socio-economic
needs of local and downstream people. The observational river discharge data are limited and preclude
the understanding of natural variability which is
needed to evolve sustainable water resource management plans. We explore here the possibility of extending available measured Satluj River discharge data
back in time using ring-width chronology of Himalayan cedar (AD 1380–2005) developed from a moisturestressed site in the Satluj River basin. Tree-ring-width
chronology showed direct relationship with monthly
river discharge from October of the previous year to
September of the current year. The existence of such
a relationship revealed that the network of tree-ringwidth chronologies from moisture-stressed sites
should be useful in developing robust reconstructions
of river discharge required to understand its dynamics
in the long-term perspective.
Keywords: Cedrus deodara, ring-width chronology,
Satluj River, water discharge, western Himalaya.
WATER resource availability in rivers is known to have
affected the major civilizations in human history. In
modern industrial society with the rapid increase in population, the water demand has grown manyfold to meet the
regular socio-economic needs. Water discharge in rivers
originating in the high Himalayan ranges, dependent on
snow/glacier melt and summer monsoon precipitation,
shows high year-to-year variation. The high variability in
water discharge increases the vulnerability of local and
downstream people to water stress. The river discharge
data, spanning the past few decades, are not sufficient to
understand natural variability and its future predictability.
Taking this in view high priority needs to be given to
explore the applicability of high-resolution proxies to
supplement the observed river discharge data back to the
past few centuries and even millennia.
Tree-ring data from river basins in several countries
across the globe, where growth is dependent on variations
in soil moisture, have been successfully used to reconstruct river discharge1–6. In India, several major rivers in
the Western Himalaya pass through the semiarid regions
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where annual growth in trees is known to be affected
by variations in precipitation7–12. However, thus far, no
attempt has been made to explore the feasibility of developing river discharge reconstructions using tree-ring
parameters. In the present study tree-ring-width chronology of Himalayan cedar (Cedrus deodara) from Kinnaur,
Satluj valley has been used to understand the relationship
with the Satluj River discharge.
The Satluj River originating from the Mansarovar and
Raskal lakes in the Tibetan Plateau at an elevation of
~ 4572 m amsl, flows in the southwesterly direction
across Himachal Pradesh and merges with the Chenab
River near Bahawalpur in Pakistan. The contribution of
snow and glacier melt in annual river discharge over the
upper Satluj basin is high, which gradually declines
downward and contribution of summer monsoon increases.
The contribution of snow/glacier melt in the annual flow
of the Satluj River at Bhakra dam is ~ 59%, the rest being
from the summer monsoon rainfall13. The observational
data of Satluj River flow (1922–2004) show a decreasing
trend in winter and monsoon season post 1990, despite
the increasing trend in temperature which should have
resulted in increased glacier/snow melt14. The decreasing
trend in river flow since 1990s has been hypothesized to
be due to the thinning of glaciers14. Though the trail of
increasing warmth is already apparent on the biospheric
system in high ecotonal zones of the Western Himalayan
region15, the state of glaciers needs to be investigated if
the thinning is responsible for reduced river discharge in
recent decades. We explore here the potential of tree-ring
data from the Satluj watershed, where tree growth is severely limited by moisture stress, to assess long-term
river discharge. The long-term robust river discharge data
developed using high-resolution tree-ring proxy records
should be of immense use in evaluating the recent trends
in long-term perspective.
Tree-ring samples of Himalayan cedar were collected
from living trees growing on steep rocky slopes with very
thin soil cover in Purbani, Kinnaur, Himachal Pradesh
(Figure 1). The ecological setting is such that the tree
growth is likely to be controlled by soil moisture variations. Old, healthy trees without any visible mark of
injury were selected for sampling using increment borers.
A total of 28 cores from 21 trees were collected and processed in the laboratory using standard dendrochronological techniques16. Ring-widths of each tree core
were measured with 0.01 mm accuracy using linear
encoder attached to a computer. The ring-width measurement sequences were used for the dating of annual
growth rings to the level of calendar year of their formation using the TSAP programme17. Dating accuracy and
measurement errors were cross-checked and confirmed
using dating quality check program COFECHA18.
Each ring-width measurement series was standardized
to remove the non-climatic signal and tree growth trends
mainly due to increasing age and tree size. Cubic smoothCURRENT SCIENCE, VOL. 103, NO. 12, 25 DECEMBER 2012
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ing splines with a 50% frequency-response cut-off at 50
years were used to detrend the ring-width measurement
series. The autocorrelations in detrended series were
removed using autoregression modelling selected on the
basis of minimum Akaike criterion. The individual indices were combined into a single master chronology using
a biweight robust estimation of the mean19. A set of three
ring-width chronologies: standard, residual containing
only the high frequency variations and arstan composed
of residual chronology with the pooled autoregression
reincorporated were developed using the computer program ARSTAN19.
River discharge data measured at Bhakra dam (1923–
2004) and precipitation data from Purbani (1952–1994)
were used in tree growth and climate relationship study
using cross-correlation functions. Temperature data from
the stations close to the sampling site were not available,
hence Shimla temperature data (1900–2005), though
located in a different climatic regime than the tree-ring
sampling site, were used for understanding the preliminary relationship with tree growth. The location of data
stations used in the study is shown in Figure 1. Correlation analyses of ring-width chronology with river discharge, temperature and precipitation were performed
using Dendroclim 2002 (ref. 20). The correlations were
calculated for the period of the respective data records.
The growth ring sequences among various tree samples
of Himalayan cedar showed strong common interannual
variability, indicating dominant climate forcing on tree
growth. The ring-width chronology prepared extends
back to AD 1271, however, based on chronology statistics
such as expressed population signal (EPS; 0.85 taken as
threshold value to decide series length suitable for reconstruction) and rbar (0.6), a measure of signal strength21, it
was truncated at AD 1380 for further studies (Figure 2).
Correlation analyses (Figure 3) indicated that the ringwidth chronology has positive relationship with river discharge from October of the previous year to September of

Figure 1. Location of tree-ring sampling site (triangle), meteorological stations and river discharge monitoring point at Bhakra Dam (circle
with dot in the centre).
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the current year. Precipitation also showed a similar relationship, except for the weakly negative relationship
observed during December of the previous year and February and July of the current year. The correlations with
mean temperature were not consistent, the positive significant relationship was found only for November of the
previous year. The weak relationship observed between
the ring-width chronology and mean temperature could
be possibly due to the temperature data being from a station far from the tree-ring sampling sites. The correlation

Figure 2. Ring-width chronology of Cedrus deodara with running rbar
and EPS statistics (AD 1380–2005).

Figure 3. Cross correlation analyses between the residual chronology, Shimla temperature (a), Purbani precipitation (b) and Satluj River
discharge (c) from October of the previous year to September of the
current year. Bars above dotted lines show significant correlations at
95% confidence level.
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Figure 4. Comparison between ring-width chronology (solid line) and
river discharge (dotted line). The river discharge and ring-width chronology were normalized with respect to AD 1923–2004.

analyses revealed that tree growth is usually stressed due
to soil moisture deficit. The soil moisture is low over the
growing sites of sampled trees used in this study, as water
percolation in the soil is low and surface run-off is high
due to steep slope gradient and thin soil cover. High soil
moisture stress on the growth of trees makes the growth
ring variations a sensitive measure of precipitation. As
river discharge is closely related to precipitation variations, tree-ring chronologies from such sites could also be
taken as a sensitive indicator of river discharge. In conformity with this principle, the tree-ring-width chronology has revealed positive correlation with river discharge
from December of the previous year to July of the current
year. December–July river discharge is significantly correlated with the tree-ring-width chronology (r = 0.61,
1923–2004, P < 0.0001). The river discharge (December–
July) plotted together with the tree-ring-width chronology
also revealed considerably good year-to-year similarity
(Figure 4). Significant relationship between the tree-ringwidth chronology and river discharge revealed that the
moisture-responsive tree-ring chronologies, as the present
one, could be successfully used to develop long-term river
discharge data. We, at present, restrain to develop the
river discharge reconstruction using single-site chronology. We are currently in the process of developing a network of moisture-responsive tree-ring chronologies from
the Satluj River basin for incorporation in the predictor
chronology model to develop stronger river-discharge
reconstruction. The statistically robust reconstructions
should be useful in understanding natural variability and
predictability of river discharge and to evolve appropriate
sustainable water resource management plans.
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