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ARTICLE INFO ABSTRACT

Keywords: Our understanding on glacier-climate link in the Himalayan region is constrained due to lack of long-term
Tree ring observational and high-resolution proxy records. Hostile weather conditions and difficult approaches to access
Gangotri glacier glaciers due to rough terrains largely limit observational studies on glaciers in the Himalaya. Sub-alpine trees and
Temperature . . . s . . . .

. shrubs close to glaciers, growth of which is very sensitive to fluctuations in temperature, provide precise
Central Himalaya . . . . .
India continuous record on climate and glacier behaviour to supplement the observational records back to several

centuries. To unfold the Gangotri glacier dynamics in the past, we developed tree-ring chronologies and studied
the colonization pattern of the trees in the region. Tree-ring chronologies of Himalayan birch and Himalayan
pine developed from their respective upper tree line ecotone in the Gangotri glacier forefields showed impact of
temperature on the growth variations. A comparison of Himalayan pine chronology with temperature proxies
revealed regional and hemispheric scale temperature signal. Using tree-ring chronologies we show expansion
(retreat) of the Gangotri glacier during cool (warm) phases that are also in agreement with the glacier fluctuation
records from Central Asia and Southern Tibet. Moreover, using tree colonization pattern in the glacier forefields
we established for the first time that the Gangotri glacier terminus receded ~1.853 km since the late 16th
century (1571 C.E.), major part of which (1.79 km) receded since 1935 C.E. The glacier retreat, associated with
the onset of 20th century warming got accelerated since 1957 C.E. (1.567 km). In view of our findings, the

Gangotri glacier might further face accelerated recession in the 21st century under the projected warming.

1. Introduction

Glaciers, the natural reserve of fresh water, have receded in recent
decades all over the globe indicating their sensitivity to global warming
(Barry, 2006). Similarly glaciers in the Himalaya, the highest in number
outside the Polar Regions, have also lost mass in recent decades
(Immerzeel et al., 2010; Scherler et al., 2011; Bolch et al., 2012; Kaab
et al., 2012; IPCC, 2014) and it has been speculated that the Himalayan
glaciers are retreating even faster than the glaciers in other regions of
the world (Cruz et al., 2007). However, in exception to this some glaciers
in Karakoram are either stable or even have advanced in recent decades
(Hewitt, 2009). In view of this, owing to large geographical extent of the
Himalayan Mountains and regional differences in climate due to domi-
nant orographic forcing, a generalization on the state of glaciers over the
whole Himalaya-Karakoram system is difficult (Immerzeel et al., 2010;
Bolch et al., 2012; Shea et al., 2015; Ragettli et al., 2016). Our under-
standing on glacier response to climate change is limited largely due to

* Corresponding author.

the lack of long-term data on glacier behaviour across the Himalaya. For
instance, of the 10,000 glaciers in the Indian Himalaya, only 11 have
been studied in detail for mass balance and little more than 100 glaciers
are being monitored for terminus fluctuation since last few decades
(Bolch et al., 2012; Dobhal et al., 2008; Bhambri et al., 2012).

The Gangotri glacier (30° 43’ 22”-30° 55’ 49” N and 79° 04’ 41”-79°
16’ 34" E), source of the Bhagirathi River, is one of the largest glaciers in
the Himalaya. Although it is one of the most well documented glaciers in
the Himalaya in terms of terminus measurement (Srivastava, 2012), its
precise dynamics in the past few centuries is not well constrained. The
presence of lateral, recessional moraines and supra-glacial lakes indicate
that the Gangotri glacier has retreated in the past in response to climate
change (Bolch et al., 2012; Bhambri et al., 2012; Auden, 1937; Maye-
waski and Jeschke, 1979; Naithani et al., 2001; Srivastava, 2004; Vohra,
2010; Negi et al., 2012; Bhattacharya et al., 2016; Singh et al., 2017). On
a centennial scale, the youngest expansion of the Gangotri glacier
(Bhujbas Stage) coincident with the Little Ice Age (LIA) is stated to have
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Fig. 1. Location map of the study area. A-Tree-ring sampling sites in the Bhagirathi River basin and meteorological stations, B- Location of forest stands of Himalayan
birch and Himalayan pine in Bhojbasa and Chirbasa, C- Himalayan birch trees and sapling positions with their respective establishment years. Maps were generated
using ArcGIS 10.4.1 and CorelDRAW X6 software. Fig. 1A was generated using freely available SRTM GL1, Global 30m data (http://opentopo.sdsc.edu/rasterOutput?
jobId=rt1521441167154&metadata=1; DOI: 10.5069/G9445JDF; Farr et al., 2007) through Open Topography Portal (https://opentopography.org). Fig. 1B and C
were generated using 12.5m Open Access Alos Palsar data (Dataset: ASF DAAC, 2015, ALOS PALSAR_Radiometric_Terrain_Corrected_high res; Includes Material ©
JAXA/METI, 2007. Accessed through ASF DAAC, 04 June 2018. DOI: 10.5067/Z97HFCNKR6VA).

taken place ~440-210 yrs BP (1510-1740 C.E.) when it advanced ~3.7
km (with respect to the observations made in 1992; Sharma and Owen,
1996). The Gangotri glacier terminus is stated to have terminate-
d/remained stationary at Bhojbasa for at least 200 years before it began
to retreat in the late 19th century (Sharma and Owen, 1996; Srivastava,
2012) and since then continuously lost mass (Owen et al., 2009). Later,
the cosmogenic radio-nuclide (CRN) dates indicated younger age for the
Bhujbas Stage of the Gangotri glacier expansion, i.e., ~200-300 yrs BP
(1750-1650 C.E.) (Barnard et al., 2004). However, the existence of Hi-
malayan birch (Betula utilis D. Don) forest with a constituent tree dating
back to 1571 C.E. in Bhojbasa (Bhattacharyya et al., 2006), ~3.26 km
down to current (July, 2017) position of the Gangotri glacier terminus
(Lat. 30.924840° N, Long. 79.080974 E; based on Google Earth imagery
dated 10.07.2017) endorsed that there existed a forest as early as 1571
C.E. or even before if the oldest tree in the forest stand was missed or had
possibly died before sampling. Himalayan birch, a medium sized de-
ciduous tree, is shade intolerant and prefers to grow in open areas
(Troup, 1921). Such an old age of Himalayan birch trees clearly in-
dicates that Bhojbasa was snow/ice free much before 1571 C.E., as build
up of organic matter in freshly exposed moraines could have taken
several years prior to the arrival of first colonizing Himalayan birch
trees. Retreat of 3.7 km of the Gangotri glacier terminus up to 1992 C.E.
(Sharma and Owen, 1996) since the LIA is also in contrast with the other
glaciers in the Central Himalaya where debris covered glaciers lose most
mass by surface lowering rather than the terminus recession as a result
of which many Himalayan glaciers remain close to their LIA extents
(Benn et al., 2012; Rowan, 2017).

The Gangotri glacier for its huge ice mass has great potential to
modify the hydrology of the Ganga River, the largest river system in
India covering ~2525 km length, the major basin area (80%) of which
lies in India and rest in Bangladesh. Variation in the river water supply
as a function of glacier melt significantly affects the socio-economy of
these countries as the Ganga basin, home to ~450 million people, is one
of the most populous regions on the Earth with ~550 individuals/km?,
which rises up to ~900 individuals/km? in the delta region. The dy-
namics of the Gangotri glacier, despite being so relevant to the human
society, remains confounding antecedent to the observational records.
In view of this we took up the present study with the aim to address the
following questions: 1) Can the colonization pattern of trees be taken as
the calendar chronology of glacier terminus fluctuation? 2) Is there
distinct climate signal in ring-width chronologies from upper tree line
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zones? 3) Is there any relationship in ring-width chronologies and
glacier fluctuation? and 4) What are the important forcings on glacier
fluctuations?

2. Data and methods
2.1. Geology and geomorphology of the study area

The Gangotri glacier, situated north of the Main Central Thrust
(MCT) and flowing in northwest direction towards Gaumukh, is one of
the longest valley-type glacier in the Garhwal Himalaya, Uttarakhand
(Naithani et al., 2001). It originates from Chaukhamba group of peaks
(6957 m asl) and is bordered by Satopanth and Bhagirathi Kharak
glacier (in east), Chorabari glacier (in west), and Mandani Parbat (in
south) (Singh et al., 2019). The glacier is ~30.2 km long, width varies
from 0.5 to 2.5 km, and elevation ranging from 4120 to 7000 m asl
(Naithani et al., 2001). Considering average thickness of the glacier ice
to be 200m, the estimated volume of ice is 28.716 km® (Srivastava,
2012). The glacier region lies in the Central Crystalline zone and rock
types mainly found in this region are quartzite, phyllite, tourmaline
granite, mica schist, sericite schist and fine grained limestone (Bhatt,
1963). Along the glaciated area, the Gangotri granite, a fine grained
variety, which is one of the largest bodies of the Higher Himalayan
Leucogranite belt in the Garhwal Himalaya (Heim and Gansser, 1939;
Gansser, 1964; Le Fort, 1975; Yin, 2006) is exposed (Jain et al., 2002).
Glacio-geomorphological landforms of depositional as well as erosional
origin are found in the glacier valley (Naithani et al., 2001). Two
morphological zones (glacial and glacio-fluvial) related to the pattern of
retreat and Equilibrium Line Altitude (ELA) have been distinguished.
The glacial zone is characterized by the presence of landforms like
supraglacial moraines, supraglacial lakes, lateral moraines, recessional
moraines and hummocky moraines, whereas the glacio-fluvial zone
stretching from the front of the glacier to the upstream of Bhojbasa is
dominated mainly by outwash plains. The sediments in the glacial zone
are unstratified, poorly sorted and primary in origin as compared to
those in the glacio-fluvial zone which demonstrate a secondary prove-
nance and are stratified with moderate sorting. The sediment size de-
creases, whereas roundness and percentage of matrix increases from the
glacial to the glacio-fluvial zone (Singh et al., 2017).
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Fig. 2. Himalayan birch ring-width chronology plotted together with number of tree cores used over time, and respective running EPS and rbar from Bhojbasa (A),

Chirbasa (B) and Himalayan pine chronology from Chirbasa, Bhagirathi basin (C).

Table 1

Statistics of Himalayan birch and Himalayan pine ring-width chronologies produced from different sites in Bhagirathi basin, Uttarakhand.

Site Species Chronology length (C.E.) Trees/cores EPS level >0.85 Mean sensitivity Std Dev AR1 SNR Common Variance %
Bhojbasa Betula utilis 1611-2016 20/37 1646-2016 0.16 0.21 0.52 8.685 39.07
Chirbasa Betula utilis 1582-2016 20/33 1863-2016 0.16 0.17 0.31 9.083 38.58
Chirbasa Pinus wallichiana 1574-2016 51/90 1643-2016 0.19 0.19 0.34 15.753 29.12

Note: EPS - Expressed Population Signal, Std Dev. - Standard deviation, AR1 - First order autocorrelation, SNR-Signal-to-noise ratio.

2.2. Tree-ring data

Tree-ring materials of Himalayan birch (Betula utilis D. Don) and
Himalayan pine (Pinus wallichiana A. B. Jacks.) in the form of increment
cores collected in 2012 and 2016 C.E. from upper tree line ecotone in the
Gangotri glacier forefield (Fig. 1), Uttarkashi, Uttarakhand, Central
Himalaya constituted the target materials in present study. Tree ring
materials were usually sampled at breast height (1.37 m above the
ground) to estimate climatic signals in the ring widths. To develop the
chronology of glacier fluctuations younger trees and saplings growing
towards the terminus in glacier forefield were cored at the root collar
zone to precisely estimate dates (years) when the tree started growing at
particular location. Attempts were made to sample undisturbed trees
with circular boles, however, in the case of very old Himalayan birch,
trees with asymmetric boles were also sampled to get the maximum
possible age. Growth ring sequences in increment cores were crossdated
and ring-widths measured using established dendrochronological pro-
cedures (Stokes and Smiley, 1968; Fritts, 1976). Precisely dated
ring-width measurement series of Himalayan birch and Himalayan pine
were processed using signal-free standardization method (Melvin and
Briffa, 2008) to prepare the mean chronologies of the respective species.
The signal-free detrending method mitigates the effect of the segment
lengths (Cook et al., 1995) and also helps in preservation of low fre-
quency variability in excess of the individual tree-ring series used in
mean chronology development. The ring-width measurements of Hi-
malayan birch were detrended using a cubic smoothing spline (Cook and
Peters, 1981) that preserved 50% of the amplitude over a wavelength of
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50 years. However, in the case of Himalayan pine smoothing spline of
67% of the series length was used. The detrended individual ring-width
measurement series were then combined to mean chronologies by
calculating biweight robust means (Cook, 1985). The statistical details
of each chronology such as chronology span, number of samples used
and signal strength indicators such as Expressed Population Signal (EPS)
(Wigley et al., 1984) and the average correlation between series (rbar)
are indicated in Fig. 2A-C and Table 1.

Many of the high-elevation species in the western Himalaya,
consistent with the observations in other high latitude and altitude re-
gions, are known to be expanding to the higher elevations in response to
warming (Dubey et al., 2003; Rawat, 2012; Singh et al., 2012; Yadava
et al., 2017). The colonization pattern of the Himalayan birch, consti-
tuting the upper most treeline species in the western Himalaya, in
response to recent warming has not been studied so far. To understand
the temporal colonization pattern of Himalayan birch in the Gangotri
glacier forefield we surveyed young trees and saplings growing along the
altitudinal gradients from Bhojbasa towards the glacier terminus. Only
right bank of the Bhagirathi River could be surveyed as left bank was not
approachable. Young Himalayan birch trees were found growing in
clumps at places in the Gangotri glacier forefield. We collected incre-
ment cores from the Himalayan birch saplings growing at several places
but only the oldest ones from each site was considered to estimate the
establishment of seedling. Best efforts were made to core the trees from
the root collar zone to retrieve maximum number of growth rings.
Establishment year of the Himalayan birch saplings at specific location
and distance from the terminus was taken into account to estimate the
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position of terminus in the past years.

2.3. Climate data

Long-term weather records from high-elevations close to the tree-
ring sampling sites in the Himalaya are not available. Automatic
weather station data from Bhojbasa (2000-2013 C.E.) show temperature
and precipitation patterns closely similar to Mukteshwar as well as CRU
TS 3.24 gridded data (Harris et al., 2014) (Fig. 3). We used gridded
temperature and precipitation data (30.5-31.5 °N 78.5-79.5 °E (CRU TS
3.24; Harris et al., 2014); close to Bhojbasa (30.5-31°N 78.5-79 °E) to
evaluate relationship with the tree-ring chronologies. However, Muk-
teshwar as well as gridded temperature and precipitation data revealed a
poor relationship with tree-ring width chronologies. In view of this we
applied regional mean temperature series developed by merging ho-
mogeneous temperature records of Dehradun, Dharamshala, Muktesh-
war and Shimla (Fig. 1A) for tree growth climate relationship study. The
monthly temperature data of each station was standardized relative to
the 1961-1990 C.E. mean and standard deviation before averaging.
However, in case of precipitation we applied data of Mukteshwar only as
we observed large scale inconsistency in monthly precipitation data of
different stations. Climatology of Bhojbasa (3900 m asl) shows annual
precipitation ~260 mm (Mean 2000-2013 C.E.), of which 79% falls in
June-September (Gusain et al., 2015). The summers are usually cloudy
in Bhojbasa and average sunshine from May to October (2000-2003 C.
E.) has been recorded to be ~5.6 h (Singh et al., 2005) indicating that
vegetation growth could be highly constrained owing to low sunshine
hours.

3. Results and discussion
3.1. Ring-width chronologies

Ring-width chronologies of Himalayan birch prepared from Bhojbasa
(1611-2016 C.E.) and Chirbasa (1582-2016 C.E.) are presented in
Fig. 2A and B and Table 1. The chronology statistics are very similar to
that reported earlier by Bhattacharyya et al. (2006). The age of the
oldest Himalayan birch tree sampled from Bhojbasa by us extends back
to 1611 C.E. However, still older trees of Himalayan birch from Bhojbasa
extending back to 1571 C.E. were recorded by Bhattacharyya et al.
(2006). The age of this tree could be still longer as pith was not retrieved
in core sample (Bhattacharyya et al., 2006). The Himalayan birch
chronology from Chirbasa extended from 1582 to 2016 C.E., however,
sufficient sample replication extended back to 1863 C.E. only. Himala-
yan birch chronologies from Bhojbasa and Chirbasa revealed strong
coherence on year-to-year and inter-decadal scale with significant
Pearson correlation (r = 0.59, 1863-2016 C.E.). To understand the
common variability in growth of Himalayan birch at two sites Principal
Component Analysis was performed using ring-width chronologies for
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the common period 1863-2016 C.E.

Himalayan pine ring-width chronology (Fig. 2C; Table 1) extended
back to 1574 C.E. However, the chronology length used in the analysis
with sufficient replication of samples extended back to only 1643 C.E..
The chronology statistics are similar to that reported earlier by Singh
and Yadav (2000) and Shekhar et al. (2017).

3.2. Climate signal in ring-width chronologies

To investigate the climate forcing on radial growth, ring-width
chronologies of Himalayan birch, their first principal component
(PC#1) with eigen value > 1 and Himalayan pine were used in boot-
strapped correlation analyses using program DENDROCLIM2002 (Bio-
ndi and Waikul, 2004). Monthly climate data (regional temperature
series, 1951-1998 C.E., and precipitation data of Mukteshwar) for a
climate window from October of the previous growth year to October of
current year were used in correlation analyses (Fig. 4). The climate data
of months prior to the growth year were included in correlation analyses
as photosynthetic assimilates of the dormant season could also signifi-
cantly contribute to the radial growth of trees. Mean temperature of
January, February, May, June, July and September showed direct
relationship with PC#1 of Himalayan birch, however, it was significant
for February, June and September only (Fig. 4A). Precipitation of
December prior to the growing season showed significant negative
relationship with PC#1 of Himalayan birch chronologies (Fig. 4A).
Similar to our findings Bhattacharyya et al. (2006) had also reported
weak climate signal in Himalayan birch ring-width chronology from
Bhojbasa, showing positive relationship with February temperature
only.

Himalayan pine chronology from Chirbasa showed direct relation-
ship with mean temperature of October, November, December of the
year prior to the growing season and January, February, and April of the
growth year, which was significant for December only (Fig. 4B). Pre-
cipitation usually showed weak negative correlation except for the
months of January, May, July and August (Fig. 4B). The response
function results of the two species revealed that warm February and
summers favour the growth of Himalayan birch and warm winters
favour the growth of Himalayan pine over the study sites. Winter tem-
perature directly affecting the radial growth of the Himalayan pine
could be possible as many of the conifers are known to perform
considerable amount of photosynthesis at such high-altitude locations.
The photosynthetic reserves of the preceding winter could be utilized for
growth in the ensuing growing season. Similar to our findings various
studies have shown that certain species can perform photosynthesis at
very low temperatures (Kramer and Kozlowoski, 1979). There are also
reports that some conifers in Northwest Pacific fix around 30-65% of
their total annual carbon budget during the dormant winter season
(Emmingham and Waring, 1977; Waring and Franklin, 1979). Similar to
our findings, ring-width chronologies of different conifers viz.,
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Fig. 3. Climate diagram (A-monthly temperature, and B- precipitation) of Mukteshwar, Bhojbasa, and CRU TS3.24 gridded data (Harris et al., 2014).
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Himalayan cedar (Cedrus deodara) and Himalayan spruce (Picea smithi-
ana) from high elevation sites in the western Himalaya have also shown
direct relationship with winter temperature (Borgaonkar et al., 2011).

3.3. Glacier terminus estimation from tree establishment

Himalayan birch constitutes the upper most forest limit in the
Gangotri glacier forefield with sign of gradual expansion to upper ele-
vations. The number of growth rings in increment cores extracted from
the root collar zone of Himalayan birch saplings/young trees provided
reliable estimate of the establishment age. Location and number of
growth rings in young trees and GPS position of glacier terminus
(Table 2; Srivastava, 2012) in different years were used to estimate
distance between glacier terminus and Himalayan birch establishment
year. We have taken the distance between the glacier terminus and tree
establishment position constant over times for all practical purposes,
with the caveat especially for the extreme climatic conditions. The dis-
tance of colonizing trees from the glacier terminus in LIA is expected to
be higher due to the cooling effect of thicker and larger snow/ice cover
compared to the 20th century.

Moraine deposits, marking the extent of glacier, are nutrient defi-
cient that can hardly support vegetation. The pioneer tree species
colonize the moraines several years after exposure when sufficient
organic matter gets accumulated in the soil after successive colonization
by mosses, lichens, alpine scrubs and bushes. Himalayan birch is
important primary colonizing tree species in the Gangotri glacier fore-
field, the ecesis period of which could take several years to decades.
However, ecesis period of plant species, which requires successive ob-
servations for several years, is not yet studied in case of any species in
the Himalayan region. In view of this, we have considered the tree-ring
determined age of Himalayan birch on moraines as its minimum age. We
observed young saplings of Himalayan birch spreading sporadically
towards the upper elevations closer to glacier terminus. Young bushy
Himalayan birch sapling on highest elevation on right bank of the
Bhagirathi River was spotted 1.54 km down to the Gangotri glacier
terminus (3915 m asl) (Fig. 1C, Table 3). The increment core collected
from root collar zone of the thickest stem extending up to the pith
showed an age of 20-years (1997-2016 C.E.). Though there were
number of patches of young Himalayan birch saplings on moraines along
the river, young Himalayan birch trees older than the first one were
noticed only 2.36 km down to the terminus (3881 m asl) that revealed

Table 2
GPS derived terminus position of the Gangotri glacier (after Srivastava, 2012)
relative to the July, 2017 position.

S. Year Lat (°N) Long (°E) Altitude Distance from

No. (m) glacier terminus
(km)

1 2017 30.924840 79.080974 4073 0

2 2004  30.92708794  79.07945284 3922 0.29

3 1971  30.93059182  79.07517186 3899 0.85

4 1935  30.93627975  79.06769543 3867 1.79

35

38-years age (1979-2016 C.E., Fig. 1C). As the first GPS reading of
glacier terminus is available only for 1971 close to the year of sapling
establishment, retreat rate of the glacier terminus was calculated based
on current (July, 2017) and 1971 GPS derived terminus position
(Table 2; Srivastava, 2012). Based on above two points the glacier ter-
minus retreat rate from 1971 to 2017 C.E. is estimated to be 18.1 m/yr.
Considering the retreat rate of 18.1 m/yr Himalayan birch sapling
establishment in 1997 and 1979 C.E. at two respective points are esti-
mated to be 1.16 km and 1.654 km away from the terminus respectively
(Table 3). Mean distance of the Himalayan birch sapling establishment
from the Gangotri glacier terminus, estimated from the above two points
could be taken as 1.407 km. Taking this into account the distance of the
oldest Himalayan birch in Bhojbasa (1571-2002 C.E.) from the glacier
terminus at its establishment time could be taken as ~1.407 km
(Table 3). Taking this distance into account the glacier terminus, which
is 3.26 km in 2017 from Bhojbasa, is estimated to be (3.26-1.407 km)
~1.853 km down from its current (July, 2017) position in 1571 C.E. We
expect that the age of Himalayan birch trees which colonized the Bha-
girathi River valley in Bhojbasa could be even older than 1571 C.E. as
the oldest tree in the Himalayan birch forest stand could have been
missed/died before sampling. Bhattacharyya et al. (2006) also
mentioned that old trees in the forest stand have been cut in Bhojbasa for
fuel wood; therefore, there is possibility that some Himalayan birch trees
in Bhojbasa could have been even older than the recorded date of 1571
C.E. We also opine that the oldest sampled tree dating back to 1571 C.E.
could even be older than the recorded age as retrieval of the pith is not
mentioned in the sample (Bhattacharyya et al., 2006). Even if the core
sample reached close to the pith, which is not mentioned in the original
publication of Bhattacharyya et al. (2006), the actual age of this tree
could be still older by few years to decade(s) depending on the time
required by the tree to gain the coring height (breast height 1.37 m). As
growth rate of sub-alpine Himalayan birch is not known in the Bhagir-
athi River valley we take here 1571 C.E. as its establishment age after
which the Gangotri glacier terminus retreated ~1.853 km. Taking the
Gangotri glacier terminus position in 1935 (Srivastava, 2012) and 2017
C.E. into account, the glacier retreated 1.79 km alone since 1935 C.E.,
however, its net retreat was only ~63 m during 1571-1934 C.E. The
glacier terminus retreat has accelerated since 1957 (1.567 km), which is
consistent with the observed regional warming (Bhutiyani et al., 2007;
Borgaonkar et al., 2011).

3.4. Climate signal in ring-width chronologies and relationship with
glacier fluctuation

PC#1 of Himalayan birch ring-width chronologies with eigen value
> 1 indicated statistically significant correlation with the ring-width
chronology of Himalayan pine (Pearson correlation 0.30, p = 0.00017,
1863-2016 C.E.). The inter-decadal variations in above two series also
revealed very good consistency (Fig. 5) indicating common climate
forcing on tree growth. In view of the presence of low-frequency vari-
ations and longer series length we used Himalayan pine chronology to
understand linkage with glacier fluctuation. The Himalayan pine
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The Gangotri glacier retreat since 1571 C.E. The rates are estimated based on the recruitment dates of Himalayan birch trees near the glacier terminus and terminus
position taken with GPS in 1971 and 2004 (Srivastava, 2012), and 2017 (this study). Terminus retreat rate is estimated to be 18.1 m during 1971-2017.

S. Glacier terminus/tree site ~ Lat. (°N) Long. (°E) Distance from the glacier Chronology span (length/ Distance from terminus in establishment year
No. and elevation (m asl) terminus in July 2017 age), establishment year** with respect to the terminus position in July,
(km) 2017%**
1 Terminus position July, 30.924840  79.080974 0 km
2017, 4073
2 Himalayan birch, 3915 30.93546 79.07062 1.54 km 1997-2016 C.E. (20yrs), 1.16 km
1997
3 Himalayan birch, 3881 30.94012 79.06385 2.36 km 1979-2016 C.E. (38yrs), 1.654 km
1979
4* Himalayan birch (open 3.26 km 1571-2002 C.E. (432 yrs) ~1.407 km (average of 2 and 3)
forest, Bhojbasa), 3864
5 Himalayan birch (open 30.94663 79.05816 3.26 km

forest, Bhojbasa), 3864

1611-2016 C.E. (406 yrs)

Note:
* Himalayan birch chronology from Bhojbasa prepared by Bhattacharyya et al. (2006).

***Distances were calculated using retreat rate of 18.1 m/yr in 1971-2017.

** Earliest date of the chronology is the year when the tree got established at the location.
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Fig. 5. Ring-width chronology of Himalayan pine (1643-2016 C.E.) from Chirbasa plotted together with PC#1 of Himalayan birch chronologies from Bhojbasa and
Chirbasa in Bhagirathi basin, the Gangotri glacier. Thick lines are 20-year low pass spline filter.

chronology showed significant Pearson correlation with October-
November-December mean temperature (r = 0.34, p 0.019,
1952-1998 C.E.) and close similarity in low frequency variations as well
(Fig. 6A). In view of such a close relationship observed between tree-ring
chronology and temperature, Himalayan pine chronology could be
taken as an indicator of temperature changes in the region. Low/high
growth indices in the chronology reflect cool/warm conditions (Fig. 6B).
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Fig. 6. Ring-width chronology of Himalayan pine (Red color) plotted together
with October-December regional temperature (1952-1998 C.E., Blue color; A)
and Ring-width chronology of Himalayan pine (1643-2016 C.E.; B). Thick lines
are 20-year low pass filter. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Interestingly we noted that the low frequency variations in Himalayan
pine chronology were also found to be consistent with temperature re-
constructions for Asia (PAGES 2k Consortium, 2013) and the Northern
Hemisphere (Wilson et al., 2016) (Fig. 7A-C). We observed that the
radial growth in Himalayan pine was very low during the late 17th-early
18th, late 18th-early 19th, 1860s and early 20th century. The late
17th-early 18th and late 18th-early 19th century growth suppressions
reflected in the Himalayan pine chronology are consistent with the
Maunder Minimum (1645-1715 C.E.) and Dalton Minimum
(1790-1830 C.E.) (Eddy, 1976) (Fig. 7A) respectively, when sun spot
activity was much reduced. The Dalton Minimum period was also
associated with strong explosive volcanic eruptions. The ejection of
huge amount of volcanic ashes, sulphuric compounds, into the upper
troposphere and lower stratosphere resulted in formation of aerosols,
thus increasing the optical depth of the stratosphere. The short wave
solar radiation is partly scattered by the aerosols back to space and
partly absorbed. The absorbed energy is emitted as long wave radiation
down towards the Earth’s surface and back to space resulting in cooling
of global near-surface temperatures (Robock and Mao, 1995). The
explosive volcanism has been implicated to be the dominant forcing for
the temperature drop in Dalton Minimum Period (Wagner and Zorita,
2005) in the early 19th century. The eruption of Tambora in Indonesia in
1815 C.E., the largest in last 500 years, is associated with very low
summer temperature causing maximum drop in global surface temper-
atures by 0.7-0.8 K (Sachs and Graf, 2001). Himalayan pine chronology
revealed the lowest three-year mean growth indices during 1816-1818
(0.57) almost three standard deviation below the long-term mean
(1643-2016 C.E.), indicating that cooling associated with the Tambora
eruption caused severe growth reduction in sub-alpine trees in the
Central Himalaya. Tree-ring records from Nepal have also revealed cold
episodes coinciding with the Tambora eruption (Cook et al., 2003).



J. Singh et al.

Quaternary International 565 (2020) 31-40

Ring-width index

Himalayan pine chronology

oo
o WL

o
S

\
=
)

\S]

—
1

Temperature anomaly
(=)
1 L

1650 1700 1750

1800

1850 1900 1950 2000

Fig. 7. A-Ring-width chronology of Himalayan pine (1643-2016 C.E.), B- Annual temperature reconstruction for Asia (PAGES 2k Consortium, 2013), C- Mean
summer (May—-August) temperature reconstruction for the Northern Hemisphere (Wilson et al., 2016). The respective series were filtered with 20-year spline to show

low frequency variations in series.

Table 4
Rate of retreat of the Gangotri glacier terminus (*- after Singh et al., 2017 and b
after Bhambri et al., 2012).

Period (C.E.)  Annual terminus retreat (m)  Reference

1935-1976 23.95 Singh et al., 2017
1976-1990 17.44 Singh et al., 2017°
1990-2001 12.55 Singh et al., 2017%
2001-2005 10.14 Singh et al., 2017
2005-2012 11.48 Singh et al., 2017%
2001-2015 10.00 Singh et al., 2017%
1935-1956 10.16 Jangpangi, 1958%
1956-1971 27.33 Vohra, 19712

1971-1974 27.34 Puri and Singh, 19742
1974-1975 35.00 Puri, 1984A®

1975-1976 38.00 Puri, 1984B?

1976-1977 30.00 Puri, 1984C?

1977-1990 28.08 Puri, 1991%

1990-1996 28.33 Sangewar, 19972
1935-1996 18.8 Ravi Shanker and Srivastava, 1999?
1962-1982 40 Tangri, 2002?

1990 37 Tangri, 2002?

1999 25 Tangri et al., 2004°
2004-2005 12.10 Kumar et al., 2008
1965-2006 19.7 +£ 0.6 Bhattacharya et al., 2016
2006-2015 9.0 £35 Bhattacharya et al., 2016
1935-1996 20 Srivastava, 2004”
1962-1999 34 Naithani et al., 2001°
1935-1997 40 Mukherjee and Sangewar, 2001°
1962-2000 42 Tangri et al., 2004°
1985-2001 23 Ahmad and Hasnain, 2004
1962-2000 40 Bahuguna et al., 2007°
1962-2006 38 Bhambri and Chaujar, 2009°
1965-1968 59+ 4.2 Bhambri et al., 2012°
1968-1980 269 + 1.8 Bhambri et al., 2012°
1980-2001 21.0 +£1.2 Bhambri et al., 2012°
2001-2006 7.4+ 4.0 Bhambri et al., 2012°

Reduced radial growth in Himalayan pine in the late 17th-early 18th
and early 19th century coinciding with the Maunder Minimum
(1645-1715 C.E.) and Dalton Minimum (1790-1830 C.E.) (Eddy, 1976)
are also consistent with the large-scale regional and hemispheric cooling
(PAGES 2k Consortium, 2013; Wilson et al., 2016; Yadav et al., 2011;
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Table 5
Average area vacated near the Gangotri glacier terminus (after Bhambri et al.,
2012).

Period (C.E.)

Average area vacated at terminus (10° m?/year)

1965-1968 7.6 2.0
1968-1980 13.7 £ 0.8
1980-2001 10.2 £ 0.5
2001-2006 32+18
1965-2006 10.2 £ 0.9

Krusic et al., 2015). Thirty one year running mean of the chronology
indices showed lowest growth during 1692-1722 C.E. (mean 0.167 +
0.03). Similarly, tree-ring records from Central Bhutan have also
revealed 1690-1710 C.E. being the coolest in the last 600 years (Krusic
et al., 2015) consistent with the lowest radial growth in Himalayan pine
in the Central Himalaya (1690-1710 mean index 0.83 + 0.03). Tree-ring
based summer temperature records from Lahaul-Spiti in the western
Himalaya have revealed the coolest period from 1700 to 1900 C.E.
(Yadav et al., 2011) in the last millennium. The radial growth indices of
Himalayan pine chronology were low from 1780s to 1810s, with very
low growth especially during 1810s coinciding with the Dalton Mini-
mum. This cool period is again consistent with the expansion of glaciers
in southern Tibet (Brauning, 2006) as well. Radial growth suppression in
Himalayan pine in the 1860s-1870s and early 20th century consistent
with the low rate of the Gangotri glacier terminus recession is in
agreement with the increased glacier activity in trans Himalayan region
(Mayewaski and Jeschke, 1979), southern Tibet (Brauning, 2006) and
Tien Shan (Kotlyakov et al., 1991; Solomina et al., 2016).

The Gangotri glacier terminus fluctuation has been studied exten-
sively since the early twentieth century and varying rate of retreat has
been indicated by various researchers (Tables 4 and 5). In our present
study we have used the Gangotri glacier terminus measurement data as
given by Srivastava (2012). We observed that the Gangotri glacier ter-
minus fluctuation is directly related to ring-width indices of Himalayan
pine (Fig. 8) and mean October-December temperature. The Gangotri
glacier terminus measurements since 1935 C.E. (Srivastava, 2012) show
that the recession rate was slower in early 20th century when mean
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Fig. 8. Ring-width chronology of Himalayan pine plotted together with terminus retreat rate; after Srivastava (2012). Ring-width chronology was filtered with

20-year spline low pass filter.

winter temperatures were usually low across the western Himalaya
(Borgaonkar et al., 2011). The slower rate of terminus retreat in the
early 20th century, in general is consistent with the radial growth sup-
pression of high-elevation Himalayan cedar in the western Himalaya as
well (Borgaonkar et al., 2009), reflecting its regional nature when many
of the glaciers in the Central Himalaya and southern Tibet advance-
d/remained stationary (Mayewaski and Jeschke, 1979; Kotlyakov et al.,
1991; Brauning, 2006). Tibetan Plateau ice core records of Dasuopu
(Duan and Yao, 2003) also showed increased accumulation in the early
20th century. In view of the presence of such a strong regional and
hemispheric temperature signal, Himalayan pine chronology could be
taken as a sensitive and precise measure of the Gangotri glacier dy-
namics in context of the past 374 years (1643-2016 C.E.). Himalayan
pine ring-width indices increased since the mid 20th century when
retreat of the Gangotri glacier also gained pace (Fig. 8). Similar to our
findings, Borgaonkar et al. (2011) also have noted late 20th century
radial growth surge in other high elevation conifer species in the western
Himalaya. Increase in growth indices in the late 20th century and faster
retreat of glacier could be linked with warming in the western Hima-
layan region. The radial growth of trees has been found to be positively
associated with temperature of autumn and winter seasons in case of
evergreen needle leaf trees (Bhattacharyya and Yadav, 1996; Singh and
Yadav, 2000; Borgaonkar et al., 2009, 2011). Weather records from the
western Himalayan region clearly show warming trend consistent with
the global trend (Borgaonkar et al., 2011) and the warming rate is higher
since the late 20th century. However, winter warming in the western
Himalayan region has been found to be relatively higher than in any
other season (Bhutiyani et al., 2007; Borgaonkar et al., 2011). The
warming in the Himalayan region has also been reported to be altitude
sensitive, higher elevations showing higher rate of warming (Shrestha
etal., 1999). Contrary to the increasing trend in temperature in the 20th
century, observational precipitation data do not show any trend (Bor-
gaonkar et al., 2011). In view of this, increasing temperature could be
taken as a major factor responsible for the rapid retreat of the Gangotri
glacier since the late 20th century. Rapid retreat rate of glaciers in the
Himalayan region is a cause of concern to human society as glaciers are
an important perennial hydrological resource feeding the major rivers in
India which are life line of the country.

4. Conclusions

We developed ring-width chronologies of Himalayan birch from
Bhojbasa (1611-2016 C.E.), Chirbasa (1582-2016 C.E.) and Himalayan
pine from Chirbasa (1574-2016 C.E.) growing at their upper tree line
ecotone in the Gangotri glacier forefield. The age of oldest Himalayan
birch growing in Bhojbasa extended back to 1571 C.E. Using precisely
dated ring-width chronologies of Himalayan birch and Himalayan pine
as well as the colonization pattern of the former in the Gangotri glacier
forefield we for the first time show the Gangotri glacier terminus fluc-
tuations since 1571 C.E. Most interesting finding of the present study is
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the precise estimation of the location of the Gangotri glacier terminus
~1.853 km down from its current (July, 2017) position in the late 16th
century (1571 C.E.). However, the earlier reports based on geochrono-
logical dates showed glacier terminus around 3.7 km from its position in
1992 that should have even crossed down the Bhojbasa ~200-300 yrs B.
P. This is highly confounding as Himalayan birch forest dating back to
1571 C.E., located only 3.26 km away from the current (July, 2017)
position of the glacier terminus, could not have existed over the glaci-
ated areas. It could be possible that the geochronological dates could
have got possibly erred by reworking of sediments by pedogenesis and
resedimentation. The colonization pattern of Himalayan birch in the
Gangotri glacier forefield has precisely revealed for the first time that
the terminus receded ~1.853 km since the late 16th century (1571 C.E.),
major part of which (1.79 km) receded since 1935, and the retreat got
accelerated since 1957 C.E. (1.567 km) with the onset of rapid warming
in the 20th century. Weather records from the western Himalayan re-
gion in general have revealed 1.6 °C warming in the 20th century with
the higher rate of warming in winters. Relatively higher rate of warming
reported at higher elevations as compared to lower elevations in the
Himalaya also poses greater threat to glaciers. Over the 21st century
under SRES A1B emission scenario the Hindu Kush-Himalaya region is
projected to warm by 4-5.5 °C relative to 1971-2000 C.E. (Wiltshire,
2014), and winters are projected to warm even faster than the other
seasons. Under such a projected warming in the 21st century (Wiltshire,
2014), the Gangotri glacier might face accelerated recession at an un-
precedented rate as ever experienced in past 447 years posing serious
concerns on water resource availability.
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