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Abstract: The Himalaya is one of the major mountain ecosystems that is most likely to be impacted
by climate change. The main drawback in understanding climate change in the remote Himalayan
ecosystems is the lack of long-term instrumental climate records. Reconstructing past climates
from tree-rings offers a useful proxy for adding data to the instrumental climate records. In this
study, climatically sensitive tree-rings of Himalayan fir (Abies pindrow) were used for reconstruction
of mean June-July temperatures of Kashmir valley. Total ring-width chronology was built from
60 tree-ring cores growing near the higher altitudinal limits of the species. The radial growth
showed a strong positive response to growing season temperature. The strong response of site
chronology to mean June—July temperatures was used for reconstruction purposes. Mean June—July
temperatures of Kashmir valley were reconstructed since 1773 from residual site chronology. Though
the reconstruction did not show any strong long-term trend, on a centennial-scale, 20th-century
summers were the warmest with a mean annual summer temperature of 22.99 °C. Seven of the
warmest years and five of the warmest decades were seen in the 20th century. The reconstruction for
1773-2012 showed 23 extreme hot summers above the hot threshold of a 23.47 °C mean temperature
and 19 extreme cold years below the cold threshold of a 22.46 °C mean summer temperature. The
cold years in the reconstruction did not coincide with known volcanic eruptions. This reconstruction
will help in providing a better understanding of regional climate change.
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1. Introduction

The ongoing climate change accompanied by an increase in temperature, changes in
precipitation, shrinking of glaciers, and decreasing snow cover, has a significant impact
on ecosystem dynamics as well as on social communities [1,2]. High mountains around
the globe are some of the most vulnerable regions to climate change. The Himalayas are
warming faster than the global average [3]. The warming of the Himalayas will have
impacts on water resources, species distribution, ecosystem dynamics, agricultural systems,
and the well-being of a large proportion of people [4]. There are many studies which
have shown that temperature is increasing in the Himalayas [3,5]. The temperature in the
northwestern Himalayas has risen by 1.6 °C in the last century, with the warming being
more noticeable during the winter months. On the other hand, some studies show an
increasing trend in annual precipitation [3] while an overall decreasing trend was found in
another study [6].

Climatic data over several decades or a century are needed to understand the climatic
fluctuations at a regional scale. The problem with remote mountainous areas is the lack
of long instrumental climatic data. To extend the short instrumental data, many proxies
such as ice cores, peat bogs, pollen, and tree rings are commonly used. Trees record
the environmental information in their annual growth-rings [7,8]. Climate is considered
to be one of the most important factors limiting the growth of trees, particularly near
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the ecological boundaries of a species [9]. The year to year variation in the tree ring
parameters reflects the change in the limiting climatic factor. The main advantage of the
climatic data reconstructed from tree-rings is that it is annually resolved, well-calibrated,
and verified [10].

The trees from the Himalayas have shown great dendroclimatic potential owing to
their great age and high climatic sensitivity [11-13]. Over the past three decades, many
regional climate reconstructions have been done using Himalayan trees [14-16]. In the
Kashmir valley, tree-ring studies were started by the Tree-ring Laboratory, University of Ari-
zona, USA, on ring-width and wood densities of Abies pindrow and Picea smithiana [17]. The
data were reanalyzed and published in 1992 in a book titled “Climate since AD 1500” [18].
Later, in 2001 an improved reconstruction of summer temperatures at Srinagar, Jammu,
and Kashmir since 1660 AD was done based on total ring-width and maximum latewood
density of A. pindrow [19]. Stable isotopes (8D, §!'3C and 5'80) of tree-ring cellulose from
A. pindrow collected from Gulmarg, Jammu, and Kashmir showed sensitivity to growing
season precipitation and mean maximum temperatures [20,21]. Since then, other tree-ring
studies have been done in the Kashmir valley during the past two decades [22-24]. Summer
precipitation at Srinagar was reconstructed since the late-18th century from A. pindrow
and P. smithiana ring-width chronologies [23]. The tree-ring chronologies of A. pindrow
and P. smithiana were shown to significantly respond to the Palmer drought severity in-
dex (PDSI) and the relationship was utilized to reconstruct the PDSI of Srinagar from
1820-1981 [25]. Recently, the precipitation of Lidder Valley in Kashmir was reconstructed
since 1723 from Cedrus deodara chronologies [24]. All these chronologies except for the
C. deodara chronology were composed of a small number (4-25) of tree cores [24]. The
objective of the present study was to develop a robust summer temperature reconstruction
of the Kashmir valley for a better understanding of regional climate fluctuations.

2. Materials and Methods
2.1. Study Area

The valley of Kashmir lies between 33°20’ to 34°54’ N latitudes and 73°55'-75°35" E
longitudes covering an area of approximately 15,948 km? and is surrounded by Karakoram
range in the north, Pir-panjal range in the south and west, Zanskar range in the east, and
Siwalik hills towards the south.

This study was carried out in Hirpora Wildlife Sanctuary (HWS) in district Shopian,
Jammu and Kashmir (33,066’ N, 74,068" E) (Figure 1). The HWS lies in the Pir-panjal
range of northwestern Himalaya approximately 70 km south-west of Srinagar city covering
an area of approximately 341 km?. The HWS forest type is a mixed coniferous forest
with sub-alpine and alpine pastures at the higher altitudes. The most abundant conifer
species growing in the HWS is Abies pindrow which is the dominant tree species on the
northern aspects of the sanctuary. The other conifer species include Picea smithiana and
Pinus wallichiana.

2.2. Climate of the Study Area

Hirpora Wildlife Sanctuary has a sub-humid temperate climate. There is no weather
station in the HWS, so climate data of Srinagar meteorological station was used for this
study (Figure 2). The Srinagar station is the only station with more than 100 years of climate
data in the Kashmir valley. For this study, station climate data for the period 1960-2012
was used. As recorded from the meteorological station, the mean annual temperature of
Srinagar was 13.9 °C and mean annual precipitation was approximately 664 mm during
the analyzed period (Figure 2). The maximum temperature of the warmest month (July)
was 29.9 °C and the minimum temperature of the coldest month (January) was —2.0 °C.
Temperature goes to sub-zero in winter months. March-May is the wet season in Kashmir
while precipitation falls in the form of snow during the winter months of December-
February. The valley is a monsoon shadow zone because of the mighty Himalayan range,
with the weather mainly affected by the Westerlies [26].
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Figure 1. Map of the sampling site and meteorological station in northwestern Himalaya.
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Figure 2. (A) Monthly climate diagram of Srinagar based on instrumental data from Srinagar meteorological station. (B) The
long-term mean annual temperature of Srinagar (1960-2012).

The mean annual temperature in Himalaya has shown an increasing trend of 0.06-0.1 °C yr !
since the mid-1970s, which is higher than the global average [3,27,28]. More specifically,
the mean annual temperature has increased by 1.6 °C during the last century in northwest-
ern Himalaya, with the maximum temperature showing a more rapid increase. Winter
temperatures have shown a more noticeable increase as compared to summer temperatures
in the last century [29].

2.3. Chronology Development and Statistical Analysis

A total of 60 increment cores from 44 old and healthy trees of A. pindrow were collected
during 20142016, usually towards the end of the growing season near the higher altitudi-
nal limits (2950-3250 m a.s.1.). The cores were stored in drinking straws and transported
to the laboratory for further analysis. In the laboratory, the cores were glued to wooden
holders and sequentially sanded using progressively finer grit sandpapers (80-3000 grit).
The sanded cores were scanned in a high-resolution Espon Perfection V700 Photo scanner®
at 2400 dpi to make ring boundaries clearly visible. The scanned images were saved in
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the JPEG format, which is compatible with CooRecorder/CDendro software [30]. The
ring-width measurements were done in CooRecorder/CDendro software package. Mea-
surements were first visually cross-dated and cross-checked with the computer program
COFECHA [31] and dpIR [32] to ensure that each ring is assigned to its correct year of
formation. COFECHA is a statistical tool in dendrochronology used for crossdating pur-
poses [33]. The raw site chronology was built by taking the robust mean of all the series.
Various descriptive statistics such as the average mean sensitivity, series inter-correlation,
and expressed population signal (EPS) were computed (Table 1). The sample size fulfilling
the required threshold value of EPS 0.85 is expected to capture the theoretical population
signal in a site and, hence, its usefulness for dendroclimatological analysis [34].

Table 1. Descriptive statistics of site chronology.

Time Span

No. of Trees

Mean Series 1st Order
No. of Cores Sensitivity Inter-Correlation Auto-Correlation EPS> 085

1578-2012

44

60 0.18 0.47 0.54 1773-2012

1.41

Ring-width index (RWI)
s ®

o
™

0.6+

The raw ring-width series were standardized to convert them into dimensionless
indices using the dplIR package [35] in the R statistical program [36]. To remove the non-
climatic age-related growth trends and other individualistic trends, the raw ring-width
series were detrended using a cubic spline curve of 32 years and the ratios were calculated.
The main criteria for detrending were to minimize the non-climatic low-frequency trend
and maximize the high-frequency trend. The detrended series were averaged by computing
bi-weight robust mean to make a standard site chronology [37].

The standardized site chronology showed high first-order auto-correlation values
because of the impact of the previous year’s weather on current year’s tree growth. This
persistence in the standard chronology was removed by autoregressive modeling and the
resulting residual series were averaged by computing the bi-weight robust mean to make a
residual site chronology [37] (Figure 3).

1600

1650 1700 1750 1800 1850 1900 1950 2000
Year

Figure 3. Residual site chronology of A. pindrow from high elevation limits of Hirpora Wildlife Sanctuary.

Static bootstrapped correlations were calculated between site chronology and sin-
gle growing-season months [38,39] and biologically relevant monthly combinations in R
statistical software [36].

A linear regression was computed between the tree-ring width series and mean June—
July temperature for the period 1960-2012. The skill of the climate-reconstruction model
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was assessed using calibration and verification statistics (Figure 4). Verification statistical
parameters included the reduction of error (RE), coefficient of efficiency (CE), and root
mean squared error (RMSE) [40].
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Figure 4. Comparison of the actual and reconstructed mean June—July temperature of Srinagar for
the common period 1960-2012.

Wavelet analysis was performed to characterize the variability of final June-July (J])
temperature reconstruction in temporal and spectral domain [41]. This procedure helps to
check for potential periodicities in climate reconstruction.

3. Result

Figure 5 below shows the correlations between residual site chronology and monthly
temperature from growing season April (a) to August (A). The strong positive response of
radial growth to monthly temperature with statistically significant positive correlations
with June (R = 0.35; p < 0.01), July (R = 0.45; p < 0.01), April-July (R = 0.29; p < 0.05),
May-July (R = 0.38; p < 0.01), May—-August (R = 0.32; p < 0.05), June—July (R = 0.48; p < 0.01),
June-August (R = 0.38; p < 0.01), and July—August (R = 0.30; p < 0.05) temperatures were
seen. Based on the monthly combinations, the highest correlation (R = 0.48, p < 0.01)
was found between tree-ring width series and mean June—July temperature. The strong
relationship between mean June-July temperature and site chronology was used for past
climate reconstruction purposes.

Based on the above correlation analysis results, a linear regression model (Figure 6) was
developed between the ring-width series and the mean June—July temperature as follows:

Y =19 + 43X, 1)

where Y is the mean June—July temperature and X is the ring-width index.

During the calibration period 1960-1985, the model accounts for 26% of the total
variance of the instrumental data. The results of reduction of error (RE), coefficient of
efficiency (CE) and root mean squared error (RMSE) during the verification period are
shown in Table 2. Based on good reconstruction skills of the model in the verification
period, the reconstruction of mean June—July temperature was done since 1773 (EPS > 0.85).

The 10 coldest years in reconstruction (Figure 7), in increasing order, were 1823, 1962,
1822, 1833, 1900, 1899 1831, 1849, 1780, and 1974 while the 10 warmest years, in decreasing
order, were 2011, 1932, 1894, 2003, 1816, 1904, 1951, 1997, 1814, and 1973, with 1823 being
the coldest summer and 2011 the warmest with mean ]J temperature of 21.66 °C and
24.30 °C, respectively. Seven of the 10 warmest years were seen after the beginning of the
20th century while seven of the coldest years were seen prior to the 20th century. On a
decadal scale, the 10 warmest decades were 1810, 1900, 1970, 1930, 1850, 1880, 1780, 1990,
1950, and 1870, with 1810 being the warmest decade with a decadal mean temperature
of 23.2 °C. The 10 coldest decades in the reconstruction were 1820, 1890, 2000, 1960, 1860,
1980, 1910, 1940, 1790, and 1840 with 1820 being the coldest decade with a decadal mean
temperature of 22.7 °C. Nevertheless, the 20th century is clearly the warmest century with
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a mean annual J] temperature of 22.99 °C, including 5 of the 10 warmest decades. The
coldest years in the chronology did not correlate with any known volcanic eruption because
known eruptions occurred far away from the study site.

The extreme hot and cold summers were recorded based on the lower and upper
threshold as the 10th and 90th percentile, respectively. The reconstruction from 1773-2012
showed 23 extreme hot summers above the hot threshold of 23.47 °C mean temperature
and 19 extreme cold years below the cold threshold of 22.46 °C mean summer temperature.
All the extreme hot years were single-year events while as three of the cold events were of
2-year duration (1822-1823, 1899-1900 and 1954-1955). The longest warm/cold periods of
three or more years with a temperature greater/less than the instrumental mean tempera-
ture are provided in Table 3. The longest warm period of seven years occurred during the
latter part of 20th century (1975-1981) while the longest cold periods of six years occurred
during the early 19th century (1819-1824), mid-19th century (1861-1866), and early 20th
century (1924-1929).
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Figure 5. Correlation coefficients between radial growth of A. pindrow and monthly as well
as multi-month combination temperature from current April to August (The horizontal
tick labels show the current year months and monthly combinations from April-August
and the asterisk marks * & *** above bars show statistical significance at p < 0.05 and
p < 0.01, respectively).
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Figure 6. Linear regression between mean June-July temperature and ring width indices.
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Table 2. The calibration-verification statistics of mean June—July temperature reconstruction.

Whole Period Calibration Period Verification Period
(1960-2012) (1960-1985) (1986-2012)
R p-Value R p-Value RE CE RMSE
0.48 <0.001 0.51 <0.001 0.29 0.26 0.98

RE = Reduction of error; CE = Coefficient of efficiency; RMSE = Root mean squared error.
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Figure 7. Reconstructed mean June-July temperatures of Srinagar during 1773-2012. The horizontal purple line is the mean
June-July temperature of the instrumental data whereas the blue and red horizontal lines indicate 10th and 90th percentiles,
respectively. The red and blue solid circles/text indicate the top 10 warm and cool years, respectively.

Table 3. Warm and cold periods from the reconstruction of mean June-July temperature of Srinagar,
Jammu, and Kashmir, India during 1773-2012.

Warm Periods (Duration in Years) Cold Periods (Duration in Years)
1782-1786 (5) 1787-1791 (5)
1811-1814 (4) 1793-1795 (3)
1816-1818 (3) 1800-1802 (3)
1836-1838 (3) 1819-1824 (6)
1842-1845 (4) 1861-1866 (6)
1872-1874 (3) 1877-1880 (4)
1881-1884 (4) 1889-1892 (4)
1902-1904 (3) 1897-1901 (5)
1906-1910 (5) 1924-1929 (6)
1951-1953 (3) 1941-1943 (3)
1965-1967 (3) 1945-1947 (3)
1975-1981 (7) 1954-1957 (4)
1996-1999 (4) 1989-1992 (4)

2000-2002 (3)
2004-2007 (4)

The variability of reconstructed JJ temperature of Srinagar was further investigated in
the spectral domain (Figure 8). Wavelet analysis of J] temperature reconstruction revealed
significant spectral peaks between 2-14 year cycles; however, the occurrence of these cycles
is temporally unstable.
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Figure 8. Wavelet power spectrum of A. pindrow tree-ring index.

4. Discussion

This summer temperature reconstruction is only the third temperature reconstruction
from Kashmir valley after Hughes (1992; 2001). The earlier two reconstructions were based
on a lower number of samples. The overall radial growth patterns of A. pindrow in the
Hirpora residual chronology were similar to those found in the residual site chronologies of
Hughes (Figure 9). Of various sites investigated by Hughes (1992; 2001), the radial growth
recorded by us at Hirpora was more related with that of Khilanmarg (R = 0.55, p < 0.01)
which is situated in close proximity to Hirpora in the Pir-Panjal range of the Himalayas.

The positive response of tree growth to the temperature at tree-line site is more of a
general phenomenon [42]. Radial growth generally reflects variations in growing season
temperature at high elevations in mountain regions [43]. Higher temperatures could
increase the rate of photosynthesis and thus enhancing radial growth [44].

High temperatures in the growing season reduce radial growth at lower altitudes,
whereas high temperatures during summer promote radial growth at higher altitudes.
Most of the xylogenesis (wood formation) process in Himalayan fir in this region occurs
during April-September [39]. Also, the daily rate of tracheid formation is highest near
the summer solstice [38], thereby revealing the importance of warm summers for radial
growth in mountain regions. The increasing summer temperatures result in the length-
ening of growing season duration and, hence, more radial growth at higher altitudinal
limits of the species [39]. Generally, precipitation and soil moisture increase with increas-
ing altitude, whereas air temperature decreases with increasing altitude, suggesting that
radial growth in A. pindrow at upper limits was limited more by low temperature than
by precipitation [10]. The growth-climate relationship studies on high-elevation conifers
in southwestern China also showed the positive response of the radial growth in fir to
warm summer temperatures [45]. Overall, these results are in agreement with other studies
showing that radial growth responds positively to growing season precipitation at lower
altitudes, whereas radial growth responds positively to growing season temperatures at
higher altitudes [42,46]. The positive response of radial growth to growing season tempera-
tures and the linear increase of growing season duration with increasing temperature as
revealed by the cambial phenology study in this species [38] suggest the positive impact of
ongoing climate warming on radial growth in this conifer species.
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Figure 9. (A) Residual site chronologies of Hirpora and various sites sampled by M K Hughes [17,18]. (B) Correlation plot
showing correlation coefficients between Hirpora and other residual site chronologies (The asterisk marks *** above bars
show statistical significance at p < 0.01).

This reconstruction captured some of the annual and decadal trends, but there was
no strong evidence of any long-term trend. There was no clear relationship between
known volcanic eruptions and the reconstructed cool summers, as was also reported in
the earlier reconstruction [19]. The temperature reconstruction shows that the 19th century
was the coldest period, while there are increasing summer temperatures seen in the later
parts of the 20th century. Overall, five of the warmest decades were recorded in the
20th century while four of the coldest decades were recorded in the 19th century. The
occurrence of seven of the top 10 warmest years and 05 of the top 10 warmest decades in
the 20th century further corroborates the century being the warmest one. Wavelet analysis
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indicates that the summer temperature cycles have not remained constant during the
last two centuries. There are also no significant multi-decadal cycles seen in the summer
temperature reconstruction.

This reconstruction added 128 years during 1773-1900 to the instrumental climate
data of Srinagar, Jammu, and Kashmir. This will help in understanding the variations in
northwestern Himalayan climate on a long-term scale.

This study highlights the importance of the Himalayan conifers in recording the
variability in climatic factors. There is, however, a need to develop reconstructions based
on samples from more sites across the northwestern Himalayas to better understand the
climate variability of and assess the impacts of climate change on the region.

5. Conclusions

In this study, the past climate reconstruction potential of A. pindrow was studied
and the mean June-July temperature of Kashmir valley was reconstructed since 1773.
The Himalayan pindrow fir showed a strong positive response to monthly temperatures
in the analyzed time-period. The strong positive response of radial growth to mean
June-July temperatures during 1960-2012 was used for past climate reconstruction. The
reconstruction added 128 more years to the instrumental climate data of Kashmir valley.
The reconstruction revealed some annual and decadal trends but did not show any strong
long-term trend. This study will help in creating a better understanding of regional climate
change.
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