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a b s t r a c t

We reconstructed Standardized Precipitation Index (SPI), a metric of drought, using tree-ring width
chronologies of Himalayan cedar (Cedrus deodara (Roxb.) G. Don) prepared from two ecologically ho-
mogeneous settings in the Kumaun Himalaya, India. The reconstruction employing first principal
component of the two site chronologies in linear regression model helped in extending 7-month SPI of
May (SPI7-May) back to 1720 CE. The calibration model capturing 60% of variance in the observed SPI
series (1902e1967) is the strongest so far from the Indian region. On achieving such a robust tree-ring
calibration we are of the opinion that SPI should provide a better option to develop long-term drought
records for the data scarce Himalayan region. The SPI reconstruction revealed high year-to-year vari-
ability with 1816 (SPI �1.92) and 1737 (SPI þ2.33) the driest and the wettest years respectively. The five
year mean of reconstructed SPI revealed multiyear droughts in 1920e1924, 1782e1786, 1812e1816, 1744
e1748, 1964e1968 and pluvial phases in 1911e1915, 1723e1727, 1788e1792, 1758e1762 and 1733e1737.

The SPI7-May was found to be significantly correlated with wheat-barley productivity data of Almora
in Kumaun, close to our tree ring sites (r ¼ 0.60, two-tailed p < 0.0001). However, we observed that the
wheat-barley productivity data, to some extent, were better correlated with 7-month SPI of April (SPI7-
April) (r ¼ 0.69, two-tailed p < 0.0001). The difference in relationship of wheat-barley productivity and
SPI of above two periods is largely due to the prevailing crop phenology in the region. The wheat and
barley crops sown in OctobereNovember are usually harvested in May when the Himalayan cedar trees
are in active vegetation phase of seasonal growth in Almora region. We observed strong and significant
correlation in SPI7-May and SPI7-April (r ¼ 0.75, two-tailed p ¼ 0.0001) underpinning that the tree-ring
derived SPI7-May could also be taken as a proxy of wheat-barley production in Almora region. This
observation also stands for the past as we noted that most of the droughts recorded in our reconstruction
(SPI <1) were associated with rabi crop failures in the Kumaun Himalaya. The findings of this study
establish that the SPI7-May developed from tree rings should serve as an important base line data to
quantify the impact of droughts on forest as well as rabi crop productivity in hilly terrains of the Kumaun
Himalaya in long-term perspective.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Drought is a naturally occurring subtle climatic phenomenon
that may persist for a season or multiple years and affects more
population than any other natural hazard (Wilhite, 2000). In India,
National Commission on Agriculture (GOI, 1976) classified droughts

in three categories as meteorological, hydrological and agricultural
droughts. The agricultural drought is a situation when rainfall and
soil moisture are inadequate during the crop growing season to
support healthy crop growth tomaturity. Recurring droughts in one
or the other region of India are known to critically affect the live-
lihood of the vast majority of low income people whose sustenance
is dependent on agriculture (Mishra and Singh, 2010; Gupta et al.,
2011). Nearly 79.44 million ha of agricultural land area consti-
tuting ~57% of the cultivated area is rainfed and contributes 44% of
the total food grain production in India (Anonymous, 2009). Such
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an extensive rainfed agriculture system practiced in India ranking
first among the rainfed agricultural countries in the world, both in
extent and value of produce (Aggarwal, 2013), makes economy of
the country much dependent on seasonal distribution of rainfall. As
nearly half of the total workforce in India (~52%) is still employed by
the farm sector, severe droughts affecting agriculture productivity
seriously hamper the developmental pathways of the country
(Gadgil and Kumar, 2006). Such challenges are far bigger in the
Himalayan region of India where drought impacts are high due to
poor irrigation infrastructure facilities. The terrain constrains in the
Himalaya hinder the development of sufficient crop irrigation fa-
cilities, making agriculture highly vulnerable to natural rainfall
patterns. In view of this a better understanding of drought behav-
iour in long-term perspective is very important to develop appro-
priate climate adaptive measures.

The high-resolution proxy climate records used to extend the
weather data back in the historical past provide valuablewindow to
understand climate variability under the backdrop of anthropo-
genic changes (IPCC, 2013). The tree-ring records from moisture
stressed sites in different parts of the world have been successfully
used to understand temporal and spatial patterns of droughts
(Woodhouse and Overpeck, 1998; Cook et al., 2004, 2007; Touchan
et al., 2005, 2008, 2011; Esper et al., 2007; Stahle et al., 2007, 2013;
Woodhouse et al., 2010; Burnette and Stahle, 2013; Griffin and
Anchukaitis, 2014). Recently, a considerable progress has been
also made towards this direction to develop annually resolved tree-
ring-based drought/hydrological records for semi-arid to arid re-
gions of Asia (Sheppard et al., 2004; Davi et al., 2006; Li et al., 2006,
2007; Liang et al., 2006; Treydte et al., 2006; Yin et al., 2008; Cook
et al., 2010; Shao et al., 2010; Zhang et al., 2011; Ram, 2012; Sano
et al., 2012; Yang et al., 2012, 2014a, b; Sun and Liu, 2013; Yadav,
2013). The age of many long living conifer species growing in
semi-arid to arid regions of the western Himalaya are found to
exceed over millennium (Esper, 2000; Cook et al., 2003; Singh et al.,
2004; Yadav et al., 2006; Singh and Yadav, 2007; Yadav, 2012).
Precisely dated annually resolved tree-ring chronologies of such old
trees from semi-arid to arid regions of thewestern Himalaya should
provide a valuable archive of drought variability in long-term
perspective.

To understand the relative strength of droughts various types of
indices have been devised over times (Keyantash and Dracup,
2002) and amongst these the Palmer Drought Severity Index
(PDSI; Palmer, 1965) is widely used. However, realizing the fact that
droughts vary over different timescales depending on the response
times of different meteorological, hydrological, agricultural and
socioeconomic systems, and PDSI having a fixed temporal scale,
multi-scalar drought indices such as Standardized Precipitation
Index (SPI; Mckee et al., 1993) and Standardized Precipitation
Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2010) have
come in to use recently. The SPI is being widely used to monitor
short-termwater supplies such as soil moisture which is important
for agriculture production, as well as long-term water resources
such as groundwater supplies, stream flow and reservoir levels
(Mishra and Singh, 2010). However, in assessment of agriculture
droughts the SPI has its own limitation as the availability of soil
moisture is directly controlled by evapotranspiration, which is not
taken into account in derivation of SPI. In spite of the above limi-
tation we used SPI data in present study, as it was calculated from
precipitation records available from weather stations close to our
tree-ring sites in the western Himalaya. The SPI was also preferred
for reconstruction over the other drought indices, viz., PDSI and
SPEI as it showed statistically much robust calibrations with the
tree-ring width chronologies of Himalayan cedar. Recently, the
World Meteorological Organization in 2009 (WMO, 2012) also
recommended that SPI, in addition to other drought indices, should

be used as a drought metric by all National Meteorological and
Hydrological Services around the world to characterise the mete-
orological droughts. The SPI reconstruction presented here-in is the
first attempt to develop drought records for the Kumaun (Kumaon)
Himalaya, India using tree-ring data of Himalayan cedar. The SPI
records were also used to understand relationship with crop pro-
ductivity in the rainfed agricultural region of Almora, adjacent to
tree-ring locations.

2. Data and methods

2.1. Tree-ring data

Himalayan cedar commonly grows in semi-arid to arid regions
of the Indian Himalaya. Good amount of winter snowpack, not too
heavy summer monsoon rainfall and well drained soils are its
primary ecological requirement. Over humid sites, the tree age is
usually limited to only a few hundred years due to frequent wood
rot, but in drier locations the age of many conifer species have been
found to extend over the last millennium and even more (Singh
et al., 2004). Due to the ecological preferences of Himalayan ce-
dar for semi-arid and arid conditions the dendrochronological se-
ries of this species are found to be very sensitive indicators of
variations in drought (Yadav, 2013). In the present study increment
core samples of Himalayan cedar growing in Jageshwar and
Gangolihat in the Kumaun region collected in May 2013 were used
(Fig. 1). The Himalayan cedar in the Kumaun Himalaya is not native
and was introduced in temple complexes several centuries ago
depending on the establishment of religious shrines. The age of
introduced Himalayan cedar in the Kumaun Himalaya using
dendrochronological methods has been estimated back to the early
16th century CE (Yadav et al., 2014a, b). Due to suitable environ-
mental conditions the Himalayan cedar introduced in the Kumaun
region has completely naturalized and is showing very good
regeneration. The sampled trees, used in this study, were found
growing on sites with thin soil cover and variable slopes on
northwest aspect where the ground water balance does not seem
to have much impact on tree growth. Thin soil conditions and slope
gradients favour fast run-off of the meteoric water to down streams
making trees susceptible to soil moisture deficit. The increment
core samples of Himalayan cedar collected from Jageshwar and
Gangolihat sites in the Kumaun Himalaya (Fig. 1) were processed
following conventional dendrochronological methods and growth
ring sequences precisely dated to calendar year of their formation
(Fritts, 1976). The ring widths of crossdated samples were
measured to 0.01 mm resolution using linear encoder (LINTAB)
coupled with personal computer (Rinn, 1996). To understand
temporal growth dynamics in tree-ring series ring-width mea-
surement plots from both the sites were carefully studied. The ring-
width plots of tree samples from two sites revealed that the Hi-
malayan cedar growth was influenced by stand dynamic features
such as changing competition due to gap formations created by
falling of adjacent trees. Therefore, to maximize the common signal
in tree-ring-width chronologies, we detrended the measurement
series by using 50-year cubic spline with a 50% frequency response
function cut off (Cook and Peters, 1981). The ring-width series of
individual tree samples were power transformed prior to
detrending to stabilize variance in the heteroscedastic tree-ring-
width measurement series (Cook and Peters, 1997). The growth
trends were removed from the power transformed individual
measurement series by subtraction that minimizes the end fitting-
type bias as compared to the ratios (Cook and Peters, 1997). In order
to reduce the influence of outliers the detrended ring-width mea-
surement series of respective trees were averaged to a mean
chronology (standard) by computing the biweight robust mean
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(Cook, 1985). The other set of chronology (residual) was also pre-
pared where low-order autocorrelation from detrended series was
removed using autoregressive moving average (ARMA) modelling
and the resulting residual series averaged to amean site chronology
by computing the biweight robust mean (Cook, 1985). The repli-
cation of 12 and 15 tree samples in Jageshwar and Gangolihat site
chronologies respectively were found to be sufficient to achieve
threshold expressed population signal (eps) level of 0.85 (Wigley
et al., 1984). The residual chronology statistics of two sites are
shown in Table 1. The two site residual chronologies with eps level
>0.85 showed significant correlation for the common period
1720e2012 CE (r ¼ 0.75, two-tailed p < 0.0001) underpinning
common environmental forcing affecting growth dynamics of trees
over the respective sites.

2.2. Climate data

Weather records from Kumaun, analogous to that in other re-
gions of the western Himalaya, are spatially and temporally
restricted. The longest weather record (temperature and precipi-
tation) available for Mukteshwar (29� 280 Ne79� 380 E, 2171 m asl)
in Nainital, Uttarakhand, close to the tree-ring sampling sites ex-
tends back to 1897. The weather data of Mukteshwar show that the
bulk of precipitation (~73% of 1270 mm annual) occurs in monsoon
season spread over JuneeSeptember (Fig. 2). The NovembereMay
precipitation occurring largely due to western disturbances is ~22%
of the annual precipitation. In our previous studies (Yadav et al.,
1999; Yadav and Singh, 2002; Yadav et al., 2004, 2011; Yadav,

2011a, b), we observed that due to high spatial variability in pre-
cipitation in the orography dominated western Himalayan region
single station data, which do not represent the regional climate
features, are not suitable for calibration of tree-ring chronologies. In
view of this we prepared a regional mean precipitation series by
merging homogeneous data sets of five weather stations (Table 2)
available from locations close to the tree-ring sampling sites.
Averaging of multiple station data series helps in minimizing the
effect of site specific micro-climatic variations and maximization of
regional and larger-scale climate features in the mean series. The
merging of precipitation data of five stations as mentioned above
was also guided by the existence of good year-to-year coherence in
precipitation data and the existence of significant correlations.
However, we observed relatively stronger year-to-year coherence
and significant correlations in precipitation of different stations
during the non-monsoon months as compared to summer
monsoon season (JuneeSeptember) (Table 3, Fig. 3). The monthly
precipitation data of these five stations after normalization with
reference to 1901e1967 common period were merged to prepare
the regional meanmonthly series, however, the precipitation series
from 1968 to 2011 consisted single station data of only Muktesh-
war. The regional mean monthly normalized precipitation series
were then converted to actual precipitation with respect to the
meanmonthly precipitation andmean standard deviation of all five
stations.

The temperature records from the Kumaun region available
with us for present study were only of Mukteshwar station
(1897e1991). The mean monthly temperature data show that June

Fig. 1. Map showing the locations of the tree ring sampling sites of the Himalayan cedar and meteorological stations; A. General view of the study area, B. Location of tree-ring sites
and weather stations used in the study.

Table 1
Chronology (residual) statistics of Himalayan cedar from two sites in Kumaun. SY- start year of the chronology, EPS-expressed population signal, MI-mean index, MS-mean
sensitivity, SD�standard deviation, AR1-first order autocorrelation.

S. No. Site Location Elevation (m) Aspect Cores/trees SY Chronology with
EPS >0.85

MI MS SD AR1

1 Gangolihat 29�390N-80�010E 1760 Northwest 38/27 1668 1720e2012 0.998 0.194 0.170 0.00
2 Jageshwar 29�380N-79�510E 1851 northwest 41/37 1536 1690e2012 0.992 0.248 0.213 0.00
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is the hottest month of the year with mean temperature ~18.4 �C
and January the coldest with mean temperature ~5.4 �C at
Mukteshwar.

2.3. Climate signal in tree-ring data

To understand climate signal present in tree-ring data the re-
sidual version of two site chronologies were used in Pearson cor-
relation analyses with monthly climate variables (monthly total
precipitation and mean monthly temperature) from October of the
previous year to October of the current year. The October, being
usually the end of growing seasonwas also taken into analysis with
the consideration that the radial growth of trees might continue if
the climatic conditions are favourable enough for growth during
this month. For correlation analyses temperature data of Muk-
teshwar (1897e1991) and regional mean precipitation data repre-
senting five station mean from 1901 to 1967 and only of
Mukteshwar from 1968 to 1991 were used. We performed boot-
strapped correlation analyses using software DENDROCLIM2002
(Biondi and Waikul, 2004) for 1901e1991 for which both precipi-
tation and temperature data were available with us (figure not
shown). In correlation analyses it was observed that the precipi-
tation from previous year October to current year May showed
direct relationship with the respective site chronologies, with
consistently positive and significant correlations (two tailed
p < 0.05) from FebruaryeMay. The precipitation during summer
monsoon months (JuneeSeptember), when it is prevalent in the
region due to active southwest summer monsoon, did not show
significant correlation. However, in case of temperature the resid-
ual version of two site chronologies showed negative relationship
with mean monthly temperature of Mukteshwar for most of the
months except from JulyeOctober when it turned positive. The

correlation analyses revealed that cool-moist conditions over an
extended period from previous year October to current May
directly affects the radial growth of Himalayan cedar in the Kumaun
Himalaya. Similar to our findings, precipitation accumulated during
winter and spring seasons in arid zones in different geographic
regions have also been found to be a dominant environmental
variable controlling the inter-annual variability of tree growth
(Meko et al., 2011; Stahle et al., 2013; Black et al., 2014). The first
principal component (PC#1) of the two site residual chronologies
with the Eigen value 1.752 explaining 87.6% of the variance in the
common chronology period 1720e2012 CE also revealed relation-
ship withmonthly climate variables (Fig. 4) similar to that observed
with independent chronologies.

The tree growth-climate relationship analyses presented here
revealed that Himalayan cedar growth around the studied sites is
governed by both precipitation and temperature. The correlation
between tree-ring indices with precipitation and temperature
nearly represent the mirror image of each other (Fig. 4) endorsing
that soil moisture availability is very important in modulating the
yearly growth of Himalayan cedar in Kumaun. Considering these
findings we analysed relationship between tree-ring chronologies
and drought indices, viz., Palmer Drought Severity Index (PDSI;
Palmer, 1965) and Standardized Precipitation Evapotranspiration
Index (SPEI; Vicente-Serrano et al., 2010). Themonthly PDSI dataset
developed by Dai et al. (2004) with a resolution of 2.5� � 2.5� grid
point and available for the grid nearest to our sampling sites
(27.5�e30�N and 77.5�e80�E) were used in correlation analyses
with the residual version of tree-ring-chronologies. We observed
that the correlation between tree-ring chronologies and monthly
PDSI variables in most of the months was not statistically signifi-
cant. The SPEI data of different temporal scales available via climate
explorer (http://climexp.knmi.nl) on a 0.5� � 0.5� grid point were
also used to study correlation with tree-ring chronologies. The SPEI
data of 4e8 months time-scales for two grid points (29�e29.5�N
and 79�e79.5�E; 30�e30.5�N and 79.5�e80�E) were used in cor-
relation analyses with the tree-ring chronologies. We observed that
4-month SPEI of May showed statistically significant correlation
with the tree-ring chronologies. However, the correlation between
tree-ring chronologies and SPEI indices were observed to be much
weaker than those observed with the regional monthly precipita-
tion data alone. Considering this, we analysed relationship between
tree-ring chronologies and Standardized Precipitation Index
(McKee et al., 1993), a multi-scalar drought index developed using
regional mean precipitation data series prepared for this study.

2.3.1. Precipitation data and SPI calculation
The computation of SPI for any location is based on the available

long-term precipitation record. This long-term precipitation record
is fitted to a gamma probability distribution function, which is then
transformed into a normal distribution with mean of zero and

Table 2
Meteorological stations used in preparing themean regional precipitation series and
SPI.

S. No. Station Latitude
(N)

Longitude
(E)

Altitude
(m)

Length of
record

1 Almora 29�370 79�400 1651 1901e1967
2 Chakrata 30�410 77�520 2118 1901e1967
3 Mukteshwar 29�280 79�380 2171 1897e2011
4 Pithoragarh 29�350 80�130 1514 1901e1967
5 Ranikhet 29�390 79�250 1869 1901e1968

Table 3
Pearson correlation in precipitation of non-monsoon (previous year October to
current year May (OM)) in bold letters and monsoon (JuneeJulyeAugusteSep-
tember (JJAS)) in italics of stations used in this study (1902e1967). Levels of sig-
nificance are given in parentheses.

Station Chakrata Mukteshwar Pithoragarh Ranikhet

Almora OM 0.69 (0.0001) 0.90 (0.0001) 0.73 (0.0001) 0.91 (0.0001)
JJAS 0.71 (0.0001) 0.45 (0.0001) 0.50 (0.0001) 0.80 (0.0001)

Chakrata OM 0.63 (0.0001) 0.42 (0.0004) 0.70 (0.0001)
JJAS 0.35 (0.004) 0.47 (0.0001) 0.77 (0.0001)

Mukteshwar OM 0.75 (0.0001) 0.88 (0.0001)
JJAS 0.41 (0.0006) 0.52 (0.0001)

Pithoragarh OM 0.75 (0.0001)
JJAS 0.58 (0.0001)

Fig. 2. Monthly precipitation variations over Kumaun, the western Himalaya.
NovembereMay are dry months with very low precipitation. The figure is based on
Mukteshwar meteorological station mean precipitation data.

R.R. Yadav et al. / Quaternary Science Reviews 117 (2015) 113e123116

http://climexp.knmi.nl


standard deviation unity (McKee et al., 1993; Edwards and Mckee,
1997). A full description on methods and equations for calculating
the SPI are available in Lloyd-Hughes and Saunders (2002). In our
present study we calculated SPI using regional precipitation series
developed after merging five station precipitation data from the
Kumaun Himalaya (Table 2). The regional precipitation series
spanning over 1901e1967 was used to develop SPI of different
temporal scales varying from one to nine months. The SPI of

Mukteshwar data from 1968 to 2011 was also calculated for use in
verification of the reconstruction. The SPI on such timescales is
expected to reflect moisture availability affecting the growth of
forest trees as well as agricultural crops. The positive SPI values
indicate precipitation greater than the median value and negative
values point to less than median precipitation. An event is treated
as drought when SPI is continuously negative reaching intensity
of �1.0 or less and opposite to this as wet.

Fig. 3. Normalized seasonal precipitation over five weather stations used in this study. The data were normalized with respect to the 1902e1967 mean; A. OctobereMay pre-
cipitation, B. JuneeSeptember precipitation.

Fig. 4. Correlation functions of the first principal component (PC#1) of the residual chronologies of the Himalayan cedar from two sites with climate data; A. with monthly
precipitation and B. with mean monthly temperature. The mean regional precipitation data prepared by merging five station data and mean monthly temperature of Mukteshwar
were used in the analyses. (Dotted lines show 95% confidence level).
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2.4. Rabi crop productivity data

The wheat (Triticum aestivum) and barley (Hordeum vulgare) are
the most important winter cereals of India. In hilly regions, these
crops are normally sown in October/November and harvested in
May/June and their success mainly depends on the distribution of
rainfall during these months. Although in recent times, high
yielding hybrid varieties of wheat have been developed for growing
in the Indian plains, traditional varieties are still sown in the
northern hill zones (Nagarajan, 2005). To understand recent trends
in crop productivity we obtained wheat and barley production data
of Almora in Kumaunwith the courtesy of Agriculture Departments
of Uttarakhand and Uttar Pradesh. The annual records of wheat and
barley production procured by us from the respective government
agriculture departments extended from 1974 to 2010. The pro-
duction of wheat in Almora for 1974e2010 ranged from 520 to
1220 kg/ha (mean 961.8, standard deviation 175.2) and barley from
410 to 1260 kg/ha (mean 948.9, standard deviation 197.4). To un-
derstand the impact of droughts on crop productivity in log-term
perspective we also used rabi crop failures recorded in archives
for the rainfed agriculture regions of Almora. In our analyses of
relationship between SPI and crop productivity the wheat and
barley productivity data (1974e2010) were normalized relative to
whole period mean and standard deviation.

2.5. Drought index (SPI) reconstruction

The analyses performed to understand relationship between
tree-ring chronologies and climate variables in associationwith the
similar studies performed earlier (Yadav et al., 2014a, b) suggest
that the precipitation changes in premonsoon season are very
important for the radial growth of Himalayan cedar trees over

moisture stressed sites in the western Himalaya. In view of this we
studied relationship between PC#1 of the residual chronologies of
Himalayan cedar and SPI calculated for different timescales from
one to nine months. The correlation study revealed strongest
relationship between PC#1 and SPI7-May (Fig. 5). Due to the ex-
istence of such a high and significant correlation between SPI and
PC#1 we performed calibration and reconstruction of SPI7-May
using linear regression approach. For this, we first performed
calibration/verification tests using SPI data prepared from regional
mean precipitation data series (1902e1967). The split period cali-
bration/verification tests were performed in two sub-periods,
1902e1932 and 1933e1967. The two sub-period (1902e1932,
1933e1967) calibration and verification statistics such as the
reduction of error (RE), coefficient of efficiency (CE), Sign test, and
Pearson correlation coefficient (Fritts, 1976; Cook and Kairiukstis,
1990) were used to test the fidelity of the reconstruction models
(Table 4, Fig. 6). The robustness of the models underpinned by
positive values of both the RE and the CE, which are the most
rigorous test of model validation, denotes significant statistical skill
in the reconstruction. On establishment of the veracity of calibra-
tion/verification statistics, we used 1902e1967 calibration for SPI
reconstruction, which captured 60% of the variance in the instru-
mental SPI7-May data and the model, in terms of calibration sta-
tistics, is the strongest thus far reported from the Indian region. The
reconstructed series revealed close year-to-year similarity and
significant correlation with SPI7-May in different sub-periods
(r ¼ 0.78, 1902e1967, two-tailed p < 0.0001; r ¼ 0.70, 1902e2011,
two-tailed p < 0.0001). The correlations were also found statisti-
cally significant between reconstructed SPI and SPI data calculated
using single station precipitation data of Mukteshwar (r ¼ 0.64,
1968e2011, two-tailed p ¼ 0.0001).

3. Results and discussion

3.1. Analyses of SPI reconstruction

The SPI7-May reconstruction spanning from 1720 to 2012 CE for
the Kumaun Himalaya revealed high year-to-year variability
(Fig. 7). The annual SPI7-May records (Table 5) show that 1816 was
the driest year (SPI �1.92) and 1737 the wettest (SPI þ2.33). The
impact of such droughts on socioeconomic system can be devas-
tating if drought similar to the magnitude of 1816 happens to recur
in near future as resource demands have increased many folds now
due to the burgeoning human population. The drought of 1816
coincides with the Tambora volcanic eruption, which is associated
with the most destructive episode of abrupt climate change in
modern historical record (Self et al., 2004). The unusual extreme
weather in 1816 caused poor agricultural yields and outbreak of
diseases like cholera and typhus in severalmid-latitude south Asian
countries and different parts of the world (Pisek and Br�azdil, 2006).
Large part of India also experienced unprecedented climate
anomalies in 1816 with erratic summer monsoon and severe
droughts (Jameson,1820). Climatemodel studies have also revealed

Fig. 5. Correlation functions of the PC#1 with 7-month SPI calculated for 1902e1967.
The dotted line shows 95% confidence level.

Table 4
Calibration, verification statistics of SPI7-May reconstruction; ar2-r2 adjusted after degrees of freedom, R- Pearson correlation, Sign test, RE (reduction of error) and CE (co-
efficient of efficiency) (Fritts, 1976; Cook and Kairiukstis, 1990). Levels of significance are indicated in parentheses.

S. No. Period Number of series Calibration Verification

Period ar2 (%) Period R Sign test RE CE

1 1730e2012 2 1902e1932
1933e1967
1902e1967
1968e2011
1902e2011

64
52
60
40
48

1933e1967
1902e1932
1968e2011
1902e1967

0.73 (0.0001)
0.81 (0.0001)
0.64 (0.0001)
0.78 (0.0001)

25þ/10� (0.0167)
28þ/3� (0.0000465)
32þ/12� (0.00366)
50þ/16� (0.0000333)

0.429
0.597
0.360
0.416

0.428
0.597
0.357
0.413
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decrease in summer monsoon rainfall over India in response to
Mount Pinatubo eruption in 1991 (Joseph and Zeng, 2009), how-
ever, there are regional and seasonal differences in volcanic forcing
on climate (Robock, 2000). The tree-ring data from semi-arid and
arid regions of the western Himalaya have revealed winter and
spring droughts in 1816 over large part of the western Himalaya
(Yadav, 2013). Long-term tree-ring-based drought records from
different parts of the Himalaya should help in understanding the
impact of volcanic eruptions on climate over orography dominated
mid-latitude regions. Our reconstruction further revealed droughts
in successive years in 1921e1923 and 1966e1967 in Kumaun re-
gion. The SPI7-May was found to have remained above þ1 from
1913 to 1916 and 1723e1724 indicating pluvial conditions. The dry
and wet anomalies diagnosed from 3 and 5-year running mean of
the reconstructed SPI series are indicated in Table 5. The SPI of 3-
year mean indicated that the 1921e1923 were the driest and
1913e1915 the wettest in context of the past ~300 years. The 5-year
mean SPI revealed droughts in 1920e1924, 1782e1786, 1812e1816,
1744e1748, 1964e1968 and pluvial in 1911e1915, 1723e1727,
1788e1792, 1758e1762 and 1733e1737 respectively.

To understand the regional signatures of climate in our SPI7-
May reconstruction we performed field correlation analyses using
CRU TS 3.22 gridded precipitation and temperature data (Harris
et al., 2014) available through the KNMI Climate Explorer (http://
climexp.knmi.nl; Oldenborgh and Burgers, 2005). The field corre-
lations revealed spatial coherence in drought variability over
Kumaun regionwith precipitation and temperature variations over
the north-eastern region of India and Nepal (Fig. 8). A comparison

of drought records presented here with the boreal spring precipi-
tation responsive ring-width chronology of birch (Betula utilis)
from Central Nepal (Dawadi et al., 2013) revealed consistency in
drought epochs in Kumaun and low growth indices of birch. Such a
large-scale spatial coherence in tree-ring records from distant re-
gions testifies the utility of our data in regional climatology. The
droughts recorded during 1910s and 1960s in the Kumaun Hima-
laya are consistent with the tree-ring records from high elevation
region of central Nepal Himalaya (Dawadi et al., 2013). The drought
of 1999, which was widespread in the central Asia as a whole
(Hoerling and Kumar, 2003) also occurred in the Kumaun andNepal
Himalaya as well (Sigdel and Ikeda, 2010). The droughts of 1974,
1985 recorded in our reconstructionwere also widespread in Nepal
largely due to winter precipitation failure (Sigdel and Ikeda, 2010).
Though the Pacific and Indian Ocean temperature anomalies have
been linked to the occurrence of such devastating droughts in the
Himalayan region, the temporal instability in the relationship
(Yadav, 2013) precludes reliable prediction of droughts in the re-
gion. As weather records from the orography dominated Himalayan
region are very limited, high-resolution annually resolved proxies
from a network of ecologically homogeneous sites should provide
more robust and valuable data to understand drought variability in
long-term perspective.

Weather records from different regions of westerly dominated
western Himalaya show large spatial variability in winter and
spring precipitation due to complex topography. The average pre-
cipitation in the westerly dominated region of the western Hima-
laya under the background influence of greenhouse warming is
projected to show high spatial variability (IPCC, 2013). The Upper
Indus basin under the dominant influence of westerly synoptic
systems is projected to experience pluvial 21st century resulting in
increased Indus flow (Ali et al., 2015). However, the projections for
the western Nepal show increasing drought due to decreasing
winter and spring season precipitation (Wang et al., 2013). Such a
heterogeneous behaviour in winter/spring precipitation in the
orography dominated western Himalayan region need to be
investigated in long-term perspective and for this annually
resolved large tree-ring data network from semi-arid to arid sites
should provide valuable baseline data.

3.2. Tree ring implications of drought records for Kumaun Himalaya

Tree-ring chronologies from thewestern Himalayan region used
to develop long-term drought records as a whole are very limited
(Cook et al., 2010; Ram, 2012; Sano et al., 2012; Yadav, 2013). Using
tree-ring chronology network from the monsoon Asia region
including those from the western Himalaya, Cook et al. (2010) first
developed June-July-August PDSI extending back to 1300 CE. The
monsoon Asia drought atlas (MADA) developed by Cook et al.
(2010) has revealed potential utility of data in understanding

Fig. 6. Observational and reconstructed SPI7-May plotted together for comparison (1902e1967 calibration period was used in reconstruction).

Fig. 7. SPI7-May reconstruction (1720e2012 CE) for Kumaun Himalaya overlaid with
10-year low pass filtered version (thick line). The pale red colour represents the 95%
confidence interval of the tree-ring-based SPI estimates. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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temporal and spatial variability in droughts and linkage with
oceanic forcing. Later Ram (2012) using ring-width chronologies of
Abies pindrow and Picea smithiana from Pahalgam, Jammu and
Kashmir (34�020N, 75�420E, 2900 m asl) developed summer
(AprileSeptember) PDSI extending back to 1820 CE. To understand
relationship between ring-width chronologies of respective species
with monthly PDSI variables Ram (2012) used PDSI data of one grid
point (33�450N, 73�450E; 1229 m asl; Dai et al., 2004). The cali-
bration model used to reconstruct mean summer (AprileSep-
tember) PDSI explained only 13% of the variance in observed PDSI
data. Sano et al. (2012) further used d18O chronology of Abies
spectabilis from Nepal to understand relationship with the mean
PDSI series prepared using data available from single grid point
close to tree-ring sites as well as three other grid points from
distant locations in Indian plains (Sano et al., 2012). The d18O series
on calibration with June-July-August-September (JJAS) mean PDSI
data series explained 33.7% of the variance in observational PDSI
data (1897e2000). More recently, Yadav (2013) developed Octo-
bereMay (OM) PDSI for a cold arid region of the western Himalaya
by applying nested approach with network of ring-width chro-
nologies of Himalayan cedar and neoza pine (Pinus gerardiana). In
calibration model (1949e2005) individual nests explained
~35e38% of the variance in observed OM PDSI data (Yadav, 2013). In
our opinion the weaker calibration statistics revealed thus far in
PDSI reconstructions from the Himalayan region could be either
due to the restricted availability of gridded PDSI data for the Hi-
malayan region (Dai et al., 2004) and/or low spatial coverage of
tree-ring data network (Ram, 2012; Sano et al., 2012; Yadav, 2013).
However, in our present study the calibration statistics with SPI7-
May was found to be much stronger even when only two site
chronologies of Himalayan cedar from dry sites in the Kumaun
Himalaya were used. In view of this, we strongly recommend that
the SPI should be taken as an option to reconstruct droughts over

different timescale in areas like the Himalaya where gridded PDSI
data are spatially limited.

3.3. SPI and wheat-barley productivity in the Kumaun Himalaya

Wheat and barley are themajor cereal crops in hill regions of the
Kumaun Himalaya where prevalence of cool climate and long
growing season is very conducive for cultivation of these crops.
However, the productivity of these crops is highly vulnerable to
fluctuations in precipitation as major part of the cropping area,
usually on terraced farms, are rainfed due to non-availability of
water and terrain constrains. As a whole, ~89% of the agriculture in
the Kumaun region is rainfed and the remaining fraction of irri-
gated area restricted to valleys (Anonymous, 2012). The rainfed
nature of agricultural practices in hilly terrains makes it vulnerable
to soil moisture fluctuations, which are a function of precipitation
over a period of several months. To understand if SPI, a metric of
drought, could be used to quantify drought impact on rabi crop
production we correlated different months SPI with wheat and
barley productivity data for Almora in the Kumaun Himalaya. The
crop productivity data available with us for Almora ranged from
1974 to 2010 with stray records of 1960s. We found that the SPI7-
May showed significant correlation with wheat and barley pro-
duction (r ¼ 0.60, 1974e2010, two-tailed p ¼ 0.0001) (Fig. 9).
However, we noted that the SPI7-April showed somewhat stronger
correlationwith wheat and barley production (r¼ 0.69,1974e2010,
two-tailed p ¼ 0.0001). The reconstructed SPI7-May indicated still
weaker correlation with wheat and barley production (r ¼ 0.44,
1974e2010, two-tailed p ¼ 0.0082), which could be possibly
improved further with the development of more robust re-
constructions by using larger tree-ring data network in the cali-
bration model. The decreased correlation between SPI7-May and
wheat-barley productivity compared to SPI7-April could be

Table 5
Individual years, 3-year and 5-year mean of SPI7-May as reconstructed from tree ring chronologies of Himalayan cedar from Kumaun Himalaya.

Individual years 3-year Mean 5-year Mean

Dry Wet Dry Wet Dry Wet

Year SPI Year SPI Year SPI Year SPI Year SPI Year SPI

1816 �1.92 1737 2.33 1921e1923 �1.08 1911e1913 1.14 1920e1924 �0.84 1911e1915 1.23
1745 �1.68 1913 1.69 1782e1784 �0.99 1735e1737 1.13 1782e1786 �0.82 1723e1727 1.03
1750 �1.50 1791 1.67 1972e1974 �0.86 1790e1792 1.12 1919e1923 �0.71 1788e1792 0.89
1813 �1.50 1732 1.67 1744e1746 �0.84 1724e1726 1.11 1812e1816 �0.71 1758e1762 0.77
1966 �1.45 1723 1.54 1966e1968 �0.84 1806e1808 0.83 1780e1784 �0.66 1733e1737 0.77

Fig. 8. Spatial correlation between reconstructed SPI7-May and CRU TS 3.22 for 1902e2012; A. with precipitation, and B. with temperature (http://climexp.knmi.nl, Oldenborgh and
Burgers, 2005). Dark filled and white stars represent Jageshwar and Gangolihat tree-ring collection sites in Kumaun Himalaya.
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largely for the reason that these crops mature and get usually
harvested in May, except in case of high elevation regions where
ripening of crops could be as late as in June.

We compared drought records developed from tree-ring chro-
nologies with the periods of food shortages reported in the Kumaun
region and observed that many of the drought indices were asso-
ciated with rabi crop failures. Interestingly we noted that the low
SPI indices (<1) indicating droughts recorded in 1890, 1892, 1896,
1897 were associated with rabi crop failures in Kumaun
(Anonymous, 1898). The rabi crop failure in 1908 in Kumaun and
Garhwal (Walton, 1910) was also consistent with negative SPI7-
May values in observational as well as tree-ring-based recon-
struction. The negative SPI7-May values during 1920e1924
revealed persistent droughts in the Kumaun region, which could
have caused failure of rabi crop production. Interestingly, unprof-
itable farming of local farming community during this multiyear
drought period is found to be consistent with the reduction in
cultivation area of wheat and barley in the Kumaun region (Mittal,
1986) and rise in food grain prices (Anonymous, 1981). The food
scarcity in the Kumaun region also occurred in drought year of 1939
due to rabi crop failure (Das, 1999). The SPI values indicating
droughts in the Kumaun during 1963e1974 were also associated
with the severe reduction in rabi crop production. In such a pro-
tracted drought period thewheat-barley productionwas the lowest
especially in 1966 (Anonymous, 1971). The cultivation of wheat and
barley was not preferred by the farming community during such an
extended drought period of 1960s and even the utilization of
improved quality seeds of these crops dropped in Almora District
during this period (Anonymous, 1971). The winter droughts of
2008e09 in Kumaun were also found to be consistent with
droughts in western Nepal when wheat and barley production
dropped by 50% in comparison to the previous year (Wang et al.,
2013). The winterespring precipitation has shown downward
trend since 1995 in western Nepal which had serious agro-
economic implications (Wang et al., 2013). Viewing on such a
tight linkage between SPI records and production of wheat and
barley in hill regions, it is hoped that larger tree-ring data network
from moisture stressed sites in the Kumaun Himalaya should pro-
vide valuable data base to understand temporal variability in rabi
crop productivity associated with droughts in long-term
perspective.

4. Conclusions

We developed SPI7-May reconstruction (1720e2012 CE) using
tree-ring width chronologies of Himalayan cedar developed from
two ecologically homogeneous moisture stressed sites in the

Kumaun Himalaya, India. The SPI7-May reconstruction developed
for the Kumaun Himalaya, which captured 60% of the variance in
observational SPI data in calibration model (1902e1967), is the
strongest thus far from the Indian region. On the basis of such a
strong calibration statistics we recommend that the tree-ring re-
cords frommoisture stressed sites in the Kumaun Himalaya should
be used to develop long-term SPI records to understand temporal
and spatial variability in droughts.

The reconstructed SPI7-May data revealed high year-to-year
variability. The most revealing multi-year droughts occurred in
1920e1924, 1782e1786, 1812e1816, 1744e1748, 1964e1968 and
pluvial in 1911e1915, 1723e1727, 1788e1792, 1758e1762 and
1733e1737 respectively. The SPI7-May records developed for the
Kumaun region further revealed significant relationship with the
productivity of wheat and barley crops in Almora, close to our tree-
ring study sites. The rabi crop failures and food scarcity in the
Kumaun region were found to be linked with the drought years
recorded in observational and reconstructed SPI7-May series. Such
a relationship between drought indices and wheat-barley produc-
tivity revealed the potential utility of tree-ring data in under-
standing the variability in food-grain production in rainfed regions
of the Kumaun Himalaya in long-term perspective.
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