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A B S T R A C T

To better understand long-term drought variations in the central Himalaya, we developed new tree-ring width

chronologies of Himalayan spruce (Picea smithiana (Wall.) Boiss.) from three sites in the north-western Nepal.

The local site chronologies showed high cross correlations and similar growth-climate responses to regional

spring drought variability. We thus combined all site chronologies into a regional composite (RC) standard

chronology that spans 516 years (1498–2013 CE). The RC chronology showed significant positive (negative)

correlations with spring (March–May) precipitation (temperature) variability. Meanwhile, RC chronology

showed the highest correlation with spring self-calibrating Palmer drought severity index (scPDSI, r = 0.652,

p < 0.001), indicating that radial growth of P. smithiana is strongly limited by spring moisture availability.

Using RC chronology, we reconstructed the spring drought variability for the period 1725–2013, which ex-

plained 42.5% variance of the actual scPDSI during the calibration period 1957–2012. Our reconstructed spring

drought variability in the central Himalaya showed consistent wet-dry episodes with other regional drought and

precipitation reconstructions from the Himalaya and nearby regions. Spectral peaks and spatial correlation

analysis indicate that spring drought variability in the central Himalaya may be linked to large scale climatic

drivers, mainly Atlantic Multidecadal Oscillation activities due to sea surface temperatures variation in the

Atlantic Ocean. Our reconstruction revealed a continuous shift toward drier conditions in the central Himalaya

since early 1980s that coincide with continental-scale warming and reduced spring precipitation in the central

Himalaya.

1. Introduction

The high mountains of Himalayas in south Asia are warming at an

alarming rate of 0.6 °C per decade, which is considerably higher than

the global average (Shrestha et al., 1999, 2012; IPCC, 2013). Increasing

sea surface temperatures (SSTs) concurred with global warming and

resulted in unusual El Niño–Southern Oscillation (ENSO) extreme

events in the late 20th century (Li et al., 2013). Repeated ENSO events

have contributed to mega-drought events over Asia due to failure of

south Asian summer monsoon (SASM) (Cook et al., 2010; Sano et al.,

2012). An overall weakening trend of monsoon precipitation have been

revealed on global scale (Wang and Ding, 2006; Zhou et al., 2008; Li

et al., 2010) as well as in the Himalayan region (Davtalab et al., 2015).

The climate conditions in the central and western Himalaya is domi-

nated by the SASM during summer, and the mid-latitude north-westerly

disturbances during winter and spring. Increasing drought in the recent

decades has been observed in the central Himalaya due to decreasing

boreal winter and spring precipitation (Wang et al., 2013; Cannon et al.,

2015; Gaire et al., 2017), and summer precipitation (Sano et al., 2012;

Xu et al., 2017). However, the heterogeneous behavior of drought

variability in the central Himalayan region and its teleconnection to the

global climate variability needs to be investigated in a long-term per-

spective.

Drought records are of utmost important in the ecologically sensi-

tive regions of the Himalaya (Yadav, 2013). The drought combined

with increasing temperature not only alters regional hydrological re-

gimes, but also triggers forest mortality and vegetation die-off

(Martínez-Vilalta and Lloret, 2016). Better understanding about the

underlying causes of historical droughts can provide deeper insight on

possible effects of climate change and vulnerability of human societies

to future droughts (Cook et al., 2010). The paucity of long-spanned and

spatial representative instrumental records in the Himalayas requires

the study of climate history from high-resolution proxy data like tree-

rings (Cook et al., 2003, 2010; Sano et al., 2012). Tree-ring data have
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been used to reconstruct historic droughts and precipitation in the

western Himalayan regions (Singh et al., 2009; Yadav, 2013; Yadav

et al., 2014; Yadava et al., 2016). However, dendroclimatic re-

constructions for the central Himalaya are rather scarce (Cook et al.,

2003; Sano et al., 2012; Thapa et al., 2015; Gaire et al., 2017). Cook

et al. (2003) established the most comprehensive tree-ring network

from 46-sites throughout Nepal and reconstructed February–June and

October–February Kathmandu temperature based on multi-species tree-

ring chronologies. Sano et al. (2012) reconstructed a summer drought

index based on tree-ring δ
18O isotope variations from Abies spectabilis

and found increasing aridity due to a weakening of SASM over the

central Himalaya since past two centuries. Thapa et al. (2015) re-

constructed spring temperature from Picea smithiana in the western part

of the central Himalaya, Nepal and revealed increasing spring tem-

perature since the 1980s. Gaire et al. (2017) reconstructed tree-ring

based March–June precipitation and found decreasing spring pre-

cipitation in the north-western part of the Nepal since mid-1970s. Other

studies disclosed the importance of spring moisture availability on tree

growth (Dawadi et al., 2013; Liang et al., 2014) and highlighted the

opportunity to reconstruct historic spring drought events in the central

Himalaya (Liang et al., 2014).

Spring moisture availability plays a crucial role for vegetation

growth, agricultural production, forest productivity and ecosystem

functions. Therefore, study on long-term perspective of spring drought

variability and its teleconnection to the ocean-atmospheric circulation

is a relevant issue. In this study, we developed a series of new tree-ring

width chronologies of Himalayan spruce (Picea smithiana) in the central

Himalaya, north-western Nepal and we aimed: 1) to identify the

dominant climatic factors limiting radial growth of high-elevation

Himalayan spruce, 2) to determine historical drought variations in the

central Himalaya, and 3) to evaluate the teleconnections of spring

drought variability with the global climatic drivers.

2. Materials and methods

2.1. Study area

The study area is located at Rara National Park (RNP) and adjacent

forests in the north-western part of the central Himalaya, Nepal (Fig. 1,

Table 1). Regional climate is warm and wet during summer, but rather

cold and dry during winter, and warm and dry during spring (Putkonen,

2004; Ichiyanagi et al., 2007). Monsoonal air masses originating from

Indian Ocean flow north to the Himalayan Mountains and cause

summer monsoon rainfall from June to September (Barry, 2008). In

contrast, boreal winter and spring precipitation is caused by dis-

turbances of the mid-latitude north-westerlies (Bräuning, 2004). The

east-west running main Himalayan massifs block monsoonal air masses

from flowing northward, creating a rain shadow zone with less pre-

cipitation and semi-arid site conditions (Bräuning, 2004; Barry, 2008)

in our study area. According to the meteorological records from Jumla

station (situated at 29.27°N, 82.18°E, 2366 m a.s.l.), the total annual

precipitation is 797 mm, 66.5% of which fall in summer (June to Sep-

tember) (Fig. 2a). Although spring (March–May) precipitation

(141 mm) contributes only 17.65% of total annual precipitation, it

plays a crucial role for vegetation growth, biomass gain and crop cul-

tivation in the Himalayas.

The average annual maximum, mean, and minimum temperatures

at Jumla are 20.6 °C, 12.7 °C, and 4.8 °C respectively, with a mean

temperature of 20.2 °C in July and 4.2 °C in January (Fig. 2a). Sig-

nificant increasing trend was observed for mean annual temperature

(0.26 °C/decade) and spring temperature (0.31 °C/decade) of Jumla

station (Fig. 2b) during 1969–2013. Spring and annual precipitation

showed no significant trend during the entire period 1957–2013

(Fig. 2c). No significant trend has been observed for regional self-cali-

brating Palmer drought severity index (scPDSI) from 1957 to 2013,

however both spring and annual scPDSI has been decreased since early

1980s (Fig. 2d).

2.2. Tree-ring data

Picea smithiana (Wall.) Boiss. (Himalayan spruce) is a native species

in the central and western Himalayas from Afghanistan to central

Nepal, and mostly grows on lithosol soils within an elevation belt of

2500–3300 m. The species is cold tolerant and either forms pure forest

stands on steep slopes or associates with various conifers, e.g. Abies

spp., Pinus wallichiana, and Juniperus indica or broad leaved trees such

as Betula utilis, Quercus semecarpifolia, and Juglans regia (Miehe et al.,

2015).

Fig. 1. Map of the study area showing sampling sites of Himalayan spruce, Jumla climate station and CRU scPDSI grid points in the central Himalaya, Nepal.
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Increment cores of Himalayan spruce were collected from three sites

at Rara National Park, and adjacent forests on north-west facing slopes

in the north-western part of the central Himalaya, Nepal (Fig. 1,

Table 1). Increment cores were sampled at breast height of healthy

living trees using an increment borer. All sampled increment cores were

air dried, and then the wood surfaces were polished with sanding pa-

pers of different grit until ring boundaries were clearly visible. Tree-

ring widths were measured under the stereomicroscope linked to a

LINTAB digital positioning table with a resolution of 0.001 mm

(LINTAB™ 6, Rinntech, Germany). Tree-ring measurements were cross-

dated to the calendar year of their formation by visual growth pattern

matching, and statistical tests using the software package TSAP-Win

(Stokes and Smiley, 1996; Rinn, 2003). Finally, a total of 85 increment

cores from 43 trees were selected after excluding poorly dated, frag-

mented and rotten cores.

The raw ring-width measurements were standardized to ring-width

indices by using the program ARSTAN (Cook, 1985). Standardization

maximize the climatic signals by removing biological growth trends

while preserving growth variations that are probably related to climate

variability and minimize the noise related to stand dynamics. Prior to

standardization, the variance of each series was stabilized to reduce the

heteroscedastic behavior using a data-adaptive power transformation

based on the individual mean and standard deviation (Cook and Peters,

1997). We applied a ‘double-detrending’ method to detrend the ring-

width series, firstly with a negative exponential or a linear regression

function, the resulted sequences were then detrended with a cubic

smoothing spline with a 50% frequency-response cut-off equal to 67%

the series length (Cook and Peters, 1997). Detrending with negative

exponential curve fitting removes the growth trends related to age,

since the nature of ring width is to decline with increasing age and stem

diameter. The cubic spline function removes the growth related to stand

dynamics effects, since our sampling sites are closed canopy forests

where growth is strongly influenced by competition (Cook and

Kairiukstis, 1990). Tree ring width indexes (RWI) of all detrended series

were averaged into a mean function of standard chronology to retain

multi-decadal low-frequency persistence. All detrended series were

averaged by computing the biweight robust mean to reduce the influ-

ence of outliers (Cook and Kairiukstis, 1990). The variance was stabi-

lized using the Rbar-weighted method to reduce the potential influence

of decreasing sample depths on mean tree-ring index values (Osborn

et al., 1997).

Several descriptive statistics i.e. average radial growth rate (AGR),

mean sensitivity (MS), and 1st-order autocorrelation (AC1) were cal-

culated for standard chronologies. The MS assesses year-to-year varia-

tion in growth index, while the AC1 evaluates relationships with pre-

vious growth (Fritts, 1976). The inter-series correlation (Rbar) and

expressed population signal (EPS) were calculated with a 50-year

moving windows and 25-year overlaps. Rbar is the strength of the

common signal in a chronology, while an EPS is a function of Rbar and

the sample size and indicate the arbitrary threshold value for shared

population variance of a chronology (Wigley et al., 1984).

Table 1

Characteristics of study sites and standard chronology statistics in the central Himalaya, north-western Nepal. Lat, latitude (°N); Long, longitude (°E); Elev., elevation; AGR, average radial

growth rate; MSL, mean segment length; MS, mean sensitivity; AC1, first-order autocorrelation; Rbar, mean inter-series correlation; RC, regional chronology.

Site code Lat (°N)/Long (°E) Elev. (m a.s.l.) Slope (°) Aspect Cores/trees Span AGR (mm) MSL MS AC1 Rbar

R3_04 29.527/82.064 3017 35 NW 42/25 1724–2013 2.39 136 0.218 0.777 0.434

R3_11 29.395/82.146 2712 5 NW 14/7 1498–2013 1.09 274 0.172 0.806 0.501

R3_12 29.385/82.154 3005 10 NW 20/10 1804–2013 2.17 131 0.167 0.768 0.544

RC 76/42 1498–2013 2.09 160 0.196 0.780 0.441

Fig. 2. Climate of study area: Climate diagram of Jumla station (a), and long-term changes of annual and spring (March–May) mean temperatures of Jumla during 1969–2013 (b),

precipitation of Jumla during 1957–2013 (c), and regional scPDSI during 1957–2013 (d).
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2.3. Climate data

Our study sites suffer from paucity of long-spanned instrumental

climate records, since most of the meteorological stations in the region

were established after the 1960s. Monthly precipitation (span

1957–2013) and temperature (span 1969–2013) records were obtained

from Jumla station nearby our sampling sites. The self-calibrating

Palmer drought severity index (scPDSI, van der Schrier et al., 2013), a

metric of meteorological drought, was obtained from the global Cli-

matic Research Unit (CRU) grids at half-degree spatial resolution

((Harris et al., 2014), CRUscPDSI3.25, https://crudata.uea.ac.uk/cru/

data/drought/). We averaged scPDSI datasets from nine CRU grids to

obtain the regional moisture conditions of the study area. The Atlantic

Multidecadal Oscillation (AMO) index was obtained from the NOAA

Earth System Research Laboratory (http://www.esrl.noaa.gov/psd/

data/timeseries/AMO/).

2.4. Tree-growth climate relationships and paleoclimate reconstruction

Tree-growth climate relationships were determined by computing

Pearson's correlation coefficients between ring width chronologies and

monthly series of temperature and precipitation from Jumla station and

mean scPDSI of study area for an 18-month period from May of pre-

vious growth year to October of the current growth year for their

common period, i.e. 1957–2013 for precipitation, 1969–2013 for tem-

perature and 1957–2012 for scPDSI. The results of growth-climate re-

lationships provided the basis to reconstruct historic spring

(March–May) drought variations in the central Himalaya, Nepal. Based

on the EPS threshold of 0.85, RC chronology back to 1725 CE was

considered as the reliable for reconstruction. Using the calibration

period of 1957–2012, a linear regression model was developed to re-

construct spring scPDSI and verified by leave-one-out cross-validation

(Michaelsen, 1987). Calibration model was validated by several rig-

orous tests such as F-test, standard error (SE), and Durbin–Watson (DW)

statistics for residual autocorrelation, while the verification was per-

formed using sign-test (ST), product mean test (Pmt), root mean square

error (RMSE), and reduction of error (RE) (Fritts, 1976; Cook and

Kairiukstis, 1990).

2.5. Spatial correlation and teleconnections

We performed spatial correlation analysis to investigate spatial re-

presentative of our reconstructed scPDSI. The spatial correlation was

analyzed with global CRU gridded land precipitation and CRU scPDSI

during spring (March–May) at half-degree spatial resolution. Spatial

correlation was performed via KNMI Climate Explorer (Trouet and

Oldenborgh, 2013; http://climexp.knmi.nl/) during the common

period 1957–2012 and the correlation coefficients were represented in

the field (p < 0.05). We performed power spectral analysis of our

spring drought variation based on the red noise background spectrum,

using the Multiple-Taper Method (MTM) (Mann and Lees, 1996). Spa-

tial correlation analysis was computed between reconstructed scPDSI

with global Sea surface temperatures (SSTs) to evaluate the coherency

and teleconnections of spring drought with global climate drivers.

3. Results

3.1. Characteristics of chronology statistics

The three local site-chronologies showed significant inter-site cor-

relations (average r = 0.480) for the common period 1850–2013

(Table 2), indicating a common growth signal under the common en-

vironmental forcing (Fig. S1). This is confirmed by the results of prin-

cipal component analysis (PCA), when PC1 explained 65% of the

common variance of the three site chronologies over the common

period 1850–2013 (Table S1). Moreover, the three local site-

chronologies showed similar tree-growth responses to the climate

variables (Fig. S2). Due to their close locations and similar growth-

climate responses, we pooled all individual tree ring-width series from

three sites, and developed a new regional composite (RC) standard

chronology that spans the period 1498–2013, i.e. 516 years (Fig. 3,

Table 1). Descriptive statistical characteristics of the local site and the

regional standard chronologies are shown in Table 1. The average ra-

dial growth rate (AGR) was relatively high (2.1 mm/year), while the

year-to-year growth variability (i.e. mean sensitivity, MS = 0.196) was

relatively low. The high first-order autocorrelation (AC1 = 0.78) in-

dicates the persistence of low frequency variance in our standard

chronologies (Fritts, 1976). This is likely since tree-growth at our study

sites is significantly influenced by previous-year climate conditions.

Relatively high inter-series correlations (Rbar = 0.441) confirm the

common signal shared among the individual tree-ring series (Table 1).

An EPS surpasses the arbitrary threshold of 0.85 after 1725 CE, except a

little reduction (EPS = 0.80) during the high growth period of

1775–1800 CE and thus, we considered the period 1725–2013

(289 years) for further analyses (Fig. 3).

3.2. Tree-growth response to climatic variables

The local site chronologies showed significant positive correlations

with March–May scPDSI and precipitation, while negative correlations

with March–May temperatures, and thus indicating a similar growth

response to climatic change (Fig. S2). The RC chronology showed sig-

nificant negative correlations with air temperature from February to

March (r =−0.55, p < 0.05) (Fig. 4a), and positive correlations with

March–May precipitation (r = 0.42, p < 0.05) (Fig. 4b). Furthermore,

Table 2

Pearson correlation coefficient matrix among the tree-ring width chronologies for the

common period 1850–2013. Significance level: ⁎⁎⁎p≤ 0.001.

R3_04 R3_11 R3_12

R3_04 1.00

R3_11 0.49⁎⁎⁎ 1.00

R3_12 0.41⁎⁎⁎ 0.53⁎⁎⁎ 1.00

Fig. 3. Regional composite standard chronology of Picea smithiana. (a) Running expressed

population signal (EPS) in a 50-year window and 25-year overlap, (b) sample depth, and

(c) ring width index chronology (thin grey line) with 10-year low-pass filter (red thick

line). (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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RC chronology showed significant positive correlations with scPDSI

throughout the year from November of previous growth year to October

of current growth year (Fig. 4c). The highest correlation was found

between RC chronology and March–May scPDSI (r = 0.652,

p < 0.001). This indicates that early growing season moisture is the

most critical limiting factor for growth of high-elevation spruce in the

central Himalaya.

3.3. Spring drought reconstruction and historic drought variations

A linear regression model (Y = 8.874X− 9.482, p < 0.001) was

developed to reconstruct March–May scPDSI variations in the central

Himalaya back to 1725 CE. Our reconstruction explained 42.5% of the

actual spring scPDSI variance during the calibration period 1957–2012.

The high value of R2 (0.425) and F-test (39.86) indicate the reliability

of the calibration model. The Durbin–Watson statistics (1.72) is ap-

proximately to 2.0, indicating a negligible autocorrelation of regression

residuals exist in our calibration model (Table 3). A visual comparison

also suggests that the reconstruction tracks well the actual March–May

scPDSI at both high- and low-frequency scales (Fig. 5a). Due to the

short calibration period, we employed a leave-one-out cross-validation

to verify our reconstruction. The positive high value of RE (0.39), and

the significant sign-test (+43/−13), Pmt (4.4), RMSE (1.45) between

the recorded data and the leave-one-out estimates verify the validity

and robustness of our reconstruction (Table 3).

The spring drought reconstruction revealed distinct dry and moist

periods over the past 289 years (1725–2013) in the central Himalaya,

north-western Nepal (Fig. 5b). The long-term mean of spring scPDSI

reconstruction was−0.82 (Figs. 5b, 7c), which indicate the region was

below normal moisture conditions. A total number of three extremely

dry (scPDSI≤−4.0), 15 severely dry (−4.0 < scPDSI≤−3.0) and

44 moderately dry (−3.0 < scPDSI≤−2.0) years were occurred in

our spring scPDSI reconstruction either individually or in multi-year

periods. The severe and extremely drought springs (scPDSI≤−3.0)

were occurred in 1747, 1755, 1757–1758, 1763, 1811–1813,

1819–1820, 1873, 1892, 1908, 1916, 1935, 1959, 1967 and 2010

(Fig. 5b, Table S2). In contrast, only two very wet springs

(scPDSI≥ 3.0) and five moderately wet springs (2.0≤ scPDSI < 3.0)

were identified during past 289 years. Very wet springs were prevailed

in 1886 and 1888, while moderately wet springs were occurred in

1732, 1786, 1883, 1887 and 1889 (Fig. 5b). During past 289 years, very

wet episode occurred once in 1883–1891 and while other mild wet

episodes occurred in 1725–1727, 1731–1732, 1783–1798, 1829–1832,

1977–1981, and 2002–2003. Compared to wet periods, dry episodes

were persistent for longer periods and occurred more frequently. Sev-

eral multi-year, decadal and multi-decadal moderate-to-severe drought

episodes occurred in 1730s–1770s, 1801–1804, 1807–1828,

1848–1876, 1892–1898, 1900–1912, 1915–1927, 1930s, 1940s–1960s

and 1980s–1990s, and 2006–2013 (Fig. 5b, Table S2).

Fig. 4. Correlation coefficients of regional standard chronology with: (a) monthly tem-

peratures (line-circles) at Jumla station during 1969–2013, (b) monthly precipitation

(grey bars) at Jumla station during 1957–2013, and (c) monthly scPDSI (black bars) of

regional CRU grids during 1957–2012. Horizontal dashed grey and light grey lines in-

dicate the 95% and 99% confidence levels, respectively.

Table 3

Calibration and leave-one-out verification statistics of spring scPDSI reconstruction for

the common period 1957–2012. SE, standard error of estimates; DW, Durbin–Watson

statistics; ST, sign test; Pmt, product mean test; RE, the reduction of error; RMSE, root

mean square error. Significance level: ⁎⁎⁎p < 0.001.

Calibration model: Y = 8.874X− 9.482, p < 0.001

Period R R2 R2
adj F SE DW

1957–2012 0.652⁎⁎⁎ 0.425⁎⁎⁎ 0.414⁎⁎⁎ 39.86⁎⁎⁎ 1.43⁎⁎⁎ 1.72

Leave-one-out verification

Period Rver R2
ver ST Pmt RMSE RE

1957–2012 0.625⁎⁎⁎ 0.390⁎⁎⁎ +43/−13⁎⁎⁎ 4.402⁎⁎⁎ 1.45⁎⁎⁎ 0.389

Fig. 5. Spring (March–May) scPDSI reconstruction in the central Himalaya. (a) The actual

(black line) and reconstructed (red line) scPDSI during their common period 1957–2012,

and (b) Reconstructed spring scPDSI (blue line) along with 10-year low pass filter (red

line) spanning 1725–2013 CE. The horizontal grey lines represent severity of dry-wet

categories (van der Schrier et al., 2013. (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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3.4. Spatial correlation and teleconnections

The spatial correlation analysis showed that the actual and re-

constructed spring scPDSI correlated positively with CRU gridded

March–May scPDSI and precipitation in the central Himalaya and vi-

cinities (Fig. 6). The positive correlations between spring drought and

gridded March–May scPDSI in the field covered across the central and

western Himalaya including north India and south-west of Tibetan

Plateau (Fig. 6a). Similarly, the spring scPDSI showed positive corre-

lations with gridded March–May precipitation in the western Himalaya

and north-western part of central Himalaya. Both reconstructed and

actual spring scPDSI showed correlations in the same region, although

the magnitude of correlation coefficients was higher and across the

larger territory for actual scPDSI than the reconstructed scPDSI. This

indicates the coherency influence of regional climate on drought

variability in our study region (Fig. 6). Furthermore, the wet-dry epi-

sodes in our reconstructed spring drought series are consistent with

wet-dry episodes in other drought and precipitation reconstructions in

the Himalayas and vicinities (Fig. 7).

Power spectral analysis showed significant high-frequency domains

of 2.0 and 2.6–2.9 years, and low-frequency domains of multidecadal

cycles of 41–72 years (Fig. 8a). The 2.0–3.0 year high-frequency do-

mains are related to ENSO activities (Sano et al., 2012), while the

41–72 years low frequency domains belong to AMO activities (Gray

et al., 2004; Yadav, 2013). Meanwhile, wavelet analysis showed most of

variances concentrated around low frequency of 64.0 year cycles for the

period 1725–2013 (Fig. 8b). The reconstructed spring drought series

showed significant negative correlation with north Atlantic field SSTs of

previous winter and current spring (Fig. 9). Meanwhile, our spring

drought reconstruction showed significant (p < 0.05) negative corre-

lation with observed monthly AMO indices of previous winter

(r =−0.42) and current spring (r =−0.32) during calibration period

(Fig. S3), which indicates that spring drought over the central Himalaya

Fig. 6. Spatial correlation of reconstructed (left panel) and actual (right panel) spring scPDSI with CRU scPDSI (a and c), and CRU precipitation (b and d). Correlations were computed in

the field at half-degree spatial resolution via KNMI climate explorer (https://climexp.knmi.nl) for the common period 1957–2012. The horizontal color bar represents the scale of

correlation coefficients. Only statistically significant values (p≤ 0.05) were mapped.

Fig. 7. Tree-ring based dry-wet periods in the central and western Himalayas. (a)

June–September PDSI reconstruction in the central Himalaya (Sano et al., 2012), (b)

March–June precipitation reconstruction in the central Himalaya (Gaire et al., 2017) (c)

March–May scPDSI reconstruction in the central Himalaya (this study), (d) February–May

precipitation reconstruction in the western Himalaya (Yadav et al., 2014), and (e)

March–July precipitation reconstruction in the western Himalaya (Singh et al., 2009).

The vertical grey shadings denote the dry episodes and the blue arrows indicate the recent

intensifying drought. (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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has coherency with higher fluctuations (warmed phases) of AMO.

4. Discussion

We found that radial growth of Himalayan spruce were positively

(negatively) related to precipitation (temperature) during the spring

season. Further correlations with scPDSI confirmed that the spring-

moisture availability was a crucial tree-growth limiting factor in the

central Himalaya (Fig. 4). The spring drought stress influences the onset

of xylogenesis and xylem cell production and finally controls tree-

growth of high elevation forests (Bräuning and Grießinger, 2006; Fan

et al., 2008; Dawadi et al., 2013; Liang et al., 2014; Ren et al., 2015; Li

et al., 2016). High temperatures in spring enhance evapotranspiration

and decrease soil moisture availability (Fan et al., 2008; Liang et al.,

2014). Similarly, high temperature in previous summer enhances plant

respiration and reduces the translocation of non-structural carbohy-

drate in the stem, as well as reduces the food reserve storage in the

needles for tree-growth in the following spring (Fritts, 1976). The high

value of first-order autocorrelation also supports the evidence that

current tree-growth is significantly influenced by previous-year growth.

The positive relationships between tree growth and spring moisture

availability is supported by several studies in the central Himalaya

(Dawadi et al., 2013; Liang et al., 2014; Gaire et al., 2017), in the

western Himalaya (Yadav et al., 2014; Yadava et al., 2016), and other

regions (Fan et al., 2008; Ahmed et al., 2012; Li et al., 2016). The ne-

gative relationship of radial tree growth with early growing season

temperature is supported by a number of studies in high-elevation

forests from central and western Himalayas (Dawadi et al., 2013; Liang

et al., 2014; Yadav et al., 2014; Thapa et al., 2015; Gaire et al., 2017),

Karakoram Range (Ahmed et al., 2012), Hengduan Mountain (Fan

et al., 2008), and the south-eastern Tibetan Plateau (Bräuning and

Grießinger, 2006; Li et al., 2016).

The spring drought reconstruction during the past 289 years

(1725–2013 CE) reveals strong inter-annual to multidecadal drought

variations in the central Himalaya (Fig. 5c). The most prominent spring

wet episode occurred in 1883–1891 coincided with high precipitation

period in the central (Gaire et al., 2017) and western (Yadav et al.,

2014) Himalaya, while the wet episode during 1783–1798 coincided

with high precipitation events in the western Himalaya (Yadav et al.,

2014). The severe multi-decadal spring drought during 1730s–1770s in

the central Himalaya was consistent with several low spring pre-

cipitation events (Singh et al., 2009; Yadav et al., 2014; Yadava et al.,

2016) and spring drought (Yadav, 2013) over the western Himalaya,

the south-east Tibetan Plateau (Li et al., 2016), and Hengduan Moun-

tain (Fan et al., 2008). The early-19th century (during 1801–1804 and

1807–1828) severe-to-extreme spring drought episode in the central

Himalaya is synchronous with several drought periods due to reduced

spring precipitation in the western Himalaya (Singh et al., 2009; Yadav

et al., 2014). Meanwhile, spring drought episode in 1848–1876 over the

central Himalaya coincide with several reduced spring precipitation

events in the central (Gaire et al., 2017) and western (Singh et al., 2009;

Yadava et al., 2016) Himalayas, and spring drought events in the

western Himalaya (Yadav, 2013). The severe spring drought during

1892–1898 concurred to the reduced spring precipitation in the central

Himalaya (Gaire et al., 2017).

The long-term mean of whole reconstruction series was generally

below normal moisture conditions (Figs. 5b, 7c). The 20th century in

the central Himalaya has been experienced much frequent severe spring

drought episodes and was below long-term means. The mild-to-severe

spring drought episodes during 1900–1912 in the central Himalaya is

consistent with drought events reported by Sano et al. (2012) and low

precipitation events in the central (Gaire et al., 2017) and western

Himalaya (Singh et al., 2009; Yadav et al., 2014). Similarly, the drought

Fig. 8. Power spectral analysis of reconstructed March–May scPDSI (1725–2013 CE) in

the central Himalaya. (a) Power spectrum (black thick line) with null (grey line), with the

pink, blue, and red lines represent 90%, 95% and 99% significance level, respectively,

and (b) Morlet global wavelet spectrum at 95% level of confidence (black lines/contours)

based on red-noise background. The cross-hatched region of the cone depicts the spectrum

with higher edge effect. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 9. Spatial correlation analysis between reconstructed March–May scPDSI and Hadley

Centre Sea Ice and Sea surface temperatures (HadISST1) at 1° spatial resolution. (a)

March–May SSTs, and (b) previous October to current February SSTs. Correlations were

computed in the field for the common period 1957–2012 and only statistically significant

values (p≤ 0.05) were mapped. The horizontal color bar represents the scale of corre-

lation coefficients.
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episodes during 1915–1927, 1930s and 1940s–1960s coincided with

reduced boreal spring precipitation events in the central (Gaire et al.,

2017) and western Himalayas (Yadav et al., 2014). Singh et al. (2009)

also observed reduced precipitation events during 1930s–1940s in the

western Himalaya.

Our reconstructed (Figs. 5, 7, Fig. S3) and actual (Fig. 2d) spring

scPDSI variations revealed a continuously shift toward drier conditions

after the 1980s, a tendency also noted in several other tree-ring studies

(Sano et al., 2012; Singh et al., 2009; Yadav et al., 2014; Gaire et al.,

2017). This spring drying trend over the central Himalaya coincides

with continental-scale warming (Pages 2k Consortium, 2013). Spring

temperatures were increasing since the 1980s in the central Himalaya

(Thapa et al., 2015), which is also revealed from the temperature record

at Jumla station (Fig. 2b). The intensified winter and spring droughts in

the central Himalaya have been attributed to the reduced mid-latitude

north-westerly disturbances (Wang et al., 2013; Cannon et al., 2015).

The observed winter and spring AMO variations have been increasing

since 1980s (Kaplan et al., 1998), which could be responsible for de-

creased mid-latitude north-westerly disturbances. At the same time

mid-latitude boreal spring precipitation are decreasing in the central

(Gaire et al., 2017) and western Himalaya (Singh et al., 2009; Yadav,

2011a, 2011b; Yadav et al., 2014; Yadava et al., 2016), and the spring

drought events have been increased in the western Himalaya (Yadav,

2013).

Spring drought variations over the central Himalaya is associated

with large-scale ocean-atmospheric circulations (Yadav, 2013). The

ocean-atmospheric circulation is a strong factor to drive climate

variability. The 2.0–3.0 year high-frequency domains and

41.0–72.0 years low frequency domains detected from power spectra

analysis (Fig. 8) indicate the spring drought variability in the central

Himalaya may teleconnected to the ENSO and AMO activities. The

2.0–3.0 year high frequency cycles fall in the range of ENSO activities

(Sano et al., 2012), and thus indicate the ENSO may have influence in

the local drought variations in the central Himalaya (Gaire et al., 2017).

Similar results have also been observed in other tree-ring based pre-

cipitation and drought reconstructions from the Himalayan region

(Singh et al., 2009; Sano et al., 2012; Yadav et al., 2014; Gaire et al.,

2017). The 41.0–72.0 year low frequency cycles belong to Atlantic

Multidecadal Oscillation (AMO) activities (Gray et al., 2004; Mann

et al., 2009; Yadav, 2013). The AMO activities may have significant

contributions for spring drought variability (Yadav, 2011a, 2011b,

2013).

The teleconnections with SSTs indicate a coherent relationship of

spring drought in the central Himalaya with global climate drivers. The

warm (cool) SSTs over the Atlantic Ocean are associated with dry (wet)

springs in the central Himalaya. The increased Atlantic SSTs are re-

sponsible for warmed phase of AMO (Mann et al., 2009; Yadav, 2011a).

Warmed phase of AMO could decrease the intensity of mid-latitude

north-westerly disturbances over the central Himalaya (Cannon et al.,

2015). The mid-latitude north-westerly disturbances are the major

source of boreal precipitation in the central and western Himalayas

(Wang et al., 2013; Cannon et al., 2015). This reveals the evidences that

North Atlantic Ocean climate has an influence on spring hydroclimate

variability in the central Himalaya.

5. Conclusions

We presented a new tree-ring chronology of Picea smithiana ex-

tending back to 1498 CE, which provides evidence for tree-ring based

spring drought variability over the past 289 years (1725–2013 CE) in

the central Himalaya. Several mild-to-severe drought episodes occurred

in 1730s–1770s, 1801–1804, 1807–1828, 1848–1876, 1892–1898,

1900–1912, 1915–1927, 1930s, 1940s–1960s and 1980s–2013. The dry

and wet episodes were generally consistent with previous studies from

Himalaya and vicinities. Drought variability in the central Himalaya

was mainly associated with disturbances of mid-latitude north-

westerlies due to Atlantic Multidecadal Oscillation (AMO). Consistently

shift toward drier conditions since the early 1980s in the central

Himalaya synchronized with anthropogenic global climate warming.

Moreover, the continuous warming and drying climatic conditions

could have far-reaching ecological impacts over the Himalayan forests.

Thus, high-elevation Himalayan forests may become increasingly vul-

nerable to the drought stress and may trigger the vegetation growth

decline. There is an urgent need to develop adaptive strategies for

coping with this drying trend by improving sustainable forest man-

agement, agricultural practices and natural resources usage.
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