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The Himalayas has a significant impact not just on the Indian subcontinent’s

monsoon patterns but also on the global climate. Monsoon failure causing

drought has become more common in recent years. As a result, it poses

a major threat to ecosystem sustainability. We reported for the first time, a

climatic-sensitive tree ring chronology of a broadleaf tree, Rhododendron

arboreum, spanning 1732–2017 CE from the Himalayan region. We discovered

that the climate during the monsoon season limits the growth of this tree

in this region. The correlation analysis between tree ring chronology and

climate revealed a significant positive relationship with precipitation (r = 0.63,

p < 0.001) and a negative relationship with temperature (r = −0.48, p < 0.01)

during the months of June–August (JJA). This strong relationship allowed

us to reconstruct monsoon precipitation spanning 1780 to 2017 CE which

explained 40% of the variance of the observed climate data for the calibration

period. The reconstructed data are validated by the existence of a significant

association with the gridded JJA precipitation data of the Climate Research

Unit (CRU) of this region. The monsoon rainfall record captured extremely wet

years during 1793, 1950, 2011, 2013, and 2017 and extremely dry years during

1812, 1833, 1996, 2002, 2004, and 2005. The extremely dry and wet years well

coincided with major catastrophic historical and instrumental droughts and

floods in the region. Furthermore, the reconstructed data are also validated

by the significant positive correlation (r = 0.36, p < 0.001, n = 163) with the all

Indian summer monsoon rainfall series. Such data will be useful to predict the

incidence of future droughts, which can help to assess the vulnerability of the

forest ecosystem to extreme events.
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1. Introduction

Comprehending the long-term frequency and severity of
drought occurrences caused by monsoon failure is critical for
understanding the negative impacts on natural ecosystems,
food security, the economy, society, and civilization (IPCC,
2014). The Himalayas, which have the largest snow cover
outside of the South and North Poles, act as a third pole. It
has a significant impact on the monsoon climate dynamics
of the Indian subcontinent and other regions of the world.
The major shifts in climate causing floods and droughts are
linked with the rise and fall of civilizations (Kathayat et al.,
2017). The potential effect of hydroclimate alterations as a
result of a changing global climate creates significant issues in
mountainous regions, which are a source of public concern
(Tiwari et al., 2018; Valdiya, 2020; Shekhar et al., 2022). The
Indian summer monsoon is connected to numerous large-
scale ocean/atmospheric circulation patterns and is exacerbated
under global warming scenarios (Lal, 2003; Kripalani et al.,
2007; Lucas-Picher et al., 2011; Menon et al., 2013; Roxy
et al., 2015; Huang et al., 2020; Sabin et al., 2020). Studies
have shown that monsoon dynamics are complicated and
that spatiotemporal coverage of paleoclimatic data has to
be enhanced to better understand long-term changes in
atmospheric circulation patterns in monsoon Asia (Kale et al.,
2003; Gupta et al., 2019). To enhance knowledge of the
dynamics and causes of monsoon variability in Southeast Asia,
several proxies, such as tree rings, ice cores, and speleothems,
have been investigated to extend climatic records (Singhvi
and Kale, 2010). Tree ring width is a commonly used proxy
in the Himalayan regions to reconstruct precipitation and
temperature (Bhattacharyya and Yadav, 1999; Singh et al.,
2006; Yadav et al., 2011; Shekhar, 2014; Shekhar et al., 2022),
relative humidity (Dhyani et al., 2021b), and droughts (Cook
et al., 2010; Yadav et al., 2017; Shekhar et al., 2018; Dhyani
et al., 2022a). In addition, a gridded spatial reconstruction
of the Palmer Drought Severity Index (PDSI) throughout
Asia included building the Himalayan drought history (Cook
et al., 2010). There is a lack of tree ring width data from
trees sensitive to monsoon precipitation in these studies,
which were largely based on tree ring analysis of conifer
trees, and are suited for the study of mostly pre-monsoon
temperature and precipitation (Yadav et al., 1999, 2011; Singh
et al., 2006; Dhyani et al., 2022b). The ability to reconstruct
monsoon precipitation from the core monsoon area is limited,
owing to a lack of lengthy meteorological data to calibrate
and the assumption that trees associated with generally
humid or copious rainfall have weak climate-sensitive tree
ring sequences (Bhattacharyya et al., 1992; Bhattacharyya and
Yadav, 1999). In the Himalayan region, there are various
broad-leafed tree species with unique growth rings (Gamble,
1922; Bhattacharyya and Yadav, 1999; Dhyani et al., 2021a),

and their responses to climate change may vary from
conifers.

However, no effort has been made to reconstruct climate
using tree ring data from this broad-leafed tree from the
Himalayan region. In order to fill this gap, we examined the
tree rings of Rhododendron arboreum which is an essential
component of subtropical to temperate forests in the Himalayas.
The Rhododendron genus, as a whole, confines in a vast variety
of forests from lower subtropical to alpine and extending
from east to west Himalayas (Wester et al., 2019). In the
Himalayas, this genus has 87 species, six of which have been
identified from the Western Himalayan region (Sekar and
Srivastava, 2010). It may grow in a variety of conditions,
including steep zones with a lot of rain (Cox, 1990; Gibbs
et al., 2011). Despite its vast range of niches from subtropical
to alpine, tree ring research has been limited mostly to its
shrub form in the Hindu Kush Himalaya (HKH) mountain’s
tree line zone (Liang and Eckstein, 2009; Kong et al., 2012;
Li et al., 2013; Bi et al., 2017). The tree ring sequence
of Rhododendron spp. extends up to 400 years (Lu et al.,
2015).

The objective of the present study was to develop the tree
ring chronology of a broad-leafed tree Rhododendron arboreum,
from the Western Himalayan region and assess its potential
for hydroclimatic reconstruction and its linkages to rising
temperatures and erratic monsoon precipitation as a result
of global warming.

2. Materials and methods

2.1. Study area and sample collection

For the present study, the target area of Darma valley
falls in an area under Pithoragarh District in Kumaun
Province (290 59′ to 300 04′ N and 800 28′ to 800 57′

E). This site is located in the eastern part of the Western
Himalayas (Figure 1). In this area, R. arboreum is an under-
canopy medium-sized evergreen tree growing between 1,200 m
and 3,000 m altitude, mostly in oak-dominated forests. We
collected 84 increment cores from 45 R. arboreum trees
growing at the upper approximately limit of the forest around
2,700 m in a south-facing moderate gently slope, using the
dendrochronological concept that trees from the ecotone
zone of forests along altitudinal range have comparatively
more climatic sensitive tree rings. Considering this view,
we have selected trees growing in the ecotone of temperate
and subalpine forests at the study site. We have collected
a minimum of two cores from each tree at a height of
approximately 1.37 m, using an increment borer, preferably in
the opposite direction except in some trees where other sides
are rotten.
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FIGURE 1

Map of the study sites showing tree ring sampling locations (green trees) and nearest Climate Research Unit (CRU) grid locations (red squares).

2.2. Climate data

In order to establish relationships between tree growth and
climatic parameters, climate data from surrounding tree ring
sites are often preferable. However, there are few meteorological
stations with long records in the Himalayan region, and
most of them are located distant from tree ring sampling
locations. In the absence of a meteorological station at the
close of the sampling site, we used g data for tree growth
climate relationships that would reflect the natural habitat of
Rhododendron. Monthly temperature and precipitation data
from the gridded data set CRU TS version 4.01 (Harris et al.,
2020) with a spatial resolution of 0.5

◦

× 0.5
◦

were used
as a predictor for tree growth–climate response analyses for
the period of 1901–2017 CE. The area receives most of its
rainfall during the summer monsoon season (June–September)
which contributes 70.45% of the total. The rainfall during the
winter season (December–February) is quite low (Figure 2A).
The annual mean temperature in the study area is 11.7◦C,

varying from 9–16◦C in spring (MAM) to 17–17.95◦C in
summer (JJAS) and in winter from 3 to 5◦C (Figure 2B). The
higher temperature is observed during June (17.95◦C) and July
(17.81◦C).

2.3. Tree ring chronology

Samples were mounted and processed using standard
procedures of tree-ring analysis. Boundaries of tree rings
in R. arboreum are faint, delineated by a light line of
terminal parenchyma. Thus, counting rings under a stereo-
zoom microscope required careful examination. Each ring of
these cores was dated to the calendar year of its formation using
the cross-dating technique (Fritts, 2012). The ring widths of
each dated core were measured using an increment measuring
stage with 0.001 mm precision coupled with a microcomputer.
Later, these measurements and dates were checked using the
computer program COFECHA (Holmes, 1983; Grissino-Mayer,
2001). Cores having errors were reexamined to evaluate the
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FIGURE 2

Boxplot showing monthly mean climate data for the region.
(A) Monthly mean precipitation; (B) monthly mean temperature
over the period 1902–2017.

source of the errors, and corrections were made. Ring-width
data were standardized using the program ARSTAN (Holmes,
1983), which removes growth trends related to age and stand
dynamics while retaining the maximum common signal to form
tree-ring indices. For standardization, we used the cubic spline
method using a cutoff of 2/3 of the time series to enhance the
common climate signal in the chronology (Cook and Holmes,
1996). The variance of individual tree ring width data was
stabilized using power transformation method by minimizing
the heteroscedasticity before the standardization (Cook and
Peters, 1997). We used residual chronology (Figure 3) that
was developed using an autoregressive model by removing
persistence from the raw tree ring chronology (Cook and
Peters, 1997). The chronology was evaluated by several statistical
parameters including mean sensitivity (MS), signal-to-noise
ratio (SNR), common variance (Rbar), and low first-order
autocorrelation (AC1) which are commonly used in tree ring
analysis (Fritts, 2012). We also employed the Durbin-Watson
statistic test in order to confirm that the residuals from the
observed and reconstructed data are independent and have no
autocorrelation (Fritts, 2012). The expressed population signal
(EPS ≥ 0.85) was taken as an indicator of the threshold for
dendroclimatic reconstruction (Wigley et al., 1984).

2.4. Statistical analysis

The climate-tree growth relationship was analyzed using
Pearson’s correlation coefficients on a monthly basis for the
identification of significant months or seasons limiting the
growth of Rhododendron from the common period of tree
ring chronology and climate record (1902–2017 CE). Both
the stability and reliability of the regression equations were
assessed using the split sample method (Fritts, 1991). These
validation trials were performed by calibrating climate data from
a sub-period 1902–1957 CE and verifying the reconstruction
using the remaining data from 1958 to 2017 CE. The results
were evaluated by the correlation coefficient (r), sign test
(ST), reduction of error test (RE), product mean test (t), and
coefficient of efficiency (CE) during the verification period
(Fritts, 2012). The values of RE and CE greater than zero
specify well model skill (Cook et al., 1999). Moreover, the values
of CE are more rigorous and are typically lower than those
of RE, but it is more difficult for CE values to pass the test
(Cook et al., 1999). We quantified high and low precipitation
here based on values greater or lesser than mean ± standard
deviation (m ± 1 SD). The extreme high and low precipitation
was designated based on values greater or lesser than m ± 2
SD. To analyze the cyclic behavior of reconstructed data, we
performed spectrally and wavelet analysis (Grinsted et al.,
2004). We also assessed the regional behavior of reconstructed
data, by spatial correlation of reconstructed data with gridded
Climate Research Unit (CRU TS4.02) precipitation (Harris et al.,
2020) using KNMI climate explorer (Van Oldenborgh and
Burgers, 2005). We also analyzed the effect of the El-Nino
Southern Oscillation (ENSO) on our tree ring chronology using
correlation with NINO3.4 sea surface temperatures (SSTs) and
Pacific Decadal Oscillation (PDO). Moreover, we performed a
21-year moving correlation analysis with the time series of the
reconstructed monsoon and NINO3.4 and PDO, respectively,
to understand their long-term teleconnections. Furthermore, we
made correlation analysis between the reconstructed data with
all Indian summer monsoon rainfall (ISMR) to validate whether
the monsoon precipitation of this site is a part of the Indian
summer monsoon regime. We have also performed a regime
shift analysis method to determine the timing and magnitude
of regime shifts in the reconstructed data (Room et al., 2022).

3. Results

3.1. Tree ring chronology statistics

Tree ring width index (RWI) chronology of 286 years
(spanning 1732–2017 CE, Figure 3) revealed a moderate MS,
high SD, and high SNR and Rbar (Table 1). The value of MS
(0.29) indicated low inter-annual variations. The Rbar (0.34)
and EPS (0.88) values were also indicators of the reliability of
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FIGURE 3

Ring-width index (RWI) chronology of Rhododendron arboreum from Darma valley; green line indicates sample depth, and red line plot
indicates 10-year low-pass filter.

this chronology for climate reconstruction. The EPS value >0.85
for the period 1780–2017 CE was considered reliable for climate
reconstruction. We have not used chronology beyond 1780 CE
because EPS is low due less number of samples in early part
of the tree growth. By observing chronology, we noted distinct
changes in tree growth patterns in recent decades. There is a
declining trend during 1990–2004 CE followed by an increasing
trend in recent years (Figure 3).

3.2. Tree growth and climate
relationship

The growth of R. arboreum has a significant negative
correlation with temperature for the months of June (r =−0.31,
n = 115, p < 0.001), July (r = −0.32, n = 115, p < 0.001),
and August (r = −0.34, n = 115, p < 0.001) (Figure 4A)
and positive correlation with precipitation of the current year’s
monsoon months June (r = 0.46, n = 115, p < 0.001), July
(r = 0.39, n = 115, p < 0.001), and August (r = 0.41,
n = 115, p < 0.001) (Figure 4B). The overall high correlation
with precipitation during the monsoon season for the months

TABLE 1 Statistics of developed tree ring chronology of
Rhododendron arboreum.

Time period 1732–2017

Number of cores (Tree) 84 (45)

Mean sensitivity 0.29

Standard deviation 0.25

Rbar 0.34

Signal to noise ratio 11.24

Expressed population signal 0.88

EPS > 0.85 1780

FIGURE 4

Pearson correlation between tree ring width chronology and
climate data; (A) mean temperature (purple bar) and (B) mean
precipitation (yellow bar). The red and green dotted lines
indicate 95 and 99% significant confidence levels.

June–August (JJA) (r = 0.63, p < 0.001) indicates its suitability
for the reconstruction of precipitation.

3.3. Extended records of monsoon
precipitation

A linear model PPTJJA = 60.99 + 246.18∗RWI, where
PPTJJA represents reconstructed June–August precipitation,
was developed and used for the reconstruction of precipitation
during JJA of monsoon season since 1780 AD based on the
residual tree ring chronology (Figure 5A). The regression
model accounts for 40% of the variance over the calibration
period from 1902 to 2017 (Figure 5B). The statistics of
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FIGURE 5

Reconstruction of PPTJJA in Darma, valley, Western Himalaya;
(A) the reconstructed June–August (JJA) precipitation (Grey line
plot) for the period 1780–2017. Dotted blue and orange line
plots indicate m ± SD and m ± 2 SD of the reconstructed data.
The green smoothed line indicates a 10-year low-pass filter and
(B) time series of observed (blue line plot) and reconstructed
(red line plot) JJA.

calibration and verification showed that model performance is
reliable (Table 2). Importantly, the positive values of rigorous
tests CE and RE during the verification period indicated
good skills in our reconstructed data. The value of Durbin-
Watson statistics shows that autocorrelation in regression model
residuals is negligible. The synchronicity between actual and
reconstructed data confirmed the reliability of the regression
model (Figure 5B). We recorded 43 wet and 34 dry years which
accounted for 18.06 and 14.28% of the total years since 1780
(Supplementary Table 1). Also, we recorded 6 (2.10%) extreme
wet and 6 (2.10%) extreme dry years in the reconstructed data
(Supplementary Table 1). Regime shift analysis indicated that
the region experienced significant (p < 0.05) phases depicting
prolonged wet conditions during the period 1780–2004 and
2011–2017 and prolonged dry conditions during 1805–1837 and
1995–2010 (Supplementary Figure 1).

3.4. Spatial characteristics and
teleconnections

Reconstructed precipitation shows a strong positive
correlation with the ISMR data, 1900–2017 CE (r = 0.36,

p < 0.001, Supplementary Figure 2A), which indicates
that the site is under the regional impact of the Indian
summer monsoon. The spatial correlation analysis between
reconstructed PPTJJA with gridded JJA precipitation over the
western and central parts of the Indian Himalayas exhibited
a significant positive correlation (p < 0.05) during the period
1902–2017 (Figure 6). Such coherence in records represents a
regional behavior of monsoon precipitation covering a wider
area in the Himalayan region. Moreover, wavelet analysis
identified significant high-frequency cycles ranging from
2–8 years to 16–32 years (Figure 7). Furthermore, a significant
negative correlation (r = −0.16, p < 0.05, Supplementary
Figure 2B) with June–August NINO3.4 SSTs for the period
1900–2017 CE and June–August PDO (r = −0.19, p < 0.05,
Supplementary Figure 2C) during 1850–2017 indicate a long-
term effect of ENSO and PDO over the monsoon variability
at this region. The 21-year moving correlation analysis
between NINO3.4 and PDO each with the reconstructed JJA
precipitation shows a distinct pattern of correlation at some
intervals (Supplementary Figure 3). For NINO3.4, a significant
negative correlation was observed during 1900–1943 (r =−0.47,
p < 0.05, Supplementary Figure 3) and 1946–1971 (r = −0.42,
p < 0.05, Supplementary Figure 3). For other time intervals,
we did not find any significant correlations. In the case of PDO,
a significant negative correlation was observed for the periods
1940–1971 (r = −0.43, p < 0.05, Supplementary Figure 3) and
1957–1981 (r =−0.48, p < 0.05, Supplementary Figure 3).

4. Discussion

4.1. Growth/climate response of
R. arboreum

Through dendroclimatic analysis of the R. arboreum tree,
growing in Drama valley, Western Himalaya, we established
the potentiality of this broad-leaved tree in the reconstruction
of the monsoon precipitation. It is so far, the longest tree ring
record of Rhododendron that showed evidence of sensitivity to
summer monsoon season. This is evident with the existence of
significant positive correlations with precipitation (JJA) and an
inverse relationship with the temperature of the same months.
The earlier tree ring analyses of Rhododendron species were
on its shrub form growing in the Tibetan plateau and central
Himalayas (Liang and Eckstein, 2009; Lu et al., 2015; Bi et al.,
2017; Panthi et al., 2017). Regarding the response to climate,
the mean temperature of July, irrespective of slope aspects, and
elevations play a key role in controlling wood formation in the
Tibetan plateau (Frank et al., 2005; Leal et al., 2007; Hallinger
et al., 2010; Blok et al., 2011; Weijers et al., 2012; Lu et al.,
2015). In the central Himalayas, increased minimum winter
temperatures have a significant role in the growth of this taxon
(Panthi et al., 2021). However, our results are not consistent
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TABLE 2 Calibration and verification statistics of reconstructed PPTJJA.

Calibration period Verification period

r R2 Adj. R2 F Sign test (+/−) PMT RMSE RE CE DW

1902–1957 0.59 0.35 0.34 29.28** 1958–2017 40+/16−* 2.91 49.05 0.52 0.22 1.21

1958–2017 0.71 0.51 0.50 61.02 1902–1957 41+/15−* 1.72 67.55 0.32 0.31 1.81

1902–2017 0.63 0.40 0.39 98.99**

r: correlation coefficient; R2 : explained variance; F: F-test. Sign-test sign of paired observed and estimated departures from their mean on the basis of the number of
agreements/disagreements. Pmt, product mean test; RMSE, Root mean squared error, RE, reduction of error; CE, coefficient of efficiency; DW, Durbin–Watson test; *p < 0.05, **p < 0.01.

FIGURE 6

Spatial correlation of the reconstructed PPTJJA with gridded CRU JJA precipitation during the period 1902–2017.

with these findings. Tree growth response to climate changes
is differing from site to site due to differences in life forms
(tree/shrub), species, geographical locations, and elevation
differences. Tree growth climate relationship recorded in the
present study, however, showed some consistency in climatic
response with Rhododendron aganniphum shrub growing at the
4,000–4,500 m of the Tibetan plateau where it also shows a
similar favorable response to July month’s precipitation though
it is not statistically significant (Lu et al., 2015). We recorded
in R. arboreum that the increased temperature during the
monsoon season is detrimental to its growth in the temperate
belt of the western Indian Himalayan region. During the JJA
months, both temperature and precipitation are at their highest
in this region. Thus, a rise in temperature during these months
might limit photosynthesis by increasing evapotranspiration.

It appears that the increased summer precipitation and low
temperature in the Himalayan region promote the growth
of Rhododendron. This also supports the current spatial
distribution of 127 species in the Indian Himalayan region.
A greater concentration (98%) of species is confined to the
cool moist part of the North-East in comparison to the drier
western part (Mao, 2010), indicating a preference for cool-moist
environments.

4.2. Salient features of reconstructed
PPTJJA

The present study is a maiden attempt to derive a reliable
238-year (1780–2017) summer monsoon precipitation record
from the Western Himalayan region. This reconstruction
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FIGURE 7

Morlet wavelet spectrum with a high edge effect and a red-noise background at 95% confidence level (black lines/contours) for reconstructed
PPTJJA.

provides a long-term drought variability and captured extreme
events that are also witnessed in the historical records. In the
recent past, the region exhibited a rapid and extended dry
period from 1995 to 2010, which is consistent with the recent
decadal decrease in tree ring-based rainfall reconstruction
in the Western Himalayan region (Sano et al., 2012, 2017;
Xu et al., 2018) and even in climatic assessment based on
meteorological data (Roxy et al., 2015). However, in recent
decades, we observed an increase in rainfall patterns that was
not captured by earlier studies. This inconsistency may be
due to the Himalayan region’s distinct sources and seasonal
distribution of precipitation. The decreased monsoon locations
seem to be more influenced by the increased snow cover than
the present study sites. During the monsoon season, years
with high snowfall in the preceding winter and spring are
followed by summer with less monsoon rain (Blanford, 1884;
Bamzai and Kinter, 1997). This is further reinforced by the
idea that greater wetness in the northwestern Himalayas has
influenced anomalous glacier progress in recent years and
that increasing snowfall may contribute to dry conditions in
summer (Yadav et al., 2017; Ahmad et al., 2020). Interestingly,
since 2010, an increase in Indian summer rainfall has been
reported in several gridded and observed datasets throughout
the Indian subcontinent (Jin and Wang, 2017). This increase
in summer monsoon precipitation has been linked to greater
thermal contrast between land and ocean, as seen by a faster
warming rate across the Indian subcontinent compared with
a slower warming rate over the Indian Ocean (Jin and Wang,
2017). On the contrary, due to the rapid warming of the Indian
Ocean, the land-sea thermal contrast weaken, and a significant
reducing trend of summer monsoon during 1995–2010 was

caused. The extreme droughts of the Indian summer monsoon
years 2002 and 20041 are consistent with our reconstructed
data. Singh et al. (2019) also from the central Himalayan
region reported the severe droughts of 2002 and 2004. The
major extreme wet years in 2013 and 2017 are also consistent
with regional floods that happened in Kumaun which caused
catastrophic damage and devastation in the region. We have
noticed that several key prolonged dry and wet conditions in
the reconstructed monsoon records are correlated with the
other tree ring proxy-based reconstructions from the Himalayan
region. A significant positive correlation of our reconstructed
PPTJJA with reconstructed JJA PDSI (r = 0.20, p < 0.001)
from monsoon Asia during the period 1780–2005 (Cook et al.,
2010) and May–September precipitation (r = 0.14, p < 0.05)
from Bhutan Himalaya (Sano et al., 2013) during the period
1780–2011 further indicates regional linkages. The late 18th
century droughts from 1785 to 1794s in JJA PDSI (Cook
et al., 2010), March–September precipitation (Sano et al., 2013),
March–September PDSI (Ahmad et al., 2020), and March–July
precipitation (Singh et al., 2009), as well as historical East India
Drought (1790–1796), are also common in our reconstructed
precipitation data (Figure 8). Similarly, the dry episodes
of 1830–1836 synchronize with May–September precipitation
reconstruction (Sano et al., 2013). The other common dry
phase of 1865–1875 in March–September PDSI (Ahmad et al.,
2020), MS precipitation (Sano et al., 2013), May–June PDSI
(He et al., 2018), and the previous year October to current
year September precipitation reconstruction (Singh et al., 2021)

1 https://www.tropmet.res.in/~kolli/MOL/Monsoon/Historical/air.html
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FIGURE 8

Comparison of (A) reconstructed PPTJJA with (B) JJA PDSI reconstruction from Asia (Cook et al., 2010), (C) May–September (MS) precipitation
reconstruction from Bhutan Himalaya (Sano et al., 2013), and (D) previous October–Current September (pOcS) precipitation reconstruction
from Indian Western Himalaya (Singh et al., 2021). All the line plots are smoothed by a 10-year low-pass smoothing filter.

are also more or less synchronized with our reconstruction.
Since last three decades, late 1995–2004s drought phase (Sano
et al., 2013; Singh et al., 2021) and drought records (Cook
et al., 2010) are also congruent with our study. The wet phase
after 2010 was well coincide with May–September precipitation
records from Bhutan Himalaya (Sano et al., 2013). The historical
East India Drought (1790–1796) is also common with the
reconstructed low monsoon precipitation data (Cook et al.,
2010). Such coherence in drought events are observed at some
intervals in these studies, even when sites are not from under
similar climatic zones and use of different climatic proxies.
Such coherence may be a role of upper atmospheric circulation
affecting both monsoon and western disturbance. We observed
that the calibration period (1905–1957) was unable to capture

extreme event years. These extreme values were underestimated
in tree ring calibrations, because of precipitation beyond a
threshold value are not always possible to retrieve from tree
rings (Singh et al., 2009; Yadav, 2011). Moreover, according
to wavelet analysis, the cyclicity of 2–4 and 16–32 years is
likely to be associated with ENSO and PDO which is also
found in moving correlation analysis between reconstructed
PPTJJA with ENSO and PDO (Figure 6). It indicates that
PPTJJA changes in our study area have teleconnections with
large-scale atmospheric circulation systems. Interestingly, the
severe drought occurrences of 2009 coincided with the same
El-Nino year; nevertheless, other extreme drought years, such
as 2005 and 2006, correspond to the preceding El-Nino event
years of 2004 and 2005, respectively. This might be due to
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the lag effect of tree growth in relation to climate. Extreme
wet/dry growth years are often recorded to follow with years
of wide/narrow tree rings due to role of stored food in trees.
Stored food effect subsidized the impact of El-Nino in the same
year but its role of deficient rainfall in reducing photosynthesis
felt in the following year. To increase our knowledge of
Asian monsoon dynamics, we need a better understanding
of the spatial and temporal variability of precipitation in the
Himalayas.

5. Conclusion

Tree ring width data of the broad-leaved R. arboreum
tree (spanning 1780–2017 CE) was analyzed first time
from the core monsoon region of the Himalayas. We
recorded that the chronology of this tree is the potential
for the reconstruction of monsoon (JJA) precipitation.
The extended precipitation data not only provided
information on long-term drought variability but also
captured extreme events. With the absence of a sufficient
long monsoon record in the Himalayan region, the present
database would help improving in the understanding of
regional climate models, especially variability in monsoon
precipitation. Moreover, the biogeographical point of view
of this study has great relevance, providing insight into
the growth behavior of the temperate tree, Rhododendron
in relation to monsoon precipitation. This information
would be helpful to policymakers in taking adaptation
measures in forest management to protect the marginal
communities of the Himalayan region from the anticipated
adverse impacts of future droughts. We observed that the
great altitudinal distributional range of Rhododendron
spp. would be ideal for dendroclimatic analyses for the
understanding of diversified aspects of seasonal climate
changes in the Himalayan region. The presence of shrub
form, Rhododendron Campanulatum, above 3,500 m altitude
at the present study site would be useful to analyze climatic
factors governing its growth at its upper limit close to
the snow line. Thus, a detailed study using multiple tree-
ring chronologies of Rhododendron species from a wider
altitudinal range, as well as combined with geomorphological,
glacial mass balance records, and other evidence, would
provide a better database to quantify tree growth/monsoon
climate/glacial relationships over a longer timescale from the
Himalayan region.
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