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Abstract: The Himalayan region has already witnessed profound climate changes detectable in
the cryosphere and the hydrological cycle, already resulting in drastic socio-economic impacts.
We developed a 619-yea-long tree-ring-width chronology from the central Nepal Himalaya, spanning
the period 1399–2017 CE. However, due to low replication of the early part of the chronology, only the
section after 1600 CE was used for climate reconstruction. Proxy climate relationships indicate that
temperature conditions during spring (March–May) are the main forcing factor for tree growth of
Tsuga dumosa at the study site. We developed a robust climate reconstruction model and reconstructed
spring temperatures for the period 1600–2017 CE. Our reconstruction showed cooler conditions during
1658–1681 CE, 1705–1722 CE, 1753–1773 CE, 1796–1874 CE, 1900–1936 CE, and 1973 CE. Periods with
comparably warmer conditions occurred in 1600–1625 CE, 1633–1657 CE, 1682–1704 CE, 1740–1752 CE,
1779–1795 CE, 1936–1945 CE, 1956–1972 CE, and at the beginning of the 21st century. Tropical volcanic
eruptions showed only a sporadic impact on the reconstructed temperature. Also, no consistent
temperature trend was evident since 1600 CE. Our temperature reconstruction showed positive
teleconnections with March–May averaged gridded temperature data for far west Nepal and adjacent
areas in Northwest India and on the Southwest Tibetan plateau. We found spectral periodicities of
2.75–4 and 40–65 years frequencies in our temperature reconstruction, indicating that past climate
variability in central Nepal might have been influenced by large-scale climate modes, like the Atlantic
Multi-decadal Oscillation, the North Atlantic Oscillation, and the El Niño-Southern Oscillation.
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1. Introduction

The impact of climate change in the central Himalayan region of Nepal is more pronounced
compared to other regions at similar latitudes [1] and hence Nepal is experiencing higher rates of
temperature increase than the global average [1–4]. However, the observed warming rates show
significant spatial variability, with a more pronounced warming trend in higher altitudes [1,5].
According to the Fourth Assessment Report (AR) of the Intergovernmental Panel on Climate Change
(IPCC), climate change has significant effects on natural systems as well as on human societies
worldwide [6]. Almost every climate model indicates a further pronounced warming trend in the
future, associated to a corresponding change in the hydro-climate and in the frequency, severity, and
nature of extreme events, such as drought and heavy precipitation [7,8]. Biodiversity, as an important
component of the environment, is not unaffected by these impacts. Extreme climatic events are now
accepted to play a major role in current and future ecosystem dynamics [9,10]. Additionally, the impact
of climate change can already be monitored in changes in species distribution, population structures,
ecological zone shifts, species composition of ecosystems, phenology, and growing season on a regional
as well as on a global scale [2,3,11–15].

Nepal is a mountainous country with a limited number of available meteorological stations.
Available stations are mostly situated at lower elevations and have only a short temporal coverage of a
few decades (longest instrumental data available from the 1950s from the Kathmandu airport) [16].
These deficiencies in the available instrumental datasets lead to an insufficient ability to quantify
long-term trends and recent impacts of climate change on the local level, which are of great importance
for policy and decision makers [1,17]. To fill these data gaps, there are prospects of using different
proxy data, among which tree rings have been proven to be one of the most promising [18].
This holds especially true for Nepal, which hosts many tree species with proven dendrochronological
potential [19–21] in high-elevation ecosystems, which are the crucial region for detecting climate change
patterns on regional scales [22]. However, to date, only four temperature reconstructions [19,23,24],
one precipitation and four moisture index [25–29] reconstructions, have been conducted for the central
Nepalese Himalaya. Although available temperature reconstructions used different tree species from
different locations, they share common low-frequency variations. However, in terms of high-frequency
variations, they are quite heterogeneous. For instance, Cook et al. [19] and Sano et al. [23] reported a
decrease in summer temperatures in the recent decades, whereas Thapa et al. [24] found a warming
trend. The extreme and complex topography of Nepal leads to substantial spatial variations in climatic
variables, such as radiation, air temperature, and precipitation [30], resulting in a high variability of
local climatic conditions. Therefore, single climate reconstructions are not capable of capturing the
geographical heterogeneity of the country, making further dendroclimatic studies essential to gain
deeper insight into the spatio-temporal picture of climate change in Nepal.

The Himalayan Hemlock (Tsuga dumosa, Eichl.) is a native Himalayan conifer tree species
disseminated in a wide area from northern India to Southwestern Sichuan (China) and northern
Myanmar [31]. It generally grows in the humid cloud forest belt at an elevation range of 2400 to 3000
m a.s.l. [31]. Hemlocks are a slow-growing, long-living, and shade-tolerant species being sensitive
to persistent drought [32]. T. dumosa has well-marked growth rings formed by a sharp change in
small-celled darker latewood and large-celled light early-wood [31]. The first tree-ring chronology
of T. dumosa was established by Bhattacharyya et al. [21]. Cook et al. [19] included this species in
a multi-species composite chronology for the whole of Nepal used for February–June temperature
reconstruction. In the same study, Cook et al. [19] presented the longest Hemlock chronology from
eastern Nepal, spanning from 856–1996 CE (1141 years). Recently, Bhandari et al. [28] reconstructed
a 307-year-long standardized precipitation-evapotranspiration index (SPEI) series from far-western
Nepal based on a tree-ring chronology of T. dumosa. In Yunnan (China), T. dumosa chronologies were
used for the reconstruction of PDSI-based (Palmer drought severity index) drought variability for
March–May [33] and May–June [34], and the relative humidity of the spring season (February–April) [35].
Recently, Borgaonkar et al. [36] reconstructed the summer (July–September) temperature from Sikkim,
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India. In summary, the climate–growth correlations of T. dumosa indicate that this species is very
suitable for studying multiple climatic parameters while the dominant growth-controlling climatic
factor depends on the local climatic conditions.

Despite its high dendroclimatic potential, to date, a temperature reconstruction for the central
Nepal Himalaya based on ring-width variations of T. dumosa is missing. The present study, therefore,
aimed (i) to assess proxy climate relationships of the species in the central Nepalese Himalaya, (ii)
to reconstruct past temperature variations in the central Nepalese Himalaya to further contribute
to a better understanding of past climate variability in this climatically sensitive region, and (iii)
to contribute to a tree-ring chronology network of T. dumosa covering the Himalaya and adjacent
mountain regions.

2. Methods

2.1. Study Site and Climate Conditions

The study site is located at the elevation of 2700 m a.s.l. in Timang village (28.52◦ N, 84.30◦ E) in
the Annapurna Conservation Area (ACA), Manang district, western Nepal (Figure 1). The ACA is
the largest protected area of Nepal, with an area of 7629 km2 [37]. This part of ACA is a habitat for
different conifer species, including Picea smithiana Boiss., Pinus wallichiana A.B. Jacks, Abies spectabilis
(D. Don) Spach, and Taxus sp. mixed with T. dumosa [38]. The sample site is an upper temperate mixed
broad-leaved forest at the marginal area between the Trans-Himalayan and High Himalayan regions.
The study site is situated in the center of the ACA, about 7 km north of the municipality of Chame.
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Figure 1. Map of the study area showing the Annapurna Conservation Area and its extension in
different districts.

The northern part of the Manang Himalaya/Manang valley is characterized by a temperate climate
with dry winters and warm summers [30]. The analysis of 35-year-long climatic data from the nearest
climatic station in Chame shows an average annual temperature and annual total precipitation of
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10.8 ◦C and 908 mm, respectively (Figure 2a). The study area has a pronounced warm and dry
spring (March–May) season, followed by a warm and humid summer monsoon season from June
to September (Figure 2b). Maximum temperatures in summer can reach 21.1 ◦C in June, whereas
minimum temperatures of −2.6 ◦C occur in January (Figure 2b). During recent years, there is a marked
increase in the average annual maximum temperatures, whereas contemporaneously average annual
minimum temperatures showed a decreasing trend (Figure 2a). An analysis of the GIMMS-NDVI
dataset for the period 1982 to 2006 indicated an advancement of the vegetation period by 0.31 days per
year in the Western Himalayan conifer forest [17].
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Figure 2. Climate of the study area. (a) Yearly variations and long-term trends of various climate
factors, and (b) the pattern of mean monthly temperatures and precipitation. Months with the
occurrence of frost are indicated as blue bars at the bottom scale (source: Department of Hydrology
and Meteorology, DHM).

2.2. Sample Preparation, Ring-Width Measurement, and Development of Chronology

Tree-ring samples were collected during two field visits in April and October 2017 from a mixed
conifer forest at a north-east exposed slope. The site consisted of old and evenly aged T. dumosa trees.
We aimed to collect two cores from each tree where possible using an increment borer (Haglof, Sweden)
at breast height (1.3 m). We avoided the disturbed and unhealthy trees and selected only healthy trees
reaching up to the canopy. Due to steep slope angles, taking two cores from each tree was not always
possible. In total, 51 tree core samples from 40 trees were collected (Table 1).

Tree-ring width (TRW) was measured under a stereo-microscope and dated with the known date
of formation of the outermost ring according to the sampling date. Tree-ring measurement was done
using a LINTAB measurement system at a resolution of 0.01 mm with TSAP software (RINNTECH
Inc.) [39]. After the measurement of all samples, we used the alignment plot technique to crossdate the
individual series by visual matching of tree-ring patterns and the statistical parameters Gleichläufigkeit
(GLK., sign test) and t-value [39]. The crossdating quality was checked using the computer program
COFECHA [40,41] and, if necessary, tree-ring series were corrected by inserting missing rings in some
series. In total, the number of missing rings in our chronology account for 0.158% of all measured
rings. Broken samples or samples having individual growth properties caused by local disturbances
were discarded from further analysis. For standardization, the individual raw series were first power
transformed for variance stabilization [42]. Then, to minimize the removal of any long-term climatic
variance, detrending was carried out by applying a signal-free negative exponential curve fitting
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approach [42] choosing the residual function in RCSigFree 45_v2b (www.ldeo.columbia.edu). The
chronology statistics, such as the expressed population signal (EPS), mean correlation between trees
(Rbar), and signal to noise ratio (SNR), were considered as a basis for judging the suitability for the
further utility of our chronology. Hence, statistics were calculated using a ‘dplR’ [43] package based
on R Software [44]. Afterward, the master chronology was calculated using a bi-weight robust mean
from all detrended series. The oldest part of our chronology (1399–1599 CE) had to be truncated at
the commonly used threshold limit of EPS > 0.85 [45]. Hence, we considered the chronology from
1600–2017 CE, which is reliably replicated for studying climate–growth relationships.

Table 1. Descriptive statistics of the Timang Tsuga dumosa ring-width chronology.

Descriptive Statistics of
Chronology Full Period (1399–2017 CE) Period With EPS > 0.85

(1600–2017 CE)

Number of cores (trees) 51 (40) 51 (40)
Average series length (year) 261 250
Inter-series correlation (SD) 0.474 (0.070) 0.487 (0.065)
Average growth [mm] (SD) 0.927 (0.327) 0.986 (0.010)

1st order autocorrelation 0.727 0.551
Mean sensitivity 0.269 0.267

Within-tree-correlation 0.695 0.69
Between-tree-correlation 0.221 0.342

Expressed population signal (EPS) 0.826 0.922
Signal to noise ratio (SNR) 5.648 11.341

2.3. Climate–Growth Analysis and Climate Reconstruction

The precipitation and temperature data of Chame meteorological station were used for the
calibration of the derived growth–climate models. In order to establish a relationship between tree
growth and climate variables, we calculated correlation functions and seasonal correlations using the
“treeclim” [46] package based on R software.

Based on the results of the growth–climate relationship analysis, we developed a climate
reconstruction model using a linear regression model (transfer function) for the reconstruction [47].
As the available instrumental climate data from the nearest station are relatively short, we used
the leave-one-out [48] cross-validation test in R software [44] to verify the calibration results.
The reconstructed and observed climate data were subject to various statistical tests, i.e., reduction
of error (RE) and F-value statistics. A positive value of RE indicates the validity and stability of
the reconstruction model. We further calculated the chronology and calibration error [49]. For the
chronology error, all the standardized indices of the individual year were sampled with replacement
1000 times, and two-tailed 95% confidence limits of the 1000 bootstrapped mean was estimated.
The residual standard error of regression of the chronology against the observed March–May
temperature provided a measure of the calibration error.

We identified relatively cold and warm periods in our reconstructed temperature series in relation
to the mean temperature over the whole reconstructed period (1600–2017 CE). To test for possible
teleconnections between the reconstructed temperature in our study with the global circulation system
and climate modes, correlations with the North Atlantic Oscillation (NAO), El Niño (NINI3.4), and
Atlantic Multi-decadal Oscillation (AMO) were calculated. The data for AMO, NAO, and NINO3.4
were extracted from the National Oceanic and Atmospheric Administration (NOAA) databank
(www.esrl.noaa.gov). The spatial representation of our reconstructed temperature was analyzed by
computing spatial correlation analyses with Climate Research Unit (CRU) gridded climate data of
the reconstructed season using the KNMI-Climate Explorer (https://crudata.uea.ac.uk/cru). Further,
we tested the correlation of our reconstructed temperature with the CHELSA (Climatology at high
resolution for the Earth land surface areas) [50] temperature for the corresponding season. The CHELSA
dataset represents high resolution (30 arc-sec, ~1 km) climate (temperature and precipitation) data for

www.ldeo.columbia.edu
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the years 1979–2013 CE [50]. We also compared our newly reconstructed spring temperature with other
regional- and global-scale reconstructions to investigate the synchrony and spatial extent of different
cool and warm episodes among different reconstructions. We used the ‘morlet wavelet analysis’ [51]
and ‘redfit’ [52] method for spectral analysis from the dplR package [43].

3. Results

3.1. Ring Width Chronology

Our Timang ring-width chronology of T. dumosa covers 619 years, spanning from 1399 to 2017 CE
(Figure 3). The average annual radial growth of trees is 0.927 mm, with a standard deviation of 0.327.
The T. dumosa chronology shows a distinct variability in growth over the last six centuries, with a mean
inter-series correlation of 0.474, indicating a strong common forcing by environmental parameters
on tree growth. The EPS threshold of 0.85 was reached after 1600 CE when the chronology shows a
replication with 10 cores (Figure 3a). Other important chronology statistics are displayed in Table 1.
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Figure 3. Timang tree-ring-width chronology of Tsuga dumosa and chronology statistics. (a) Chronology
(grey line), 30-year low pass filter (black line), and the number of samples (dotted green line). The vertical
line indicates the year when EPS (expressed population signal) exceeded the threshold of 0.85, and the
shaded area represents the chronology error [49]. (b) Running expressed population signal (EPS) and
mean inter-series correlation (Rbar) statistics.

3.2. Relationship Between Radial Tree Growth and Climate

Correlation analyses between our TRW chronology and climate parameters (temperature and
precipitation) from Chame station reveal significant (p < 0.05) negative correlations between the
tree-ring chronology and March, April, and May temperatures and November (p < 0.05) temperature
of the previous growth year. In contrast, a positive correlation occurs with the June temperature of the
current year (Figure 4). On the other hand, growth correlated positively with precipitation in March,
whereas correlations with current June and August were negative (Figure 4). The correlation of radial
growth with seasonal temperatures revealed strong negative correlations for the spring (March–May)
temperature (r = −0.62, p < 0.001), and positive correlations with the summer monsoon season
(June–September) temperature (r = 0.40). In contrast, correlations with monsoon season precipitation
were significantly negative (r = −0.38). The partial correlation analysis of spring temperature and
precipitation meant that the correlation between the ring width and temperature was not strongly
reduced under the exclusion of precipitation. On the other hand, there was a 48.5% reduction in the
correlation with precipitation under the exclusion of temperature (Table 2).
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Manang. The lower case letters represent the months of the previous year and the upper case letters
represent the months of the current growth year. MAM represents spring (March–May), whereas JJAS
represents the summer monsoon (June–September) season. The error bars represent the errors of the
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Table 2. Partial correlation between the chronology and March–May climate of Manang.

Variables Variables Controlled Correlation Significance

Chronology and temperature None −0.617 ***

Precipitation −0.593 ***

Chronology and precipitation None 0.27 ns

Temperature 0.139 ns

The Pearson correlation of our tree-ring chronology with only temperature and precipitation is represented by
‘None’. The partial correlations between the chronology and temperature as well as between the chronology and
precipitation were conducted with control for the effect of precipitation and temperature, respectively. ‘r’ represents
the correlation coefficient. Significance of correlation coefficients are indicated as *** and ns for p < 0.001 and p >
0.05 (i.e., not significant), respectively.

3.3. Spring Temperature Reconstruction

Based on the strongest response of the Timang Tsuga TRW-chronology with March–May
temperatures, we reconstructed the spring temperature of the current growth season by applying a
linear regression model and tested the robustness of the model with the ‘leave-one-out’ approach
(Figure 5). The modeled temperature explained 38.7% of the variations of the actual spring temperature.
The F-statistics value was 21.53, which is highly significant (p < 0.001). The model showed a
positive value for the reduction of error (RE) (0.31) (Figure 5), indicating the robustness of the
reconstruction [18,47]. The root mean square errors (RMSEs) for the calibration and verification
periods were 0.93 and 0.96, respectively, which further underlines the robustness of the linear model.
The Durbin–Watson statistics’ value was 2.0 (p = 0.54), indicating that the residuals of the regression
model are free of autocorrelation (see the statistics of the model in Figure 5).

Using the linear model, a 418-year-long spring (March–May) temperature series was reconstructed,
spanning from 1600 to 2017 CE. The reconstruction characteristics revealed an average temperature
of 11.45 ◦C throughout the entire period of reconstruction (Figure 6). The maximum and minimum
temperatures were 13.15 and 7.85 ◦C for 2000 CE and 1663 CE, respectively. Cool and warm periods
over the whole reconstructed period are listed in Table 3 and shown in Figure 6b. The overall trend of
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the spring temperature increased at a rate of 0.07 ◦C per decade since the beginning of the 20th century
(Figure 6).
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Table 3. Warm and cold periods longer than 10 years revealed from reconstructed spring temperatures.

Cold Periods Warm Periods

1658–1681 1600–1625, 1633–1657
1705–1722, 1753–1773 1682–1704

1796–1874 1740–1752, 1779–1795
1900–1936, 1973–1994 1936–1945, 1956–1972, 1995–2011

3.4. Spatial Coverage and Teleconnections of the Reconstructed Temperature Series

The reconstructed spring temperatures show strong positive relationships with March–May
averaged CRU-gridded temperature data (Figure 7b). The relation was strongest for western Nepal
and north-west India (Figure 7a,b). Similarly, CHELSA temperature data with a high spatial resolution
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of 1 square kilometer show significantly high correlations with the reconstructed temperature at our
study site and 200 km around it (Figure 7c,d). Thus, our reconstructed temperature can be regarded
as being representative of spring season temperature trends in the western to central Himalaya and
neighboring regions.

Atmosphere 2020, 11, 132 9 of 18 

 

The reconstructed spring temperatures show strong positive relationships with March–May 
averaged CRU-gridded temperature data (Figure 7b). The relation was strongest for western Nepal 
and north-west India (Figure 7a,b). Similarly, CHELSA temperature data with a high spatial 
resolution of 1 square kilometer show significantly high correlations with the reconstructed 
temperature at our study site and 200 km around it (Figure 7c,d). Thus, our reconstructed 
temperature can be regarded as being representative of spring season temperature trends in the 
western to central Himalaya and neighboring regions. 

 
 

  

Figure 7. Spatial correlations of (a) observed (1977–2012 CE) (b) reconstructed(1950–2017 CE) 
temperature with March–May averaged CRU TS4.03 temperatures (at p < 0.01) and (c) observed 
(1979–2012) and (d) reconstructed(1979–2013) temperature with the March–May averaged CHELSA 
(version 1.2) temperature. 

4. Discussion 

4.1. Characteristics of the Timang T. Dumosa Chronology 

Nepal harbors many tree species with high dendroclimatic potential [19–21]. We built a 618-
year-long ring-width chronology of T. dumosa from central Nepal, spanning the period from 1399 to 
2017 CE. However, only for 1600–2017 CE, the EPS value was higher than the commonly used 
threshold value (0.85) [45]. The chronology statistics, the inter-series correlation, standard deviation, 
running Rbar, SNR, and mean sensitivity, lie within reported optimum levels [18,47]. The inter-series 
correlation and SNR for this study were higher compared to previous studies of the same species 
[21,33–35], indicating the robustness of our chronology. Similar to most of the tree-ring-width 
chronologies in Nepal [19,53,54], we also observed a significant growth depression during the 1810s, 
followed by a distinct increase in growth since 2003 CE. Thapa et al. [54] developed a composite 
chronology combining 55 tree chronologies from Nepal and mentioned these growth fluctuations as 
a major milestone for Nepalese tree-ring chronologies regardless of the tree species. 

Our ring-width chronology indicates negative correlations with the March–May average 
temperature and positive relations with March rainfall, which is also considered as the spring season 

Figure 7. Spatial correlations of (a) observed (1977–2012 CE) (b) reconstructed(1950–2017 CE)
temperature with March–May averaged CRU TS4.03 temperatures (at p < 0.01) and (c) observed
(1979–2012) and (d) reconstructed(1979–2013) temperature with the March–May averaged CHELSA
(version 1.2) temperature.

4. Discussion

4.1. Characteristics of the Timang T. Dumosa Chronology

Nepal harbors many tree species with high dendroclimatic potential [19–21]. We built a
618-year-long ring-width chronology of T. dumosa from central Nepal, spanning the period from
1399 to 2017 CE. However, only for 1600–2017 CE, the EPS value was higher than the commonly
used threshold value (0.85) [45]. The chronology statistics, the inter-series correlation, standard
deviation, running Rbar, SNR, and mean sensitivity, lie within reported optimum levels [18,47].
The inter-series correlation and SNR for this study were higher compared to previous studies of
the same species [21,33–35], indicating the robustness of our chronology. Similar to most of the
tree-ring-width chronologies in Nepal [19,53,54], we also observed a significant growth depression
during the 1810s, followed by a distinct increase in growth since 2003 CE. Thapa et al. [54] developed
a composite chronology combining 55 tree chronologies from Nepal and mentioned these growth
fluctuations as a major milestone for Nepalese tree-ring chronologies regardless of the tree species.

Our ring-width chronology indicates negative correlations with the March–May average
temperature and positive relations with March rainfall, which is also considered as the spring
season in Nepal. Most of the conifers in the high Himalaya show similar responses to the temperatures
in the early growth period [15,19,23,24,26,55,56]. In the high Himalaya, broad-leaved species (Betula
utilis D.Don) also show a negative response with spring temperature and a positive relationship with
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precipitation [53,57,58]. In the subtropical region of Nepal, conifers (Pinus roxburghii Sarg.) showed a
similar negative response to spring temperature and positive to spring precipitation [59,60]. In the
humid eastern Himalayan region in Sikkim and in Southwest China (Yunnan Province), T. dumosa
showed a negative response to spring temperature and positive relationship of precipitation with
the spring season [33–36]. Furthermore, various conifer species in northwest India showed a similar
response with spring climate as in our study [61–67]. This climate–growth relation clearly indicates that
there is an additive impact of temperature and precipitation during the spring season on the growth of
T. dumosa. However, the partial correlation analysis (Table 2) shows that a great proportion (96.11%) of
the correlation is from the temperature, which indicates that the mixed effect is primarily driven by high
temperature. In Nepal, temperature increases rapidly after winter, whereas precipitation lags by some
months (Figure 2b) because the heating of Tibetan Plateau is essential to trigger the onset of the Asian
monsoon circulation [68]. This leads to warm and dry conditions before the onset of summer monsoon
precipitation. These conditions create potential water deficits due to increasing evapotranspiration
in these months [23,69,70]. Furthermore, the response of T. dumosa was positive with temperature
and negative with precipitation during the summer monsoon season (June–September), with ample
rainfall. This response is rather site-specific because of the inconsistent responses with the summer
temperature and precipitation observed over Nepal. For instance, several studies from different
locations in the Nepal Himalaya showed positive relationships with the summer (June–September)
temperature and negative relationships with summer precipitation [26,38,71], whereas other studies
showed the opposite response [27,29]. During the summer monsoon season, trees generally receive
sufficient water; therefore, high temperatures during this period are conducive for photosynthesis and
tree growth. An important fact to be considered in high elevations is that high precipitation implies
a denser cloud cover, leading to a significant decrease in incoming solar radiation and to lower soil
temperatures. This may ultimately retard tree growth [72] and may explain the negative relationships
between radial growth and summer monsoon season rainfall at high-elevation sites.

4.2. Long-Term Trend in Spring Temperature and Teleconnections

Our MAM temperature reconstruction showed different warm and cool episodes during the
past 418 years. Some of the prominent cool episodes occurred in the 1660s, 1810s, 1880s, 1910s,
and 1990s and some of them occurred contemporaneously with major volcanic eruptions (Figure 8).
However, the superposed epoch analysis (SEA) did not show any significant effect of volcanic events
on the reconstructed temperature (see Figure S1 in the Supplementary Materials). We compared our
reconstructed temperature with other regional temperature reconstructions (Figure 8) and found a
significant positive correlation (r = 0.23, p < 0.001) with a P. smithiana ring-width-based March–May
temperature reconstruction from far-western Nepal by Thapa et al. [24]. The correlation of our
temperature with the Februrary–June temperature series reconstructed by Cook et al. [19] was weak
but showed higher coherency in low-frequency trends (after 30-year smoothing). We observed a sharp
temperature depression during the 1660s, which is also present in the reconstruction of Thapa et
al. [24] but absent in other reconstructions. This probably indicates an impact of local climate events
or even of non-climatic events. The cool periods in the 1810s, 1880s, and 1910s were also observed
in other reconstructions that may be associated with major volcanic eruptions in the tropical region
(Figure 8). Although these cool periods during these volcanic eruptions coincide within the local and
regional climate reconstructions, the magnitude of cooling differs. This clearly indicates that the local
topography and orography are more dominant factors defining the climate in Himalaya. Individual
impacts of different volcanic eruptions were reported in previous research [73], and it highlighted that
a local tree-ring index should not be used as a direct indicator of volcanic forcing intensity. Studies
linking recent volcanic eruptions of the 20th century to instrumental temperature data showed the
possibility of differential effects depending on the geographical location (latitude), timing (season) of
eruption, composition (sulphur content) of the volcanic gas, and the atmospheric circulation state in the
particular year of the eruption (e.g., during El Niño years) [73–76]. The cold period at the beginning of
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the 20th century (1900–1936 CE) in our reconstruction reflects the coolest prolonged period in the study
area for the last two centuries. Evidence from ice core and tree-ring data reported prolonged cooling
at the beginning of 20th century and related this with climate fluctuations at the end of the ‘Little
Ice Age’ [77–79]. Our reconstructed temperature series shows similar low frequency (multi-decadal)
temperature variability with reconstructed temperatures of northwest India [65,80] and the Northern
Hemisphere [81], especially during the 1820s, 1880s, and 1990s (Figure 8).
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Figure 8. Comparison of the reconstructed March-May (MAM) temperature with anomalies in local,
regional, and global temperatures. A. MAM temperature anomaly for the central Himalaya (present
study), b. MAM temperature reconstruction from western Nepal [24], All Nepal average February–June
temperature [19], March–May [65], and March–August [80] temperature from the western Indian
Himalaya; Northern Hemisphere summer temperature [81]. The vertical columns represent the
occurrence of some volcanic eruptions in Asia. Source: [82].

Our reconstruction captures spring temperature variations over a large spatial area of the central
and western Himalayas and most parts of the Tibetan Plateau. The time span of instrumental climatic
data in western Nepal is not long enough to contribute to CRU gridded data, which has a coarser
(0.5◦) spatial resolution (https://crudata.uea.ac.uk/cru/data/landstations/crustnsused.txt). That might
be the major reason for the weaker correlations of our reconstructed temperature series with the grids
closer to the study area. On the other hand, climate data from CHELSA are based on the topo-climate
(e.g., orographic effect and wind fields) of small areas (~1 square kilometer resolution), so they better
represent the local climatic conditions [50].

Spectral and wavelet analysis of the reconstructed temperature series indicated the presence of
periodicities of 48 and 2.75 to 4 years (Figure 9a,b). The 2.75–4-year cycle could be associated with the
El Niño Southern Oscillation (ENSO), which has a frequency of about 3–8 years [83]. The 40–65-year
climate cycle may be related to the North Atlantic Oscillation (NAO) [84] or to the Atlantic Multi-decadal
Oscillation (AMO) [85]. As discussed in previous studies, these climatic cycles have a major impact on
the regional climate of Nepal [24,26,36,86]. We further calculated lagged correlation analysis to study
the time lag between the occurrence of these climate modes and events and their impact on the climate
of the Himalayan region (Figure 10). Our temperature reconstruction showed a positive correlation

https://crudata.uea.ac.uk/cru/data/landstations/crustnsused.txt
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with the AMO of every month of the current and previous year, implying that AMO has a significant
impact on the growth of trees in our study area. Previous studies found that a positive AMO mode
extends the duration of the summer monsoon in the southeast and east Asia [87]. Li et al. [85] claimed
that the East Asian temperature leads to the occurrence of the positive AMO phase, which creates a
positive relationship with temperature and AMO. The effect of the positive NAO index is negative on
spring temperature (favoring growth) in our study area. Li et al. [88] reported a positive effect of winter
NAO on the spring growth of vegetation in the entire Eurasia. In Asia, a positive winter NAO results
in increased temperature, precipitation, and soil moisture during the winter season, accumulating
a thin snow cover during spring [88]. The moist soil and early snowmelt provide more moisture
favoring plant growth in the spring season. Similarly, previous year January–May El Niño sea surface
temperature (SST) (NINO3.4) also has a positive correlation with the reconstructed temperature. The El
Niño phenomenon is not only responsible for controlling temperature variations in the equatorial
Pacific region but also has an impact on extratropical circulation [89]. High NINO3.4 region SSTs cause
warm winters that peak in the following spring season and delays the onset of the Indian Summer
Monsoon (ISM), which causes a prolonged hot and dry spring season in Southeast Asia [90,91].
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5. Conclusions

We present a new six-century-long chronology of T. dumosa from western Nepal, which showed a
strong negative signal to spring (March–May) temperature, consistent with other chronologies from
the region. This signal provided the basis to develop the first spring temperature reconstruction
for the last four centuries in the Trans-Himalayan region of Nepal. Our new spring temperature
reconstruction revealed various warm and cool episodes and a significant warming trend since the
beginning of the 20th century, although previous periods had experienced similarly warm episodes.
Unlike other regional or global temperature reconstructions, our reconstruction did not show any
significant increasing term trend over the last four centuries. The effects of volcanic forcing in the
temperature trend in the central Himalayas are not perfectly synchronized between reconstructions
from different locations, but some of the cool periods in the reconstructed temperature records coincide
with major volcanic eruptions while others do not. This indicates that the local topography and
orography effects play a strongly modifying role for temperature variations in the Himalaya on
large-scale climatic effects, like, e.g., volcanic forcing. The reconstructed spring temperature series
contained periodicities that coincide with the periodicity of broader scale climate modes, such as AMO,
NAO, and ENSO. This implies that the temperature in our study area is also regulated by broad-scale
atmospheric circulation patterns.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/2/132/s1,
Figure S1: Result of Superposed Epoch Analysis of volcanic events in 1815, 1883 and 1991 on reconstructed
temperature, Figure S2: Relation of chronology with CRU-TS averaged temperature and precipitation of four
grids around study area, Figure S3: Correlation of chronology with maximum and minimum temperature of study
area, Figure S4: Correlation of chronology with the climate after removing autocorrelation using 1st difference,
Figure S5: Running correlation between reconstructed temperatures by Thapa et al. [24] and in our study, Table S1:
Comparison of chronology statistics of different detrending methods, Table S2: Leave-one-out calbration and
verification statistics using diffrent detrending methods with Mar-May temperature.
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