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Central Himalayan tree‑ring density network reveals 
warm‑season temperature variability back to 1775 CE
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interannual, decadal, and centennial-scale variability. The 
resulting composite chronology was calibrated against 
April–September (AMJJAS) temperatures over the period 
1951–2022 CE (rs = 0.64; p < 0.001), enabling the first MXD 
network-based temperature reconstruction for the Central 
Himalayas. Despite the relatively short reconstruction cov-
erage (1775–2022 CE), it by far surpasses any regional 
instrumental record and explains more than 40% of AMJJAS 
temperature variance over much of the Asian Water Tower 
during the calibration period (1951 − 2022 CE). This novel 
high-resolution insight reveals the coldest period following 
the 1815 Tambora eruption, with the strongest summer cool-
ing found in 1817 rather than 1816 CE (− 1.6 °C relative 
to 1951–1980 CE). Our results demonstrate that MXD is 
a robust proxy for warm-season temperatures in monsoon-
influenced regions, capturing a strong and widespread signal 
across South and Southeast Asia, and holds great potential 
for further spatio-temporal extension of the MXD network.

Keywords  Dendroclimatology · Temperature 
reconstruction · Temperature variability · Central Himalaya

Abstract  Although recognized as Asia’s “Water Tower”, 
our understanding of past natural and recent anthropogenic 
enforced climate change is limited for much of the Hima-
layas. The main contributing factors for that are sparse and 
short meteorological observations, seasonally restricted and 
often imprecise proxy archives, and spatially heterogene-
ous and temporally unstable climate dynamics. Here we pre-
sent a network of five maximum latewood density (MXD) 
chronologies from 135 living fir (Abies spectabilis) trees 
from sites near the upper treeline between 3220 and 3750 m 
a.s.l. in Nepal. Individual series were processed to preserve 
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Introduction

The Himalayas, often referred to as the “Water Tower of 
Asia” (Xu et al. 2009) or the “Third Pole” (Qiu 2008), are 
a vital water source for hundreds of millions of people (Nie 
et al. 2021; Xu et al. 2009; ICIMOD 2023) across Asia. 
The region is recognized as a climate change hotspot (Dif-
fenbaugh & Giorgi 2012), with a warming rate well above 
the global average (Xu et  al. 2009). Between 1951 and 
2014, the Himalayas warmed by about 1.3 °C (Krishnan & 
Dhara 2020), with an accelerating trend towards the present, 
exceeding 0.2 °C per decade (Duan & Xiao 2015). Warming 
rates are even greater at higher elevations, reaching up to 
0.4 °C per decade at 3500–4000 m a.s.l. (Palazzi et al. 2017; 
Pepin et al. 2015; Ren et al. 2017; Thakuri et al. 2019). This 
elevation-dependent warming contributes to widespread 
glacier retreat, with potentially severe implications for the 
inhabitants of hydrologically connected lowland areas, dis-
rupting future water supply. (Dussaillant et al. 2024; ICI-
MOD 2023; Sigdel et al. 2020; Wang et al. 2015).

Understanding past climate variability is therefore essen-
tial for contextualizing these recent warming trends. How-
ever, reliable instrumental records are sparse in the Central 
Himalayas often starting only in the mid-twentieth century, 
and remain unevenly distributed across the region’s com-
plex topography (Shrestha et al. 1999; DHM 2017). Proxy 
records are the only means to extend knowledge about past 
climate variability beyond the observational record. Multi-
proxy reconstructions, including tree rings, ice cores, and 
historical documents, have demonstrated their value by high-
lighting that the twentieth century was the warmest period 
in Asia over the past millennium (PAGES 2k Consortium 
2013; Shi et al. 2015). Tree rings stand out among these 
proxies, as they provide an annual to sub-annual resolution 
and absolute dating accuracy.

In the Nepalese Himalayas, encompassing much of the 
Central Himalayan mountain range, high-resolution climate 
reconstructions have relied primarily on tree-ring records. 
Dendrochronological studies in the greater region have 
shown that tree-ring width (TRW) can be sensitive to pre-
monsoon and spring temperatures (e.g., Aryal et al. 2020; 
Cook et al. 2003; Thapa et al. 2015), to previous winter 
temperatures (e.g., Gaire et al. 2020), or to drought and 
precipitation (e.g., Bhandari et al. 2019; Gaire et al. 2017 
2019; Panthi et al. 2017). However, significant relationships 
between tree growth and warm-season or late summer tem-
peratures, which coincide with the monsoon season (DHM 
2017), are only sparsely observed. As a result, only a few 
high-resolution reconstructions in Nepal for these seasons 
exist (e.g., Cook et al. 2013; Gaire et al. 2023). Across the 
broader Himalayan-Karakoram-Tibetan Plateau region, 
summer and warm-season temperature reconstructions are 
mainly based on tree-ring density, especially maximum 

latewood density (MXD). In comparison to TRW, MXD 
reflects summer temperature signals to a greater degree 
(Esper et al. 2015), making it the ideal parameter to over-
come the lack of past temperature information not encom-
passed in TRW measurements. Such MXD chronologies 
have been developed for the western Indian Himalaya 
(e.g., Pant et al. 2000), the Karakoram (e.g., Hughes 2001; 
Khan et al. 2024), and the Tibetan Plateau (e.g., Bräuning 
& Mantwill 2004; Duan et al. 2019; Huang et al. 2025; Li 
et al. 2017, 2018, 2015; Liang et al. 2016; Nie et al. 2023; 
Wang et al. 2010). In the Central Himalaya, however, only 
one density-based warm-season temperature reconstruction 
(Sano et al. 2005; end year 2000 CE) and one sensitivity 
study (Bräuning 2003; end year 1998 CE) exist, both from 
western Nepal. Respectively, neither record includes the 
most recent two decades, thus not capturing the elevating 
warming trend across the Himalayas (Hamal et al. 2021; 
Krishnan et al. 2019).

Here, we introduce the first network-based MXD recon-
struction of warm-season temperatures from the Central 
Himalaya, using high-elevation Abies spectabilis sites near 
the tree line. Our record untangles the impact of recent 
climate warming on regional tree growth up to 2022 CE 
Furthermore, extending back to the eighteenth century, this 
record provides crucial high-resolution insights into regional 
climate variability over the past ~ 250 years.

Materials and methods

Tree ring data and sampling sites

Tree-ring data from five Abies spectabilis sites located 
between 3220 and 3750 m a.s.l. in the Central Himalayas 
(Fig. 1) are analyzed. They cover a longitudinal range from 
82.0°E to 86.1°E and latitudes between 28.1°N and 29.5°N, 
extending from eastern to western Nepal. The sites Ghore-
pani (Ghore) and Kalinchowk (Kalin) were sampled in the 
late 1970s (Schweingruber 2002a, 2002b) and obtained from 
the International Tree Ring Data Bank (ITRDB; Guiterman 
et al. 2024). Jumla site was sampled in the late 1990s (Bräu-
ning 2003) and the remaining two sites, Rara and Cholang-
pati (Chola), were newly established for this study.

Here, 50 mixed-aged trees were sampled in spring and fall 
2023 CE, with two cores extracted at breast height, making 
2022 the final complete ring. TRW was measured using a 
LINTAB system with a precision of 0.01 mm, and crossdat-
ing accuracy was controlled using the COFECHA program 
(Holmes 1983). MXD was measured using a WALESCH 
densitometer following standard protocols (Björklund et al. 
2019; Schweingruber et al. 1978) at the Johannes Gutenberg 
University Mainz, Germany, and the Swiss Federal Research 
Institute (WSL) in Birmensdorf, Switzerland.
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Detrending and chronology building

To remove biological age trends, all series were detrended 
using a negative exponential curve (NegEx) or linear regres-
sion to calculate ratios in the program ARSTAN v41d (Cook 
1985; Cook & Kairiukstis 1990; Cook & Krusic 2020). For 
each site, all cross-dated samples considering a COFECHA 
score r > 0.2 were entered into a site chronology. To ensure a 
comparable sample structure across sites, only series longer 
than 100 years were included (90 years for Chola; Fig. 2). 
The variance of site chronologies was stabilized by first cal-
culating residuals between the chronologies and a 31-year 
centered Gaussian-weighted moving average. These were 
then divided by a 101-year centered moving standard devia-
tion, scaled to match the mean and standard deviation of 
the original residuals, and finally added back to the 31-year 
filter. Composite chronologies representing different com-
binations of the sampling locations were built by truncating 
each site chronology at a replication of five series and then 
averaging the resulting chronologies. A threshold of 0.8 for 
the expressed population signal (EPS) was applied to define 
a reliable period of the chronologies. The climate signal was 
tested for means of three, four, and five sites.

Regional Curve Standardization (RCS) was applied to 
preserve additional low-frequency climate signals (Briffa 
et al. 1992a, b). As RCS requires an extensive range of 

sample ages (Esper et al. 2002), all samples that surpassed 
the site chronology screening were included, regardless of 
previous length restraints. The series were pruned to a cam-
bial age range from 30 to 100 years (Fig. S1), and series 
shorter than ten years were excluded (Homfeld et al. 2024). 
All resulting series were RCS detrended using ratios and 
averaged to produce a regional chronology, which was var-
iance-stabilized as described above.

After scaling to instrumental temperatures (see below), 
the low-frequency climate signal was emphasized by apply-
ing a 101-year Gaussian-weighted low-pass filter. To capture 
high-frequency variations, the residuals between the same 
101-year Gaussian filter and a NegEx detrended compos-
ite chronology were calculated. Those residuals were then 
added to the smoothed low-frequency signal of the RCS 
chronology. This combined approach allows the preserva-
tion of long-term trends, which are likely better captured by 
RCS, while retaining high-frequency variability from the 
NegEx detrending (Cook et al. 2003).

Climate data and signal assessment

For each site, monthly mean temperatures (Tmean) were 
extracted for the closest grid point (Fig. 1) of the most 
recent Berkeley Earth Surface Temperature Dataset (BEST) 
(Berkeley Earth 2025a; Rohde & Hausfather 2020). The 

Fig. 1   Map of site locations within the Himalayas (Liu & Zhu 2022). Black crosses represent used temperature grid points from Berkeley Earth 
1° gridded temperature data (Berkeley Earth 2025a)
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longest common period without missing values across all 
grid points, 1870 to 2022 CE, was used for climate cor-
relations. For the combined chronologies, temperature data 
from the grid points closest to the included sites were aver-
aged. The grid points used in the analysis have an average 
elevation of 4230, 4587, 3116, and 2563 m a.s.l. from west 
to east.

Both temperature and tree ring data were tested for nor-
mality using the Lilliefors test (Lilliefors 1967) before calcu-
lating bootstrapped Spearman correlations between the chro-
nologies and monthly and seasonally averaged climate data. 
This was done for the periods 1870–1950 CE and 1951–end 
of the corresponding chronology to assess climate-growth 
relationships and specify a target season. Stationarity was 
tested using 31-year running correlations and significances 
determined using a studentized permutation test (Yu & Hut-
son 2024). To account for high autocorrelation, permutations 
were performed using a block resampling scheme. Fisher’s 

z-transformation test was used to assess the significance of 
differences between correlations (Fisher 1921).

The composite chronology with the strongest climate-
growth relationship was calibrated against the correspond-
ing averaged temperature data using simple linear regression 
over three periods (full 1951–1975 CE, early: 1951–1986 
CE, late: 1976–2022 CE). These periods were selected to 
ensure that the gridded data were based on observations 
from Nepal (Berkeley Earth 2025b; Shrestha et al. 1999). 
Model performance was evaluated using the reduction 
of error (RE) and coefficient of efficiency (CE) statistics 
in a split calibration approach, where values greater than 
0 indicate predictive skill (Cook et al. 1994). To assess 
potential diverging trends between MXD and temperature 
data, the Durbin-Watson (DW) statistic was calculated over 
the 1951–2022 CE calibration period, as well as within 
31-year moving windows over the complete overlapping 
period (1870–2022 CE). The DW tests for autocorrelation 
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in proxy-target residuals, with values around 2 indicating 
insignificant trends (Durbin & Watson 1971; Wilson et al. 
2007). For final reconstruction, the regressed MXD data 
were scaled to match the mean and standard deviation of the 
1900–1990 CE temperature data (Esper et al. 2005). Recon-
struction uncertainties were estimated using the prediction 
interval (Olive 2007), and the long-term trend was assessed 
using a modified Mann–Kendall test (Hamed & Rao 1998; 
Hussain & Mahmud 2019).

Results

The single-site chronologies span the period 1665–2022 
CE, with the Jumla site providing the longest record, cover-
ing 1665–1998 CE, and the Ghore site the shortest, starting 
in 1740 and ending in 1978 CE Between 20 (Ghore) and 
43 (Rara) MXD series are averaged per site. The shortest 
mean segment length (MSL) is 152 years at Ghore and the 
longest 232 years at Jumla. Mean maximum latewood den-
sity varies across sites, from 0.70 g/cm3 at Kalin to 0.83 g/
cm3 at Rara (Fig. S2a, Tab. 1). First-order autocorrelation 
is highest at Jumla (0.61) and lowest at Chola (0.25). The 
interseries correlations (rbar) range from 0.37 in Rara to 
0.51 in Kalin (Tab. 1). Results from the Lilliefors tests indi-
cate that MXD values in all site chronologies except Chola 
are normally distributed. Inter-site correlations range from 
rs = 0.18 between Rara and Ghore to rs = 0.51 between Kalin 
and Jumla (Fig. S2b). Correlations based on first differences 
are consistently higher, ranging from 0.24 between Rara 
and Kalin to 0.63 between the Ghore and Chola sites (all 
p < 0.05). The correlations between each site chronology and 
the mean of the other sites remain stable over time (Fig. S3). 
The composite chronologies consist of 135 series for the 
mean-of-five sites covering 1696 to 2022 CE, 115 series 
for the mean-of-four sites from 1733 to 2022 CE, exclud-
ing the Ghore site, and 92 series for the mean-of-three sites 
from 1775 to 2022 CE, with both the Ghore and Jumla sites 
removed. According to the EPS values, the mean-of-four 
and mean-of-five chronologies fall below the 0.8 threshold 
at the beginning of the 1750s, whereas the mean-of-three 

chronology exceeds this threshold from the 1790s onward 
(see Fig. S4).

Climate correlations

The climate-growth analysis across the sites revealed 
slight regional differences with regard to the monthly tem-
perature responses. During the 1951–2022 CE calibration 
period, spring and late summer temperatures show the most 
dominant impact on tree growth, indicated by the highest 
monthly correlations in April, August, and September across 
the MXD sites (Fig. 3b). The strongest significant single-
month correlations are found in August for Rara (rs = 0.65; 
p < 0.001), Chola (rs = 0.27; p < 0.05), and Kalin (rs = 0.40; 
p < 0.01), and in March for Jumla (rs = 0.29; p < 0.05; Fig. 4 
and Figs. S5, S6, S7, S8 and S9). For Ghore, no significant 
correlation is detected. During the earlier 1870–1950 CE 
period, April and August temperatures show the strongest 
relationship across the sites, with a focus on April in four 
of the five sites (Fig. 3a). Correlations range from rs = 0.23 
(p < 0.05) at Rara to rs = 0.58 (p < 0.001) at Kalin. Only 
Chola shows the strongest response to August tempera-
tures (rs = 0.28, p < 0.001), but it also correlates with April 
at rs = 0.24 (p < 0.05). Intersite covariance and correlation 
with April–September growing season temperatures are rela-
tively stable until the late 1930s, but thereafter break down 
in Ghore. From the late 1970s onward, the correlations at 
Jumla and Chola decline, reaching rs = 0; but only Chola 
recovers after the late 1980s (Fig. 3c, d).

The three-site, four-site and five-site composite chro-
nologies show strongest correlations with April, July, 
August, and September temperatures and the April-Sep-
tember seasonal mean (Fig. 4a). Correlations for April 
range from rs = 0.40 to 0.45 (p < 0.01), for July from 
rs = 0.40 to 0.46 (p < 0.01), for August from rs = 0.60 to 
0.63 (p < 0.001) and for September from rs = 0.47 to 0.52 
(p < 0.01). Seasonal correlations for April-September vary 
between rs = 0.61 and 0.64 (p < 0.001), with the highest 
correlation observed for the four-site composite (rs = 0.64; 
p < 0.001). A decline in correlation is seen in May and 
June across all composites, followed by an increase in 

Table 1   MXD site chronology characteristics (MSL = mean segment length, Rbar = interseries correlation, Ac1 = autocorrelation (lag -1); 
1926–1975 = common period of all MXD Abies datasets from Europe and Asia available on ITRDB)

Site Lat Lon Elevation 
(m a.s.l.)

Period Radii MSL Mean max. 
densities

Rbar Ac1 (n ≥ 5) Ac1 
(1926–
1975)

Rara 29.54 82.04 3600 1767–2022 43 154 0.83 0.36 0.48 0.50
Jumla 29.45 82.12 3500 1665–1998 23 232 0.71 0.45 0.61 0.36
Ghorepani (Ghore) 28.42 83.75 3220 1740–1978 20 152 0.75 0.48 0.43 0.06
Cholangpati (Chola) 28.10 85.38 3750 1731–2022 28 153 0.80 0.41 0.25 0.56
Kalinchowk (Kalin) 27.75 86.08 3720 1722–1978 21 201 0.70 0.51 0.57 0.53
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July. Running correlations for April-September remain 
temporally stable, except for a dip from the mid- to late-
1980s, which is slightly less pronounced in the three site 
composites (Fig. 4b). The strongest spatial correlations 
are found in central Nepal extending at rs > 0.5 across the 
southern Tibetan Plateau, Bhutan, Bangladesh, and parts 

of India and Myanmar (Fig. 5a). Correlations based on 
first differences are generally weaker (maximum rs = 0.51), 
covering similar regions but with a less extensive reach. 
Moderate negative correlations (rs ≥  − 0.33) can be found 
in the Tajikistan–Uzbekistan region (Fig. 5b).
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Calibration and transfer

The simple linear regression model for the whole calibration 
period (1951–2022 CE; Fig. S10) using the four-site com-
posite chronology explains 40% of the variance of April-
September mean temperatures. When applying a split-period 
calibration with the calibration period divided exactly in 
half, CE values become negative, indicating reduced pre-
dictive skill. Therefore, split calibrations were performed for 
the periods 1951–1975 and 1976–2022. Calibrating on the 
first period (1951–1975) explains 42% of the variance during 
the calibration and 35% of the variance during verification. 

The corresponding verification statistics indicate moderate 
predictive skill (RE = 0.40, CE = 0.08). Using the second 
calibration period window (1976–2022), the model explains 
37% of the variance during the calibration and 39% during 
verification periods. Verification statistics are comparable 
to the first approach (RE = 0.48, CE = 0.04; Tab. 2). To fur-
ther assess model stability, a leave-one-out calibration was 
performed. The resulting predictions closely match the full 
calibration, indicating consistent model behavior (Fig. S 11). 
The DW statistic for the full calibration period (DW = 1.42, 
p < 0.01) indicates positive autocorrelation in the residu-
als between the reconstructed and instrumental data. A 
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declining trend in the running DW values outlines the pres-
ence of an increasing diverging trend between temperature 
and the MXD-chronology (Fig. S12).

Discussion

The dataset presented in this study is the largest density-
based network for the Central Himalaya to date. High covari-
ance between the single sites and consistent running correla-
tions between the individual and the mean of the remaining 
sites (Fig. S3) suggest a coherent signal across the region, 
suitable for a climate reconstruction. The observed differ-
ences in raw mean MXD values among sites may result from 
a combination of factors, including measurements conducted 
in different laboratories (Mainz and WSL Birmensdorf) 

as well as variations in elevation and MSL, with younger 
rings usually showing higher MXD (Björklund et al. 2019). 
Nonetheless, these variations appear minor considering the 
displayed moderate to high correlations between the sites, 
also regarding their spatial distribution across Nepal (Fig. 1; 
Fig. S2b).

Climate correlations

The observed site-specific MXD responses to temperature 
provide novel insight into the complex regional climate 
growth relationships. At the single-site level, Rara exhibits 
the strongest correlation with August Tmean, which is con-
sistent with the only other existing MXD-based reconstruc-
tion from Nepal (Sano et al. 2005). Rara appears to track 
recent warming reasonably well, whereas Chola, the second 
newly established site for this study, deviates from the recent 
temperature increase. The Ghore site, which lies furthest 
below the treeline, does not display significant temperature 
correlations during the calibration period. Studies by Hartl 
et al (2022) and Klippel et al (2020) have shown that the 
temperature sensitivity of MXD can weaken with decreasing 
elevation. We therefore interpret that the MXD at the Ghore 
site is not sharing the temperature limiting conditions at the 
higher-elevation sites, which is why it was excluded from 
the final reconstruction. As Ghore is situated in an area with 
one of the highest yearly precipitation rates in Nepal (DHM 

70
°E

80
°E

90
°E

10
0°
E

10°N

20°N

30°N

40°N
b)

70
°E

80
°E

90
°E

10
0°
E

10°N

20°N

30°N

40°N a)

HHIIMMAALLAAYYAASS

HHIIMMAALLAAYYAASS

−0.8 −0.6 −0.4 −0.2 0.0 0.2 0.4 0.6 0.8

Spearman r

Fig. 5   a Spatial Spearman correlations between Apr–Sep Tmean 
(1951–2022 CE) and the mean-of-four composite chronology; b) spa-
tial Spearman correlations based on first differences. Black dots rep-
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Table 2   Calibration statistics for Apr–Sep Tmean reconstruction 
(CRE = calibration reduction of error, CE coefficient of efficiency, 
RE = reduction of error

Period Calibration Verification

r2 CRE r2 RE CE
1951–2022 0.40 0.40 – – –
1951–1975 0.42 0.42 0.35 0.40 0.08
1976–2022 0.37 0.37 0.39 0.48 0.04
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2017), we assume that the MXD at this site is not moisture 
limited either, due to missing and reliable long-term instru-
mental data, we cannot state this for certain.

The composite chronologies generally exhibit a stronger 
climate signal than the individual sites (except for August 
correlations at Rara), as averaging reduces non-climatic 
noise and emphasizes the common climate signal, similar 
to standardizing series into a single chronology (Cook & 
Kairiukstis 1990). Since Ghore was excluded, and the aver-
age of the remaining four sites showed the strongest climate 
correlation among the composite chronologies (Fig. 4a), the 
four-site chronology was selected for the final reconstruc-
tion. April-September was chosen as the target season dis-
playing the strongest overall climate-growth relationship.

April Tmean-MXD correlations are consistent with find-
ings by Björklund et al. (2017) for the Northern Hemisphere 
and Hughes (2001) for the Karakoram, who report that 
spring conditions influence latewood density characteris-
tics. This aligns with Rathgeber (2017), who suggests that 
carbon assimilated during the early growing season is used 
for cell-wall thickening in the latewood (Rathgeber 2017). 
Stronger correlations in April and late summer (August and 
September), compared to weaker signals in May and June, 
are in line with other density-based studies from neighboring 
regions, such as the Tibetan Plateau (Fan et al. 2009; Li et al. 
2017 2018; Nie et al. 2023) and the Karakoram (Hughes 
2001). The highest correlations between MXD and Tmean in 
August and September are in agreement with both the only 
other density-based Nepal dataset (Sano et al. 2005) and 
numerous studies from the Tibetan Plateau (Bräuning 2006; 
Bräuning & Mantwill 2004; Duan et al. 2019; Fan et al. 
2009; Li et al. 2018, 2015; Nie et al. 2023; Wang et al. 2010; 
Xing et al. 2014) as well as from the Karakoram (Hughes 
2001; Khan et al. 2024). This agrees with the understanding 
that late summer temperatures are particularly important for 
cell wall thickening (Cuny et al. 2019) and thus for latewood 
density, which is directly affected by cell wall dimensions 
(Björklund et al. 2017).

Most of the above-mentioned studies used August–Sep-
tember as the target season for temperature reconstructions. 
As in this study, the strongest climate-growth correlations 
are found for April-September (consistent with Fan et al. 
2009; Hughes 2001), it was chosen as the target season. A 
slightly longer window, March-September, was used for the 
Western Nepal density reconstruction by Sano et al (2005). 
Additionally, several studies have focused on reconstruct-
ing summer minimum temperatures for the Tibetan Plateau 
(Huang et al. 2025; Liang et al. 2008, 2016).

Comparisons with other available temperature recon-
structions reveal significant correlations with the averaged 
closest grid points of Cook et al. (2013) East Asian spatial 
temperature reconstruction (rs = 0.29, p < 0.001), the Feb-
ruary–June reconstruction for Nepal by Cook et al. (2003) 

(rs = 0.24; p < 0.01) and the recently published August–Sep-
tember minimum temperature reconstruction for the Tibetan 
Plateau (rs = 0.24, p < 0.01; Huang et al. 2025). In contrast, 
the reconstruction shows no significant correlation with a 
δ18O-based ice-core temperature reconstruction from the 
Nepal-China border (rs = 0.02, p = 0.41; Thompson et al. 
2000) or with a TRW-based summer temperature recon-
struction from the Bhutanese Himalayas (Krusic et al. 2015; 
rs = 0.02, p = 0.54). Beyond these statistical relationships, 
our reconstruction exhibits similar decadal-scale variability 
to the records mentioned above. All reconstructions identify 
the early nineteenth century as a pronounced cold period, 
with the 1810s representing one of the coldest decades of 
the past 250 years in the broader region (Fig. S13). A second 
shared cold phase can be identified in the 1960s and 1970s, 
although this decline is less striking in the Tibetan Plateau 
reconstruction (Huang et al. 2025) and the glacier-based 
record (Thompson et al. 2000). In contrast, warm periods 
are less clearly synchronized across the datasets, potentially 
reflecting a combination of differences in regional climate, 
varying seasonal sensitivities and temperature parameters 
reconstructed. However, the general presence of coherent 
cold phases, together with the moderate but significant cor-
relations, indicates, that our reconstruction captures a com-
mon regional climate signal.

As shown in Fig.  4, running correlations between 
Apr − Sep Tmean and MXD remain relatively stable over 
time, except for a notable drop around 1984. This decrease 
is likely due to opposing effects of cold spring temperatures 
and slightly above average summer temperatures, which 
offset each other in the seasonal average (Fig. S14a). When 
only August–September is considered, this decline disap-
pears (Fig. S14b).

While some single month running correlations show an 
increase towards the present (Fig. S15), diverging trends 
between the mean-of-four MXD reconstruction and warm-
season temperatures can be observed. To identify the sea-
sonality of this divergence, the mean-of-four reconstruction 
was scaled to the single-month temperatures and residu-
als between MXD and instrumental data are calculated 
(Fig. S16), revealing that the strongest declining trend can 
be observed at the beginning and the end of the target season 
(April and September).

Since only two sites cover the most recent 25 years and 
the Rara chronology tracks the current warming reasonably 
well (Fig. 3c), the described divergence is likely driven by 
Chola, which exhibits a weaker response to the recent tem-
perature increase as described above. As Chola generally 
shows a weaker temperature-growth relationship than Rara, 
one possible explanation for the diverging trends may lie in 
differences in precipitation regimes between the two sites 
and between western and eastern Nepal in general. Western 
Nepal is more strongly influenced by westerlies during the 
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winter, whereas eastern Nepal is more strongly influenced by 
the monsoon (DHM 2017). Chola might therefore be more 
sensitive to hydroclimatic conditions than Rara. However, 
due to the absence of publicly available high-resolution pre-
cipitation data, which would be essential to test this in such 
complex terrain, it cannot be assessed reliably. Additional 
explanations could involve microsite-specific factors that 
may have led to the diverging trends. As detailed ecological 
information about the stand is not available, any assumptions 
to that end would be speculative.

Preservation of low‑frequency trends

No statistically significant low-frequency trend (p = 0.30) 
is present in the reconstruction (1775–2022 CE; Fig. 4c), 
indicating its limited potential to reflect multidecadal to cen-
tennial temperature fluctuations. This is also reflected in the 
low CE values, indicating a mismatch between the long-term 
trend in the instrumental data and the reconstruction during 
the calibration period, and is further supported by declining 
DW values toward the present. However, the reconstruction 
is robust in the high-frequency domain of the signal, under-
lined by the strong correlations between the temperature tar-
get and the reconstruction. To address the issue of missing 
low frequency, an approach originally introduced by Cook 
et al. (2003) for a Nepalese ring-width-based reconstruc-
tion was applied. The approach merges frequency-specific 
chronologies, here, the high-frequency component from the 
NegEx-detrended chronology, with the low-frequency sig-
nal from the RCS-detrended chronology (Fig. 6a, b). Mov-
ing away from the traditionally used even-aged datasets to 
mixed age classes (Nehrbass-Ahles et al. 2014), together 
with pruning, enables the use of RCS detrending on a living-
tree dataset, to better preserve long-term trends (Esper et al. 
2003; Homfeld et al. 2024). This approach results in a com-
bined chronology that tracks the instrumental temperature 
more closely, especially in recent years, as shown by higher 
DW values in the calibration period (Fig. 6c, Fig. S12). The 
combined RCS-NegEx reconstruction underestimates April-
September mean temperatures by 0.12 °C on average during 
the calibration period and by 0.13 °C in the earlier period, 
whereas the NegEx reconstruction underestimates the instru-
mental record by 0.33 °C during the calibration period and 
overestimates it by 0.19 °C in the earlier period (Fig. 6d). 
Additionally, the combined chronology explains more vari-
ance during the calibration period (45%) than the classic 
NegEx detrended chronology (Fig. S17). This improvement 
is also reflected in notably higher calibration statistics for 
the combined reconstruction, indicating higher predictive 
skill. For the early calibration period, CE and RE increase 
to 0.27 and 0.51, while for the later period they rise to 0.30 
and 0.62 (Table S1).

In contrast to the NegEx-based reconstruction, the 
combined RCS-NegEx chronology exhibits a significant 
warming trend (p < 0.001), which aligns more closely 
with other reconstructions, such as the δ18O glacier record 
from Thompson et al. (2000) and the MXD-based sum-
mer minimum temperature reconstruction by Huang et al. 
(2025; Fig. 7a). The combined RCS-NegEx chronology also 
reveals higher correlations with the glacier record (rs = 0.34, 
p < 0.001) and with Huang et al. (rs = 0.54, p < 0.001), com-
pared to the NegEx reconstruction. The same applies for the 
Cook et al. (2013) spatial record (rs = 0.37, p < 0.001). Only 
correlations with the frequency-combined reconstruction by 
Cook et al. (2003) are lower compared to the NegEx recon-
struction rs = 0.04 (p = 0.31). Overall, these results suggest 
an improved representation of both instrumental tempera-
tures and broader regional temperature trends in the com-
bined reconstruction, compared to the NegEx reconstruction.

1816: the year without a summer?

Five of the ten coldest years in the combined reconstruc-
tion occur between 1816 and 1820 CE, making the 1810s 
the coldest decade in the record. This period coincides with 
the aftermath of the 1815 CE Tambora eruption, the largest 
volcanic eruption in recorded history (Oppenheimer 2003), 
which was followed by a widespread temperature decrease 
across much of the Northern Hemisphere. In many European 
and North American records, 1816 CE appears as the cold-
est year of the past 250 + years and is widely known as the 
“Year Without a Summer” (Harington 1992; Luterbacher 
& Pfister 2015; Oppenheimer 2003; Pfister & White 2018). 
In this study, however, in contrast to many other Northern 
Hemisphere density records (e.g., Briffa et al. 1992b; Bünt-
gen et al. 2006; D’Arrigo et al. 2006; Esper et al. 2025; Sch-
neider et al. 2015; Wilson et al. 2016), 1817 CE appears to 
be the coldest year of the reconstructions (− 1.6 °C rela-
tive to 1951–1980 CE), followed by 1818 CE as the second 
coldest year. This discrepancy suggests that regional climate 
anomalies following major eruptions may not always align 
with hemispheric means.

One potential explanation lies in the structure of the 
density data. Parts of the dataset display unusually high 
lag-1 autocorrelation (Tab.1): Rara (Ac1 = 0.48), Jumla 
(Ac1 = 0.61), and Kalin (Ac1 = 0.57), along with the NegEx 
chronology (Ac1 = 0.53) and the combined reconstruction 
(Ac1 = 0.69). These values are significantly (p < 0.01) higher 
than the mean autocorrelation in MXD values of eleven 
millennium-length northern hemispheric chronologies 
described by Esper et al (2015; Ac1 = 0.17 for Hugershoff 
detrended and AC1 = 0.39 for RCS detrended) and could 
indicate a stronger memory effect in the climate signal, 
which is more typical of ring width data (Esper et al. 2015). 
However, when comparing the mean lag-1 autocorrelation 
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for the sites used in the reconstruction to all available MXD 
datasets from Abies sites in Europe and Asia available 
through the ITRDB over their common period (1926–1975 
CE), no significant difference is found (p = 0.34; Fig. 7c). 
After performing pre-whitening of the NegEx chronology, 
the magnitude of the 1817 anomaly is slightly reduced com-
pared to the standard chronology. However, 1817 remains a 
distinct negative anomaly (Fig. S18), suggesting that lag-1 
autocorrelation alone cannot explain the 1817 anomaly and 
that independent climate forcing is required to explain its 
persistence after pre-whitening.

This interpretation is consistent with evidence for a dif-
ferent regional climate response to the Tambora eruption in 

the Central Himalayas. Historical documents indicate that 
China experienced below-average temperatures in 1816 but 
especially in 1817 CE, leading to severe crop damage and 
famines (Gao et al. 2017; Zhang et al. 1992). By contrast, 
there is little documentary evidence for large-scale cooling 
in India (Jameson 1820; Pant et al. 1992), though tree-ring 
evidence suggests 1816 CE as the driest year in India’s west-
ern Himalayas in the past 300 years (Yadav et al. 2015). This 
extreme is potentially linked to different pressure systems 
from usual, caused by temperature anomalies due to the 
volcanic-induced cooling (Pfister & White 2018). On the 
Tibetan Plateau, Nie et al. (2023) identify both 1816 and 
1817 CE as cold summers, with 1817 CE being one of the 
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coldest in the past 1208 years. The MXD reconstructions 
by Wang et al. (2010) and Huang et al (2025; Fig. 7b) also 
display the year 1817 CE as cooler than 1816 CE, whereas 
the reconstruction by Li et al. (2017) outlines 1816 CE as 
the colder late summer-autumn compared to 1817 CE In 
Nepal-specific reconstructions, Cook et al. (2003) show 
1817 CE February-June temperatures as also colder than 
1816 CE, which is even surpassed by 1818 CE as the cold-
est year on record. This is similar to Cook et al. (2013), 
for which cooling continued until 1820 CE, and to a recon-
struction by Gaire et al. (2020), who also found a cooling 
effect in the years following the eruption with a minimum 
in the early 1820s. Although some site chronologies display 
high autocorrelation, together with the evidence from other 
reconstructions and historic documents, the reconstruction 
presented here suggests that in the Nepalese Himalaya, 
the Tambora event did not lead to a single-year extreme in 
1816 CE Instead, it is reasonable to assume that the erup-
tion rather resulted in a multi-year cold anomaly spanning 
several subsequent years.

Conclusion

This study presents the first network-based MXD reconstruc-
tion of growing-season temperatures for the Central Hima-
layas, developed from four high-elevation Abies spectabilis 
sites. Temperature estimates extend back over 247 years 
and provide detailed insight into the climate variability of 
monsoon-influenced environments. The extended seasonal-
ity from April-September of the reconstruction reveals MXD 
as a valuable proxy for reconstructions during monsoonal 
conditions. Combining high- and low-frequency components 
from different detrending methods improves the agreement 
between proxy and instrumental data compared to classic 
NegEx approaches using only old trees. The reconstruction 
highlights a multi-year cold anomaly following the 1815 CE 
Tambora eruption, with the coldest summer being 1817 CE 
rather than 1816 CE This finding demonstrates the impor-
tance of regional reconstructions to improve understand-
ing of climate response patterns to global cooling events. 
Expanding this network by adding species and sites across 
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the Central Himalaya, as well as extending records back, 
is advised to gain further information on high-to-low fre-
quency climate variability in these unique environments.
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