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A B S T R A C T

Living and relict Qilian juniper (Juniperus przewalskii Kom.) trees from the northeastern Tibetan Plateau offer an 
exceptional high-resolution paleoclimate archive spanning centuries to millennia. However, the co-occurrence of 
different climate signals exhibited by the same trees and chronologies may challenge the interpretation, and even 
reliability, of dendroclimatological reconstructions. Here, we analyse temperature and precipitation measure
ments from 60 meteorological stations northeast of the Tibetan Plateau between 1139 and 3663 m asl. We find 
that summer temperature and precipitation are positively correlated at higher elevations, while they tend to 
reveal inverse relationships at lower elevations. We also show that anthropogenic warming has led to wetter 
conditions at higher elevations but drier conditions at lower elevations. Our results further suggest that tree ring- 
based hydroclimate reconstructions from semi-arid Asian mountain systems are localised representations, which 
are usually not captured by gridded climate data.

1. Introduction

With an area of over 2.5 million square kilometres and an average 
elevation exceeding 4000 m asl, the Tibetan Plateau and surrounding 
mountain regions in central Asia host approximately 100,000 km2 of 
glaciers, an extensive permafrost zone and the headwaters of numerous 
large rivers, including the Yangtze, Yellow and Mekong. Known as the 
world's largest ‘Water Tower’ (Yao et al., 2012, 2022), the region pro
vides hydrological resources for nearly 40% of the global human pop
ulation (Huang et al., 2023). The Tibetan Plateau also exerts a strong 
influence on large scale climate dynamics through land-ocean- 
atmosphere couplings (An et al., 2001; Lee et al., 2013). The elevation 
and extent of the plateau influence the westerly jet stream (Yang et al., 
2002) and the Asian monsoon system (Wu et al., 2012; Lu et al., 2021). 
Despite much research, it remains unclear how anthropogenic climate 
change is affecting the hydrological cycle of the Tibetan Plateau and 

surrounding high mountain systems (Wang et al., 2021), because the 
interaction between the Asian monsoon and westerly circulation is 
complex and long meteorological observations at high elevations are 
sparse. High-resolution proxy data are therefore needed to compare 
recent trends and extremes against past natural changes.

Despite mounting evidence for – and mechanistic understanding of – 
elevation-dependent warming (Mountain Research Initiative EDW 
Working Group, 2015; You et al., 2020; Miller et al., 2021), it is less clear 
how precipitation patterns are affected by elevation (Napoli et al., 
2019), and how possible changes might be season- and region-specific. 
Meteorological observations in high mountain systems typically cover 
short time spans, which may prevent them from capturing trends and 
extremes in precipitation, particularly snowfall. This likely accounts for 
the varying conclusions reached in different studies (Pepin et al., 2022). 
Warmer and wetter summers at higher elevations of semi-arid mountain 
systems in central Asia suggest a thermal amplification of convective 
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airflow, cooling beyond dew point temperatures, and enhanced 
condensation and precipitation events (Cui et al., 2024). At the seasonal 
scale, high summer temperature means at lower elevations under con
tinental climate conditions typically correspond to low summer pre
cipitation totals (i.e., increased cloud cover), while low summer 
temperatures correspond to high precipitation totals (i.e., decreased 
cloud cover). This is because warm summers are usually associated with 
reduced cloud cover and less rainfall, whereas cold summers tend to 
have more cloud cover and increased rainfall. A northward shift of the 
Asian monsoon system and alternations of westerly airmasses, however, 
would affect water vapour fluxes and moisture content on the Tibetan 
Plateau (Chen et al., 2008).

Dendrochronology, and especially its subdiscipline of den
droclimatology, both have long traditions in China (Wu and Zhan, 
1991). Published almost half a century ago, Cho et al. (1978) estimated 
summer temperatures for the past millennium from slow-growing Qilian 
juniper (Juniperus przewalskii Kom.) from the northeastern Tibetan 
Plateau (Fig. 1A). Since then, nearly 200 paleoclimate studies have been 
published based on new or existing tree-ring width chronologies from 
this species and region (Fig. 1A; Supplementary Inventory S1) (Gao 
et al., 2025). While publications are relatively scarce until 2000, their 
sharp increase afterwards demonstrates the growing importance of this 
natural proxy archive (Büntgen et al., 2025a, 2025b; Gao et al., 2025). 
The average chronology length of 1048 years, with individual timespans 
ranging from 147 to 4650 years, exceeds the typical chronology lengths 
found in most other regions. Millennial-scale Qilian juniper tree-ring 
chronologies have been established for at least seven subregions of the 
northeastern Tibetan Plateau (Fig. 2). Careful development of these 

exceptional composite records was only possible because of the 
tremendous lifespan of some individual trees exceeding 2000 years (He 
et al., 2019), as well as the precise cross-dating of living and relict wood, 
including well-preserved in situ dry-dead snags, archaeological remains 
and historical construction timbers.

Notable in this body of research is the range of climate signals 
retrieved from the annual tree-ring widths of Qilian junipers (Fig. 1B). 
Temperature and precipitation were reconstructed 72 and 62 times, 
respectively, while 52 studies reported other hydroclimate variables, 
such as drought, streamflow and relative humidity. Temperature and 
precipitation reconstructions from Qilian junipers have been published 
at similar frequencies since the 1970s but works reporting other 
hydroclimate signals have emerged since 2007 (Gao et al., 2025), when 
gridded drought indices became available for much of Asia (Dai et al., 
2004; Cook et al., 2010). A closer look at the individual tree-ring 
chronologies or network compilations in the 151 herein reviewed pub
lications reveals that there is no general relationship between site 
elevation and the reconstructed climate signal for most of the studies 
(Fig. 1C), except for those sites below 3400 m asl that were predomi
nantly used for hydroclimate and precipitation reconstructions.

The observed inconsistency in climate signals by a single species 
from the same region, and in some cases even by the same specimens, 
suggest that temperature and precipitation operate not independently 
from each other and the final reconstruction parameter was simply 
defined by the highest proxy-target correlation (i.e., either temperature 
or precipitation), or temperature and precipitation are meteorologically 
independent yet, can be reconstructed from the same proxy. Motivated 
by this conceptual and empirical ambiguity, deeper investigation of the 

Fig. 1. Overview of 174 scientific publications in which Qilian juniper tree-ring width chronologies from the northeastern Tibetan Plateau were used for climate 
reconstructions. (A) Annual distribution of 174 publications from 1978 to 2024 and separated into 75 and 99 studies written in Chinese and English (light and dark 
grey), respectively (Supplementary Inventory S1). The inventory of Qilian juniper (Juniperus przewalskii Kom.) tree-ring width chronologies used to reconstruct 
temperature, precipitation or hydroclimate (e.g., indices of drought, streamflow and relative humidity) is based on the search criteria “Juniperus przewalskii”, 
“Sabina przewalskii”, “Qilian juniper” and “Qilian yuanbai”, in Web of Science (WoS) and the China National Knowledge Infrastructure (CNKI). Purple dots indicate 
the length of individual chronologies (right y-axis), and circles indicate those chronologies that were used in more than one publication per year. (B) Climate target of 
the published reconstructions: temperature (72, orange), precipitation (62, blue), and hydroclimate (52, green), with the latter being a combination of the first two 
and can include records of streamflow and relative humidity. Slight differences in the number of publications between A and B result from individual publications 
reporting more than one climate target (see Supplementary Inventory S1 for details). (C) Elevational distribution of individual and multiple tree-ring chronologies 
used in 151 publications that provide relevant information. Dots refer to mean elevation, vertical lines to elevation ranges of the samples collected, and colours to the 
reconstructed climate signal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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relationship between temperature and precipitation and possible 
changes in the covariance of both meteorological parameters with 
elevation is needed. A better understanding of climate variations in high 
mountain systems is not only crucial for assessing the reliability of tree 
ring-based reconstructions, but also for modelling changes in the hy
drological cycle, plant growth, and vegetation composition under pro
jected anthropogenic warming (Mountain Research Initiative EDW 
Working Group, 2015; You et al., 2020; Miller et al., 2021).

Here, we use meteorological station data from the wider region of the 
northeastern Tibetan Plateau to quantify how relationships between 
temperature and precipitation may, or may not, change with elevation. 
We then assess if the northeastern Tibetan Plateau is experiencing 
different climate trends than its surrounding lowlands. Drawing on our 
results from the meteorological measurements, we explain why tree-ring 
chronologies from the Tibetan Plateau and comparable high-elevation 
environments might be used simultaneously to reconstruct tempera
ture and precipitation or hydroclimate at limited spatial extent. We then 
discuss the implications of elevation-dependent precipitation changes 
for plant growth, vegetation composition, snow cover, glacier extent, 
and river runoff in semi-arid mountain systems. Finally, we contend that 
a warming-induced increase in convectively driven summer precipita
tion at high elevations is likely to persist in the Anthropocene, with 
substantial implications for the hydrological cycle of ‘Water Towers’ 
that are vital resources for ecological and societal systems on large 
spatial scales across Asia.

2. Data and methods

We extracted monthly precipitation, as well as minimum, mean and 
maximum temperature measurements in the wider region of the 
northeastern Tibetan Plateau from the Chinese Meteorological Admin
istration (https://data.cma.cn/). The network of 60 meteorological 
stations spans roughly 35–40◦ North and 95–105◦ East (Fig. 2), 
including the Qilian mountains with important tributaries of the Yellow 
River on the northeastern Tibetan Plateau. The instrumental stations are 

evenly distributed between 1139 and 3663 m asl (Fig. 3A). Most of them 
became operational in the 1950s, and more than 80% of the records 
cover the period 1958–2014 continuously. Pearson's correlation co
efficients between temperature means and precipitation totals were 
calculated for each meteorological station using two windows of high 
summer (June–August; JJA) and warm season (April–September; A-S), 
and three periods of early 1958–1986, late 1986–2014 and full 
1958–2014 coverage. The mean difference in correlation coefficients 
between the 30 lowest and 30 highest meteorological stations was 
calculated (Fig. 4), and a two-sample t-test was used to assess statistical 
significance. A linear regression model was used to calculate temporal 
trends in all meteorological parameters between 1958 and 2014, for 
which slopes were calculated for the original and normalized timeseries 
(i.e., z-scores with a mean of zero and standard deviation of one).

All analyses were repeated with gridded 0.5◦ x 0.5◦ temperature and 
precipitation data from the Climatic Research Unit (CRU TS v. 4.08; 
Harris et al., 2020), and a comparable, though independent product 
from China (0.025◦ x 0.025◦; Zhao et al., 2019). The gridded tempera
ture and precipitation data were selected to best represent the location 
of each meteorological station. We also calculated first differences for all 
data to see if detrended timeseries reveal the same results (Fig. S1).

3. Results

We find significant negative correlations between high summer 
June–August (JJA) temperature and precipitation at the majority of 
stations below circa 2300 m asl (p < 0.01) (Fig. 3B), whereas positive 
correlations dominate at higher elevations. The Theil-Sen slope esti
mator suggests that all positive slopes are significant (p < 0.05) 
(Fig. 3B). A similar pattern is obtained when using data spanning the 
longer warm season from April–September (A-S), for which the inverse 
association at lower elevations is weaker but the synchronous 
temperature-precipitation behaviour at higher elevations is stronger. 
Negative correlations for JJA (A-S) at lower elevations range from − 0.20 
to − 0.62 (0.00 to − 0.42), whereas positive correlations at higher 

Fig. 2. Location of the Qilian Mountains on the northeastern Tibetan Plateau. Topographic map (lighter = higher with glaciers in white) shows the location of 60 
meteorological stations (black dots) and seven regions from which >1000-year-long Qilian juniper tree-ring chronologies have been developed (green dashed ovals; 
1 = Jiuquan, 2 = Qilian, 3 = Delingha, 4 = Wulan and Tianjun, 5 = Nuomuhong, 6 = Dulan, 7 = Animaqing). The bottom photo shows living and relict Qilian juniper 
trees, while the upper photo shows the Yeniugou climate station at 3314 m asl (indicated by a black square north-northwest of Lake Qinghai). Almost all stations 
represent rural settings. The inset map shows the study area on the northeastern Tibetan Plateau (rectangle), and the dashed line on the inset map shows the modern 
limit of the Asian summer monsoon (Chen et al., 2008). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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elevations range from 0.0 to 0.21 (0.0 to 0.41). A similar pattern of 
negative (positive) correlations between temperature and precipitation 
at lower (higher) elevations is obtained when using detrended timeseries 
(Fig. S1).

Splitting the 120 correlation pairings into two groups of 60, each 
including either the 30 lowest or the 30 highest instrumental stations, 
reveals significant correlation differences (p < 0.05) (Fig. 3B). The 
elevation-dependent covariance between temperature and precipitation 
is, however, not seen when using gridded indices instead of the original 
60 meteorological stations (Fig. S2). It should be further noted that we 
found no latitudinal effect on the relationship between temperature and 
precipitation (Fig. S3). These findings reinforce the effect of elevation 
and exclude possible biases from northward shifts of the Asian monsoon 
system. Tests for longitudinal effects were limited by the occurrence of 
many stations at lower elevations in the eastern part of study region.

Robustness of the observed covariance between temperature and 
precipitation, and its elevation dependence, is corroborated by mini
mum and maximum temperatures and by repeating the analysis for two 
equally long early and late sub-periods (Fig. 4A). The individual corre
lation pairings calculated over 1958–1968, 1958–2014 and 1986–2014, 
as well as using two seasons and minimum, mean and maximum 

temperatures range from − 0.75 to 0.72 (p < 0.01). The range of corre
lations with minimum temperatures is wider and more positive than that 
of maximum temperatures. The average difference in correlations from 
the 30 lowest and highest stations is larger for JJA than A-S, especially 
during the early split period. The mean difference in all correlation 
pairings from the 30 lowest and 30 highest stations is 0.23 (Fig. 4B), 
with minimum and maximum correlation differences of 0.10 (max A-S 
late period) and 0.37 (mean JJA early period), respectively. There is no 
systematic change in elevation-dependency between the early, late and 
full calculation periods.

Independent of their elevation, the 60 temperature records show 
positive trends between 1958 and 2014 (Fig. 5A), with a mean warming 
of approximately 0.4 ◦C per decade across all sites and elevations 
(Fig. S4A), corresponding to a warming relative to each station's inter
annual variability of around 0.5 standard deviation per decade (Fig. 5A). 
While the recent increase in both high summer and warm season tem
peratures is significant across the wider region of the northeastern Ti
betan Plateau at all elevations (p < 0.01), there is no evidence for 
elevation-dependent warming. The observed long-term trends in high 
summer and warm season precipitation totals, however, suggest that 
only the meteorological stations at high elevations have recorded wetter 

Fig. 3. Characteristics of meteorological stations and the relationship between temperature and precipitation on the eastern Tibetan Plateau. (A) Elevational dis
tribution of 60 meteorological stations between 1139 and 3663 m asl (black dots), with a mean and median elevation of 2300 and 2277 m asl, respectively (see Fig. 2
for spatial distribution). Grey vertical lines represent the length of station recordings, and horizontal orange dashed lines indicate the period 1958–2014 for which 
83% of meteorological stations have continuous readings. (B) Correlation coefficients between temperature means and precipitation totals at each of the 60 
meteorological stations, calculated over 1958–2014 for three-month (June–August; red) summer and six-month (April–September; green) warm season intervals (see 
Fig. S1 for detrended data and Fig. S2 for comparison against gridded data). Correlations above (below) 0.26 (− 0.26) are significant at the 0.05 confidence level. 
Dashed lines are linear trends of the seasonal correlation coefficients, and boxplots emphasise significant differences in temperature-precipitation covariance between 
the 30 lowest and 30 highest meteorological stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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(and thus likely also colder) conditions (Fig. 5B). However, the sur
rounding lowland areas of the northeastern Tibetan Plateau became 
slightly drier. The wetting trend at higher elevations can be up to 18 mm 
per decade during the warm season from A-S and up to 14 mm for the 
shorter high-summer JJA window (Fig. S4B). The long-term warming is 
less significant when using 0.5◦ latitude by 0.5◦ longitude gridded 
indices (CRU TS v. 4.08; Harris et al., 2020) closest to the meteorological 
stations (Fig. S5A). The gridded high-resolution climate product also 

lacks significant elevation-dependency in precipitation trends over 
1958–2014 (Fig. S5B), thus does not reproduce the station-based evi
dence for increasingly wet-cold mountains and dry-hot lowlands of the 
northeastern Tibetan Plateau.

4. Discussion and conclusions

The observed increase in high summer and warm season 

Fig. 4. Elevation-dependent covariance between temperature and precipitation. (A) Differences in temperature-precipitation covariance between the 30 lowest (dark 
blue) and 30 highest (light blue) meteorological stations, calculated over early (1958–1986), full (1958–2014) and late (1986–2014) split periods for minimum, 
mean and maximum temperatures and three-month (June–August; JJA) summer and six-month (April–September; A-S) warm season intervals. (B) Mean difference in 
correlation coefficients of the 18 temperature-precipitation pairings, which are all significant at the 0.05 level. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 5. Long-term trends in temperature and precipitation at meteorological stations ordered by elevation. Relative changes (i.e., trend slopes expressed as standard 
deviation units per year) in summer (June–August) and warm season (April–September) (A) mean temperature and (B) precipitation totals recorded by the 60 
meteorological stations between 1958 and 2014. All timeseries were normalized to have a mean of zero and standard deviation of one (see Fig. S4 for absolute 
changes in ◦C and mm per decade).
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precipitation with elevation and over time suggests that tree-ring 
chronologies from high-elevation sites in the region of the Tibetan 
Plateau, as well as in other semi-arid mountains of inner Eurasia (e.g., 
Karakorum, Pamir, Taurus, Tian Shan and Zagros), and likely also in the 
western US and South America (e.g., Sierra Nevada and Andes), could 
reveal significant positive correlations with both temperature means 
and precipitation totals. Wherever increasing temperatures at larger 
scales cause wetter rather than drier conditions, dendroclimatologists 
might experience difficulties in distinguishing between more than one 
dominant growth controlling factor. If the same tree-ring chronology 
reveals significant positive correlations with temperature and precipi
tation (when both variables behave similarly and exhibit positive 
covariance), attribution of the final reconstruction to a single climate 
parameter might be subjective and the reasoning must be communicated 
clearly to avoid potential misinterpretation by secondary data users. 
Hydroclimate reconstructions are usually robust if high temperatures 
and low precipitation (or low temperatures and high precipitation) 
jointly cause dry (or wet) conditions (Fritts, 1976). However, where 
temperature and precipitation positively co-vary during the growing 
season, their opposing effects on tree growth are likely to complicate the 
reconstruction of a distinct, singular climatic signal.

The overall climate sensitivity of tree growth will likely decline 
under warmer and wetter conditions (Fig. 6). Such a scenario might bias 
the variance and amplitude of tree ring-based climate reconstructions 
(Büntgen et al., 2022). Moreover, the spatial validity of precipitation 
and hydroclimate reconstructions might be limited if the underlying 
tree-ring chronologies come from semi-arid mountain systems, because 
the recorded trends and extremes in summer climate likely differ from 
those in the surrounding lowlands (Fig. 6). If mountains get wetter but 
lowlands get drier (Fig. 6), tree-ring chronologies from the Asian ‘Water 
Towers’ are unlikely to be representative of the functioning and pro
ductivity of inner Eurasian steppe environments. This caveat may be 
particularly relevant for streamflow reconstructions that extrapolate 
hydrological variability of high mountain systems across the surround
ing lowland areas (Chen et al., 2023).

Limited availability of meteorological observations from high ele
vations influences correlations with gridded climate data, because 
lowland weather stations dominate and conditions at higher elevations 
are not accurately represented. This caveat is particularly severe for 
spatially constrained summer precipitation. Despite the global 

availability and many other advantages of gridded climate products 
(Harris et al., 2020), such interpolated data may not capture important 
behaviours such as regional wetting trends at higher elevations (Fig. S5B 
compared with Fig. 5B), or elevation-dependence in the temperature- 
precipitation relationship (Fig. S2 compared with Fig. 3B). This is not 
unexpected because the gridded CRU dataset does not consider 
elevation-dependence when it interpolates temperature or precipitation 
anomalies across grid cells (Harris et al., 2020). In fact, elevation 
dependence is incorporated only in the baseline climatology (and, for 
precipitation, this translates into elevation dependence in absolute 
values but not in values expressed relative to the baseline climatology). 
In simple terms, grid cell anomalies are calculated as a weighted average 
of station anomalies without considering the elevation difference be
tween stations and the grid cell. This method is used because, in most 
mountain regions, weather stations are too sparse to represent the full 
range of elevations accurately. More and better meteorological station 
measurements from high elevation sites and refined gridding algorithms 
are therefore needed to improve the quality of gridded datasets.

A wetter alpine zone will have implications for vegetation func
tioning and productivity and thus carbon capture (Feldman et al., 2024). 
While our findings are consistent with independent evidence for a recent 
enhancement of tree growth in the Tian Shan mountains (Wang et al., 
2024), it remains unclear if anthropogenic climate change will continue 
to enhance sub-alpine forest growth in semi-arid mountain systems. 
Instead, a decoupling in the rate of future warming and less wetting may 
cause additional drought stress at the cold distribution limit of tree 
growth (Galván et al., 2015). A shift in the predominant growth 
response of high-elevation trees from temperature to moisture has been 
reported for the southeastern Tibetan Plateau (Chen et al., 2025). Aside 
from the risk of drought-induced growth declines, the benefits of 
increased biomass production and carbon sequestration may be offset by 
the association of higher stem growth with faster tree turnover, and 
shorter carbon residence time: “grow fast but die young” (Büntgen et al., 
2019).

Further to the effects on tree growth, forest productivity, carbon 
storage, and climate reconstruction, there are ecological, hydrological 
and societal consequences of a warming-induced increase in precipita
tion at higher elevations (Fig. 6). The position and proportion of sub- 
alpine and alpine vegetation cover is likely to change, with diverse 
implications for animal populations and biodiversity via trophic 

Fig. 6. Possible causes and consequences of rising summer precipitation in semi-arid mountain systems. Conceptual framework for understanding the orographic 
modification of convective summer precipitation in semi-arid mountain systems and comparison with their surrounding lowland areas under generally cooler, pre- 
industrial climate conditions and typically warmer, anthropogenic climate conditions (left and right sides, respectively). The diagram also illustrates that rising 
precipitation totals enhance tree growth, but potentially decreases growth sensitivity to interannual climate variability, and that the climatological difference be
tween wetter high mountain systems and their drier surrounding lowland areas were likely smaller during colder conditions in the past and become larger under 
recent anthropogenic warming, with implications for vegetation composition, snow cover, glacier extent, and river runoff in the Asian ‘Water Towers’, the main 
hydrological resource for much of inner Eurasia's steppe environment.
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interactions (Büntgen et al., 2014). Moreover, lightning during extreme 
precipitation events and thunderstorms is expected to increase wildfire 
risk (Pérez-Invernón et al., 2023). Increased river runoff from the ‘Water 
Towers’ would benefit hydroelectric power generation and agricultural 
production, amongst others. Hydrological changes on the northeastern 
Tibetan Plateau are particularly relevant for irrigation systems along the 
Yellow River (Fig. 2), where farming has a long tradition intertwined 
with the rise and fall of Chinese dynasties (Qin et al., 2025).

While the hydroclimatic future of Asian ‘Water Towers’ remains 
uncertain (Yao et al., 2022), our results imply that it is likely misleading 
to focus on the expected warming without anticipating changes in pre
cipitation. Given the importance of accurate predictions of water supply 
for almost two billion people, we argue for the establishment of more 
and better equipped monitoring networks in mountain regions, and a 
drive towards open data access. Regional atmosphere-cryosphere- 
hydrology models would also benefit from improvements, and empir
ical and theoretical evidence should be combined to enhance water 
management at national and trans-boundary scales. Refining the pre
dictability of hydrological resources is particularly relevant since the 
erratic nature of warming-induced convective summer precipitation is 
likely to cause growing threats from flash floods, debris flows, land
slides, and glacial lake outburst floods, with cascading downstream 
implications for hydropower and settlements (Borga et al., 2014; 
Thackeray et al., 2022; Martinez-Villalobos and Neelin, 2023; Büntgen 
et al., 2025a, 2025b).

Consistent with model projections for high mountain systems (Kad 
et al., 2023; Chen et al., 2024), our findings on elevation-dependent 
precipitation changes emphasise how little is known about the hydro
logical cycles of the Asian ‘Water Towers’ on which ecosystems and 
societies in the drier lowlands depend. Worldwide, we are aware of just a 
handful of high-elevation meteorological summit observatories in 
continuous operation since the second half of 19th or early-20th cen
tury, of which three are in the European Alps (Grosser St. Bernhard and 
Jungfraujoch in Switzerland, and Sonnenblick in Austria), and one each 
in the Pyrenees (Pic Du Midi in France) and Tatra (Lomnický štít in 
Slovakia). There is thus an urgent need for new stations to be estab
lished, gridded climate datasets to be refined, proxy-based re
constructions to be developed, and model simulations to be improved 
for quantifying hydroclimate changes in complex mountain terrain.
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