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Abstract
Mountain regions are recognised as hot-spots of climate change. Although the existence of an Elevation-Dependent Warming 
has been extensively confirmed in several mountain areas of the globe, fewer studies have analysed the elevational stratifica-
tion of temporal trends of other climate variables, and particularly for precipitation. This study analyses changes in mean 
precipitation and its extremes in ERA5 global reanalysis data in key mountain areas of the globe, along with their elevational 
dependence, from 1951 to 2020. These include the Tibetan Plateau, the US Rocky Mountains, the Greater Alpine Region, and 
the Andes, as representative of different latitudes and climatic influences. Our analysis reveals common patterns of elevational 
dependent change in precipitation and its extremes in most of the mountainous areas, which emerge beyond their geographi-
cal differences. A positive elevational gradient of trends of extreme precipitation indices is found in the Tibetan Plateau, the 
Greater Alpine Region, and the subtropical Andes, highlighting a wetting effect (positive trends) at very high elevations. In 
contrast, the Rocky Mountains exhibit a negative elevational gradient, with a drying effect (negative trends) increasing with 
the elevation. Notably, a simple linear regression proved to be effective to describe the stratification of change in the Greater 
Alpine Region and the Rocky Mountains, whereas more complex vertical patterns need to be considered for the Andes and 
the Tibetan Plateau. Mean precipitation, heavy ( ≥10 mm) precipitation and the length of consecutive wet days show a con-
sistent elevation-dependent stratification within each of the study areas, suggesting possible common driving mechanisms.

Keywords  Precipitation extremes · Elevation dependent precipitation change · ERA5 reanalysis · Mountains · ETCCDI 
indices

1  Introduction

High elevation areas are attracting increasing attention of the 
scientific community as climate change hot-spots, or even 
sentinels, whose climatic equilibrium may be more rapidly 
altered compared to the majority of other regions, or to glob-
ally-averaged signals. Regarded as the “water towers” of the 
Earth (Viviroli et al. 2011), mountains are also crucial to the 
planet’s hydrological cycle as they contribute to the seasonal 
and long-term storage of water resources for roughly half of 
the global population (Beniston 2003).

Over the last ten years, several studies have assessed that 
global warming rates are elevation-dependent. This so-called 
Elevation-Dependent Warming (EDW)—literally, the strati-
fication of warming rates with elevation—has been assessed 
in different mountain regions of the globe (Pepin et al. 2015; 

Portner et al. 2019), often with higher rates of warming at 
higher elevations. Recent research has suggested that the 
concept of EDW should be extended to more than just tem-
perature variations, introducing the wider concept of Eleva-
tion-Dependent Climate Change (EDCC) to better describe 
the elevational dependence of the changes in key climate 
variables encompassing several processes and mechanisms 
that are occurring in high-elevation environments (e.g. Kittel 
et al. 2002; Kuhn and Olefs 2020; Pepin et al. 2022).

Precipitation is a critical variable for mountain hydro-
logical resources and its study is crucial in the context of 
climate change. Elevation is the primary factor that influ-
ences precipitation in mountainous regions. In fact, the 
complexity of the terrain can significantly affect local 
precipitation formation through orographic lifting of air 
masses, a phenomenon that drives condensation and cloud 
formation (e.g. Napoli et al. 2019). This effect leads to an 
increase in precipitation with elevation, commonly referred 
to as orographic enhancement. Such effect is modulated 
by the exposure of slopes to incoming atmospheric fluxes 
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and to the details of the local circulation. Consequently, the 
analysis of elevational variations in precipitation changes 
becomes an assessment of whether the orographic precipi-
tation enhancement and its modulating processes are inten-
sifying or decreasing over time. The recent study by Pepin 
et al. (2022) shows that, comparing mountains to lowlands, 
a greatly reduced orographic gradient in precipitation tem-
poral trends was observed globally in the recent past. Such 
change implies either a larger reduction of precipitation at 
higher elevations, or a larger increase at lower elevations, 
depending on the region. An average significant decrease 
of the precipitation orographic gradient at tropical and mid-
latitudes in both hemispheres, was however accompanied 
by less clear results when considering individual mountain 
regions. Despite this general behaviour, a simple comparison 
of precipitation trends at high elevations against lowlands is 
likely not appropriately representing the actual complexity 
of the EDCC for precipitation, or Elevation-Dependent Pre-
cipitation Change (EDPC). Providing a general description 
of global EDPC is highly challenging, primarily due to the 
low and uneven spatial density of observational networks, 
and the lack of sufficiently long historical timeseries at high 
elevations. Moreover, data collected from traditional rain 
gauges are subject to systematic biases: in mountainous 
areas, the occurrence of snowfall (Goodison et al. 1998), 
the very large spatial variability of orographic precipitation, 
and high wind speed (Kochendorfer et al. 2017) exacerbate 
the challenges of reliable data collection. These limitations 
particularly arise when examining long-term precipitation 
trends and extreme precipitation characteristics. Reanalysis 
datasets offer a valuable compromise solution. Reanalyses 
combine the representation of the atmosphere-land-ocean 
system from state-of-the-art numerical weather prediction 
models with the assimilation of a wide range of observa-
tional data. Because of the numerical model, they are able 
to reproduce the atmospheric parameters more effectively 
also in regions with sparse station coverage, facilitating a 
more comprehensive understanding of precipitation pat-
terns across mountainous areas. In particular, ERA5 (Hers-
bach et al. 2023) is a next-generation reanalysis dataset that 
is widely used in precipitation studies and has undergone 
extensive validation. Lavers et al. (2022) performed a global 
comparison of ERA5 precipitation and data from observa-
tions, assessing that ERA5 can be used with a high level of 
confidence in extratropical areas, while a lower skill was 
found in the Tropics, as also suggested by Valencia et al. 
(2023). Furthermore, ERA5 has been extensively validated 
in various global mountainous regions, such as the Tibetan 
Plateau and the Andes (Birkel et al. 2022; Sun et al. 2021).

The analysis of precipitation extremes in the context of 
climate change has been the focus of numerous studies, rec-
ognising their potential implications for both human socie-
ties and ecosystems (Chapter 4, SREX - IPCC, Field et al. 

2012). Nevertheless, understanding changes in precipitation 
extremes, especially in mountainous regions, remains a sub-
stantial research challenge. The challenge of detecting long-
term trends arises from the scarcity of precipitation records, 
particularly for the rare most extreme events, together with 
the high internal variability of precipitation. On the other 
hand, understanding their overall impact requires consid-
ering changes in atmospheric dynamics, thermodynamics, 
and microphysics. In mountainous regions, the increased 
frequency of extreme precipitation events is typically 
attributed to the orographic uplift mechanism, converting 
atmospheric moisture into precipitation, as well as thermo-
dynamic processes intensifying extreme precipitation, driven 
by the Clausius-Clapeyron relationship. Additionally, vari-
ous dynamical processes and precipitation formation mech-
anisms contribute to this phenomenon (Chapter 11, AR6 
IPCC, Masson-Delmotte et al. 2021).

This study aims at comparing changes in long-term trends 
of mean and extreme precipitation occurrences across key 
mountainous areas of the globe, including the Tibetan Pla-
teau, US Rocky Mountains, Greater Alpine Regions, and 
the Andes. Using the ERA5 global reanalysis dataset, we 
analyse the change in precipitation and its extremes from 
1951 to 2020, employing selected standardised indices 
based on the ETCCDI definitions. The paper is structured 
as follows: Sect. 2 outlines the employed data and methods 
applied in our analysis; study areas are described in Sect. 3; 
Sect. 4 presents results for each mountain area individually, 
and Sect. 5 offers an overall joint discussion of the findings, 
also concluding the paper.

2 � Data and methods

We have analysed daily total precipitation data provided 
by the fifth generation of the ECMWF reanalysis (ERA5), 
downloaded in October 2022 from the Copernicus Climate 
Change Service Climate Data Store (CDS). ERA5 is based 
on four-dimensional variational (4D-Var) data assimilation 
using Cycle 41r2 of the Integrated Forecasting System (IFS) 
providing records of the global atmosphere, land surface, 
and ocean waves. The ERA5 output is provided hourly 
at a 31 km horizontal resolution, then post-processed to 
obtain daily precipitation totals and interpolated onto a 
0.25◦ × 0.25◦ latitude-longitude regular grid. The adopted 
total precipitation parameter includes both liquid and frozen 
water, i.e. rain and snow, accumulated at the Earth’s surface. 
Precipitation is modelled by IFS through its cloud scheme, 
which reproduces the occurrence of stratiform clouds and 
large-scale precipitation at grid scales, or larger, based on 
cloud microphysical processes at the given atmospheric con-
ditions (e.g., pressure, temperature and moisture), and by 
the convection scheme, producing convective precipitation 
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at sub-grid scales. Since convection is considered at sub-
grid scale, convective precipitation falls immediately to 
the ground, contrary to large-scale hydrometeors, which 
get advected by the wind. Although IFS does not assimi-
late directly rain-gauge observations, the model is aided by 
assimilation of composite radar/rain-gauge precipitation 
estimates since 2009. More information about the ERA5 
dataset can be found in Hersbach et al. (2023).

We considered mean precipitation (Pm) and its variance 
together with a selection of precipitation indices from the 
ETCCDI project (Karl et al. 1999) to describe different 
aspects of precipitation. We include indices ranging from 
heavy and very heavy precipitation, typically regarded 
as moderate extremes, to severe extremes. The indices of 
extremes are synthesised in the following list: 

1.	 R10mm Annual count of days with heavy precipitation, 
i.e. when precipitation exceeds the threshold of 10 mm/
day [days]

2.	 R20mm Annual count of days with very heavy precipi-
tation, i.e. when precipitation exceeds the threshold of 
20 mm/day [days]

3.	 Rx1day Annual maximum 1-day precipitation [mm/day]
4.	 R95p Annual total precipitation exceeding the 95th per-

centile threshold on wet days evaluated over the 1961–
1990 reference period [mm/year]

5.	 CWD Annual maximum length of wet spell: maximum 
number of consecutive rainy days [days]

6.	 CDD Annual maximum length of dry spell: maximum 
number of consecutive dry days [days]

A wet day was assumed as a day with precipitation above 
1  mm. Indices were calculated yearly for the period 
1951–2020 at individual grid points, and then averaged as 
needed. The elevational dependency of precipitation changes 
was studied through two complementary approaches applied 
to the selected precipitation indices.

First, trends in precipitation indices over the period 
1951–2020 were calculated for individual grid points within 
each study area. The existence of an EDPC signal was 
assessed using a least squares estimate of the linear regres-
sion of elevation vs. trend values, testing its significance 
at 95% level (for computation details and formulas please 
refer to Storch and Zwiers (Chapter 8, 1999). Additionally, 
the reduced chi-squared analysis was applied to determine 
whether a simple linear regression adequately describes 
the distribution’s behaviour (Chapter 6, Storch and Zwiers 
1999). This analysis was complemented by an examination 
of geographical maps of trends to investigate the influence 
of different geographic factors.

As a second approach, each study area was divided into 
500 ms-high elevational bins, and each precipitation index 
was spatially averaged within each bin. The width of each 

bin was set by requiring that at least 10 grid points fall within 
it. Temporal trends were evaluated with a linear regression 
from 1951 to 2020 for timeseries in each bin, accepting a 
statistical significance at the 95% confidence level. Trends 
were then compared at various elevations to identify positive 
(or negative) elevational gradients. Following other studies 
on EDW focused on different areas (e.g. Palazzi et al. 2019), 
in this study only grid cells with elevation above 500 m a.s.l. 
were kept in the calculation of vertical gradients, although 
these areas are shown in the plots to facilitate comparisons 
and considerations.

To investigate particular cases, transects were extracted 
across mountain chains to discern the effects of elevation 
beyond geographical variability. Transects were considered 
either along the meridional or zonal direction, depending on 
the main direction of the mountain chain, and built averaging 
three adjacent longitude or latitude grid points across the 
transect. They were further used to differentiate west-east or 
south-north variations in the elevational dependency of the 
trends, due to the likely different climatic regimes affecting 
the two sides of a mountain chains (e.g. Toledo et al. 2022).

3 � Mountain areas

Elevational patterns of precipitation change were studied 
over four main mountain areas of the world, i.e. the Tibetan 
Plateau (TP, 60◦–120◦ E; 18◦–47◦N), the Greater Alpine 
Region (GAR, 4 ◦–19◦ E, 43◦–49◦N), the Rocky Moun-
tains (RO, 235◦–265◦ E, 30◦–50◦ N) and the Andes, the lat-
ter subdivided into their tropical - Northern Andes (ANN, 
280◦–300◦ E, -23◦–0◦ N) and mid-latitude parts - Southern 
Andes (ANS, 280◦–300◦ E, -40◦ – -23◦N). The study areas, 
contoured by the violet rectangles, are displayed in Fig. 1 
where their climatological precipitation (average in the 
period 1951–2020) in boreal summer months (from June to 
September, panel a) and boreal winter months (December 
to March, panel b) is also shown.

Besides being among the largest mountain regions in 
the world, the selected areas are representative of tropi-
cal and middle latitudes, monsoon and large-scale cir-
culations, and a variety of regional influences. TP, GAR 
and RO are in the northern mid-latitudes, all exposed to 
westerly circulation, with the TP largely affected by the 
monsoon circulation, and the latter two by cyclonic activ-
ity and local summer convection. The Andes stretch over 
the tropics and mid-latitudes, and are only marginally 
affected by westerly circulation, with most precipitation 
coming from the east. The area of the tropical Northern 
Andes is reached by the InterTropical Convergence Zone 
(ITCZ) while the southern part is exposed to an alterna-
tion of local dry winter and wet summer. The RO and the 
Andes share a preferential meridional orientation along the 
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Pacific Ocean, whereas the GAR and the Himalayas within 
the TP have largely a zonal orientation. Further regional 
characteristics are discussed in the following sections.

3.1 � The Tibetan Plateau

Figure 2 shows the orography map of the Tibetan Plateau 
(TP, panel a), and the elevation profiles at three reference 
transects highlighted in panel a (panel b). Additionally, a 

Fig. 1   Climatology map of pre-
cipitation in mm/days (1951–
2020) with the definition of 
the mountain areas considered 
in this study for the extended 
boreal summer (JJAS, panel a) 
and winter (DJFM, panel b)

(a)

(b)

(a) (b) (c)

Fig. 2   Orography [m a.s.l.] of the Tibetan Plateau region (a); elevation profiles along the three transects highlighted in panel a (b); map of heavy 
precipitation (R10mm index, in days/year) averaged over the 1951–2020 period (c)
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map of the geographical distribution of the R10mm index 
averaged over the period 1951–2020 is shown to describe 
heavy (or moderate extreme) precipitation across the region 
(panel c). The TP, often referred to as the “Third Pole” of 
our planet, stands as the world’s largest and highest plateau, 
serving as a water source for the majority of rivers that sup-
ply vital water resources to the population of south and east 
Asia (Immerzeel 2020). In the recent decades, the TP has 
undergone significant warming (Bibi et al. 2018; Yao et al. 
2016) with rates of temperature increase exhibiting an ele-
vational-dependency, being more pronounced at higher com-
pared to lower elevations (e.g. Liu et al. 2009). Furthermore, 
an increase in moisture content and precipitation across the 
TP has been identified in recent decades (Yang et al. 2011). 
In this area, precipitation is characterised by large spatial 
variability, varying throughout different locations on the Pla-
teau (Bibi et al. 2018), with the largest amounts concentrated 
at the southern edge of the Plateau both in terms of total 
precipitation (see Fig. 1) and its extremes (Fig. 2c). Two 
main sub-regions can be distinguished, depending on their 
exposure to the influence of different atmospheric circulation 
patterns (e.g. Palazzi et al. 2013): The eastern Himalayan 
region receives the majority of precipitation and exhibits 
the largest number of intense rainy days, as illustrated in 
Fig. 2c. This pattern is primarily shaped by the dynamics of 
the summer monsoon: The northward movement of mois-
ture from the Indian Ocean, driven by the Southwest Indian 
monsoon causes a prevalence of rainfall occurring in the 
summer season, typically from June to September, as shown 
in Fig. 1a (Li and Yanai 1996; Krishnamurti and Kishtawal 
2000; Palazzi et al. 2013). On the western side, in the Hindu-
Kush Karakoram region, precipitation is observed mainly in 
the winter months (Fig. 1b), primarily due to the influence 
of western weather patterns, also referred to as Western Dis-
turbances, that carry moisture from the Atlantic region, the 
Mediterranean and Caspian Sea (Singh and Kumar 1995; 
Archer and Fowler 2004; Syed et al. 2006; Treydte et al. 
2006; Midhuna et al. 2020). It is also worth highlighting 
that the entire TP region has been the subject of numerous 

regional and local studies analysing specific aspects of pre-
cipitation patterns, such as the transitioning from solid to 
liquid precipitation at mid and high elevations in the Sikkim 
Himalaya (Kumar and Sharma 2023) or changes in extreme 
precipitation in the Uttarakhand Himalaya (Kumar et al. 
2024).

3.2 � The Greater Alpine Region

Figure 3 shows the orography map of the Greater Alpine 
Region (GAR, panel a), elevation profiles along the three 
meridional reference transects (panel b), and the geo-
graphical distribution of the R10mm index over the period 
1951–2020.

The GAR is a particularly interesting geographical area: 
One of the highest and largest European mountain chains, 
it is sensitive to different atmospheric synoptic regimes, 
mainly originating from the Atlantic and the Mediterranean 
Sea. Besides seasonal differences, precipitation patterns are 
influenced by several factors including orography. These pat-
terns exhibit substantial inter-annual variability and are also 
subject to the influence of larger atmospheric patterns, such 
as the North Atlantic Oscillation (NAO) or El Niño Southern 
Oscillation (ENSO). A comprehensive exploration of these 
regional climate characteristics can be found in the detailed 
study by Schär et al. (1998). The GAR is geographically 
positioned between two distinct climatic zones—the mid-
latitude temperate climate and the Mediterranean climate 
type—which are experiencing, and are projected to experi-
ence, opposite increasing (central Europe) and decreasing 
(Southern Europe) precipitation trends. Consequently, the 
alpine precipitation patterns exhibit notable spatial varia-
tions, both in terms of long-term average precipitation and 
intensity and frequency of extreme events. Nonetheless, total 
precipitation generally tends to increase with increasing 
elevation, although the relationship between elevation and 
precipitation displays significant variability depending on 
the location and season (Schär et al. 1998). Heavy precipita-
tion also displays a dependence on the elevation, reaching 

(a) (b) (c)

Fig. 3   Orography [m a.s.l.] of the Greater Alpine region (a); elevation profiles along the three transects highlighted in panel a (b); map of heavy 
precipitation (R10mm index, days/year) averaged over the 1951–2020 period (c)
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its maximum on the northern side of the mountain chain, as 
evident from Fig. 3c. Moreover, the seasonal cycle of heavy 
precipitation exhibits notable geographical variability: The 
northeast area shows a defined single peak during summer, 
whereas the northwest area experiences a second one, albeit 
weaker, during winter. The most intense precipitation is usu-
ally observed during summer months, generally associated 
with convective weather systems (Schär et al. 1998).

3.3 � The US Rocky Mountains

Figure 4 shows the orography map of the US Rockies (RO, 
panel a), elevational profiles along the three meridional ref-
erence transects highlighted in panel a (panel b), and the 
geographical distribution of the R10mm index over the 
period 1951–2020. Both mean precipitation (Fig. 1) and 
heavy precipitation (Fig. 4c) show considerable spatial vari-
ability in the area with the highest R10mm values localised 
in the northern coastal area, influenced by the influx of cool 
and moist air from the northern Pacific Ocean. The complex 
topography strongly influences the distribution of precipita-
tion over the mountainous regions, giving rise to a classic 
orographic precipitation pattern characterised by enhanced 
rainfall on the windward side and a rain shadow on the lee 
side of the mountain (Kittel et al. 2002). This effect is max-
imised in the winter seasons, as shown in Fig. 1b. During the 
summer season, the northern coastal areas is characterised 
by intense precipitation, whereas the south-west of the RO 
experiences dry condition due to the impact of dry continen-
tal air and monsoonal flows from the Gulf of Mexico and 
California (Kittel et al. 2002).

3.4 � The Andes

Figure 5 shows the orography of the Andes (AN, panel a), 
together with the map of the geographical distribution of the 
R10mm index (panel b).

The AN mountain chain represents the predominant topo-
graphical feature of South America, stretching 7000 kms, 
from the Tropics to mid-latitudes, which leads to high spa-
tial variability of precipitation fields. Given the influence 
of the tropics and extra-tropics, the region was divided into 
two distinct areas: The Tropical Andes in the North (ANN), 
characterised by higher precipitation, and the Subtropical 
Andes (ANS) in the south, prone to by drier conditions, in 
accordance with the geographical analysis performed by 
Toledo et al. (2022).

The ANN serves as a natural barrier separating the per-
sistently humid Amazon Basin air to the east from the arid 
Pacific coast air to the west. This distinction can be noticed 
also in heavy precipitation patterns shown in Fig. 5b. Cli-
mate in this region can be characterised by relatively dry 
conditions in austral winter season (JJAS), and wet condi-
tions during the austral summer (DJFM) (see mean precipi-
tation in Fig. 1). During the central austral winter months 
(June-August) in fact, the subtropical jet stream reaches its 
northernmost position, creating a block for the moisture 
transport from the Amazon region, leading to a dry cli-
mate (Potter et al. 2023). During austral summer, the jet 
stream weakens and shifts southward allowing the eastern 
side of the Cordillera to serve as a convergence point for 
atmospheric moisture originating from both the ITCZ and 
the South American Monsoon System (SAMS), causing 
extremely wet conditions, with the most intense rainfall 
concentrated near the summit of the chain (Caicedo et al. 
2020), as can be notice in Fig. 5b.

The ANS exhibits a distinct seasonal geographical pat-
tern. Specifically, during the local winter season, the ANS 
(south of 30◦ S, the last part of the mountain chain) features 
a dry east side and a wet west side of the chain. This is attrib-
uted to a predominant atmospheric moisture source originat-
ing from the evaporation over the Pacific Ocean (Gimeno 
et al. 2016). In contrast, during the local summer (DJFM), 
precipitation in the ANS concentrates on the eastern side 

(a) (b) (c)

Fig. 4   Orography [m a.s.l.] of the Greater Alpine region (a); elevation profiles along the three transects highlighted in panel a (b); map of heavy 
precipitation (R10mm index, days/year) averaged over the 1951–2020 period (c)
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of the chain, while the western side experiences minimal 
rainfall (Caicedo et al. 2020).

4 � Results

The elevational dependency of ERA5 trends in mean pre-
cipitation and extreme precipitation indices was studied with 
the methodology described in Sect. 2. Table 1 summarises 
the results obtained evaluating the value of the elevational 
gradient, computed as the linear regression of the distribu-
tion of elevations versus trend values at all grid points in 
each study region (approach 1, as explained in Sect. 2).

In the TP, GAR and ANS, a significant positive eleva-
tional gradient is found in both mean and heavy precipitation 

(R10mm) trends, further extending to the maximum yearly 
duration of consecutive wet days (CWD). On the contrary, 
the RO region exhibits an opposing sign, with consistent 
negative vertical gradients in the trends of all indices but 
CDD. The ANN shows no clear vertical gradients of trends. 
The chi-squared analysis suggests that for TP and ANS, a 
simple linear regression may not be the most appropriate 
method to describe the elevational stratification, as a more 
complex vertical pattern may be present. Remarkably, each 
mountain region, except ANN, consistently shows a simi-
lar behaviour in terms of the vertical gradient of change 
in several indices, except for consecutive dry days (CDD), 
which exhibits an opposite gradient in both the ANS and 
RO. Another exception is represented by the GAR, where 
only mean precipitation (Pm), heavy precipitation (R10mm), 

Fig. 5   Orography [m a.s.l.] of 
the tropical and Sub-tropical 
Andes (ANN, ANS, panel a) 
and a map of the geographical 
distribution of heavy precipita-
tion (R10mm index, days/year) 
evaluated over the 1951–2020 
period (b)

(a) (b)

Table 1   Summary of the elevational dependency of ERA5 precipi-
tation indices trend over each region: Tibetan Plateau (TP), Greater 
Alpine Region (GAR), Rockies (RO) and Andes (AN) divided into 

the Northern part (ANN) and the Southern part (ANS). Orange (blue) 
colour refers to a positive (negative) elevational gradient evaluated at 
the 95% confidence level

Pm R10mm R20mm Rx1day R95p CWD CDD
TP
GAR * * *
RO * * * * * * *
ANN
ANS *

The asterisk implies an acceptable reduced chi squared analysis (minor than 2). Empty cells indicate either no clear or no significant correlation
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and the maximum yearly duration of consecutive wet days 
(CWD) exhibit the same EDPC signal.

The methodology, which is extensively used in the litera-
ture, leads to shortages in interpreting the results. In fact, 
a positive (or negative) gradient can be the result of vari-
ous phenomena occurring at both high and low elevations. 
For example, a positive elevational gradient in precipitation 
indices can be attributed to one out of three scenarios: 1) 
A more pronounced increase in precipitation (wetting) at 
higher elevations compared to the increase at lower eleva-
tion; 2) a larger reduction in precipitation (drying) at lower 
elevation compared to that at higher elevations, or 3) a con-
trast between wetter conditions at higher elevations and drier 
conditions at lower elevations. Therefore, the adoption of a 
complementary methodology becomes essential. As already 
explained in Sect. 2, the study areas were subdivided into 
elevational bins of 500 ms width, and the temporal trends 
were computed within each bin, considering also their 
related errors and statistical significance (p-value) to criti-
cally analyse the vertical profile. Additional insights into the 
unique characteristics of each mountain region are detailed 
in subsequent sections.

4.1 � The Tibetan Plateau

Figure 6 shows the details of the vertical profile of ERA5 
temporal trends of spatially averaged binned data superim-
posed to the distribution of trends at individual grid points 
over the region. Most individual trends tend to cluster, lead-
ing to largely compact distributions, especially at higher ele-
vations where the number of points is smaller, and the influ-
ence of the lowlands is damped. Deviations from the core 
of the distribution are more pronounced towards smaller 
values of the indices below 2000 ms, and towards higher 
values above, contributing to increasing the steepness of the 
vertical gradient and a larger positive change in extreme pre-
cipitation at higher elevation. As summarised in Table 1, all 
indices in the Tibetan Plateau show an overall positive verti-
cal gradient of temporal trends from 1951 to 2020, except 
CDD. Trends of Pm (panel a), R10mm (panel b), and CWD 
(panel c) exhibit a consistent behaviour: Profiles show a 
positive gradient up to about 4000 ms, where an inversion 
occurs. Significant negative trends below 2000 ms indicate 
a drying effect that decreases with the elevation. On the con-
trary, the significant positive trend from around 4000 ms 

Fig. 6   Elevational dependence of temporal trends of ERA5 precipita-
tion indices (see labels). Each panel shows the vertical profile of spa-
tially averaged binned data (top scale) superimposed to the distribu-
tion of trends at individual grid points (grey, bottom scale) over the 

Tibetan Plateau. Vertical profiles include errors on the trend and the 
significance of the trend (filled squares when >95%). Point distribu-
tions are accompanied by their linear regression (dashed line). Please 
note that the scale for vertical profiles is magnified by a factor 10
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indicates increased wetting effects at very high elevations. 
Trends of R20mm (panel d), Rx1day (panel e), and R95p 
(panel f) show an overall positive gradient with elevation, 
with a change in the slope around 2000 ms. As described for 
the other indices, the significant negative trends below this 
threshold indicate a drying signal at low elevations, which 
decreases with elevation. Trends of CDD has a broad dis-
tribution between about 500 and 2000 ms likely due to the 
presence of areas characterised by very distinct microcli-
matic conditions (e.g. the Taklamakan desert). Above this 
elevational threshold, changes of CDD are characterised by 
an overall positive elevational gradient and significant nega-
tive trends around 1000 ms, indicating a higher persistence 
of drought conditions.

The impact of geographical variability was investigated 
by inspecting maps of trends and the elevational depend-
ency (see Fig. 7) along the three meridional transects already 
introduced in Fig. 2. Transects clearly reveal how geographi-
cal differences impact on the vertical distributions: The 
northern region exhibits limited elevational stratification, 
whereas the southern area displays a “knee-shaped” vertical 
profile. Precipitation decreases progressively up to 2000 ms; 
at this level an inversion occurs, and negative trends increase 
toward zero. Furthermore, the 98◦ latitude transect high-
lights the high-elevation wetting effect also found in the 
vertical profile of binned data (Fig. 6).

4.2 � The Greater Alpine Region

Figure 8 describes the vertical profile of the indices trend 
over the GAR, for both binned data and the grid-points dis-
tribution. In both cases, trends of Pm (panel a), R10mm 
(panel b) and CWD (panel c) show clear linear positive 
elevational gradients. They indicate an enhancement of 
precipitation trend with elevation and consequently a sig-
nificant wetting signal at high elevations (above 1000 ms). 

The other indices show no clear elevational stratification of 
their temporal trends.

An investigation of the R10mm trend map and the verti-
cal profile of the three meridional transects was performed 
(Fig. 9). An evident discontinuity can be seen between posi-
tive trends in the northern side and negative trends in the 
southern side of the region. Even though this difference 
leads to a bias between the southern and northern branches 
of the distribution of trends along the transects, the eleva-
tional-gradient of the two distributions exhibit the same sign. 
The positive elevational dependency in the GAR is therefore 
robust and independent on geographical variations.

4.3 � The US Rocky Mountains

The Rocky mountains show an opposite sign of the eleva-
tional gradient compared to the previous regions, both in 
the distributions and in the vertical profiles (Fig. 10). Once 
again, trends of Pm (panel a), R10mm (panel b) and CWD 
(panel c) show the clearest elevational dependency, with 
increasingly larger reductions at higher elevations, confirm-
ing the enhanced drying at higher elevations obtained with 
the first method. The same pattern can be identified in the 
other indices, except for CDD, which exhibits an opposing 
gradient, even though no significant trends can be seen in the 
binned data. All indices trends (except CWD) are character-
ised by a broad and non-homogeneous distribution, present-
ing a negative tale below 2000 ms. Inspection of vertical 
distributions along transects shows that this deviation from 
the compact bulk of the distributions is due to the geographi-
cal variability in the region (see results for transect at 45◦ N, 
Fig. 11). The northern coastal area, characterised by low 
elevations, has in fact experienced a strong reduction in both 
mean and extreme precipitation over the past decades, there-
fore leading to the broadening of the distribution.

Figure 11 shows the vertical profiles of the three zonal 
transects described in section 3.3. They exhibit two very 

Fig. 7   Geographical distribution of trends in heavy precipitation 
(R10mm) over the 1951–2020 period (left) and their elevational dis-
tribution (right) along the three meridional transects defined in Fig. 1 

and reported on the map as colour-coded vertical lines. Grid points 
were separated in northern and southern parts assuming the maxi-
mum elevation along the transect as separator
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distinct patterns up to 1500 to 2500 ms depending on the 
latitude, with much lower values in the western slopes. 
Such biases affect vertical gradients together with a large 
contribution to the variance and branching in the overall 

distributions. The elevational distribution shows a clearly 
different behaviour separating the western and the eastern 
side of the chain, especially at low and mid-elevation. The 
two sides reconcile at higher elevation.

(a) (b) (c)

(d) (e) (f) (g)

Fig. 8   As in Fig. 6 but for the GAR​

(a) (b)

Fig. 9   Geographical distribution of trends in heavy precipitation 
index (R10mm) over the 1951–2020 period (a) and their elevational 
distribution (b) along the three meridional transects reported on the 

map as colour-coded vertical lines. Grid points were separated in 
northern and southern parts assuming the maximum elevation along 
the transect as separator
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4.4 � The Andes

Figure 12 shows the vertical profile of the binned data over 
the Andes, both tropical and subtropical, for Pm (panel 
a,d), R10mm (panel b,e) and CWD (panel c,f). As for the 
other mountain areas, trends Pm, R10mm and CWD exhibit 
similar patterns and align with the other indices shown in 
Figures S1 and S2 in the Supplementary Information (SI). 

Two clearly distinct behaviors can be identified in the tropi-
cal and sub-tropical regions. Generally, the ANN exhibits 
no elevational stratification while the ANS profile shows 
a more complex dependency with the elevation. The lat-
ter is characterised by two different gradients with opposite 
sign, showing a knee-type curve with an inversion around 
2000 ms. Below 4000 ms, the ANS profile is characterised 
by negative trends, revealing a drying effect in both mean 

Fig. 10   As in Fig. 6 but for the RO

(a) (b)

Fig. 11   As in Fig. 9 but for the RO
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and extreme precipitation. This holds the results obtained 
with the first method, that is, a simple linear regression 
might not be sufficient to describe the real elevational 
dependency. Nevertheless, the ANN and the ANS share cer-
tain common characteristics. Primarily, above 4000 ms, both 
regions exhibit a positive elevational gradient with positive 
trends, highlighting a wetting phenomenon occurring at very 
high elevations, similarly to what has been assessed in the 
TP and GAR regions. Furthermore, both distributions are 
notably broad, particularly at mid- and low- elevations, mak-
ing an examination of the trends geographical variability 
necessary. Taking the driving precipitation mechanisms into 

account, it is crucial to examine the western and eastern 
sides of the mountain chain separately. In this case, perform-
ing a zonal transect analysis is not convenient owing to the 
narrow extent of the Andes, resulting in a limited number of 
grid points within a single transect. Consequently, the entire 
area has been considered averaging the eastern and western 
side of the chain separately.

Figure 13 shows the vertical profile of binned data of 
R10mm, dividing the western and the eastern side of the 
chain. The broadness of the overall distribution, shown in 
Fig. 12 (panels a and e), can be ascribed to the large differ-
ences in elevational profiles of trends between the eastern 

Fig. 12   As in Fig. 6 but for the 
Andes tropical (above) and sub-
tropical (below)

Fig. 13   Elevational dependence 
of ERA5 temporal trends of 
R10mm for the tropical (a) and 
subtropical (b) Andes, dividing 
eastern and western side of the 
mountain chain. The plot shows 
the vertical profile of spatially 
averaged binned data (top scale) 
of east (blue) and west (light 
blue) side of the chain super-
imposed to the distribution of 
trends at individual grid points 
(grey, bottom scale). Vertical 
profiles include errors on the 
trend and the significance of 
the trend (filled squares when 
>95%)

(a) (b)
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and western side of the mountain chain. The west side has 
a similar profile in both tropical and sub-tropical Andes: 
Trends are positive, showing significant enhanced precipita-
tion changes at higher elevations. The overall profiles show 
a positive elevational gradient for the ANN while no signifi-
cant signal can be assessed in the ANS. On the contrary, the 
eastern side of the ANN has no significant vertical gradient 
and above 4000 ms its behaviour becomes consistent with 
the eastern side. In the ANS, the overall profile is domi-
nated by the behaviour of the the eastern side, which shows 
the peculiar knee-shape at mid-elevations, shown in Fig. 12 
(panel d, e and f).

5 � Discussion and conclusions

The relevance of an elevational dependency of climate 
change is tied to a vertical stratification of patterns of 
change, which is shared by mountains around the globe 
beyond their regional differences. This has been explored in 
the literature largely in terms of temperature trends (EDW), 
typically assessing the vertical gradient of temporal trends 
against elevation calculated over individual grid points in 
a region, or examining the vertical profile of elevational-
binned spatially averaged trends. In this paper we applied 
two complementary methodologies to precipitation and pre-
cipitation extremes ERA5 indices to explore the elevational 
dependence of their trends in four mountain regions of the 
world and identify the dominant effect (either drying or wet-
ting) responsible for the elevational gradient.

In the Tibetan Plateau, all indices show a positive eleva-
tional gradient of precipitation changes, with a significant 
reduction of precipitation and its extremes at lower (com-
pared to higher) elevation. The evaluation of the binned pro-
files revealed that all indices consistently exhibit a drying 
effect at low elevations, especially below 2000 ms, that is 
attributable to the behaviour found in the southern part of 
the Tibetan Plateau as highlighted by the transect analysis. 
Moreover, mean precipitation (Pm), heavy precipitation 
(R10mm) and the length of consecutive wet days (CWD) 
show a significant wetting signal above 4000 ms, a feature 
shared by both sides of the chain. This result is consistent 
with Hu et al. (2021) who used data from 113 meteorologi-
cal stations along the period spanning from 1971 to 2017. 
In their study, the authors identified a positive stratification 
with elevation for total precipitation, R10mm, and CWD, 
labelling this phenomenon Elevation-Dependent WEtting 
(EDWE). EDWE was assessed using in-situ observations 
also in the central arid region of China (Yao et al. 2016) and 
during the summer season over the Tibetan Plateau (Li et al. 
2017), highlighting a growing body of evidence indicating 
an intensified wetting at higher elevations. The robustness 
of the wetting effect is also supported by an intercomparison 

analysis we conducted for the elevational gradient of trends 
in annual total precipitation using the two observational 
datasets GPCC and CRU. The complete results of the anal-
ysis over all mountain regions considered are reported in 
the Supplementary Information (SI). When considering the 
winter and summer seasons separately, this phenomenon 
emerges to be primarily attributable to the summer months. 
The drying effect may be explained in terms of circulation 
changes, in particular by the recent warming-driven weak-
ening of the Indian summer monsoon (Kumar et al. 2020). 
A weakening of the South Asian monsoon circulation was 
shown to drive the decline in seasonal average rainfall over 
northern India and southwestern China from the 1950 s to 
the early 2000 s (AR6, IPCC, Masson-Delmotte et al. 2021). 
Besides the warming effect (Kumar et al. 2020), this decline 
has been associated with the impact of local aerosol emis-
sions, which saw a dramatic increase due to the rapid indus-
trialization of the region land use/cover change (Paul et al. 
2016) and reduced temperature gradient (thermal contrast) 
between Indian Ocean and northern land mass (Tibetan Pla-
teau) (Mukherjee et al. 2015; Yadav et al. 2024).

In the Greater Alpine Region, ERA5 Pm, R10mm, and 
CWD trends exhibit a positive gradient with elevation, and 
this is consistently found using both employed methods (the 
vertical gradient of the overall distribution and the binned 
vertical profile). Such behaviour is partially found also in 
GPCC annual total precipitation (see SI). This stratifica-
tion highlights a wetting signal above 1500 ms. As for the 
Tibetan Plateau, we found the wetting signal been driven by 
exclusively the summer season behaviour. The positive ver-
tical gradients is shared by both the northern and southern 
sides of the chain, though with a bias in the absolute values, 
suggesting the drivers to be consistent on both sides. Trends 
for the further precipitation indices do not exhibit any clear 
elevational dependency. Elevational patterns in the GAR 
were examined in terms of future projections of both mean 
and extreme precipitation in previous studies (e.g. Kotlarski 
et al. 2012; Gobiet et al. 2014; Napoli et al. 2023). These 
studies showed that changes in summer precipitation in the 
GAR are significantly influenced by elevation, showing a 
positive gradient primarily due to a notable drying effect 
at lower elevations. Moreover, another study (Giorgi et al. 
2016) found out that high-resolution regional climate models 
(around 12 km of spatial resolution) show an increase in 
mean and extreme precipitation trends over the high-altitude 
Alpine areas, a signal not seen by global and coarser simula-
tions. In the historical period considered in this study and 
in the GAR, ERA5 seems to capture the convective signal 
associated with the summer precipitation pattern, although 
other studies analysing convective precipitation globally 
suggest the importance of using higher resolution datasets 
to capture small-scale processes such as summer convection 
(Capecchi et al. 2022) and ERA5 capability in accurately 
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estimating convective precipitation (Lavers et al. 2022). In 
contrast, Gobiet et al. (2014) identified a negative elevational 
gradient in total winter precipitation. They attributed the 
gradient to changes in convection, possibly resulting from 
thermodynamic processes, and the influence of the positive 
(or warm) phase of the North Atlantic Oscillation on winter 
precipitation changes, a classification that we did not intro-
duce in our analysis.

Somehow surprisingly, the EDPC calculated with ERA5 
in the US Rocky Mountains exhibits an opposite behaviour 
compared to the other regions: all precipitation trend indices 
show a consistent and significant negative vertical gradient, 
primarily due to a pronounced drying effect at high eleva-
tions, particularly above 2500 ms. At lower elevations, the 
western and eastern sides of the mountain chain exhibit an 
opposite elevational gradient. This effect can be attributed 
to the strong precipitation decrease that characterises the 
northwest coastal area, as detailed by the transect analysis. 
Despite the clarity of these results in ERA5, significant dif-
ferences have been identified in the binned elevational pro-
files of annual total precipitation trends in CRU and GPCC 
datasets (see SI). This aligns partially with the findings of 
Pepin et al. (2022) who examined regional precipitation 
changes across global mountains compared to lowlands, 
using different datasets (CRU, GPCC, ERA5 and CMIP5 
models). In fact, they also found a negative gradient with 
the elevation, which was significant only in CMIP5 models.

In both the tropical and subtropical Andes, the elevational 
stratification of ERA5 temporal trend of precipitation indices 
can not be described by a simple linear regression. In the 
tropical zone, no discernible elevational dependency was 
identified. The subtropical zone, on the contrary, displays 
a more complex vertical pattern, characterised by a linear 
vertical profile in the west of the mountain chain, and a 
“knee-shaped” profile in the east, with a negative vertical 
gradient below about 2000 ms and positive gradient above. 
Further analysis revealed that throughout the entire Andes, 
the annual profile on both sides of the chain is predominantly 
influenced by the summer (DJFM) signal. Particularly, in the 
tropical Andes (ANN), the linear regression between trends 
and elevation found in the western side is associated with 
a wetting signal at high elevations, coherently with what is 
found in the TP and the GAR. No significant vertical strati-
fication has been assessed on the eastern side of the ANN. 
In contrast, in the southern Andes (ANS), the distinctive 
knee-shaped profile is evident during summer but discern-
ible even in the winter season. Comparing the elevational 
stratification of annual total precipitation trends to CRU and 
GPCC data (see the SI), the distributions exhibit a remark-
able similarity to ERA5. They show the two branches of the 
distribution corresponding to the western and eastern sides 
of the Cordillera, even though this agreement vanishes in the 
binned profiles. Even though ERA5 may be considered as 

the most accurate precipitation dataset in the region (10◦ S 
- 30◦ S, Birkel et al. 2022), there is no specific literature on 
EDPC in South America to compare our results with.

For comprehensiveness, the entire analysis in each 
mountain area has been conducted also considering the 
relative trends of precipitation indices, by weighing tem-
poral changes with their climatological values. The results 
obtained from this analysis align with those derived from the 
absolute trends, with some exceptions. The elevational dis-
tributions of index relative trends appear in many cases more 
compact, as the spatial variability of the indices climatologi-
cal values is not factored into the trend analysis (e.g. R10mm 
for the RO - Figure S8a in the SI). In a few cases, this leads 
to significant elevational gradient values and slightly differ-
ent binned profiles (e.g. R20mm for the GAR - Figure S8b 
in the SI). Table S1 in the SI summarises the results obtained 
evaluating the elevational gradients of precipitation indices, 
computed following the first approach (see Sect. 2).

Drawing overarching conclusions on the characteristics 
shared by the key mountain regions found with ERA5 rea-
nalysis, the following considerations can be made: 

1.	 The change of mean precipitation (Pm), heavy precipita-
tion (R10mm), and the persistence of rainy conditions 
(CWD) show similar elevational profiles within each 
mountain region.

2.	 In the RO, in the GAR, and in the western side of the 
ANN, a simple linear regression can effectively describe 
EDPC, whereas the ANS and TP show a more complex 
elevational profile.

3.	 During the local summer season, the TP, GAR and the 
western side of the Andes, show a significant wetting 
signal (positive trend) at high elevations.

Understanding what drives the patterns of EDPC that we 
identified goes beyond the scope of this study, although 
some general features can be underlined. Precipitation rates 
may generally be expected to increase with elevation due to 
the dependence of condensation on the vertical uplift of air 
masses. Such orographic enhancement of precipitation can 
be attributed to thermodynamic and dynamic effects, which 
can exceed geographical variations in mountain precipita-
tion due to a variety of synoptic atmospheric patterns. In a 
warming climate, this may explain the general tendency of 
a positive EDPC we found with this analysis.

The drivers behind the high-elevation wetting effect, 
which impact what has been found in all mountain chains 
except the RO, likely fall into the category of thermo-
dynamic drivers. Primarily, the intensification of warm-
ing at higher elevations and its interconnected processes, 
such as the snow-ice albedo feedback, may contribute to 
the increase in local atmospheric water vapour, which 
in turn can lead to an enhancement of precipitation and 
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more pronounced precipitation extremes at higher eleva-
tions (Hu et al. 2021). Additionally, as noted by Guo et al. 
(2017), in the Tibetan Plateau, a reduction of near-surface 
wind speed has been highlighted to be more pronounced 
at high elevations. Changes in surface wind speed, the 
so-called “stilling” phenomenon, might impact local con-
vection, potentially resulting in an increase in extreme 
precipitation at high elevations.

Concerning the results that has been found in the Rockies, 
it is plausible that dynamic drivers might supersede the ther-
modynamic ones, particularly given the complex topography 
of the area and the diversity of atmospheric patterns impact-
ing the area. In fact, in this area precipitation is influenced 
by a wide range of circulation patterns, largely distinguished 
between the coastal and interior side of the mountain chain. 
Similarly to the Tibetan Plateau’s drying impact resulting 
from modifications in the monsoon, further research should 
aim at examining the influence of large-scale changes (e.g., 
shifts in the jet stream and storm tracks) on the stratification 
found in the Rocky Mountains.

Our analysis of the elevational dependency of ERA5 
precipitation and extreme precipitation change has 
revealed common patterns across global mountain areas 
that go beyond geographical variability. Such consistency 
in EDPC, something somehow unexpected for a complex 
variable as precipitation, will need to be confirmed thor-
ough a further comprehensive comparative analysis with 
different observational datasets, and clearly prompts for 
interpretation with dedicated model studies.
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