
A 50-year hydro-climatological assessment of climatic modes over the 

world’s major mountain ranges   

Ahmed M. El Kenawy
1
, Hossam Ismael

2
 

Abstract  

The observed climate response and variability that has occurred over the five decades since 1960 of 13 

largest global mountain regimes (i.e. the European Alps, Anatolia, Andes, Applach, Atlas, Australian, Brooks, 

Ethiopian, Himalaya, Kolyma, Rocky, Pyrenees, and Scandinavian) to climate variability. This study covers the 

period 1960-2013, with a particular emphasis on changes in air temperature and precipitation conditions and 

their joint modes. Results demonstrate that mountains of high-latitudes in the Northern Hemisphere (e.g. 

Brooks, Kolyma, and Scandenavia) experienced the largest trends of air temperature (0.24 - 0.45° C/decade). In 

contrast, changes in air temperature in mountains of the Southern Hemisphere (e.g. Australian and most of the 

Andes) and the subtropics (e.g. Ethiopian mountains) were generally weaker than those of the mid- and high-

latitudes of the Northern Hemisphere. Notably, temperature changes were stronger in low- and mid-elevation 

regions (e.g. Alps, Pyrenees, Brooks, and Kolyma), compared to the most elevated regions (e.g. Himalaya and 

Andes). Precipitation exhibited heterogeneous changes, with pronounced decrease over the Alps, Pyrenean and 

Ethiopian mountains and conversely significant increase across the northern high-latitudes mountains (e.g. 

Scandinavian and Applach). Factor analysis was also used to identify common patterns of interannual variability 

among all mountain systems. Results suggest three components with distinctive temporal evolution that explain 

together 72.72% of air temperature variability. In contrast, the temporal evolution of annual precipitation was 

more heterogeneous, with six components accounting for 68.59% of precipitation variability. This study also 

accounted for the possible joint changes in air temperature and precipitation by assessing changes in four 

different climatic modes (i.e. warm and wet [WW], warm and dry [WD], cold and wet [CW] and cold and dry 

[CD]), Changes in air temperature, precipitation and their joint modes were further linked to a range of the key 

circulation patterns over the Northern and Southern Hemispheres, e.g. the Atlantic Meridional Mode [AMO], 

the Atlantic Multidecadal Oscillation [AMO], the Arctic Oscillation [AO], the Multivariate ENSO Index [MEI], 

and the North Atlantic Oscillation [NAO]. Results of this work can advances our knowledge of the role of 

climate variability and change in mountain environments, giving insights into their possible ramifications for 

different environmental and socioeconomic sectors (e.g. freshwater supply, hydropower generation, biodiversity 

conservation, …etc). [Bul. Soc. Géog. d’Égypte, 2019, 92: 1-39]     
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1. Introduction 

 

Assessing the response of mountainous regions to climate change and variability is of 

utmost importance from various hydrometeorological, ecological and environmental 

perspectives. Climatologically, these regions are characterized by their high interannual and 

intrannual variability, as a consequence of topographical gradient, vertical motion of air 

advection, besides the varying albedo associated with different land cover and slope angel 

(Pepin and Lundquist, 2008; Siler and Roe, 2014). Hydrologically, orographic precipitation 

and accumulated snow pack are known to serve as a key source of fresh water for many 

countries worldwide (Lopez-Moreno et al., 2013). According to Barnett et al. (2005), snow-

topped mountains are the major source of several perennial and intermittent rivers 

downstream, contributing to more than 25% of the global gross domestic water. However, in 

the era of accelerated warming, particular attention is required since hydrological 
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characteristics in these regions are mainly driven by the complex interactions between 

climate and orography. According to the IPCC (2013), the annual runoff and water 

availability are likely to decrease globally by 10-30% in the future, in response to the 

enhanced greenhouse gas emissions. Furthermore, mountains are key sources of hydropower 

energy, minerals, forest and agricultural products and present attractive areas for recreation as 

well (UN, 1992). Mountain regions are also more vulnerable to several human activities, 

which aggravate grassland degradation, desertification, landslides, soil erosion and ecological 

deterioration (He et al., 2017). All these physical and human stressors combine together to 

make mountain environments amongst the most vulnerable regions to global warming 

(Beniston, 2003; Gobiet et al., 2014; Shen et al., 2015). As such, there is strong evidence that 

climate change can add considerable challenges to different sectors in mountain regions, 

including biodiversity conservation, sustainable management of natural resources, 

agriculture, water supply, power generation and tourism (Morrison and Pickering, 2013; 

Gaudard et al., 2014). For example, from biodiversity perspective, mountainous regions can 

secure ‗safe‘ environments to help protect species from human threats and accordingly enrich 

wildlife (Rands et al., 2010). However, numerous studies indicate that different species have 

shifted their spatial distributions in mountainous terrain, as a consequence of recent climate 

change (e.g. Gottfried et al., 2012; Alagador et al., 2014). 

Albeit with their coverage of more than 25% of continental surfaces (Kapos et al., 2000), 

characterization of climate variability in complex terrain is not well-documented from a 

global perspective. This is mainly because of the uneven distribution of climatic information 

over space and time, particularly at more elevated sites. Even with data availability, there is 

often a degree of uncertainty in climate signals due to accessibility difficulties (e.g. strong 

winds, frequent snowfall events,…etc), which can hinder routine maintenance at 

meteorological observatories (Shamir et al., 2016). Also, mountain regions exhibit strong 

climate gradients, which are poorly represented by the available limited spatial and temporal 

coverage of meteorological data, adding further uncertainty to observed climate signals in 

these data scarce regions (Remesan and Holman, 2015). Also, mountain regions are 

characterized by complex interactions between a wide range of processes that drive climate 

variability (e.g. free atmospheric flow, larger-scale atmospheric circulation, snow and ice 

feedbacks, urbanization, topography, land cover, surface exposure,…etc) (Siler and Roe 

2014). As a consequence of these convoluted interactions, the hydrological feedbacks to 

climate change can vary considerably even from one catchment to another, which requires 

highly dense spatial hydroclimatic datasets to precisely characterize these feedbacks. 

Recalling all these challenges, little is known about the response of large mountainous 

regions to climate change signals and whether this response is consistent among these 

systems, particularly with their different topographical gradients and regional and large-scale 

climate drivers. Overall, most of the available studies are not spatially distributed, as they 

either focused on an individual mountain system or a particular plot of it. Specifically, 

previous research has been narrowly focused on characterizing climate variability across 

individual mountain regions, notably the European Alps (e.g. Beniston et al., 1997, 2003, 

2009; Giorgi et al., 1997; Gaudard et al., 2014; Gobiet et al., 2014), the European mid-

elevation mountain ranges such as the Pyrenees (e.g. López-Moreno et al., 2011b; El Kenawy 

et al., 2012) and the Carpathian mountains (e.g. Spinoni et al. 2015), the Tibetan Plateau and 

surrounding mountains (e.g. Chen et al., 2003; Maussion et al., 2014; Pankaj et al., 2015), 

and the North American mountains (e.g. Fyfe and Flato, 1999; Hamlet et al., 2005; Trenberth 

et al., 2007; Bonfils et al., 2008). For example, Pepin and Lundquist (2008) employed 

homogeneity-adjusted climatic records from 1084 high-elevation stations, provided by the 

Global Historical Climate Network (GHCNv2) and Climate Research Unit (CRUv2), to 

characterize temperature trends and assess their dependency with different topographic 
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features (e.g. elevation, aspect, and exposure). Over a range of mountain systems in the 

Mediterranean region, López-Moreno et al. (2011a) explored the impacts of the North 

Atlantic Oscillation (NAO) on the temporal evolution of winter surface air temperature and 

precipitation and their future projections using an ensemble of Global Circulation Models 

(GCMs) under a moderate (A1B) greenhouse gas emissions scenario. Also, Nogués-Bravo et 

al. (2007) assessed projected changes in air temperature across a range of mountain systems 

worldwide, indicating that they are likely to witness an increase by the end of the 21
st
 century 

on the order of 2.8 °C in temperate areas and 5.3 °C in northern latitudes.  

A quick inspection of these studies reveals that there are no attempts to make a 

comparison among the global mountain systems to explore their possible different responses 

to recent climate change, particularly in the sense of the concurrent changes of key climate 

variables (e.g. air temperature and precipitation). There is compelling evidence that the 

combined effects of temperature and precipitation changes could impact positively or 

negatively important components of the hydrological cycle in mountainous environments 

(e.g. runoff  availability, snowpacks melting, soil moisture conditions, …etc), besides 

changes in other ecosystem functions (e.g. vegetation growth and distribution, species 

structure).  According to Trenberth and Shea (2005), temperature rise may be modulated by 

an increase in precipitation, as wet conditions can favor for less sunshine and correspondingly 

more evaporative demand. As such, assessing the covariability between surface air 

temperature and precipitation and its large-scale driving forces in the main global mountain 

systems is important to demonstrate how changes in precipitation are accompanied by surface 

warming, and consequently how this determines the response of these ecosystems to recent 

climate change.  

The objectives of this study are threefold. It aims to (i) assess changes in surface air 

temperature and precipitation over 13 global main mountain system over the period 1960-

2013 using CRUTS-V3.22 dataset, (ii) explore covariability between temperature and 

precipitation modes over these mountain regions using a joint-percentile approach, and (iii) 

define the most significant circulation patterns contributing to this covariability. This global 

assessment is desired to improve current understanding of the extent to which complex 

terrain regions respond to changing climate, to characterize their regional variations and to 

understand their different environmental and socioeconomic implications. 

 

 Description of the main mountain systems 

Our study focused on 13 main mountain systems in the world, including the European 

Alps, Anatolia, Andes, Applach, Atlas, Australian, Brooks, Ethiopian, Himalaya, Kolyma, 

Pyrenees, Rocky and Scandinavian systems (Figure 1). The boundaries of each mountainous 

region was defined from a 30-meter SRTM Digital Elevation Model (DEM), based on 

topographic parameters, such as altitude, mean slope and topographical gradients with 

neighbouring grids (http://www.dgadv.com/srtm30/). The selected mountain systems account 

together for approximately 7% of the total land surface, with the Himalaya, Rocky and Andes 

being mega systems expanding over approximately 1.95, 1.55 and 0.81% of the total land 

surface area, respectively. In contrast, the Pyrenees, Alps, Atlas and the Ethiopian mountains 

represent more ―localized‖ systems, accounting only for 0.02, 0.15, 0.20 and 0.21 of the total 

land surface. As illustrated in Figure 2, the mountain systems are distributed over the 

Northern and Southern Hemispheres and almost cover the whole latitudes, albeit with 

particular distribution over the mid-latitudes (30-60°) of the Northern Hemisphere (e.g. Alps, 

Anatolia, Applach, Atlas, Himalaya, Pyrenees and Rocky). Apart from the Andes and 

Himalaya, other mountain systems have altitudes generally lower than 2000 m (Figure 2). 

The selected mountain systems show remarkable differences in their orientation, as some 

systems have a general meridional orientation (e.g. Andes, Rocky, and Australian 
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mountains), whereas other systems exhibit a zonal extension (e.g. Alps, Anatolia, Brooks, 

Kolyma, Himalaya, and Atlas). Climatologically, the selected mountain systems are 

characterized by their high interannual and intrannual variability of climate. The selected 

mountain systems show considerable differences with respect of the seasonal cycle of surface 

air temperature and total precipitation (Figure 2). The Brooks and Kolyma mountains belong 

to polar climates, with air temperature notably below zero for most of the year. Apart from 

the mountain systems in the Southern Hemisphere (i.e. Australian and Andes mountains), 

other systems show a consistent seasonal cycle, with higher temperatures from May to 

September. Notably, while some mountain systems show low month-to-month temperature 

variability in the tropical (i.e. Ethiopian mountains) and sub-tropical mountains (i.e. 

Australian mountains), other systems in the mid and high latitudes show higher inter-month 

variance. For precipitation, the mountain systems show more temporal variations compared 

to air temperature, with some systems showing their peaks over summer months (e.g. the 

Ethiopian, Himalaya, Kolyma, Brooks and Applach), while others receive the majority of its 

precipitation during winter (e.g. Scandenavia) and springtime (e.g. Anatolia and Pyrenees). 

Few systems exhibit doubly precipitation peaks (e.g. the Atlas), whereas other systems have 

no peaks the year-round (e.g. the Andes). Overall, these complex spatiotemporal patterns 

indicate that climate variability is largely impacted by a wide range of large-scale physical 

processes and configurations (e.g. tropical and subtropical configurations, westerlies, polar 

fronts, maritime-continental influences,…etc), as well as regional and local drivers (e.g. 

topographical gradient, land cover,…etc).  

2. Data and methodology 

2.1. Dataset description 
We assessed changes in annual surface air temperature (°C) and total annual precipitation 

(mm) using data from CRU TS (v.3.22). This is a monthly global climatic dataset developed 

and maintained by the Climatic Research Unit (CRU) at the University of East Anglia (UK) 

via https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_3.22/cruts.1406251334.v3.22/. The monthly 

gridded fields data are available at a 0.5° grid resolution for land areas for the period from 

1901 to 2013 (Harris et al., 2014). The gridded fields of CRU TS 3.22 are based on monthly 

observational data calculated from daily/sub-daily observational data provided by National 

Meteorological Services and external agents. CRU TS 3.22 provides actual climatic records 

rather than anomalies through combining monthly anomalies with a mean climatology that 

accounts for the possible influence of changes in elevation. For surface air temperature, CRU 

TS 3.22 employed data from 5,159 meteorological land stations worldwide, merged with the 

Sea Surface Temperature (SST) data from the Hadley Centre, compared to more than 11,500 

of rain gauges (Harris et al., 2014).  More details about the development of CRU TS 3.22 are 

outlined in Harris et al. (2014). Over the past few years, CRUTS-v3.22 has been evident as a 

well-suited dataset for many hydrometeorological applications in different regions 

worldwide, including trend assessment (e.g. El Kenawy et al., 2016; Hoffman et al., 2018), 

climate models validation (e.g. Lopez-Moreno et al., 2011a), besides other environmental 

applications (e.g. Ray et al., 2015).  

Herein, it is noteworthy to indicate that while CRU TS 3.22 relied on substantially lower 

density of rain gauges than the most popular Global Precipitation Climatology Centre dataset 

(GPCC), it is more advantageous in the sense that it provides continuous long-term data for 

numerous climatic variables at consistent spatial interval. This aspect is important, as it 

allows for assessing directly the covariability between surface air temperature and 

precipitation, which is of a particular emphasis in this work. Our analysis was restricted to the 

time period 1960-2013 to limit the possible impacts of the irregular distribution of 

meteorological stations over both space and time during the earlier decades (i.e. before 1960) 

of the 20
th

 century. In this work, we employed surface air temperature and total precipitation 

https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_3.22/cruts.1406251334.v3.22/


The hydro-climatological assessment of major climatic mountains modes                                                 Ahmed El Kenawy and Hossam Ismael  

 

 - 5 -  
 

aggregated at the annual scale for each grid interval corresponding to the 13 mountain 

systems. While surface air temperature is the most important component of mountain climate, 

due its important role in the surface-atmosphere energy exchange processes scale (Vinnikov 

et al., 1990; Barry, 1992), precipitation is a key component of its hydrological cycle, being 

one of the most fundamental parameters in land surface processes (e.g. runoff generation, 

groundwater recharge, soil moisture, soil degradation) (Burke et al., 2009; Smith and 

Vivenkananda, 2012). 

Methodology 

2.1.1. Trend detection 

To define the amount of change in annual surface air temperature and annual total 

precipitation, we applied the ordinary linear least squares (OLS) regression method. As 

parametric tests assume a Gaussian distribution as well as spatial and temporal independence 

of data, we assessed the statistical significance of the detected changes by means of the 

modified Mann-Kendall statistic at the 95% confidence interval (p<0.05) (Hamed and Rao, 

1998). Similar to the standard Mann-Kendall statistic, this test is non-parametric, with no 

prior assumption of data distribution. More advantageously, it limits the possible influence of 

data serial autocorrelation on trend detection. This test determines the sign of the trend, 

indicating a stronger signal as the deviation from zero is greater.  

In an attempt to characterize the association between changes in surface air temperature 

and total precipitation for each mountain system, we employed the contingency tables that 

provide insights into whether trends at gridpoint scale are consistent. To construct the 

contingency tables, we used air temperature and precipitation as the random variable, while 

the categories of the trends were the characteristics of the random variable. Specifically, for 

each mountain system, the trends of climatic variables (i.e. air temperature vs. precipitation) 

were grouped into four categories according to their sign (i.e. positive vs. negative) as well as 

their statistical significance (p<0.05) (i.e. significant vs. insignificant). According to this 

procedure, the trends at each gridpoint can be classified as: positive and significant [+], 

negative and significant [-], positive and insignificant [+N], or negative and insignificant [-

N]. Pivot tables were constructed to represent the cross-categorized frequency data in a 

matrix format following the results of the trend analysis. 

Covariability of air temperature and precipitation 
In this study, we also explored the co-variability of surface air temperature and 

precipitation for the 13 mountain systems by comparing four different climate modes that 

summarize the joint changes in air temperature and precipitation over time. Based on a joint-

quantile approach described in detail by Beniston (2009), we used a combination of 

temperature and precipitation percentiles that display four modes of climate: warm and wet 

(WW), warm and dry (WD), cold and wet (CW) and cold and dry (CD). In order to secure a 

sufficient sample size for each climate mode, we selected the 30
th

 and 70
th

 quantiles as 

thresholds. More specifically, over the period 1960-2013 and for each grid, a particular year 

was classified as WW when the quantiles were above the 70
th 

quantile for both air 

temperature and precipitation, while it was denoted as CD when both quantiles were below 

the 30
th

 quantile. In a similar manner, each year was labeled as WD when the quantile 

thresholds were above 70
th

 for mean air temperature and below 30
th

 for precipitation. 

Likewise, the quantiles below 30
th

 for mean air temperature and above 70
th

 for precipitation 

characterized CW years. We compared the occurrence of the four climate modes (i.e., cold-

dry, cold-wet, warm-dry and warm-wet) from 1960 to 2013 for the 13 mountain systems. For 

each mountain system, we assessed changes in the surface area represented by each climate 

mode using the OLS regression model, while their significance was tested at the 95% 

confidence level. 
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 Links between climate variability and atmospheric circulation patterns 
To provide a comprehensive picture of climate variability in the 13 mountain systems, 

we looked at the association between surface air temperature and precipitation and a range of 

large-scale circulation patterns, whose impacts are well-established at the global, hemispheric 

and even regional scale. Table 1 lists the selected circulation patterns used in this study. As 

indicated, the selected indices are mongest the most leading modes of interannual variability 

of sea surface temperature (SST) over the Atlantic (e.g. AMM, AMO, NAO, and EA), Pacific 

(e.g. MEI, WP, SOI, and NP) and Indian (e.g. Bombay, IOD) Oceans and the Mediterranean 

Sea (e.g. MOI and WeMOI), besides the surrounding regions. Also, while some large-scale 

climate drivers (e.g. the AO, AMM, EA, SCA and NAO) play a significant role in 

modulating regional climate variations over the Northern Hemisphere (Lopez-Moreno et al., 

2011a, El Kenawy et al., 2012, 2016), other patterns (e.g. SO, MEI and IOD) could have 

more impact on climate in the Southern Hemisphere (Raut et al., 2014;Vicente-Serrano et al., 

2017; Heino et al., 2018). Also, while some circulation patterns are characterized by a 

meridional oscillation between the atmospheric masses (e.g. NAO and AO), other patterns 

summarize zonal oscillations (e.g. MEI, SOI, AOI, MO, and WeMOI). 

To account for the atmospheric configurations associated with climate variability in the 

13 mountain systems, we linked annual surface air temperature and total precipitation with 

the circulation patterns listed in Table 1 for the period 1960-2013. To remove the climate 

change signal from the climatic data, we detrended the series of air temperature and 

precipitation at each gridpoint. A similar procedure was adopted in previous studies (e.g. 

Trenberth and Shea, 2005; El Kenawy et al., 2012, 2016). The strength of this association 

was assessed by means of the Pearson‘s coefficient of correlation and the statistical 

significance was evaluated using the modified Mann-Kendall statistic at the 95% confidence 

interval (p<0.05). Also, for the most significant circulation patterns for each mountain 

system, we extracted and compared the values of these circulation patterns for the four 

climate modes described in subsection 3.3.2. Following this approach, for each mountain 

system, we can define the phases (i.e. positive vs. negative) of the leading patterns, which are 

more favorable for the occurrence of specific climate modes. 

 

3. Results 

3.1. Temporal evolution of surface air temperature 

Figure 3 depicts changes in surface air mean temperature for the 13 mountain systems for 

the period 1960-2013. Notably, all mountain systems exhibited a warming trend, with only 

few exceptions for some gridpoints in the Andes. Albeit with this overall temperature rise, 

there are some considerable differences among the mountain systems. As illustrated, the most 

rapid changes were observed for mountain systems located in the northern latitudes (i.e. 

Brooks and Kolyma). The amount of change was on the order of 0.45° and 0.36°C/decade for 

Brooks and Kolyma mountains, respectively. In the same context, temperature rise was 

generally more pronounced in the mid-latitudes mountains (e.g. the Alps, Pyrenees, Applach, 

Atlas and Himalaya), compared to those of the low latitudes (e.g. the Australian and 

Ethiopian mountains). Interestingly, the mountain systems located in the Southern 

Hemisphere witnessed weaker changes than those of the Northern Hemisphere. The amounts 

of change in the Andes (0.04°C/decade) and the Australian (0.15°C/decade) mountains were 

statistically insignificant at p<0.05. A quick inspection of Figure 3 also suggests that the 

moderately elevated mountain systems (<1000 m) like the Brooks, Koylma and Scandinavian 

mountains experienced rapid warming than more highly elevated systems (>1500 m), such as 

the Andes, Himalaya, Rocky, Anatolia and Ethiopian mountains. Figure 3 also indicates that 

changes in the annual total precipitation were not spatially uniform among the different 

mountain systems. Although the majority of mountain systems exhibited a downwarding 
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trend, they were statistically insignificant at the 95% confidence level (p<0.05). Interestingly, 

those mountains with statistically significant trends are located on the Atlantic Ocean (i.e. the 

Applach, Scandinavian and Pyrenees).While the Applach and Scandinavian mountains 

showed a statistically significant increase on the order of 20.35 and 26.99 mm/decade, 

respectively, the Pyrenees exhibited strong decline (-38.01 mm/decade). 

Figure 4 illustrates the interannual variability of air temperature and precipitation 

anomalies, calculated with respect to the base period 1970-2000. For all mountain systems, 

we noted a sudden and strong increase in the mean air temperature over the past decades, 

mostly after 1985. As opposed, the earlier decades showed remarkable negative anomalies. 

The anomalous warm years were mainly assigned to the last two decades. For example, the 

largest positive anomaly was observed in 2011 in the Alps (1.38° C), Pyrenes (1.42° C) and 

Scandinavian (1.56° C) mountains, compared to 2012 for the Rocky (1.27° C) and 2013 for 

the Australian mountains (0.89° C). As compared to other systems, the mega systems (e.g. 

the Andes, Rocky, and Himalaya) showed less interdecadal variability, with markedly lower 

deviations from the long-term mean. In comparison to air temperature, precipitation exhibited 

stronger interannual variability (Figure 5). This is clearly evident for all mountain systems, 

particularly for moderately elevated systems (e.g. the Atlas, Australian, Kolyma and 

Pyrenees). As opposed, the most elevated systems (e.g. the Rocky, Himalaya and Andes) 

showed less interannual variability; a similar pattern to that of air temperature (refer to Figure 

4). 

In an attempt to define the common patterns of temporal variability of surface air 

temperature among the different mountain systems, we applied the principal components 

analysis (PCA) in T- mode, as a data reduction technique, enhanced by a orthogonal rotation 

method (varimax rotation) (Wilks, 2011). Based on the scree plot results, we found three 

components that accounted together for 72.7% of the total explained variance of air 

temperature (Figure 6). Each component describes a common pattern of interannual and 

interdecadal variability of air temperature that is shared by a range of mountain systems. As 

depicted, all components showed positive loadings, suggesting that temperature rise is a 

global phenomenon among all mountain environments. The first component (PC1) 

contributed to 28.5% of the total variance, and reflected the temporal evolution of surface air 

temperature in almost half of the mountain systems, including Anatolia, Applach, Atlas, 

Himalaya, Kolyma, and Rocky. All these mountainous terrains showed strong positive 

changes in surface air temperature, particularly in the last two decades, compared to a 

remarkable below-normal temperature during the 1960s, 1970s and 1980s. The second 

component (PC2) explains 24.3% of the total variance and summarizes air temperature 

variability in the mountains of southern (i.e. the Alps and Pyrenees) and northern Europe (i.e. 

Scandinavian mountain). This component shows the strongest temporal variability among all 

systems (0.37% z units/decade), which is mainly associated with the rapid temperature rise 

from late 1980s onwards. The third component (PC3) explains 20% of the total variance, and 

is best correlated with air temperature variability in the Andes, Brooks, Ethiopian and 

Australian mountains. Apart from Brooks, these mountains belong to the tropics, subtropics 

and the Southern Hemisphere, with the lowest warming rate among all components.  

PCA produced six components accounting for 68.6% of the total variance of annual 

precipitation, but with no individual component explaining more than 15% of the total 

variance (Figure 7). This clearly suggests that precipitation shows higher temporal variability 

than air temperature. As opposed to air temperature, most of the defined components of 

precipitation variability show a statistically insignificant trend from 1960 to 2013 (p>0.05). 

Exceptionally, the first component (PC1), which is most closely correlated with precipitation 

variability over the Alps, Pyrenees and Scandinavian mountains, exhibited the strongest and 

most significant changes among all systems. Notably, these European mountains show a 
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contrasted behavior along this component, with a statistically significant decrease in total 

precipitation over the Alps and the Pyrenees in southern Europe, compared to a strong 

increase over the Scandinavian mountains in northern Europe. The fifth component (PC5) 

also exhibits statistically significant changes in total precipitation. However, it is only best 

correlated with precipitation variability over the Applach system, suggesting above-normal 

precipitation, especially from the mid of 1990s onwards. For other components (i.e. PCs 

2,3,4, and 6), results suggest a decrease in total precipitation, though being statistically 

insignificant at p<0.05. As illustrated in Figure 7, the temporal evolution of precipitation in 

mountain systems belonging to these components is characterized by higher interannual 

variability, as compared to PC1 and PC5. A quick comparison of the defined components for 

air temperature and precipitation indicates that the European mountains belonged to very 

similar regional groupings (i.e. PC2 for air temperature and PC1 for precipitation), suggesting 

that there is a temporal consistency in climate evolution across these mountains over the past 

decades.  

3.2. Dependency of temperature and precipitation trends on topographical and 

latitudinal characteristics 

 We also looked at the association between changes in air temperature and precipitation 

and elevation for each mountain system. Scatter plots summarizing this association are 

illustrated in Figures 8 and 9. Results reveal two contradictory patterns for air temperature 

(Figure 8). Interestingly, we noted that - for mountainous regions with larger warming- 

changes in air temperature tend to be generally stronger as elevation increases. This pattern is 

evident for the mountains of high- (e.g. Kolyma, Scandinavian) and mid-latitudes (e.g. Alps 

and Pyrenees) of the Northern Hemisphere, suggesting that highly-elevated sites of these 

mountains are more vulnerable to accelerated warming than low and mid-elevations. A 

contradictory pattern is observed for those mountains with weaker changes of air 

temperature, as temperature trends either do not vary considerably as a function of varying 

elevations (e.g. Anatolia, Australian, Himalaya and Rocky) or tend to decrease at higher 

elevations (e.g. Ethiopian and Andes). These two patterns clearly indicate that the great 

component of the overall warming rate at complex terrain regions comes from accelerated 

temperature at the most elevated sites. Figure 9 informs on the dependence of changes in 

annual precipitation on elevation. Apart from the Pyrenees, all mountain systems exhibited a 

mixture of negative and positive changes of precipitation, suggesting strong spatial variability 

of precipitation changes in mountainous regions. Overall, for most mountain systems, 

positive changes are found at low elevations, while higher elevations tend to exhibit negative 

changes. This dependency can be expected, given the linear association between elevation 

and rainfall amounts. In particular, higher elevations often receive larger amounts of 

precipitation than low sites and accordingly they are more sensitive to even small changes in 

annual precipitation. Figure 9 confirms this dependency for all mountains systems 

worldwide, apart from Himalaya and Kolyma, where a reversed pattern can be seen (i.e. 

negative changes at lower elevations and positive changes at higher elevations). Again, 

Figure 9 suggests that –for the majority of mountain systems– highly elevated sites are more 

prone to climate change, with more tendencies to lower precipitation in recent decades.  

For mountain systems with larger latitudinal extension (i.e. Rocky and Andes), we 

explored changes in air temperature and precipitation as a function of latitude. As illustrated 

in Figure 10, for the Andes and Rocky, there is a general tendency toward enhanced warming 

for latitudes beyond the tropic and subtropics, compared to relatively less pronounce 

warming in lower latitudes. In comparison to air temperature, the latitudinal gradient of 

precipitation changes is more apparent. For the Andes, the decrease in precipitation is 

markedly weak in the tropical and subtropical zone, while this decrease is markedly much 

stronger in temperate latitudes (37-47° S). A reversed pattern is noted for the Rocky, where 
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more pronounced changes are observed in lower latitudes (south of 40°N), compared to 

weaker changes in latitudes northward. Again, Figure 10 reveals that while temperature rise 

seems to be well-verified for the Rocky and Andes, with less variability among latitudes, 

precipitation changes are more variable with stronger gradients among latitudes. 

3.3. Covariability of air temperature and precipitation 

Table 2 summarizes the spatial consistency between the different trend categories of air 

temperature and precipitation for each mountain system (i.e. statistically significant positive 

[+], statistically significant negative [-], statistically insignificant positive [N+], and 

statistically insignificant negative [N-]). Results demonstrate that, for all mountain systems, 

there is a low agreement between changes in surface air temperature and those of 

precipitation. This is revealed in the lowest cumulative frequency of the diagonal cells of 

each contingency table, compared to the total frequency of all cells. Notably, for all mountain 

systems, there is an absence of statistically significant decrease either in air temperature or 

precipitation. The dominating positive trend of air temperature in all mountain regions is 

mostly associated with either a statistically insignificant increase (e.g. Applach, Himalaya, 

Kolyma, and Scandinavian mountains) or decrease (e.g. the Alps, Australian, Brooks, 

Ethiopian, Pyrenees, and Rocky mountains) in total precipitation. As compared to other 

mountainous regions, those located along the Atlantic Ocean (i.e. the Applach and 

Scandinavian systems) show improved spatial consistency, where more than 40% of 

gridpoints exhibited statistically significant concurrent trends for air temperature and 

precipitation. In particular, the two categories [+/+] and [+/N+] of [air 

temperature/precipitation] accounted together for 98.5% of all gridpoints for the 

Scandinavian system, compared to 84.8% for the Applach. This suggests that temperature 

rise in these mountain systems is mostly associated with precipitation increase, though 

oftentimes not being statistically insignificant. The Pyrenees shows a remarkable pattern, 

with all gridpoints exhibiting statistically significant positive changes in air temperature, 

accompanied by a statistically insignificant decrease in total precipitation.  

We also looked at the association between air temperature and precipitation using the 

four climate modes derived by means of a joint quantile approach (section 3.2.2). In this 

work, the four climate modes included: cold and dry (CD: T<30, P<30), cold and wet (CW: 

T<30, P>70), warm and dry (WD: T>70, P<30) and warm and wet (WW: T>70, P>70). Table 

3 summarizes changes in the total surface area represented by each climate mode for the 13 

mountain systems from 1960 to 2013. Results demonstrate a statistically significant decrease 

in the area represented by the CD and CW modes, and conversely a statistically significant 

increase in the areas witnessed the WD and WW modes. These patterns indicate clearly that 

air temperature rise is the key variable driving climate variability in mountainous regions. For 

cold-dry (CD) mode, the strongest decrease is found for the Scandinavian (-4.2%/decade), 

Applach (-3.4%/decade), Alps (-3.4%/decade), Himalaya (-3.2%/decade), and Brooks (-

3.1%/decade), meanwhile the weakest decrease is found for the Pyrenees (-0.7%/decade) and 

the Andes (-1.1%/decade). The rapid decrease in CD over the Scandinavian and Applach 

mountains is mainly associated with the increase in wet conditions over the past decades, 

while the strong decrease across the Alps, Himalaya and Brooks is linked particularly to 

temperature rise (Figure 3). A comparison between changes in the CD and CW modes reveals 

that – in comparison to other mountain regions– changes in CW mode over the Applach and 

Scandinavian systems are markedly less pronounced than those of CD. This demonstrates 

that the significant increase in precipitation over the Applach and Scandenavia contributes to 

modulating the accelerated warming in these regions. In contrast, the stronger changes in CW 

mode compared to CD mode, especially for the Pyrenees, Ethiopian, and Alps, indicate that 

the accelerated warming is enhanced by a precipitation deficit over the last decades. This 
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feature is also confirmed by the strong increase in the area affected by WD : 7.0%/decade 

(Pyrenees) and 5.2%/decade (Alps).       

4.5. Links to circulation patterns  

This study also assessed the role of a set of regional, hemispheric and global circulation 

patterns in determing the response of mountain systems to recent climate variability. Figure 

11 summarizes the correlation between circulation indices and surface air temperature. As 

illustrated, there are strong variations in the dependency between temperature variability and 

circulation patterns, but with remarkable patterns: (i) the warm phase of the AO is the key 

driver of temperature variability over the European mountains (e.g. Alps, Pyrenees and 

Scandinavian), (ii) the impacts of the NAO on temperature variability is mainly restricted to 

the Mediterranean and the North Atlantic mountains, albeit with different phases (i.e. warm 

for the Alps, Pyrenees and Scandinavian, and cool for the Anatolia, Applach, and Atlas), (iii) 

the NAO impacts on  temperature variability in the Mediterranean and the North Atlantic 

mountains are superior compared to other Atlantic indices (e.g. AMM and AMO), (iv) the 

warm phase of the EA can significantly describe temperature rise over the Mediterranean 

mountains (e.g. Pyrenees, Atlas, and Anatolia), (v) temperature variability in the Kolyma 

mountain is mainly driven by the cool phase of the WP, (vi) the multivariate ENSO (MEI) is 

the dominant pattern impacting temperature variability in mountains of the Southern 

Hemisphere (i.e. Andes and Australian) and the tropics (i.e. Ethiopian); however, its impacts 

are apparently minimized over the mountains of the Northern Hemisphere, (vii) temperature 

variability in mountains of the Southern Hemisphere is linked significantly to the cool phase 

of the SI, and (viii) there is no individual pattern that mostly drive temperature variability in 

the ―mega‖ systems like the Himalaya and Rocky, but there is probably a coexisting 

influence of different patterns.  

 

Figure 12 illustrates the dependency between precipitation and circulation patterns for 

the 13 mountain systems. Similar to air temperature, precipitation variability in the largest 

mountains (e.g. Himalaya, Rocky and Andes) cannot be explained by the evolution of 

specific circulation patterns. Nonetheless, the possible coexisting impact of different 

circulation patterns on precipitation variability in these mega systems extends further to other 

mountain systems (e.g. Applach, Brooks, and Ethiopian mountains). As illustrated in Figure 

12, it can be noted that (i) the negative phase of the SCA is a key driver of precipitation 

variability over Scandinavian mountains (northern Europe), while its positive phase is linked 

to precipitation variations over the Pyrenees (southern Europe), (ii) the decrease in 

precipitation over the Pyrenees is also associated with the negative phase of the MOI, (iii) the 

positive phase of the SOI is the dominant pattern influencing precipitation variability over the 

Australian mountains, (iv) precipitation variability over the Atlas is mainly driven by the 

negative phase of the EA, (v) precipitation variations in Kolyma system is more linked to the 

positive phase of the NP, and (vi) notably, precipitation variability in majority of the 

mountainous regions did not show significance dependence on circulation patterns that are 
well-recognized as key drivers of climate variability at the global scale (e.g. MEI, AMM, and AO).  

Figure 13 illustrates variations in the values of the best-correlated circulation patterns for 

each mountain region, averaged for the four defined climate modes (i.e. CD, CW, WD and 

WW), compared to the mild conditions (i.e. 30<T<70, 30<T<70), while Table 4 summarizes 

the dominant phase of each circulation pattern, associated with each climate mode. As listed 

in Table 4, it can be seen that only few circulation patterns (e.g. AMM, AMO, Bombay), 

which show stationary patterns of dependency with climate modes. For example, the negative 

phase of AMM is responsible for the occurrence of CD and CW conditions in Anatolia, 

Applach, Atlas and Himalaya, while its positive phase is best correlated with WD and WW 

conditions. However, in many occasions, each individual circulation pattern shows different 
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patterns of dependency with the different modes of climate. A representative example is the 

negative phase of the NAO, which can explain the occurrence of CD and CW in the Alps and 

Scandenavia, while it is associated with WD and WW in Anatolia. This suggests that there is 

a high degree of complexity in the impact of the same circulation pattern on climate modes 

from one mountain system to another.  

5. Discussion and conclusions 

Mountainous regions are amongst the most sensitive regions to climate change (Beniston 

et al., 1997; Buytaert et al., 2006; Beniston, 2009; Gobiet et al., 2014). However, a 

comprehensice assessment of the extent to which these regions are affected by warming 

climate is apparently lacking, especially from a global perspective. The intent of this work is 

to compare and contrast changes in surface air temperature, annual total precipitation and 

their combined modes for the main mountainous terrain systems over the world. To 

accomplish this task, we assessed changes in these climate variables using monthly data from 

CRUTS-v3.22 for a 58-timeframe (1960-2017) across 13 mountain systems (i.e. the 

European Alps, Anatolia, Andes, Applach, Atlas, Australian, Brooks, Ethiopian, Himalaya, 

Kolyma, Rocky, Pyrenees, and Scandinavian). These systems span the low-, mid- and high-

latitudes of the Northern and Southern Hemispheres. This work also gives insights into the 

key circulation patterns controlling climate variability in these complex terrain regions and 

explore whether the dominant circulation patterns show consistent dependency with the 

different climatic modes.   

Assessing spatiotemporal trends of climate is a high priority of climate change studies, 

particularly in mountainous terrain regions (Beniston, 2009; Barriopedro et al., 2011; IPCC, 

2013). This study demonstrates that all mountainous regions from the equatorial to the high 

latitudes experience an upward trend in surface air temperature over the period 1960-2013, 

suggesting that temperature rise is a global phenomenon. Notably, majority of the 

mountainous terrain regions witnessed warming rate clearly stronger than the global warming 

rate. This can simply be seen in the context that warming in areas of complex terrain is 

apparently stronger than lowlands. For example, Trenberth et al. (2007) found larger amount 

of warming over mountainous regions in the western and southwestern US, compared to the 

whole Northern America. As per the Fourth Assessment Report (AR4) of the 

Intergovernmental Panel Climate Change (IPCC), the global mean surface temperatures have 

risen by 0.74°C in recent century (IPCC, 2007), particularly in the last 50 years during which 

the warming rate has been doubled (0.13°C/ decade). We found stronger warming changes in 

surface air temperature, on the order of 0.45°, 0.36°, 0.32°, 0.29°, 0.24°C/decade for Brooks, 

Kolyma, Alps, Pyrenees and the Applach mountains. Among all mountain systems, the 

Andes is the only mountainous region that exhibited weaker warming (0.04°C/decade), 

compared to the global warming rate. Our study reveals some remarkable differences among 

the terrain systems. For example, we noted stronger warming in mountains of the high-

latitudes in the Northern Hemisphere (e.g. Brooks, Kolyma and Scandinavian) than those of 

the mid- and low-latitudes. A similar finding has been confirmed in earlier studies (e.g. 

Serreze et al., 2000; Knowles et al., 2006). Serreze et al. (2000) reported a pronounced 

temperature rise in the northern high-latitudes regions from 1970 onwards, being more 

evidenced during wintertime. This warming caused negative snow cover anomalies over 

Alaska and northern Russia, combined with increased plant growth, greater shrub abundance 

and northward migration of the tree line. Herein, it is important to note that mountain 

environments (e.g. Brooks, Kolyma, Alps and Pyrenees), which witnessed strong air 

temperature warming are of low or mid-elevations (<1500m, refer to Figure 2), while high-

elevation regions (e.g. Andes and Himalaya) exhibited weak and statistically insignificant 

temperature rise. This finding is important as warmer temperatures at mid-elevations can 

decrease snowpack, leading to a decline in snowpack accumulation and earlier melt, 
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particularly in those regions with precipitation decrease (e.g. Alps, Pyrenean, and Ethiopian 

mountains). According to Beniston (1997), mountains with seasonal snowpack (e.g. mid-

latitudes mountains) are more sensitive to global warming, as even small temperature 

increase can impact snowpack extension. On the other hand, the most elevated regions can 

remain below freezing for a longer time, as a consequence of the longer snow.  

Our study also demonstrates that changes in precipitation over regions of complex terrain 

were heterogeneous, with some regions experiencing positive changes (e.g. Applach and 

Scandinavian), while others exhibiting negative changes (e.g. Alps, Pyrenees, and Ethiopian 

mountains). Nonetheless, changes in the annual precipitation were generally statistically 

insignificant (p>0.05) for majority of the mountain systems, particularly those located in the 

Southern Hemisphere and northern low-latitudes. Interestingly, our results reveal that 

northern high-latitude mountains either experienced statistically significant increase in annual 

total precipitation (e.g. Scandinavian and Applach mountains) or weak changes (e.g. Brooks 

and Kolyma) over the past several decades. A similar finding was reported by the IPCC 

(2007), indicating significant precipitation increases over the last century in the eastern 

portion of North America, northern Europe, and northern and Central Asia. This finding may 

suggest that changes in air temperature have greater relative importance than those of 

precipitation over most of the mountainous regions. Specifically, the strong warming of air 

temperature in the Alps, Brooks, Kolyma and Pyrenees mountains corresponds to a generally 

decreasing trend of precipitation, though being statistically significant only for the Alps and 

Pyrenees (p<0.05). As such, the natural capacity of these mountainous regions to store water 

until drier seasons (e.g. late spring and summer) can be diminished, given the weak and even 

negative moisture supply. For other complex terrain regions (e.g. Scandenavia), the impacts 

of a modest amount of warming (0.24°C/decade) may be masked by the strong increase in 

precipitation increase (27 mm/decade), leading to a delay in snow melting and streamflow 

timing. Brown (2000) demonstrates that precipitation increases on the order of 2% are 

sufficient to offset the impacts of warming in snow-dominated regions. Again, this suggests 

that –apart from norther high-latitudes systems– change in air temperature is the dominant 

factor, with more impacts on ecosystems, compared to those of precipitation. A similar 

finding is confirmed by Korner (1998) who found that change in air temperature is the 

primary factor influencing ecosystem in most mountainous regions worldwide. 

Overall, air temperature and precipitation changes clearly suggest that mountains of the 

northern high-latitudes – and to a lesser extent the mid-latitudes- are more vulnerable to rapid 

ecological and hydrological changes than other global terrain systems, particularly those in 

the Southern Hemisphere and the subtropics. Unfortunately, model projections suggest that 

this warming is likely to increase and accelerate in the future, adding further complications 

and challenges to these regions. Based on climate model outputs, Nogués-Bravo et al. (2007) 

indicated that air temperature is projected to increase in the mid and late 21
st
 century, but at a 

greater amount in mountainous terrain in northern latitudes of the Northern Hemisphere than 

mountains located in temperate and tropical zones. The discernible and critical impacts of 

increased warming may include changes in available water supply from snowpacks (e.g. 

Paul, 2011; Bolch et al., 2012; Pellicciotti et al., 2014), vegetation distribution and growth 

(e.g. Keller et al., 2005; Gottfried et al., 2012), species structure, and timing and availability 

of runoff (e.g. Stewart, 2009; Rohrer et al., 2013). For example, the environmental impacts of 

accelerated temperature in these systems can limit the survival of their fauna and flora and 

induce their rapid shift to higher altitudes, seeking for more favorable habitats in terms of 

climatic conditions. In their global investigation of the latitudinal range shifts of a range of 

taxonomic groups, Chen et al. (2011) found a positive shift of 11 meters/decade for some 

species ranges in the Northern Hemisphere, in response to recent warming. Hydrologically, 

the significant decrease in annual precipitation in the mid-latitudes mountains, particularly 
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the European mountains (e.g. the Alps, Pyrenees), combined with a strong temperature rise 

and thus atmospheric evaporate demand (AED) can enhance the reduction in annual 

streamflow. These hydrological impacts have been evidenced in Beniston (2003, 2009) for 

the European Alps and in Lorenzo-Lacruz et al. (2012) for the Pyrenees. Under the climate 

warming, the spatial extent of snow cover in the Northern Hemisphere has also decreased by 

almost 5.4%  from 1972 to 2006, mainly driven by temperature rise, especially during 

springtime (Déry and Brown, 2007; Brown and Robinson, 2011). More recently, Hammond 

et al. (2018) found that snow persistence, expressed as the fraction of a year with permanent 

snow coverage, showed a decreasing trend over 5.8% of snow zone areas over the globe, 

compared to areas of 1.0% with decreasing trends. Similarly, Hamlet et al. (2005) indicated 

that temperature change in the western United States is the primary factor responsible for 

most of large-scale declines in snowpack as well as shifts in snowmelt runoff. Nonetheless, it 

is noteworthy indicating that the vertical distribution of fauna and flora in response to recent 

and future climatic variability can vary at regional and even local scales, as a consequence of 

topographic characteristics (e.g. slope, aspect, orientation), soil properties, vegetative effects, 

and several abiotic factors (Lenoir et al 2013; Millar et al 2014). Strachan et al. (2016) 

demonstrate that the response and resistance of species distribution over complex terrain is 

largely driven by ‗‗topoclimates‘‘ and ‗‗microclimates‘‘ rather than broad climatic 

conditions. This is simply due to the strong climatic gradients over short distances, which can 

strength the role of some local factors (e.g. cold air pooling and inversions), making it 

difficult to capture climate variability across spatial and temporal scales. Although the 

reduction in snow cover can contribute further to global warming, given the high albedo of 

fresh snow and its significant contribution to the global heat budget (Serreze et al., 2000), the 

impact of warming on snowpack reduction depends largely on geographic location, latitude, 

and elevation, and can thus vary considerable from mountainous region to another. The 

earlier snowmelt can enhance warming of soils, increase growing season length and 

atmospheric evaporative demand (Peterson and Peterson, 2001).  

This study defined three main components that explain a a maximum of 72.72% of the 

variability in surface air temperature across the global mountainous terrain, compared to six 

components that accounted for 68.59% of the variability of annual precipitation. The higher 

number of components and their corresponding lower explained variance for precipitation 

can be expected, as precipitation is one of the most difficult climate variables to be spatially 

captured. As compared to temperature, precipitation shows stronger spatial and temporal 

variability over complex terrain, as it is not only coupled to large-scale synoptic conditions, 

but it is driven by local topographical predictors (e.g. aspect, slope, orientation, altitude, 

coastal proximity) as well. In this contest, the density of rain gauges is generally sparse in 

mountainous regions either horizontally or vertically. Most of rain gauges are located in 

valleys or at low altitudes, leading to a clear underestimation of precipitation, especially at 

high altitudes, which normally receive the highest amounts of rainfall (Palazzi et al., 2013; 

Maussion et al., 2014). The temporal evolution of air temperature and precipitation for some 

extracted components agree well with previous works. An example is the pronounced 

temperature rise from 1980 onwards, which is noted for the European mountains (i.e. the 

Alps, Pyrenees and Scandinavian). This pattern has been evidenced by El Kenawy et al. 

(2012) for the Pyrenees and by Beniston (1997, 2003, 2009) and Beniston et al. (1997) for the 

European Alps.   

Assessing the response of mountainous environments to climate variability is a 

challenging task. Herein, we should be aware of the sources of uncertainty associated with 

selecting CRUTS-v3.22 as a reference database for our analysis. In mountainous terrain, 

assessing signals of climate change based on CRUTS-v3.22 has a degree of uncertainty, due 

to the spatial resolution of this product (0.5 × 0.5° degree), which is relatively coarse to 
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resolve orographic complexity and their associated climatic variations in these regions. 

Furthermore, according to Mitchell and Jones (2005), CRUTS-v3.22 was developed using a 

quite low number of applied stations at mountainous territories worldwide. This feature may 

lead to high grid-box sampling uncertainty and accordingly an inadequate representation of 

the strong gradients of climate, particularly at higher altitudes with low sampling of 

observational data (Matthews et al., 2017). Independent of the selected dataset, this feature is 

definitely reflected in all gridded climate datasets built on observations, especially in those 

regions with sparse observational coverage like remote and complex terrain. Yin et al. (2015) 

noted that gridded products in regions with complex terrain can be impacted by station 

density over space and time, particularly when aggregating from point to grid scale. To 

resolve their complex climatic variability, Lundquist and Cayan (2007) stress that a proper 

characterization of spatial and temporal variability over mountainous regions requires dense 

networks of sensors, with high temporal resolution. Similarly, Sexstone et al. (2016) confirm 

that modeling climate variability is a challenging task in complex mountainous systems, 

given that this variability occurs over relatively short distances on one hand and there exist 

difficulties in representing within-grid processes, particularly those related to the mass and 

energy exchange between land and atmosphere, on the other hand. For example, in their 

study over the Cascade Mountains, Minder et al. (2010) found strong spatial and temporal 

variability of surface temperature lapse rate depending on the aspect and the slope.  

Another source of uncertainty in gridded climate datasets, including CRUTS-v3.22, is 

related to the various assumptions of the selected interpolation algorithm, particularly in 

regions of sparse horizontal and vertical distribution of observations. Albeit with its relatively 

dense network of rain gauges, Masson and Frei (2014) noted that the climatology of 

precipitation in the European Alps can differ significantly, as a function of the selected 

interpolation/extrapolation method. A similar finding is confirmed for other mountainous 

terrain, such as the Himalaya (e.g. Kumari et al., 2016), the Andes (e.g. Buytaert et al., 2006) 

and the Appalachian (e.g. Bolstad et al., 1998) mountains. Similarly, most of the climate 

models used for future projections, either global climate models (GCMs) or those 

dynamically downscaled by regional climate models (RCMs) (Fowler et al., 2007), show 

large uncertainties over mountainous regions, when compared with near-present climate 

conditions (Maraun et al., 2010). Indeed, in mountainous terrain, installation and maintance 

of meteorological stations is costly and under-catch, especially at higher altitudes. As such, 

the density of the network of meteorological data in these regions is markedly low due to 

poorly-sited instruments, representing the key limitation of climate assessment and modeling 

in mountainous regions. This uneven distribution of meteorological observatories fails to 

resolve uncertainties associated with the complex variability of climate and the existence of 

non-linear feedbacks between climate and topography. Palazzi et al. (2013) and Maussion et 

al. (2014) reported that, regardless of dataset choice, there exists an underestimation of 

precipitation at high elevated sites, which can be seen in the context of the general increase of 

precipitation with altitude combined with the low sampling of stations at highly elevated 

sites. Several studies highlighted the disagreement between gridded climate products in 

complex terrain regions at different ecological and hydrological scales (e.g. Stahl et al 2006; 

Minder et al 2010). Furthermore, climate shows low spatial coherence and high variance over 

areas of complex topography. Accordingly, trends can vary considerably among valleys, 

summits, slopes, mountain passes, and above glaciers, even at a subgrid scale. These local 

features can have distinctive characteristics that strongly impact local climate in ways that 

may not be representative of the larger terrain. In mountainous regions, it is also quite 

difficult to guarantee spatial and temporal homogeneity of climatic data in mountainous 

regions. For example, it is difficult to maintain uniform-height measurements during 

changing snowpack conditions (Marks et al., 2013). Indeed, some alternative datasets (e.g. 
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GPCC, GPCP, UDEL, PRECL…etc) can either offer better station network density on the 

global scale, merge instrumental data with satellite estimates, or have higher spatial 

resolution (Tanarhte et al., 2012). Nonetheless, in comparison to these products, CRUTS-

v3.22 is more advantageous in the sense that it provides data for air temperature and 

precipitation at a consistent spatial interval (0.5° degree) over the globe. Furthermore, 

climatic data are available over extended periods of multiple decades, allowing for more 

reliable assessment of long-term climate variability. However, it is also noteworthy indicating 

that the observed patterns of changes in surface air temperature and precipitation over the 

regions of complex topography may vary considerably from one dataset to another. Previous 

works reveal substantial differences amongst the gridded datasets, demonstrating that the 

uncertainty and the spread amongst these multiple datasets can vary considerably among 

regions and seasons (Kim et al., 2015; Kim and Park, 2016). However, a detailed assessment 

of the uncertainty in climate signals over regions of complex terrain, as a function of the 

selected global gridded dataset, can be an avenue for future research to explore inter-dataset 

differences. Herein, it is also important to emphasize that our results presented here should be 

used with caution when studying climate variability and their impacts on more regional and 

local scales (e.g. local ecology, runoff modelling, and species structure). This can be seen in 

light of high complexity of terrain and their associated strong climatic gradients, which 

necessitates dense observations, particularly at high altitudes, to provide more ―realistic‖ 

local climate estimates for heterogeneous regions. Recalling this complexity and 

heterogeneity, any adaptation and mitigation strategies to cope with the impacts of climate 

variability and change must be acted locally to account effectively for high local variations. 

As such, the role of CRUTS-v3.22‘s relatively coarse horizontal resolution should be kept in 

mind when interpreting results of this work.  

While there are several studies assessing spatial and temporal characteristics of climate 

in individual mountain systems and their links to tree growth (e.g. Peterson and Peterson, 

2001), species structure (e.g. Gottfried et al., 2012; Alagador et al., 2014), snowpack and 

flooding (e.g. Brown and Robinson, 2011), forest fire (e.g. Návar and Lizárraga-Mendiola, 

2013) and even human influences (e.g. Bonfils et al., 2008), our study may be unique, in the 

sense that it provides –for the first time- a global perspective of climate variability in a wide 

range of mountain systems with different latitudinal, topographical and climatic 

characteristics. As such, this work provides a framework for comparing climate modes 

between the main global mountain systems, highlighting their spatial and temporal 

differences. This study also provides a solid base for filling crucial gaps in current 

understanding of mountain processes and the response of global mountain regions to rapid 

and sustained changes in temperature and precipitation regimes. Moreover, this global 

perspective can serve as a reference frame for several regional assessments. This assessment 

can also contribute to sustainable development in mountain environments, given that these 

regions represent an important part of the terrestrial environment, with rapid hydrologic, 

geomorphic and socio-economic changes. Our results can improve current understanding of 

these vulnerable ecosystems to climatic variability and accordingly adopt appropriate 

adaptation strategies and plans for these mountain systems.  
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Table 1: A list of the circulation indices used in this study.   

 

 

 

 

 

 

Index 

abbreviation 

Description Reference 

AMM Atlantic Meridional Mode Chiang & Vimont (2004) 

AMO Atlantic Multidecadal Oscillation Enfield et al. (2001) 

AO Arctic Oscillation Higgins et al. (2001) 

BOMBAY Bombay SLP anomaly pattern Berhane et al. (2014) 

EA East Atlantic www.cpc.noaa.gov/data/teledoc/telecontents.shtml 

EAWR 

Eastern Atlantic-Western Russian 

pattern www.cpc.ncep.noaa.gov/data/teledoc/eawruss.shtml 

IOD Indian Ocean Dipole Saji et al. (1999) 

MEI Multivariate ENSO Index Wolter et al. (1998) 

MOI Mediterranean Oscillation index Palutikof et al. (1996) 

NAO North Atlantic Oscillation Jones et al. (1997) 

NP Northern Pacific Trenberth and Hurrell (1994).  

PDO Pacific Decadal Oscillation Mantua et al. (1997) 

SCA Scandinavian pattern www.cpc.noaa.gov/data/teledoc/telecontents.shtml 

SOI Southern Oscillation index NOAA CPC 

TPI Trans Polar Index Pittock (1980)  

WEMOI 

Western Mediterranean Oscillation 

index Martin-Vide & Lopez-Bustins (2006) 

WP Western Pacific Barnston and Livezey (1987) 
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Table 2: Contingency tables summarizing the association between the different trend 

categories (i.e. statistically significant positive [+], statistically significant negative [-], 

statistically insignificant positive [N+], statistically insignificant negative [N-]) of air 

temperature and annual total precipitation. The statistical significance was assessed at 

the 95% level (p<0.05). Numbers represent the percentage of grids corresponding to 

each category. 
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Table 3: Changes in the surface area (%/decade) exposed to the different four climate 

modes (cold-dry [CD], cold-wet [CW], warm-dry [WD] and warm-wet [WW]) from 

1960 to 2013. Only statistically significant changes at the 95% level (p<0.05) are given in 

bold.  

 

 Mountain 

system CD CW WD WW 

Alps -3.4 -4.4 5.2 3.9 

Anatolia -1.9 -1.8 1.0 2.5 

Andes -1.1 -1.1 0.7 0.1 

Applach -3.4 -0.9 2.1 3.0 

Atlas -1.7 -4.5 1.8 3.9 

Australian -1.6 -2.1 4.5 0.2 

Brooks -3.1 -5.4 3.5 2.7 

Ethiopian -3.4 -6.0 3.6 2.8 

Himalaya -3.2 -3.0 2.7 3.7 

Kolyma -2.3 -2.5 2.2 4.3 

Pyrenees -0.7 -7.2 7.0 1.8 

Rocky -1.5 -2.2 3.8 1.8 

Scandenavian -4.2 -0.8 0.6 5.1 
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Table 4: The dominant phase of each circulation pattern, which is best-correlated with 

each climate mode and their impacted mountain region (s). The positive phase is labeled 

with (+), while the negative phase is denoted with (-). 

 

Index Climate mode Mountain region 

CD CW WD WW 

AMM - - + + Anatolia, Applach, Atlas, Himalaya 

AMO - - + + Anatolia, Applach, Atlas, Brooks, Himalaya, Kolyma, Rocky 

Bombay - - + + Australian 

MOI + + + + Kolyma, Pyrenees, Rocky 

AO - - + + Alps, Scandenavian 

AO - + + - Ethiopian 

AO + + - - Anatolia 

EA - - + + Alps, Applach, Atlas, Himalaya, Rocky 

EA + - - - Pyrenees 

MEI - - + + Andes 

MEI - - + - Ethiopian, Australian 

MEI - - - + Brooks 

NAO - - + + Alps, Scandenavian 

NAO + + - - Anatolia 

PDO - - + + Andes, Brooks 

PDO - - + - Australian 

PDO + - - + Rocky 

SCA + + - - Atlas, Pyrenees 

SCA - + - - Applach 

SCA - + - - Pyrenees 

SCA + - + - Scandenavian 

SOI - - - + Kolyma 

SOI + + - - Andes 

SOI + + - + Australian 

WeMO + + - - Alps, Pyrenees 

WeMO + - - - Scandenavian 

WP + + + + Himalaya 

WP + + - - Kolyma 

TPI - - + - Ethiopian 

TPI - - + + Andes 

 

 

 

 

 

 

 



The hydro-climatological assessment of major climatic mountains modes                                                 Ahmed El Kenawy and Hossam Ismael  

 

 - 25 -  
 

 
Figure 1: Location of the main mountain regions investigated in this study. Bracketed 

values in the legend represent the number of data grid points corresponding to each 

mountain system. 

 

 
 

Figure 2: Differences amongst the 13 mountain systems in terms of latitudinal extension 

(upper left), altitude (upper right), and mean seasonal cycle of surface air temperature 

(lower left) and accumulated precipitation (lower right). Monthly climatological 

averages were computed for the period 1960-2013.  
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Figure 3: Amount of change in mean air temperature and total annual precipitation, 

calculated for the main mountain regions from 1960 to 2013. The central solid line 

indicates the median, whereas the central dashed red line refers to the mean. The 

whiskers represent the 10th and the 90th, while the 25th and the 75
th

 are plotted as the 

vertical lines of the bounding boxes.  
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Figure 4: Anomalies of surface air mean temperature for the main mountain regions. 

Anomalies were calculated with respect to the base period 1970-2000.  Black lines show 

a low Gaussian filter of 7 years. 
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Figure 5: Anomalies of annual total precipitation (%/decade) for the main mountain 

regions. Anomalies were calculated with respect to the base period 1970-2000. Black 

lines show a low Gaussian filter of 7 years. 
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Figure 6: (Left) Factor loadings along the three main principal components of surface 

air temperature and (right) the time-series showing temporal variability corresponding 

to each component. For left panels, red squares refer to highest loadings along each 

component. For right panels, numbers between parentheses refer to the amount of 

variance explained by each factor (expressed in %) and the magnitudes of trends 

(expressed in Z units/decade), respectively.  Only statistically significant trends at the 

95% level (p < 0.05) are given in bold. Each time plot includes annual values (thin lines) 

and 7-yr running averages (bold lines). 
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Figure 7: (Left) Factor loadings along the three main principal components of total 

annual precipitation and (right) the time-series showing temporal variability 

corresponding to each component. For left panels, red squares refer to highest loadings 

along each component. For right panels, numbers between parentheses refer to the 

amount of variance explained by each factor (expressed in %) and the magnitudes of 

trends (expressed in Z units/decade), respectively.  Only statistically significant trends 

at the 95% level (p < 0.05) are given in bold. Each time plot includes annual values (thin 

lines) and 7-yr running averages (bold lines). 



The hydro-climatological assessment of major climatic mountains modes                                                 Ahmed El Kenawy and Hossam Ismael  

 

 - 31 -  
 

 
 

Figure 8: Scatter plots showing temperature trends as a function of the different 

altitudes. The fitted linear regression line for all data is shown in red.  
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Figure 9: Scatter plots showing precipitation trends as a function of the different 

altitudes. The fitted linear regression line for all data is shown in red.  
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Figure 10: Amount of change in surface air temperature (°C/decade) and total 

precipitation (mm/decade) as a function of latitude for the Andes and Rocky mountain 

systems.  
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Figure 11: Boxplots summarizing Pearson´s correlation coefficient calculated between 

the detrended series of annual surface air temperature and circulation indices for the 

period 1960-2013. Values higher (lower) than 0.26 (-0.26) are statistically significant at 

p<0.05. The central solid line indicates the median, whereas the central dashed line 

refers to the mean. The whiskers represent the 10th and the 90th, while the 25th and the 

75
th

 are plotted as the vertical lines of the bounding boxes.  
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Figure 12: Boxplots summarizing Pearson´s correlation coefficient calculated between 

the detrended series of annual rainfall totals and circulation indices for the period 1960-

2013. Values higher (lower) than 0.26 (-0.26) are statistically significant at p<0.05. The 

central solid line indicates the median, whereas the central dashed line refers to the 

mean. The whiskers represent the 10th and the 90th, while the 25th and the 75
th

 are 

plotted as the vertical lines of the bounding boxes.  
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Figure 13: Values of the circulation indices corresponding to each climate mode. Mild 

mode refers to those modes with average “normal” climatic conditions (i.e. 30
th

 

perc<Tmean<70
th

 perc and 30
th

 perc<Precip<70
th 

perc). The plotted indices are the 

most correlated four teleconnections with climate modes in each mountain regime. The 

central solid line indicates the median, whereas the central dashed line refers to the 

mean. The whiskers represent the 10th and the 90th, while the 25th and the 75
th

 are 

plotted as the vertical lines of the bounding boxes.  

  



The hydro-climatological assessment of major climatic mountains modes                                                 Ahmed El Kenawy and Hossam Ismael  

 

 - 37 -  
 

 
Figure 13: continued. 
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 التقييم الهيذرومناخي لألقاليم الجبليت الرئيست في العالم خالل العقىد الخمست األخيرة

حسام اسماعيل.أ.م.د، القناويد. أحمد   

 
 

 الممخص
تيدف ىذه الدراسة إلي تقييم التباينات المكانية والزمانية في استجابة األقاليم الجبمية الرئيسة في العالم لمتغيرات       

المناخية خالل العقود الخمسة األخيرة، وقد اعتمدت ىذه الدراسة عمي البيانات المناخية الشيرية المستخمصة من قاعدة 
عة لجامعة ايست انجميا، وقد ركزت ىذه الدراسة بصفة أساسية عمي األقاليم التضاريسية بيانات وحدة أبحاث المناخ التاب

اقميمًا رئيسًا، وىي أقاليم األلب األوربية ، األناضول، األنديز،  31الرئيسة في قارات العالم المختمفة، مشتممة عمي 
االيا، كوليما، البرينيو، الروكي، فضاًل عن األبالش، األطمس، بروكس، المرتفعات اإلثيوبية، الحاجز األعظم، الييم

المرتفعات االسكندينافية، وقد اعتمدت الدراسة عمي تقييم التغيرات طويمة األمد في درجات حرارة اليواء السنوية وكميات 
ات داللة ، وقد انتيت الدراسة الي وجود تباينات كبيرة ذ3131الي  3691اليطول السنوي في ىذه األقاليم خالل الفترة من 

احصائية في تغيرات درجات حرارة اليواء وكميات اليطول بين ىذه األقاليم التضاريسية، فقد شيدت المرتفعات الشمالية في 
نصف الكرة الشمالي )كالمرتفعات االسكنيدنافية، ومرتفعات بروكس وكوليما( أعمي معدالت لمتغير بين األقاليم الجبمية في 

مئوية لكل عقد، في المقابل شيدت ° 1200و  1230ت التغير في درحات حرارة اليواء مابين العالم، حيث تراوحت معدال
مرتفعات نصف الكرة الجنوبي )كالمرتفعات اإلثيوبية ومرتفعات الحاجز األعظم وأجزاء واسعة من مرتفعات األنديز( أقل 

ليم التضاريسية متوسطة االرتفاع او األقل معدالت لتغيرات درجة حرارة اليواء، كما خمصت ىذه الدراسة إلي أن األقا
ارتفاعُا نسبيًا )كمرتفعات األلب والبرينيو و بروكس وكوليما( ىي األكثر تأثرًا بتغيرات درجة حرارة اليواء، مقارنة باألقاليم 

ي أن التغيرات في األكثر ارتفاعًا واألشد تضرسًا في العالم )كمرتفعات الييمااليا واألنديز( ، كما أكدت ىذه الدراسة عم
كميات اليطول السنوي أقل تجانسُا مقارنة بتغيرات درجة حرارة اليواء، فقد شيدت مرتفعات األلب األوربية والبرينية 
والمرتفعات اإلثيوبية تناقصًا ذي داللة معنوية احصائيًا خالل العقود األخيرة، بينما وجدت زيادة ذات داللة احصائية  في 

ة من نصف الكرة الشمالي )كالمرتفعات االسكنيدنافية ومرتفعات األبالش(، وقد وظفت ىذه الدراسة المرتفعات الشمالي
أسموب التحميل العاممي الكتشاف األنماط المتشابية في التغيرات الزمانية لدرجات حرارة اليواء وكميات اليطول السنوي 

% من 23223يل إلي تحديد ثالثة عوامل أساسية مسئولة عن بين أقاليم العالم التضاريسية الرئيسة، وقد انتيي ىذا التحم
% من 95206التباين الكمي في درجات حرارة اليواء بين أقاليم العالم التضاريسية الكبري، مقارنة بخمسة عوامل فسرت 
ة لتحديد أنماط التباين الكمي في كميات اليطول في ىذه األقاليم، كما اعتمدت ىذه الدراسة عمي أسموب المئينات االحصائي

ودرجات االقتران في تغيرات درجة حرارة اليواء وكميات اليطول في ىذه األقاليم، مع التركيز عمي أربعة فئات أساسية 
لالقتران المناخي وىي فئات المناخ الحار الرطب، المناخ الحار الجاف، المناخ البارد الرطب، والمناخ البارد الجاف، 

التغير في كل فئة من ىذه الفئات في ىذه األقاليم خالل العقود الخمسة األخيرة، وتأتي أىمية  وحممت ىذه الدراسة معدالت
نتائج ىذه الدراسة من تقييميا لدور التغيرات المناخية في واحدة من اكثر أقاليم العالم حساسية لمتغيرات المناخية، وىي 

ئج في قطاعات مختمفة كإدارة الموارد المائية وتوليد الطاقة األقاليم الجبمية، فضاًل عن الجوانب التطبيقية ليذه النتا
الكيرومائية والتنوع البيولوجي وغيرىا، باإلضافة إلي التأثيرات االقتصادية واالجتماعية وربما السياسية ليذه النتائج في ىذه 

 األقاليم
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