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Introduction
Mountain regions cover about one-fifth of the earth’s 

continental areas, providing basic life support directly for close to 
10% of the world’s population, and indirectly to over half. They play 
a crucial role in supplying freshwater resources to many regions, 
both within the mountains themselves, and in the broader regions 
downslope. Ecosystems along mountain slopes are closely stacked 
because of sharp vertical temperature and precipitation gradients 
and are particularly sensitive to anthropogenic climatic change 
(Beniston, 1994; Diaz and Graham, 1996; Messerli and Ives, 
1997; Beniston et al., 1997; Decker and Bugmann, 1999; Diaz et 
al., 2003a; Huber et al., 2005; Bradley et al., 2006, 2009; Nogués-
Bravo et al., 2006; Sorg et al., 2012). Highland tropical forests 
support a remarkable level of biodiversity and are rich in endemic 
species (Messserli and Ives, 1997; Myers et al., 2000). With the 
additional pressures of land-use change and habitat fragmentation, 
such regions are especially vulnerable. While these issues are 
of general concern throughout the tropics, they are particularly 
problematical on tropical and subtropical islands, as well as on 
isolated mountains on the continents, where the opportunities for 
species migration are obviously severely constrained. In addition 
to the exceptional loss of habitat due to deforestation, encroaching 
urbanization and the introduction of invasive species in recent 
decades have only exacerbated the situation.

Temperatures have been rising throughout the world, but there 
are many studies of station records from different regions that 
indicate the magnitude of temperature changes has been greater 
at higher elevations (Wang et al., 2014; see also Diaz and Graham, 
1996; Diaz and Bradley, 1997; Diaz et al., 2003b; Vuille et al., 
2003; Pepin and Norris, 2005; Pepin and Lundquist, 2008; Liu et 
al., 2009; Rangwalla and Miller, 2012). Recent work provides a 
theoretical basis for this amplification of warming with elevation 
(Ohmura, 2012; O’Gorman and Singh, 2013).

In the following we provide a context for some of the recent 
studies by focusing on climatic changes in mountain regions of 
the American Cordillera, in the tropics in general, and Hawai‘i 
in particular that have occurred over recent decades. We use the 
historical perspective of the observed changes to compare with 

potential changes in future climate, as indicated by regional 
atmospheric circulation models. We update some previous 
latitudinal-altitudinal transects with more recent observations and 
climate model simulations (Diaz et al., 2003b, 2011; Bradley et al., 
2009; Karmalkar et al., 2008, 2011; see also Pepin and Lundquist, 
2008), present climate trend maps for critical indicators of upper 
montane climatic variability, such as the freezing level surface 
(FLS), and a plant growth threshold surface (taken here as the 
height of the 6.5 °C surface; Koerner and Paulsen, 2004), and 
discuss some of the hydrological and ecological implications of 
such changes.

Large-Scale Context of Climatic Changes  
in the Past 60 Years

In this section we examine changes in selected climate 
variables that are considered major drivers of hydrological and 
ecological changes in mountain regions. Figure 1 shows the time-
latitude diagram (or Hovmöller diagram) based on the “Microwave 
Sounding Unit Temperature of the Lower Troposphere” (MSU 
TLT) data set (which provides a weighted average temperature 
for the troposphere below ~400 mb level or ~7000 m) (data 
available from Remote Sensing Systems, Inc.: http://www.ssmi.
com/msu/msu_data_description.html; see Mears and Wentz, 
2009). The data cover the period from January 1979 to February 
2012, and they were averaged by latitude band for each month 
of record. This temperature record exhibits variability on several 
time scales, which in the tropics is principally associated with El 
Niño–Southern Oscillation (ENSO), and sustained cooling after 
the Pinatubo volcanic eruption in 1991. Also evident is a secular 
warming trend that is particularly pronounced in extra-tropical 
latitudes.

The freezing level height (FLH) in the atmosphere is an 
important geophysical threshold, potentially affecting a range 
of hydrological and ecological processes. Figure 2 shows the 
distribution of mean free air temperature in the atmosphere 
(1973–2002) based on NCEP reanalysis data. The freezing level 
height occurs at ~4500 m throughout the tropical belt. A study 
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We review some recent work regarding climatic changes in selected mountain 
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subtropical drying. Anthropogenic global warming projections indicate a strong 
likelihood for enhancement of these observed changes.
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FIGURE 2.  The distribution of mean free air temperature (°C) in 
the atmosphere (1973–2002) based on NCEP reanalysis. Freezing 
level height occurs at ~4500 m in the tropical belt.

of FLH changes along the American Cordillera by Diaz et al. 
(2003b; cf. their fig. 2), examined upper air data from 1948 to 
2000. In this region of the tropics, FLH increased by ~73 m (1.43 
m yr–1), over the period, with a slightly lower rate of increase 
from 1958 to 2000 (~53 m, 1.17 m yr–1), the difference due 
possibly to a prolonged period of cool tropical Pacific sea surface 
temperature (SST), or perhaps due to biases in the early years 
of the Reanalysis product, or both. Interestingly, in a recently 
published paper that looked at millennial-scale changes in upper 
treeline in high mountain ridges in the Great Basin of the western 
United States, changes in the mean position of the treeline 
scaled to ~60 m shifts per degree Celsius change in mean annual 
temperature (Salzer et al., 2013).

FIGURE 1.  Time versus latitude monthly mean temperature 
for the lower troposphere (below ~7 km) from MSU data, 
expressed as deviations from the (1979–2012) mean (in °C). 
Tropical temperatures are strongly modulated by the El Niño–
Southern Oscillation (ENSO). Also evident is a secular warming 
trend and sustained cooling after the Pinatubo volcanic eruption 
in 1991.

Bradley et al. (2009) expanded the earlier analysis of Diaz 
et al. (2003b) to cover the tropics as a whole (28.75°N–28.75°S, 
for 1977–2007) finding a general increase in the elevation of 
the FLH surface across the region, but with the largest zonally 
averaged increases poleward of the equatorial zone (Fig. 3). FLH 
increases across the entire tropics were closely related to the 
pattern of tropical SST changes (r = 0.83) (see also Diaz et al., 
2003). In the American Tropics, FLH is strongly modulated by 
the phase of ENSO, with FLH (averaged over 20°N–20°S) rising 
by 73 m for a 1 °C increase in SSTs in the Niño 3 region of the 
eastern Equatorial Pacific (90°W–150°W and 5°S–5°N). As SSTs 
continue to increase in the future, FLH will certainly rise further, 
but there is as yet no consensus in model simulations on the future 
nature of ENSO variability.

Over the past 100 years, global surface temperature has 
increased by ~0.8 °C, more than half of it occurring in the past 
40 years (Hansen et al., 2010). Based on NCEP reanalysis data 
(Kistler et al., 2001) the tropical free air temperature has increased 
by ~0.5 °C over the past four decades at both the 700 mb level 
(~10,000 ft 3 km–1) and at the 400 mb level (~23,000ft 7 km–1). 
In both instances, there is considerable spatial variability, with 
some regions in the vicinity of the tropical warm pools exhibiting 
warming that exceeds 0.8 °C.

Koerner and Paulsen (2004) and Koerner et al. (2011) 
have argued for a thermally controlled upper treeline boundary 
associated with a surface mean annual temperature of about 6.5 
°C. Figure 4 shows zonally averaged changes in the elevation 
of this surface in the free air, displayed in a manner analogous 
to Figure 1. A rise of ~200 m in the past 60 years is evident, 
equivalent to a warming of ~1.3 °C at the elevation of this 
surface in the tropics (~3500–3600 m). Much of the evidence 
regarding elevational changes in temperature has been drawn 
from free air radiosonde measurements, which do not provide a 
direct measure of changes at the ground surface. Nevertheless, 

FIGURE 3.  Changes in tropical freezing level heights for the 
period 1977–2007 (top panel) and profile of zonally averaged 
values (bottom panel). After Bradley et al. (2009).
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in our studies of isolated mountain peaks that extend far 
above the surrounding topography, we have found that surface 
temperatures do closely track those in the free air (cf. Bradley 
et al., 2009, their fig. 3). We therefore argue that trends in FLH 
and for other temperature levels are applicable to conditions 
experienced on the highest mountain peaks, especially in remote 
island locations. Furthermore, with a rise in FLH, additional 
factors such as a decrease in the fraction of precipitation falling 
as snow (and more as rain) and associated decreases in albedo 
and increases in absorbed solar radiation will reinforce the 
ecological effects of higher free air temperatures.

Regional Climate Changes
THE AMERICAN CORDILLERA

The western cordillera of the Americas forms a unique 
transect that intersects the major features of the global 
atmospheric circulation and flanks the world’s largest ocean. 
The climate of the Americas—and the western Cordillera in 
particular—is changing, and the impacts of those changes are 
rapidly emerging in the form of modified streamflow patterns, 
plant phenology, terrestrial and aquatic ecosystem structure, 
wildfire regimes, and many other phenomena (IPCC, 2007a, 
2007b). The mountain regions that stretch from Alaska to 
southern Argentina and Chile, home to nearly 200 million 
people, are especially vulnerable to changes in climate and to 
the ensuing changes in snowpack, streamflow, and ecosystem 
functioning that support these societies (Bradley et al., 2009; 
Diaz et al., 2003b; Vuille et al., 2003, 2008).

Temperatures have been rising in all of the world’s mountain 
zones over recent decades (Fig. 5). Accelerated warming at higher 
elevations of the western United States, and mountain regions 
farther south, has been documented by a number of investigators. 
Temperature changes for the past few decades in the Rocky Mountain 
region are greater than for the rest of the contiguous United States, 
and the warming has been greatest at high elevations (Figs. 6 and 
7) (Hoerling et al., 2007). In the tropical Andes, warming has also 

FIGURE 4.  Time longitude changes in the height (m) of the 
mean annual 6.5 °C surface (left panel) and the zonal profile of the 
total change over the 1950 to 2011 period (right panel).

FIGURE 5.  Linear trends in near-surface air temperature (°C) 
for five different mountainous regions, based on the NCEP/NCAR 
reanalysis data set. Top panel is for 1958–2000, lower panel for the 
period 1974–1998. Source: Diaz et al. (2003b).

FIGURE 6. Near-surface mean annual temperature change (°C). 
Map shows 2000–2010 minus 1907–1917. Notice much greater 
warming in the mountainous western U.S.A. Source: NOAA Earth 
System Research Laboratory, 20th century reanalysis.
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accelerated in the past 30 years (Fig. 8). Subsidiary effects include 
changes in phenology (Inouye et al., 2000; Cayan et al., 2001; 
Westerling et al., 2006; Salzer et al., 2009), glaciology and hydrology 
(Barnett et al., 2004, 2008; Kaser et al., 2004; Coudrain et al., 2005; 
Juen et al., 2007; Knowles et al., 2006; Mote et al., 2005; Regonda 
et al., 2005; Stewart et al., 2005; Pierce et al., 2008), and ecosystem 

changes (Pounds et al., 2006; Breshears et al., 2005, 2008; Diaz and 
Eischeid, 2007; Buytaert et al., 2011).

Figure 9 shows projected 100-year temperature changes from 
the surface to ~9 km height along a meridional transect along the 
American Cordillera with doubled levels of CO

2
, based on 10 

general circulation model simulations of future climate from the 
IPCC Fifth Assessment Report. Projections are shown for annual, 
winter, and summer temperature in the respective hemispheres 
under the RCP4.5 concentration trajectory scenario. The results are 
consistent with previous results reported by Bradley et al. (2004, 
2006) using an earlier suite of general circulation models (GCMs)—
namely a future with greater total warming with increasing 
elevation. Figure 10 presents a comparison of the latitudinal profile 
of annual and respective winter and summer FLH change from the 
historical and RCP4.5 climate model simulations. A significant rise 
in the FLS is evident, particularly in tropical latitudes.

Other studies using higher resolution regional climate 
simulations for the northern Andes and the Central America 
portion of the Cordillera (see Urrutia and Vuille, 2009; Karmalkar 
et al., 2011; Rauscher et al., 2008) all indicate that warming will be 
amplified with height, reaching up to +4 °C at the highest mountain 
elevations, by the end of this century. Such a large warming will 
have tremendous impacts on natural and human systems, as 
discussed in a number of studies (inter alia, Inouye et al., 2000; 
Cayan et al., 2001; Barnett et al., 2005, 2008; Coudrain et al., 
2005; Mote et al., 2005; Stewart et al., 2005; Regonda et al., 2005; 
Bradley et al., 2006, 2009; Diaz et al., 2006; Pounds et al., 2006; 
Westerling et al., 2006; Baker and Mosely, 2007; IPCC, 2007b; 
Diaz and Eischeid, 2007; Giambelluca et al., 2008).

Figure 11 illustrates how restraining the future growth of 
greenhouse gases in the atmosphere will have a significant impact 
on the total future temperature changes as indicated by the different 
rises of the FLH in the two simulations, with RCP4.5 and RCP8.5 
scenarios (van Vuuren et al., 2011)—a difference on the order of 
~400 m between the high and low GHG concentration scenarios. 
This large difference indicates that the higher concentration 
pathway would have a much greater impact on water resources and 
ecosystem health in the Americas.

MOUNTAINS IN TROPICAL ISLANDS

ENSO variability occurring on a time scale of ~3–7 years, 
and its low frequency tropical mode (with ~10–30 year time scale, 
nominally referred to as the Pacific Decadal Oscillation, PDO), 
dominates climatic variability in the tropics and in large parts of 
the temperate regions as well. Decadal climate variability will 
modulate and at times may interfere with the secular warming 
trend associated with anthropogenic climate change (Bonfils and 
Santer, 2011). As illustrated in Figure 1, the amplitude of warming 
in the middle troposphere associated with extreme ENSO phases is 
of the order of ~4 °C, and longer-term changes in the background 
SST field in the tropical Pacific also have significant impacts on 
FLH throughout the tropics, affecting mountainous tropical islands 
such as those in the Hawaiian archipelago (Giambelluca et al., 
2008; Diaz et al., 2011).

Observed changes in the climate of Hawai‘i are generally 
consistent with expectations from climate change projections 
(IPCC, 2007a). Results from these studies indicate a significant 
warming trend over the past 80 years, but they also point to 
an amplification of the warming signal at higher elevations. 
Indicators of enhanced upper elevation warming include 
a reduction in the frequency of occurrence of freezing 

FIGURE 7.  Distribution of annual mean minimum and 
maximum temperature trends in °C, expressed as total trend 
for the period 1979–2006, calculated and plotted in successive 
250-meter intervals. The median of the distribution of linear 
trends is plotted along with the approximate 5 and 95% 
cumulative distribution values (small crosses). From Diaz and 
Eischeid (2007).

FIGURE 8.  Annual temperature anomalies 1939–2006, relative 
to 1961–1990 averages in the tropical Andes (1°N–23°S) with ±2 
S.E. Time series based on records from 279 stations. The increase 
in temperature in the Cordillera is ~0.1 °C/decade. Source: Vuille 
et al. 2008. 
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temperatures on the upper slopes of the higher terrain (which 
exceeds 13,000 ft per 4000 m in Maui and the Big Island) and 
a concomitant rise in the FLS in the region. These findings 
are in good agreement with analogous studies done for other 
mountainous areas of the world.

The foregoing discussion illustrates that these altitudinal-
dependent climate changes comprise a broad geographical context, 
as can be seen from Figure 12, which compares changes in the 
FLH above Hawai‘i to changes in free air temperature at 500 mb 
along the northern Andes. The warming in the middle troposphere 
amounts to ~1.6 °C decade–1 in both cases. A vertical profile of 

FIGURE 9.  The mean change in temperature for the 10 GCMs 
for (a) annual, (b) boreal summer, and (c) boreal winter under 
the RCP4.5 scenario. Differences are calculated for the period 
2081–2100 minus 1981–2000.

FIGURE 10.  The historical (solid curve) and future (dashed 
curve) freezing elevations on (a) annual, (b) boreal summer, and 
(c) boreal winter. Differences are calculated for the period 2081–
2100 minus 1981–2000.
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temperature and humidity changes is presented in Figure 13 (Diaz 
et al., 2011) and shows both warming and drying for the past 
few decades, with maximum warming in the region of the local 

trade wind inversion layer (TWI). Table 1 gives warming rates 
for Hawai‘i and individual islands for different time periods and 
elevation ranges. Warming is greatest in the most recent decades 
and for the highest elevations in the islands.

Discussion and Concluding Remarks
Global climate models used in the latest IPCC Assessments 

project a late 21st-century global surface temperature increase 

FIGURE 11.  The differences between historical and future 
freezing elevations on (a) annual, (b) boreal summer, and (c) boreal 
winter under the RCP4.5 (solid curves) and RCP8.5 (dashed 
curves) scenarios. Differences are calculated for the period 2081–
2100 minus 1981–2000.

FIGURE 12.  Comparison of (top panel) 500 mb air temperature 
for the northern Andes (cf. Fig. 8), and (bottom panel) the rise 
in freezing level height in Hawai‘i. Temperature changes in both 
regions at approximately equal altitudes are very similar. Bottom 
panel is taken from Diaz et al. (2011).

FIGURE 13.  Vertical profile of mean annual temperature and 
relative humidity changes in Hawai‘i for selected pressure levels. 
Shown is the 1958–2009 total linear trend in (left panel) mean 
annual temperature and (right panel) relative humidity. TWI 
= trade wind inversion. Values were calculated in two ways: one 
using the time series of annual values at each level (red curves), 
and the other using pentad averages to smooth the variability and 
extract a more robust estimate (orange curves). Data from NCEP 
reanalysis. Source: Diaz et al. (2011).
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of ~3.5 °C. Warmer oceans will lead to an enhanced hydrologic 
cycle, an increase of latent heat input to the atmosphere, and hence 
greater warming with elevation (Ohmura, 2012). The study by 
Ohmura (2012) evaluated long-term surface temperature records 
for multiple sets of station records using high and low elevation 
pairs to assess differences in trends. The author found that in about 
60% of the areas analyzed there was a significant amplification 
of recent warming trends at the higher elevations. A similar 
large-scale comparison of surface temperature trends for stations 
at different elevations around the globe (Wang et al., 2013) also 
indicates greater warming trends at higher elevations compared to 
lower elevation sites.

Some important atmospheric surfaces, such as the freezing 
level height and an approximate minimum growth temperature 
threshold for tree growth, exhibit large upward shifts in the past 
half-century. A rise of ~200 m in the 6.5 °C surface, assuming a 
typical vertical temperature lapse rate of ~6.5 °C km–1 translates to 
an approximate warming at the nominal altitude of this surface of 
~1.3 °C. Ecosystem changes are already occurring in many regions 
and are having a significant impact on tree stand mortality, and 
fire occurrence and intensity (Westerling et al., 2006; Allen et al., 
2010; Williams et al., 2013).

Global warming and other anthropogenic effects will have 
far-reaching consequences for the mountain environments of 
the Americas (e.g., Barnett et al., 2005; Bradley et al., 2006; 
Urrutia and Vuille, 2009). There are many daunting challenges 
that confront mountainous regions, many of which have been 
reported in a number of studies over the past few decades. Among 
the greatest of these is maintaining a sustainable water supply in 
the face of a growing population, during a period of increasingly 
variable and changing climate (Huber et al., 2005; Diffenbaugh 
et al., 2013). In the western American Cordillera, a consensus has 
been reached among a diverse group of researchers and resource 
managers that climate change will seriously alter the mountain 
snowpack—the principal source of precious water—and with 
it, ecosystem function, landscape integrity, and concomitant 
socioeconomic activity in the region (Diaz et al., 2006; Bradley 
et al., 2006; Rosenzweig et al., 2007). Other studies have found 
similar impacts emerging in other countries of the Western 
Hemisphere (Coudrain et al., 2005; Juen et al., 2007; Vuille et al., 
2008; Ruiz et al., 2012).

The high spatial heterogeneity of mountain climates and 
environments, and the sparsity of on-the-ground measurements, 
challenges our ability to document current rates of change, 
and to model the specific changes that can be expected under 
future climate scenarios. As societal pressures on mountain 
ecosystems increase, planning for sustainable development 

in these regions, as well as downstream areas, which depend 
on them, requires more detailed scenarios of future climate 
changes (with high spatial resolution) in order to make realistic 
assessments of their environmental consequences. Changes in 
the alpine cryosphere are already clearly visible and represent 
some of the earliest signs of large-scale climate change. A 
reduction in the area covered by snow and ice not only serves 
as an indicator of change but also provides powerful feedbacks 
through changes in albedo. In addition, melting of permafrost 
destabilizes slopes in areas of high relief, leading to landslides, 
rockfalls and other climate-related geomorphic hazards, such as 
the formation of unstable proglacial lakes, which may lead to 
potentially catastrophic flooding (Milly et al., 2002) and other 
significant hazards in many places (Allamano et al., 2009), as 
has already occurred in the tropical Andes (Bradley et al., 2006; 
Vuille et al., 2008).

Changes in hydrological variability, precipitation, and snow 
cover impact a broad range of socioeconomic sectors, including 
hydropower generation (Barnett et al., 2004), ecosystem health 
(Breshears et al., 2005, 2008; Williams et al., 2013), water 
resources for irrigation and civil supply (Messerli et al., 2004; 
Coudrain et al., 2005; Knowles et al., 2006; Milly et al., 2008; 
Wi et al., 2012), and tourism-related industries (Bradley et al., 
2006; Rosenzweig et al., 2007; Orlove et al., 2008). Decision-
makers in these different sectors need more accurate data on 
current and future conditions in the high mountains for effective 
resource management planning. This requires more investment 
in environmental monitoring within high mountain regions, 
and further research on future climate scenarios using regional 
climate models that can be linked to glaciological, hydrological, 
and ecological models (Diaz et al., 2006).
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