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Figure 7. (a) Annual cycle of snow water equivalent expected by mid 21st century in the RCP8.5 scenario compared to the baseline 1980-

2005, as provided by the Hi-Res CMIP5 models. (b) Percent change in snow water equivalent (2040-2065 average with respect to the

baseline) as in the Hi-Res CMIP5 GCMs (boxplot) and RCM simulations.

spread of GCMs are shown. The SNW peak is expected to reduce by more than 50% in the future, with respect to the historical

multi-model mean, reaching values of about 20 kg/m2. The uncertainty on the amplitude of the snow peak is however very

large and the value depends upon the selected GCM. The spread in the percent changes of SNW according to the various

models (Fig. 7b) reveals the degree of inter-model consistency. The largest uncertainty is found in summer months, i.e. when

snow cover persists only at high altitudes and it can be very shallow. EC-Earth shows a smaller reduction while all the other5

models predict almost complete snow loss, on average, over the Alpine region (not shown). The lowest reduction is found in

December, when the projected decrease ranges between -20% and -70% depending on the model.

For comparison we also analyze the projected changes in SNW annual cycle according to the REMO2009 model and to

the CCLM4-8-17 model driven by different GCMs (Fig. 7b). Interestingly, the percent SNW reduction according to RCMs,

although still remarkable, is lower compared to CMIP5 GCMs. The robustness of this result should be verified by considering10

a larger RCM ensemble, as soon as additional RCM simulations will become available. Fig. 7b shows also the influence of

the driving GCM on SNW changes. The spread among the different RCM simulations allows to evaluate the impact of the

uncertainty due to the drivers of the snow changes, and its amplitude stresses the importance of performing ensemble analyses.

5 Discussion

We tested the agreement and the uncertainties of the main snow water equivalent datasets – including remote sensing products,15

reanalyses, global and regional climate models – in reproducing the spatial pattern and the annual cycle of snow over the

Greater Alpine Region. The spatial and temporal distribution of SNW is the result of the complex interactions of temperature,

precipitation, solar radiation, wind and local geographical features. In mountain areas, in particular, meteo-climatic variables
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the snow cover season has shortened and more precipitation 
is now falling as rain39–41. The snow–albedo mechanism has a 
stronger influence on maximum than minimum temperatures 
because of the increase in absorbed solar radiation, as noted by 
Kothawale et al.42, who compared maximum and minimum tem-
perature trends in the western Himalayas between 1971 and 2007. 
A regional climate model study also found EDW in the Alps 
and suggested that the increasing influence of the snow–albedo 
feedback mechanism, primarily during spring and summer, was 
responsible14. The specific temperature response (Tmin versus Tmax) 
will depend on soil moisture; if the increased surface shortwave 
absorption is balanced by increases in sensible heat fluxes (rather 
than latent heat fluxes), the response will be more prominent in 
Tmax (rather than Tmin). A more amplified response has been found 
in Tmin relative to Tmax in lower-elevation regions (1,500–2,500 m) 
of the Colorado Rocky Mountains during winter, using regional 
climate models43. This was caused, in part, by the increases in the 
absorbed solar radiation at the surface, primarily balanced by 
increases in the latent heat fluxes caused by the increases in sur-
face soil moisture from snowmelt.

Clouds. Observations of long-term changes in clouds and cloud 
properties are sparse, particularly in high-elevation regions, and 
there are few studies that discuss how changes in clouds might 
affect EDW44,45. Changes in cloud cover and cloud properties 
affect both shortwave and longwave radiation and thus the surface 
energy budget. They also affect warming rates in the atmosphere 
through condensation. A band of enhanced warming caused 
by latent heat release is expected near the condensation level, 
which could be further augmented by higher atmospheric water 
vapour content24 resulting from global warming (Fig. 2b). If the 
condensation level rises (which may occur if temperatures also 

rise and dew-point depression increases at sea level), then a band 
of reduced warming would occur immediately below the new 
cloud-base (dotted line, Fig. 2b) with enhanced warming above. 
Thus, the overall implications of a warmer and moister atmos-
phere support enhanced warming at high elevations46,47. For the 
Tibetan Plateau between 1961 and 2003, decreasing cloud cover 
during the daytime, but increasing low-level clouds at night, has 
caused minimum temperatures to increase48. Using weather sta-
tions and high-resolution climate model output, Liu et al.45 found 
that cloud-radiation effects were partly responsible for EDW 
on the Tibetan Plateau. A similar response was observed in the 
Alps23 with an altitudinal dependence of temperature anomalies, 
except that lower elevations were affected by changes in fog and 
stratus clouds.

Water vapour and radiative fluxes. Processes associated with 
the relationships between longwave radiation, moisture and ther-
mal regimes along an elevation gradient are expected to lead to 
EDW. These include: (i) the sensitivity of downward longwave 
radiation (DLR) to specific humidity (q); and (ii) the relationship 
between temperature and outgoing longwave radiation (OLR). 
DLR increases in response to increasing q; however, this relation-
ship is nonlinear (Fig.  2c) with substantially higher sensitivities 
at low levels of q, especially below 2.5 g kg–1, which are found in 
many high-elevation regions47,49,50. These high sensitivities occur 
because, below a certain q threshold, the air becomes optically 
under-saturated in the longwave water vapour absorption lines. In 
such conditions, small water vapour increases can have a substan-
tial influence on DLR, resulting in a significantly greater warming 
response at higher elevations. Both observations47,51 and climate 
model simulations16,29 suggest that this mechanism has contrib-
uted to EDW. In the Alps, the DLR–q sensitivity is particularly 
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Figure 1 | Elevation­ dependent warming over and around the Tibetan Plateau. a, Annual mean surface air temperature (TA) over 3 time periods. 
b, Annual mean minimum temperature (TN) from 1961ñ 2012. c, Mean autumn (September­N ovember, SON) surface temperature from 1961ñ 2012. 
d, Mean winter (DecemberñF ebruary, DJF)  surface temperature from 1961ñ 2012 . Bars represent elevation and trend magnitude is plotted on the y axis 
according to the 8 elevation ranks of 122 stations. The presentation format is similar to ref. 76 for ease of comparison. Error bars are based on 95% 
confi dence intervals around the mean. The vertical scale for winter warming rate (d) and annual warming rate (a) have been adjusted to reflec t the more 
rapid warming.
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