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EDW
The dependence of warming

rates on elevation:
- Can be either positive or 

negative, but has to be statistically
significant

- Can exhibit non-linear behaviour

Observations
- Are subject to uncertainties due 

to sparseness/ lack and biased
distribution of in-situ stations

-Are in less agreement with each
other than model simulations

Model studies
- Model resolution and imperfect
parameterizations are source of 

uncertainties
- Based on both global and 
regional models, on both

historical and future projections

Background



Background and this study

• Characteristics and linearity of the relashionship between warming rates and elevation
• Slope of the linear regression between warming rates and elevation

• EDW drivers
Does the model resolution play a role?

Ensemble of model simulations 
performed with the EC-Earth GCM, 
run at 125km, 80km, 40km, 25km, 
16km, over three NH mid-latitude 

mountains.   

Introduction (2)

Currently GCMs are the unique tools to simulate climate processes, feedbacks, 
variability and changes at global scaleglobal scale and to compare snow dynamics in 
di3erent mountain regions of the world    

Moreover, ongoing experiments to push single GCMs at extremely high  spatial 
resolution

 CLIMATE SPHINX project: 
EC-Earth @ 80,40,25,16 km spatial res.
Global scale, hist & RCP8.5 scenario

Our idea:

 In the short-term,  to quantify the uncertainties in the representation of 
the snow water equivalent in the current generation of GCMs

– critically analyze future climate change projections in di3erent 
mountain regions, and explore di3erent on-going mechanisms

 In the mid-term, to tests the sensitivity of a GCM to the spatial resolution

EDW
The dependence of warming

rates on elevation:
- Can be either positive or 

negative, but has to be statistically
significant

- Can exhibit non-linear behaviour

Model studies
- Model resolution and imperfect
parameterizations are source of 

uncertainties
- Based on both global and 
regional models, on both

historical and future projections

Observations
- Are subject to uncertainties due 

to sparseness/ lack and biased
distribution of in-situ stations

-Are in less agreement with each
other than model simulations



Slope of the linear regression
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Elevation-dependent warming in global climate model simulations at high spatial resolution  

1 3

– Rockies (Figs. S1 and S2, left column plots of Fig. 2 and 
Fig. 3): The model simulates EDW in both the minimum 
temperature and the maximum temperature in autumn 
at all model resolutions, with more intense EDW as the 
resolution becomes coarser (more evident for tasmax). 
As suggested in Figs. 2 and S1–S2, autumn is also the 
season in which the relationship between changes in tas-
min  or tasmax and the elevation is rather well described 
by a linear model. In the other seasons the EDW signal 
is either absent or less evident throughout all resolutions. 
In winter EDW is not detected, and larger temperature 
increases are expected at lower than higher elevations. 
This signal is robust across all model resolutions and 
almost all model members at each resolution. More pre-
cisely, Figs. S1 and S2 of the SI show a more complex 
pattern of temperature changes with elevation in winter 
(left column plots): in fact, there is an elevational range, 
between about 1000 and 2000 m a.s.l., where EDW in 
both tasmin  and tasmax is found, while the negative 
elevational gradients of warming found at lower and 
higher elevations dominate the overall trend, indicating 
no EDW. Rangwala et al. (2012), using mid-twenty-first 
century projections of four regional climate models with 
a spatial resolution of about 50 km, found similar results 
showing a more amplified response in the minimum tem-
perature (relative to the maximum temperature) in lower-
elevation regions of the Colorado Rocky Mountains 
during winter months. In spring EDW is significantly 
simulated only at the two coarsest resolutions, while in 
summer EDW is only detected at some resolutions with 
no particular pattern. Further, in spring the LOESS fit 
suggests the existence of different warming regimes with 
height: the temperature change increases with elevation 

up to about 1500–2000 m and then it either decreases or 
remains almost constant (see Figs. S1 and S2 of the SI). 
This may explain the non significance of the EDW slope 
at the highest resolutions.

– GAR (Figs. S3 and S4, middle column plots of Fig. 2 
and Fig. 4): EDW is detected in summer and autumn at 
the three finest resolutions, while in winter and spring 
it is detected only at the coarsest resolutions (T255 
and T159 in winter, T159 in spring). The relationship 
between warming rates and elevation is well represented 
by a linear model. Further, for this region, the PDF of 
the temperature change in each bin is well peaked around 
its mean value, which allows to have an unambiguous 
estimate of the warming expected at each elevation.

– HKKH–TP (Figs. S5 and S6, right column plots of Fig. 2 
and Fig. 5): This area shows the most robust and the 
clearest EDW. Here, the elevational gradients of warm-
ing rates, for both the maximum and the minimum tem-
perature, are always positive and statistically significant 
with only four exceptions all occurring at the coarsest 
resolution (T159). For both tasmin  and tasmax the largest 
EDW occurs in autumn at almost all model resolutions. 
Further, in autumn the elevational gradient of warming 
rates is characterized by a clear twofold behaviour (green 
dots and LOESS curved fitting), with the temperature 
change increasing with elevation up to about 4000-4500 
m (EDW) and then decreasing at higher elevations. This 
behaviour is coherent throughout all model resolutions 
except the coarsest, corroborating previous modelling 
(e.g., Palazzi et al. 2017) and satellite-based (e.g., Qin 
et al. 2009) studies.

Table 1  Cases where EDW 
(i.e., enhanced warming rates 
with elevation) is detected or 
not detected (indicated by Y and 
N respectively). Parentheses 
indicate cases where the signal 
is not statistically significant

Tasmin Tasmax
t1279 T799 T511 T255 T159 T1279 T799 T511 T255 T159

HKKH-TP Y Y Y Y (N) Y Y Y Y (Y)
DJF GAR (N) (N) N (N) N N (N) (N) Y Y

Rockies N N N N N N N N N N
T1279 T799 T511 T255 T159 T1279 T799 T511 T255 T159

HKKH-TP Y Y Y Y N Y Y Y Y (Y)
MAM GAR (Y) N N N N (N) N (N) (Y) Y

Rockies (N) (N) (N) Y Y (Y) (Y) (Y) Y Y
T1279 T799 T511 T255 T159 T1279 T799 T511 T255 T159

HKKH-TP Y Y Y Y Y Y Y Y Y Y
JJA GAR Y Y Y (N) (N) Y Y Y N (N)

Rockies N Y (Y) Y Y N Y (N) (N) Y
T1279 T799 T511 T255 T159 T1279 T799 T511 T255 T159

HKKH-TP Y Y Y Y Y Y Y Y Y Y
SON GAR Y Y Y (Y) Y Y Y Y N (N)

Rockies Y Y Y Y Y Y Y Y Y Y

EDW signal is coherent 
throughout all model 

resolutions, though its 
intensity may be 
different and the 
model ensemble 

exhibits some spread
The region more prone 

to EDW is the HKKH-
TP; the season 

showing the most 
striking evidence of 
EDW in all regions is 

autumn
Y = positive EDW (warming rates increase with elevation)
N = negative EDW
(Y/N) = slope not statistically significant

Slope of the linear regression



Drivers
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Multiple linear regression model

All variables are “altitude-detrended” (i.e., the linear 
dependence on the altitude is removed) and 

standardized

�Tmin,max(x) = a0 + a1�Albedo(x) + a2
�huss(x)

huss0(x)
+ a3

�rlds(x)

rlds0(x)

Temperature change at the surface is a 
response to the energy balance 

à factors that increase the net flux of 

energy to the surface would lead to 

positive EDW 

à Dalbedo, Dhuss, Drlds, Drsds

• They exhibit a dependence on elevation
• The sign of this dependence is consistent with

positive EDW
• They are spatially correlated with the 

temperature change (when the dependence on 
elevation is removed)

Rockies GAR HKKH-TP



Conclusions, issues, perspectives
• Overall, the model resolution plays a crucial role in small areas such as the 

Alps, where a too coarse resolution would lead to an underrepresentation of 
the highest altitudes. 

• Enhancing the spatial resolution in climate models may be crucial especially in 
complex topography, but also improvements in model parameterizations, 

particularly those involving surface processes, the snow-albedo and cloud-
radiation feedbacks, may allow for a better simulation of EDW in the models. 

Palazzi, E., Mortarini, L., Terzago, S. et al. Clim Dyn (2019) 52: 2685. https://doi.org/10.1007/s00382-018-4287-z


