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the Rockies. Furthermore, snow-atmosphere interactions 
appear to have contributed to enhancing the number of 
cold spell days during the 2002 spring, which is the coldest 
recorded during the study period, by over 50%, over west-
ern North America. Additional results also provide useful 
information on the importance of the interactions of snow 
with large-scale mode of variability in modulating tempera-
ture extreme characteristics.

Keywords  Snow-atmosphere · Snow depth · Snow 
cover · Extremes · North America · Regional climate model

1  Introduction

Several studies, including the Global Land Atmosphere 
Coupling Experiment (GLACE, Guo et  al. 2006; Koster 
et  al. 2006), have illustrated that land, in particular soil 
moisture, plays an important role in modulating the climate 
of selected regions such as the Great Plains during summer. 
In cold seasons, the most likely interactions between land 
and atmosphere could be manifested via snow-atmosphere 
coupling. Previous studies, that examined the role of snow 
on climate, using either observational analysis (Walsh et al. 
1982, 1985; Karl et  al. 1993; Groisman et al. 1994; Betts 
et  al. 2014) or climate models (Cohen and Rind 1991; 
Cohen and Entekhabi 2001; Yang et al. 2001; Gong et al. 
2004; Dutra et  al. 2011; Xu and Dirmeyer 2011), found 
strong links between snow cover extent and temperature 
anomalies.

The challenge with observational studies is that it is 
usually difficult to disentangle the atmospheric response 
to snow anomalies (or variability) from other large-scale 
forcings. In this context, carefully designed global and/
or regional climate model experiments can be used to 

Abstract  The impact of snow-atmosphere coupling on 
climate variability and extremes over North America is 
investigated using modeling experiments with the fifth gen-
eration Canadian Regional Climate Model (CRCM5). To 
this end, two CRCM5 simulations driven by ERA-Interim 
reanalysis for the 1981–2010 period are performed, where 
snow cover and depth are prescribed (uncoupled) in one 
simulation while they evolve interactively (coupled) during 
model integration in the second one. Results indicate sys-
tematic influence of snow cover and snow depth variability 
on the inter-annual variability of soil and air temperatures 
during winter and spring seasons. Inter-annual variability 
of air temperature is larger in the coupled simulation, with 
snow cover and depth variability accounting for 40–60% of 
winter temperature variability over the Mid-west, Northern 
Great Plains and over the Canadian Prairies. The contribu-
tion of snow variability reaches even more than 70% during 
spring and the regions of high snow-temperature coupling 
extend north of the boreal forests. The dominant process 
contributing to the snow-atmosphere coupling is the albedo 
effect in winter, while the hydrological effect controls the 
coupling in spring. Snow cover/depth variability at differ-
ent locations is also found to affect extremes. For instance, 
variability of cold-spell characteristics is sensitive to snow 
cover/depth variation over the Mid-west and Northern 
Great Plains, whereas, warm-spell variability is sensitive 
to snow variation primarily in regions with climatologi-
cally extensive snow cover such as northeast Canada and 
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isolate the effect of snow on atmosphere from all other 
potential factors. Such previous modeling studies have 
followed different approaches. For instance, some studies 
have investigated the influence of snow on mean atmos-
pheric circulation by prescribing idealized or realistic 
snow cover/depth anomalies (e.g., Cohen and Entekhabi 
2001; Gong et  al. 2004; Sobolowski et  al. 2010), while 
other studies focused on understanding the role of snow 
variation in modulating intra-seasonal (Xu and Dirmeyer 
2011, 2013) or inter-annual atmospheric variability (e.g., 
Yang et  al. 2001; Kumar and Yang 2003; Dutra et  al. 
2011).

These modeling studies, however, disagree on the spa-
tial extent of the snow-atmosphere coupling maxima. Xu 
and Dirmeyer (2011), for example, through GLACE type 
experiments, investigated the impact of snow variability 
on intra-seasonal climate variability and found strong 
snow-atmosphere coupling over high-latitude regions of 
eastern North America during late spring period. Dutra 
et al. (2011), on the other hand, focused on the impact of 
inter-annual snow variability on temperature and found 
strong snow-temperature coupling for the spring sea-
son over northwestern U.S. and southern Canada. How-
ever, the coupling strength for northern Canada is rather 
weak compared to the result of Xu and Dirmeyer (2011). 
Although the two studies differ in their experimental 
design and in the coupling metrics used to evaluate the 
coupling strength, the difference in the spatial distribu-
tion of the coupling maxima could partly be due to the 
differences in the snow parameterizations. Furthermore, 
Pedersen and Winther (2005) and Pirazzini (2009) high-
lighted substantial differences in the snow parameteriza-
tion schemes among climate models. In particular, Snow 
albedo parameterization schemes in land surface models 
generally vary from a simple diagnostic approach that 
depends only on surface temperature (e.g., Xue et  al. 
1991; Cox et  al. 1999; Roeckner et  al. 2003) to a more 
complex and prognostic one that accounts for snow aging 
(Verseghy 1991; Dutra et al. 2010) and snow type (Brun 
et  al. 1992). Similarly, the snow cover fraction within a 
grid cell is parameterized with various degrees of com-
plexity. The simplest parameterization scheme considers 
snow cover as a function of snow depth or snow mass 
(e.g., Verseghy 1991; Douville et  al. 1995; Dutra et  al. 
2010). Other schemes add a dependency of seasonality 
to the relationship between snow cover and snow depth/
snow mass by considering the ratio of the density of the 
instantaneous snow to that of a fresh snow (e.g., Niu and 
Yang 2007). Snow density is also modeled differently 
amongst climate models ranging from a simple exponen-
tial increase of density with time (Verseghy 1991; Dou-
ville et  al. 1995), to a more complex parameterization 
that takes into account processes such as the overburden 

of snow, thermal metamorphism, compaction related to 
liquid water in snow (Dutra et al. 2010). A recent study 
comparing snow model parameterizations for alpine 
region by Essery et al. (2013) concluded that there is no 
clear association between model complexity and perfor-
mance. However, they emphasized that having a prog-
nostic representation of snow albedo and snow density 
will yield consistent results. The snow parameterization 
differences among models discussed above, highlight the 
need for more modeling studies to further enhance our 
understanding of snow-atmosphere interactions. One 
of the goals of this study is therefore to quantify snow-
atmosphere coupling strength in the fifth generation 
Canadian Regional Climate Model (CRCM5).

The less explored aspect of snow-atmosphere cou-
pling is the role of snow in modulating characteristics of 
extreme events such as cold spells also known as cold air 
outbreaks (CAO) and extreme warm spells during cold sea-
sons. Therefore, this study also focuses on the impact of 
snow variability on temperature extremes, particularly the 
frequencies, during cold seasons using carefully designed 
experiments with CRCM5.

The rest of the article is structured as follows: descrip-
tion of the model, data and methods are given in Sect.  2. 
Snow-temperature coupling and related processes are ana-
lyzed in Sect. 3. Section 4 presents relation between snow 
cover/depth and temperature extremes, followed by sum-
mary and main conclusions in Sect. 5.

2 � Model, data and methodology

2.1 � Model and experimental design

The model used in this study is CRCM5 (Zadra et al. 2008; 
Martynov et al. 2013), which is based on the Global Envi-
ronmental Multi-scale (GEM) Model (Côté et  al. 1998). 
The model uses a non-hydrostatic dynamical core with 
a hybrid vertical coordinate. The numerical scheme is 
composed of a two-time level, semi-Lagrangian, implicit 
scheme. Detailed description of the model can be found in 
Martynov et  al. (2013) but a brief summary of the phys-
ics parameterization is presented here. Deep convection in 
the model follows Kain and Fritsch (1992), while shallow 
convection is based on Bélair et al. (2005). The resolvable 
large-scale precipitation is computed following Sundqvist 
et  al. (1989). Radiation is parameterized by Correlated 
K solar and terrestrial radiation of Li and Barker (2005). 
The planetary boundary layer scheme follows Benoit et al. 
(1989) and Delage (1997), with some modifications as 
described in Zadra et al. (2012). Both resolved and subgrid 
lakes are represented by the FLake model (Martynov et al. 
2012).
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For representing land surface processes, CRCM5 makes 
use of the Canadian Land Surface Scheme (CLASS, 
Verseghy 1991, 2009; Verseghy et al. 1993), which allows 
flexible soil layer configuration; in this study 26 soil lay-
ers that extent till 60 m are considered. CLASS adopts a 
pseudo-mosaic approach and divides the land fraction of 
each grid cell into a maximum of four subareas: bare soil, 
vegetation, snow over bare soil, and snow with vegetation. 
The energy and water budget equations are first solved for 
each subarea separately and then averaged over the grid 
cell. In CLASS, a single variable depth layer is used to 
represent snow and snow depth determines the snow cover. 
Snow cover is considered 100 percent for snow depths 
greater than 0.10  m. Otherwise snow cover is computed 
as snow depth divided by the threshold value of 0.10 m. 
Although this formulation of snow cover is simple, recent 
evaluation of CLASS for eastern Canada by Verseghy 
et  al. (2017) found that the simulated snow cover agrees 
well with satellite derived observations. The grid-averages 
snow depth in CLASS is computed from the grid-average 
snow mass and snow density. The evolution of snowpack 
is modelled in CLASS by taking into account the addi-
tion of new snowfall, modifications due to phase changes, 
aging, etc. The aging process of the snowpack is consid-
ered through the prognostic equations of snow density and 
snow albedo.

To investigate the role of snow (both depth and cover) 
in modulating the climate of North America, a suite of 
CRCM5 experiments are carried out. The experiments 
consist of two (coupled and uncoupled) CRCM5 simu-
lations. The coupled simulation covers the 1981–2010 
period driven by the European Centre for Medium-Range 
Weather Forecasts (ECMWF) ERA-Interim reanalysis 
(Dee et  al. 2011) at the lateral boundaries. It has to be 
noted that the initial land surface conditions for both cou-
pled and uncoupled simulations are taken from a separate 
reanalysis driven CRCM5 simulation initialized on Sep-
tember 1, 1957. The uncoupled simulation is similar to 
the coupled simulation, except for the evolution of snow 
depth. In the uncoupled simulation, at the beginning of 
each time step, the model derived snow depth is replaced 
with 3-hourly climatological values computed from the 
coupled simulation for the 1981–2010 period. Therefore, 
in the uncoupled simulation the annual cycle of snow 
depth as well as its spatial extent exhibits no inter-annual 
variation. Other snow variables such as snow tempera-
ture, snow density are allowed to evolve freely. Given 
that the initial conditions for the uncoupled and coupled 
simulations for the 1981 January 1st are the same, any 
difference between the coupled and uncoupled simula-
tions is due to the inter-annual variability of the snow 
depth and cover.

For both simulations, the model is configured at 0.44° 
horizontal resolution and with 56 vertical layers extending 
from the surface to 10  hPa. Both coupled and uncoupled 
simulations also share the same boundary conditions (i.e. 
sea surface temperature, sea ice cover and lateral atmos-
pheric boundary conditions, all taken from ERA-interim 
reanalysis). The model time step for this simulation is set 
to 20  min. The domain consists of 212 × 200 grid points 
and covers whole of North America and the surrounding 
oceans.

2.2 � Data

The gridded daily observed maximum temperature data 
used for validation in this study were obtained from Mau-
rer et al. (2002) for the U.S. and Hutchinson et al. (2009) 
and Hopkinson et al. (2011) for Canada. The U.S. dataset 
has a spatial resolution of 0.125° and covers the contiguous 
United States. The Canadian dataset covers the Canadian 
land-mass south of 60°N and is available at 0.1° resolution. 
This gridded dataset was developed from daily observa-
tions at Environment Canada climate stations, using a thin 
plate smoothing spline surface fitting method (Hutchinson 
et  al. 2009). Surface temperature data from ERA-Interim 
(Dee et al. 2011) and snow depth data from NASA’s Mod-
ern-Era Retrospective analysis for Research and Applica-
tion (MERRA) (Rienecker et  al. 2011) are also used for 
validation purposes.

2.3 � Methods

The snow-atmosphere coupling strength is evaluated using 
the variance method similar to Diro et  al. (2014). In the 
variance method, the contribution of interactive snow to the 
inter-annual variability of the climate variable of interest is 
computed as:

where �
coup

 and �
uncoup

 are the inter-annual standard devia-
tions of the variable in question for the coupled and uncou-
pled simulations, respectively. Higher values of Δ�2 imply 
strong contribution of snow on the inter-annual variability 
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For analysis of temperature extreme characteristics, 
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simulation, following Diro et  al. (2014) and Jeong et  al. 
(2016). This threshold varies with the calendar day and 
grid point. The maximum duration of cold-spell/warm-
spell event is also computed for each grid point. As it will 
be shown later snow-atmosphere coupling is stronger dur-
ing spring season, and therefore all the analysis related to 
temperature extremes are restricted to the March to May 
(MAM) months. The above indices are then assessed for 
observations and the two CRCM5 simulations, for excep-
tionally cold years as well as during strong ENSO years to 
understand the role of snow-atmosphere coupling in modu-
lating temperature extreme characteristics through interac-
tions with large-scale modes of variability.

3 � Basic validation and snow‑atmosphere coupling 
strength

3.1 � Basic validation of CRCM5

Martynov et  al. (2013) extensively assessed the perfor-
mance of CRCM5 simulation over North America when 
driven by reanalysis and they demonstrated that the model 
captures many aspects including the seasonal mean clima-
tology of precipitation and temperature over the study area. 
Therefore, we only provide validation of CRCM5 simu-
lated snow climatology and inter-annual variability here. 
The snow depth climatology for winter and spring seasons 
for the 1981–2010 period from the coupled simulation 
and MERRA are compared in Fig. 1. The simulated snow 
depth in CRCM5 is overestimated over the Arctic region 

Fig. 1   Snow depth climatology [cm] for winter (top left) and spring (top right) from MERRA. Bottom row shows CRCM5 biases with respect to 
MERRA (i.e. CRCM5–MERRA) for winter (left) and spring (right)
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and over the southern limit of the snow cover region, but 
underestimated over western Canada. In general, CRCM5 
simulated the spatial pattern of the snow depth reason-
ably well, including the high values over the mountainous 
areas and over the high latitude regions and low values over 
the northern Great Plains and lower latitudes. It has to be 
noted that MERRA is a reanalysis product and has its own 
limitations. For instance, a recent validation of reanalysis 
and observation based gridded products by Snauffer et al. 
(2016) illustrated that MERRA underestimates snow water 
equivalent over western Canada when compared against in-
situ measurements.

In addition to the mean values, it is also important for 
CRCM5 to have an overall acceptable performance in 
reproducing the inter-annual variability. This is compared 
in Fig.  2. MERRA shows higher values of inter-annual 
variability over eastern Canada, Alaska and over the Rocky 
mountains in both seasons, although the variability is gen-
erally stronger in winter than in spring. CRCM5 gener-
ally captured the spatial pattern of the variability such as 

the high values over northeast Canada, Alaska and over 
the Rocky Mountains. However, the variability is over-
estimated over northern U.S. in winter and almost eve-
rywhere, except over western Canada, during spring in 
CRCM5. Both MERRA and CRCM5 agree that the vari-
ability is higher over regions with high values of snow 
depth (Fig. 1). Correlation analysis (not shown) also indi-
cates that CRCM5 reproduces the inter-annual variability 
over most regions especially over western Canada and over 
regions surrounding the Great Lakes where the correlation 
coefficient reaches 0.6. Given CRCM5’s demonstrated abil-
ity to reproduce most of the observed snow related features, 
we can pursue the sensitivity experiments to understand 
more on snow-atmosphere interactions.

Snow-temperature coupling strength in winter and 
spring seasons over North America are shown in Fig.  3. 
The coupling strength is measured by the percentage dif-
ference of inter-annual variance of temperature between the 
coupled and uncoupled simulations for the 850 hPa, screen 
level and first soil layer temperatures. The figure clearly 

Fig. 2   Inter-annual variability of snow depth [cm] from MERRA (top row) for winter (top left) and spring (top right). Bottom row shows 
CRCM5 biases with respect to MERRA (i.e. CRCM5–MERRA) for winter (left) and spring (right)
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indicates that snow variation influences soil and air temper-
ature variability over selected regions during cold seasons. 
The effect of snow variability on the 850 hPa temperature 

variability is much smaller than its effect on near surface 
air temperature and soil temperature variability and this 
implies that the strong effect of snow is largely confined 

Fig. 3   Inter-annual snow-temperature coupling strength in winter 
(left) and spring (right) as per the percentage of variance of tempera-
ture at 850  hPa (top), at screen level (middle) and at top soil layer 

(bottom). Regions enclosed by the contour line represent statistically 
significant coupling at the 5% significance level
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to the surface and has little impact on the upper air tem-
perature variability. It is also noted that snow is strongly 
coupled to soil temperature than to the near surface air 
temperature. This is in close agreement with Ge and Gong 
(2010), Alexander and Gong (2011) and Dutra et al. (2011) 
who also obtained similar results. The stronger effect for 
soil temperature is related to the snow insulation effect, 
which decouples the soil from extreme air temperature fluc-
tuations (Zhang 2005). The location of maximum snow-soil 
temperature coupling in winter is generally over northeast 
US, whereas it is over the Great Plains and the Midwest 
for snow-air temperature coupling. The spatial pattern of 
the coupling strength indicates that changes in snow depth/
cover can also impact surface and atmospheric variables in 
the snow-free low latitude regions through non-linear pro-
cesses and teleconnection.

Overall, the coupling strength is stronger in spring than 
in winter. The coupling strength is modest in winter and 
explains 40–60% of the surface temperature variability over 
the mountainous regions, Central U.S. and over the east-
ern coastal areas. The coupling is generally higher over the 
Great Plains, Mid-west and over the Canadian Prairies dur-
ing the winter season. As the winter progresses to the melt 
season, the coupling not only gets stronger but also extends 
to high latitude regions following the freezing line. Conse-
quently, snow variation in spring accounts for around 70% 
of the near surface air temperature inter-annual variability 
over the Great Plains of the US and over eastern Canada. 
This result contradicts with Dutra et al. (2011) where they 
showed that the coupling strength in winter is stronger 
than in spring but is in agreement with Xu and Dirmeyer 
(2011) who also found stronger coupling, particularly over 
northern Canada, during the snow melt season compared to 
the snow accumulation period, although the accumulation 
period considered in their study is different from this study. 
However, caution is required when comparing the snow-
atmosphere coupling strength obtained in this study with 
that of the previous studies of Dutra et al. (2011) and Xu 
and Dirmeyer (2011) as the design of experiment as well 
as the metric used to measure the coupling strength is dif-
ferent in the studies, which could potentially lead to differ-
ent conclusions. For instance, in Dutra et al. (2011), in their 
uncoupled simulation, snow albedo and snow density were 
prescribed in addition to snow cover and snow depth/snow 
mass, whereas in this study as well as in Xu and Dirmeyer 
(2011) these snow variables are left to evolve freely in the 
uncoupled simulation. Similarly, Xu and Dirmeyer (2011) 
performed ensembles of ten simulations (corresponding to 
10 years) beginning March 1st till the end of the snow sea-
son and did not include the winter season, whereas in this 
study and in Dutra et  al. (2011) the simulations are con-
tinuous 30-year long. Therefore the snow-atmosphere cou-
pling metric in Xu and Dirmeyer (2011) is more suited to 

measure the impact of snow on the intra-seasonal variabil-
ity, while that for the current study and Dutra et al. (2011) 
is directed towards measuring the impact on the inter-
annual variability.

Figure  4 compares the impact of snow variation on 
surface albedo, net shortwave radiation and latent heat 
fluxes. For the winter season up to 90% of the surface 
albedo variability is explained by snow depth variability, 
except over the Arctic regions of Canada. As stated ear-
lier, in CRCM5, snow cover is considered 100% for snow 
depth above 10  cm. This could explain the low impact 
over Arctic Canada as the regions generally have more 
than 10  cm snow on the ground for most of the winter 
and therefore exhibits lower inter-annual variations and 
consequently less variation in surface albedo. In addition, 
the impact of snow variability on the net surface short-
wave radiation, and hence the turbulent fluxes is rather 
small and is limited to the Midwest, the Great Plains and 
the Canadian Prairies but has little impact over a larger 
area of western Canada. The low response of net short-
wave radiation indicates the dominant influence of plane-
tary albedo (which includes the effect of clouds and water 
vapor) over surface albedo for most part of the domain. 
It is interesting to note that even though snow affects the 
surface albedo and the net radiation over regions north 
of the boreal forests and over Alaska, this is not reflected 
in temperature in winter months as temperature variation 
over these regions could be strongly influenced by either 
adiabatic processes or advection of anomalous cold/warm 
air from remote locations. In fact, Szeto (2008) demon-
strated that winter temperature variation over western 
Canada is controlled by large-scale thermal advection 
rather than by diabatic processes.

During spring, additional coupling hot-spots emerge 
over high latitude regions with increasing insolation, 
except over parts of the boreal forests (Fig.  4, bottom 
panel). The weak coupling over the boreal forests could 
be due to the fact that the snow interception by the can-
opy is essentially the same in both coupled and uncou-
pled simulations. As a result, the snow variation over 
canopy and hence on surface albedo/radiation for grid 
boxes dominated by vegetation is not suppressed in the 
uncoupled simulation as shown in Fig. 4.

Comparing the net surface radiation (albedo effect) 
with the latent heat flux (hydrological effect) reveals 
that in the winter season, the albedo effect is higher than 
the hydrological effect especially over the Great Plains, 
the Prairies, western U.S., Alaska and over northern 
Canada. The high snow-temperature coupling strength 
in spring, however, resulted primarily from the latent 
heat flux (Fig.  4). This strong signal in latent heat vari-
ability is due to the snow depth variability and its sub-
sequent melting, which gets translated into soil moisture 
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variability and ultimately in the partitioning of turbulent 
fluxes. The influence of snow on shortwave radiation (via 
albedo), however, is greatly reduced in spring over most 
of the domain except over northern Canada. Therefore, in 
spring, it is the hydrological effect that control the tem-
perature variability rather than the albedo effect.

4 � Snow‑extreme temperature coupling

Another important aspect that needs to be explored in snow-
atmosphere interactions is to identify the extent to which 
snow modulates extreme temperature events. Previous stud-
ies by Baker et  al. (1992) and Vavrus (2007) suggest that 
snow can exert a regional influence by modulating extreme 
cold events such as cold-air outbreaks. Here we examined 
the influence of snow-atmosphere interaction on both cold 
and warm-spell characteristics based on reanalysis and 
CRCM5 simulations. Correlation values between cold-spell 
days and snow cover frequency in spring were computed 
using MERRA and ERA-Interim reanalysis dataset and 

CRCM5 simulations (Fig. 5). Snow cover frequency is com-
puted by counting the number of days for which the snow 
depth is greater than 10 cm for both reanalysis and CRCM5 
simulations. Since snow variability is suppressed in the 
uncoupled CRCM5 simulation, the snow cover frequency 
computed from coupled CRCM5 simulation is used in the 
correlation analysis of both coupled and uncoupled cases.

Results from reanalysis data indicate that cold-spell 
days are closely correlated with snow cover frequency over 
most part of the domain with significantly higher values 
over the northern Great Plains, the Canadian Prairies and 
over the Mid-West. Conversely lower correlation values 
are observed over the Arctic regions. A significant positive 
correlation (R > 0.6) is also noted in the coupled simulation 
between the simulated cold-spell days and snow cover fre-
quency over the northern U.S., including the Great Plains 
and the Mid-West. The correlation values in the coupled 
CRCM5 are, however, generally over estimated, in par-
ticular over northern Canada. What is not certain from the 
above snow-temperature relationship in the reanalysis and 
the coupled simulation is whether the snow variation is 

Fig. 4   Percentage of variance, due to snow-atmosphere coupling, in 
surface albedo (left), net shortwave radiation at the surface (middle) 
and latent heat flux (right) for winter (top row) and spring (bottom 

row). Regions enclosed by the contour lines represent statistically sig-
nificant coupling at the 5% significance level
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Fig. 5   Correlation of snow cover frequency with cold spell days 
(top panel) and warm spell days (middle panel) from MERRA and 
ERA-Int reanalysis (left), coupled CRCM5 simulation (middle) and 
uncoupled CRCM5 simulation (right). Bottom panel represents the 

percentage variance difference, due to snow-atmosphere coupling, 
in cold-spell (left) and warm-spell (right) days. Contour line denotes 
statistical significance at the 5% significance level
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causing the variability in temperature, or the temperature 
variation is causing the snow variability or another factor 
in the climate system (e.g., ENSO) affecting both snow and 
temperature variation. Since we design our experiments 
in such a way that the snow variation is suppressed in the 
uncoupled simulation, it is expected that the inter-annual 
variability of temperature associated with snow variation 
will be diminished in the uncoupled simulation. Figure  5 
(top right), indeed shows that in the uncoupled CRCM5 
simulations, the snow versus cold-spell relationship is sig-
nificantly reduced (with correlation values around 0.2), 
suggesting that snow anomalies are important, at least, in 
the amplification of the cold spell days over the northern 
Great Plains, the Prairies and over the mid-west U.S. It has 
to be noted that the difference between coupled and uncou-
pled simulations is greater than the difference between rea-
nalysis and control (coupled) simulations suggesting that 
the signal is higher than model biases and errors.

The relationship between snow cover frequency and 
warm spell days from reanalysis and from the two CRCM5 
simulations are also shown in Fig. 5 (middle panel). Both 
the reanalysis and coupled CRCM5 simulation based 
estimates show a strong negative correlation (reaching 
r < −0.7) between warm spell days and snow cover fre-
quency over the high latitude regions and over the moun-
tainous regions of western North America, but exhibits 
relatively lower values over the Great Plains and over the 
Canadian Prairies (where the cold spell days are influenced 
strongly by the snow cover frequency). In the CRCM5 
uncoupled simulation, however, the relationship between 
snow cover frequency and warm-spell days is substantially 
reduced over the whole domain, again implying that snow 
variability is important in reproducing the observed snow-
warm-spell relationship. The regions of strong snow-warm-
spell coupling are different from the regions of strong 
snow-cold-spell coupling. For instance, the snow cover-
warm spell relationship is stronger over regions where the 
snow depth climatologic values are higher (Fig.  1) but is 
weaker where the impact of snow on cold spell is stronger 
i.e. over the northern Great Plains and over the Mid-west. 
The difference in the regions of snow-temperature extremes 
coupling maxima is also reflected in the variance approach 
(Fig.  5, bottom panel), where it clearly indicates that 
regions of snow-warm-spell days coupling maxima are over 
climatological snow rich regions whereas the snow-cold-
spell days coupling maxima is limited to the Great Plains 
of the U.S. and over the Canadian Prairies. The results also 
suggest that snow variation affects more the variability of 
warm-spell days than the variability of cold-spell days. 
The sustained warm-spell events over high snow accu-
mulation regions, appear to be related to the reduction of 
snow through melting and the associated increases in the 
absorbed shortwave radiation.

4.1 � The 2002 extreme cold spring

For identifying the role that snow may have in amplify-
ing/attenuating extreme cold air outbreak events, inves-
tigation is carried out using observations as well as from 
CRCM5 coupled and uncoupled simulations for the 
year 2002. The year 2002 is chosen as it is the coldest 
spring for the 1981–2010 period for the region enclosed 
by 45N–60N latitude and 100W–123W longitude over 
northwest North America (Fig.  6) both in observation 
and in reanalysis dataset.

Figure  7 displays the spatial pattern of the number of 
cold spell days for the spring of 2002 from observation, 
reanalysis and coupled and uncoupled CRCM5 simulations. 
Both observation and reanalysis agree on the locations of 
the highest number of cold spell days, i.e., over northwest 
North America, with the number of cold spell days (cold 
air outbreak) reaching more than 16. The coupled CRCM5 
simulation captures well the spatial pattern over northwest 
Canada, despite the underestimation in the number of cold 
spell days. The coupled simulation also shows a secondary 
peak over north-eastern U.S., which is not visible in the 
observation or reanalysis. This overestimation of cold spell 
over north-eastern U.S. is linked to the overestimation of 
snow cover frequency (Fig. 8, bottom rows) in the coupled 
simulation. In the uncoupled CRCM5 simulation, the num-
ber of cold-spell days is substantially reduced over most 
part of the domain including northwest America. This indi-
cates that having an interactive snow is an important con-
dition in order to reproduce such an extreme climate event 
with reasonable accuracy. This result implies that, even 
if extreme cold events such as cold air outbreaks are trig-
gered and initiated by large-scale atmospheric phenomenon 
(Vavrus et al. 2006), snow-atmosphere interactions contrib-
ute to the persistence of these events. In fact, Fig. 8 (top and 
middle row) shows the anomaly map of the 500 hPa height 
and wind anomaly at 700  hPa (with respect to long-term 

Fig. 6   Number of cold-spell days over northwest North America 
(45°N–60°N, 100°W–123°W), based on ERA (cyan) and gridded sta-
tion observations (black)
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average) associated with the 2002 spring as an example of 
such large-scale atmosphere features. The anomaly map 
based on reanalysis indicates that the cold-spells are associ-
ated with high pressure anomaly over NE Pacific and low 
pressure anomaly over central Canada that favours north-
easterly flow anomaly in between these high and low anom-
alies. A similar pattern of height and wind anomalies is also 
noticeable in CRCM5 simulations over the same region, 
although the lows are slightly weaker suggesting that the 
large scale circulation anomalies associated with the cold 
spells over northwest are reproduced fairly well.

4.2 � ENSO composites

Analysis is also carried out to investigate the response 
of warm spells during El-Nino events and to assess the 

role of the interaction of large-scale mode of variability, 
such as ENSO, with surface condition on extreme events. 
Attention is given to warm spells, since cold spells are 
less sensitive to ENSO forcings (Gershunov and Barnett 
1998). The SST anomalies in the Nino 3 region from 
Climate Prediction Centre (CPC) (http://www.cpc.ncep.
noaa.gov/products/analysis_monitoring/ensostuff/enso-
years.shtml) has been used to construct warm/cold com-
posites of ENSO for the 1981–2010 period. The compos-
ites are based on the four strongest El-Nino events during 
spring season. The strongest El-Nino events correspond 
to events with ENSO index above 0.9. The years selected 
for analysis are 1983, 1987, 1992 and 1998.

Figure 9 shows the observed, reanalysed and simulated 
composites of maximum duration of warm spells dur-
ing El-Nino years. The longest duration of warm spells, 

Fig. 7   Cold-spell days (CSD) for the year 2002 from gridded station observation (top left), ERA-Interim reanalysis (top right), from CRCM5 
coupled (bottom left) and uncoupled (bottom right) simulations

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
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reaching up to 7 consecutive days, are found over the 
northwest and the eastern parts of North America, in both 
observation and reanalysis. Previous observational stud-
ies also found that, positive ENSO events are associated 
with significantly warmer spring temperature anomalies 
over western Canada (Shabbar and Khandekar 1996) and 
over northwest Pacific of the U.S. (Wolter et  al. 1999). 
The coupled CRCM5 simulation is able to reproduce 
these observed patterns of the longest warm-spell dura-
tion, although the highest values in the model are shifted 
southward and the peak values over western and eastern 

Canada are underestimated. In comparison, in the uncou-
pled CRCM5 simulation, the maximum warm spell dura-
tion over western North America is substantially reduced 
by more than 50%. Whereas over the eastern part of the 
domain the reduction in the longest duration of warm 
spells are smaller suggesting that snow-atmosphere inter-
action play an active role in amplifying the duration of 
warm spells over the western U.S. and over Canada. The 
eastern part of the U.S., on the other hand, is influenced 
less by surface condition but more by large scale atmos-
pheric forcing.

Fig. 8   Composites of 500 hPa height anomaly (2002—climatology, top row) [in dam], wind anomaly at 700 hPa (middle row) [in m/s] and 
snow cover frequency (SCF) anomaly (bottom row), for reanalysis (left), coupled (middle) and uncoupled CRCM5 (right) simulations
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5 � Summary and conclusions

This study presents the snow-atmosphere coupling char-
acteristics over North America and its impact on selected 
extreme temperature characteristics. Two 30-year long sim-
ulations were carried out using CRCM5 driven by ERA-
Interim reanalysis with prescribed (uncoupled) and evolv-
ing (coupled) snow depth/cover. In the coupled simulation, 
snow and atmosphere are allowed to interact at every model 
time step but in the uncoupled simulation, the snow depth/
cover evolution is replaced with climatology, derived from 
the coupled simulation. The aims of the experiments are to 
examine regions of important snow-atmosphere coupling, 
to quantify the coupling strength as well as to investigate 
the role of snow in modulating extreme events.

According to the analysis, strong snow-atmosphere cou-
pling is noted over the Mid-west, the Great Plains and the 

Canadian Prairies in winter and these regions of strong cou-
pling extend further north in spring towards eastern Canada 
and the region north of the boreal forest following the solar 
cycle. In the coupled simulations, snow variations account 
for 40–60% of the winter temperature variability over the 
strong snow-temperature coupling regions. The contribu-
tion of snow becomes higher in spring because its contri-
bution reaches more than 70% and furthermore the regions 
of snow-atmosphere coupling extend north of the boreal 
forests. The impact of snow variability is more reflected 
in the soil temperature variability than the air temperature 
variability. This finding is in agreement with Ge and Gong 
(2010) and illustrates that snow affects soil temperature not 
only via snow cover extent but also via snow depth by insu-
lating the soil from extreme air temperature.

Analysis suggests links between warm/cold-spell char-
acteristics and snow-atmosphere coupling regions. The 

Fig. 9   Composites of maximum warm-spell durations during the spring season for El-Nino years from gridded station observation (top left), 
ERA-Interim reanalysis (top right), CRCM5 coupled (bottom left) and uncoupled (bottom right) simulations
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regions, however, where the snow variability influences 
warm and cold spells are different. For instance, warm 
spell characteristics over northeast Canada and Rockies 
appear to be more sensitive to snow variability as reflected 
in the high correlation values between the two. However, 
the snow cover-cold spell correlations are high mainly over 
the Great Plains, Mid-west and over the Canadian Prai-
ries. Furthermore, this study reveals the amplifying effect 
of snow-atmosphere coupling on temperature extremes 
from the case study of the spring 2002 extreme cold spells 
over northwest America as well as from analysis of warm 
extremes during strong El-Nino years using observations 
and regional climate model experiments. The regional cli-
mate model experiments clearly show a strong contribu-
tion of snow-atmosphere interaction to the duration of cold 
spells during the spring of 2002 and to the maximum warm 
spells durations during strong ENSO events.

Given climate models project a decline in snow cover 
over high latitude regions for the twenty-first century, 
future work is needed to understand how the present-day 
snow-atmosphere coupling regions would change in future 
climate as well as how future snow-atmosphere coupling 
would contribute to the projected changes in extremes.

One caveat of this study is that the results are based 
on a single regional climate model. Given that the results 
are heavily dependent on the snow-related parameteriza-
tions, future work using multiple regional climate models 
will be beneficial to better quantify the uncertainties in 
snow-atmosphere coupling and the role that snow plays 
in modulating climate extremes.
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