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Abstract. The 20th century seasonal Northern Hemispherecryosphere (e.g. Lemke et al., 2007). Snow cover has impor-
(NH) land snow cover as simulated by available CMIP5 tant effects on climate. The most obvious effect is due to its
model output is compared to observations. On averagehigh albedo. Observational (e.g. Dewey, 1977) and model-
the models reproduce the observed snow cover extent vering (e.g. Walsh and Ross, 1988; Vavrus, 2007) studies sug-
well, but the significant trend towards a reduced springgest a strong direct influence of snow cover on the overlying
snow cover extent over the 1979-2005 period is underestower troposphere, but also on the upper atmosphere (e.g.
timated (observed: 3.4+ 1.1)% per decade; simulated: Alexander et al., 2010). This gives rise to the well-known
(—1.0+£0.3)% per decade). We show that this is linked to snow-albedo feedback which (i) is thought to be one im-
the simulated Northern Hemisphere extratropical spring landportant reason for the polar amplification of ongoing and
warming trend over the same period, which is also underprojected climate change (e.g. Groisman et al., 19%yD
estimated, although the models, on average, correctly capand Brown, 2007). (ii) Hall and Qu (2006) and Fletcher et
ture the observed global warming trend. There is a goodal. (2012) have shown this feedback to be correctly repre-
linear correlation between the extent of hemispheric seasented only in a minority of the CMIP3 (Coupled Model In-
sonal spring snow cover and boreal large-scale spring surtercomparison Project — Phasén&p://www-pcmdi.linl.gov/
face air temperature in the models, supported by availablépcc/aboutipcc.php models. Due to its low heat conductiv-
observations. This relationship also persists in the future andty, snow also effectively insulates the underlying soil, with
is independent of the particular anthropogenic climate forc-important effects on deep soil temperatures and permafrost
ing scenario. Similarly, the simulated linear relationship be-extent (Zhang, 2005; Lawrence and Slater, 2010; Gouttevin
tween the hemispheric seasonal spring snow cover extent aret al., 2012).
global mean annual mean surface air temperature is stable These important effects of seasonal snow on climate im-
in time. However, the slope of this relationship is underes-ply that a correct representation of this variable in current-
timated at present (observed:11.8+ 2.7) %°C~1; simu- generation climate models is required. Roesch (2006) re-
lated: 5.1+ 3.0) %°C~1) because the trend towards lower ported that these models only partly reproduced the pro-
snow cover extent is underestimated, while the recent globahounced observed decrease of snow cover extent (SCE):
warming trend is correctly represented. observed NH spring snow cover extent decreases by about
0.8x 10° km? per decade since 1970 (Brown and Robinson,
2011). In an analysis of climate projections carried out with
these models, &sanen (2008) reported that the sign of pro-
1 Introduction jected changes of seasonal snow water equivalent at the end
of the 21st century with respect to the present is spatially
With a maximum extent of about 4610°km?, seasonal variable because it depends on the present local climate con-

snow cover, essentially located in the Northern Hemispherejitions: in very cold regions, climate warming will lead to
(NH) land areas, is the largest component of the terrestrial
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overall increased winter snowfall and thus to a thicker snownostic snow mass. Unless otherwise specified, we present en-
cover, while in warmer regions, the higher temperatures willsemble mean values for the models for which more than one
lead to the opposite. However, other snow-related variablesiealization of a given experiment (historical or future sce-
such a SCE, possibly exhibit a more direct relationship tonario) is available. The analysis of the climate projections
temperature. For example, the observed and simulated neais restricted to the 21st century except otherwise stated. We
linear relationship between Arctic sea ice cover and globaluse all four basic CMIP5 climate change scenarios RCP2.6,
mean air temperature on annual time scales, recently reRCP4.5, RCP6.0 and RCP8.5 (Moss et al., 2010; van Vuuren
ported by Mahlstein and Knutti (2012), allowed these authorset al., 2011).
to deduce a scenario-independent global mean temperature
threshold corresponding to the disappearance of Arctic sum2.2 Observational data
mer sea ice. This is an interesting relationship because the
global annual mean surface air temperature is arguably th&-2-1 Snow cover
e e, 08T s ofobervd N s s o were ke

' from Brown and Robinson (2012). We furthermore used the

a similar relationship exists between NH snow cover eXtentspatially distributed monthly SCE dataset produced by the
and global mean temperature.

. . Rutgers University Global Snow Lab (Robinson and Frey,
The fifth pha§e o_f the_ Coupleq Model Intgrcompanson 2000), which we restricted to the period after 1979 because
Project (CMIPS; htp://cmip-pemdi.linl.gov/cmipS/Taylor of data inhomogeneity due to different satellite generations
et al., 2012), linked to the preparation of the fifth IPCC as- 9 y g

: . . : (Roesch and Roeckner, 2006).
sessment report, is currently ongoing, running with the most
recent versions of more than 30_state-0f-the-art coupled clin 5o Temperature
mate models and a new set of climate forcing scenarios (van

Vuren et al., 2011). It is thus timely to address the follow- The analysis of the relationship between the NH-ifl spring
ing questions: how well do CMIP5 models capture present-snow cover and global average air temperature was carried
day seasonal snow extent and observed recent trends? Whait using the HadCRUT4 temperature dataset (Morice et
are the projected changes of seasonal snow cover in CMIPg|. 2012). Spatially distributed NH land surface air temper-
and what determines these changes? How are these linked taures from the CRUTEMP4 (Jones et al., 2012) dataset,
global climate change? which were also used in the HadCRUT4 combined land-
The following section will briefly describe the observa- ocean dataset, were used for the study of global mean surface
tional data, the model outputs, and the methods used in thigjr temperature trends and for the analysis of the relationship

study. We then provide a short assessment of the simulategetween the NH-ifl spring snow cover and spring NH-ifl sur-
present-day snow cover, including its current trends, and anface air temperatures north of 58.

alyze the dominant factors determining the future evolution
of Northern Hemisphere spring snow cover as simulated by2.2.3 Snowfall

the CMIP5 models.
Simulated NH snowfall rates are compared to the spatially

distributed WATCH dataset (Weedon et al., 2011) for the

2 Data and methods 1979-2001 period. The WATCH dataset is essentially based
on GPCCv4 (Schneider et al., 2008) precipitation data, but
2.1 CMIP5 output it uses CRU (New et al., 1999, 2000) number of wet days

and ERA-40 (Uppala et al., 2005) data for determining the

In this study we used the simulated monthly snow massproportion of snowfall to the total precipitation rate.
snow cover fraction, surface air temperature, and solid pre-

cipitation fluxes (variable codes: snw, snc, tas, and prsnf-3 Methods

from the CMIP5 archive as available on 1 June 2012. Our.

analysis of seasonal snow cover is restricted to the ice-free2 3.1 Boreal spring data

land in the Northern Hemisphere (NH-ifl). Unfortunately, the yy mainly restricted our analysis of the evolution of NH-

land an_d ice sheet masks (\{ariable codes sftlf and sftgif) wereq <now cover to the boreal spring because snow cover is
not available for a substantial number of the CMIPS models, ot sensitive to temperature during the transition seasons

considerably reducing the number of the models usable ingrown, 2000) and because long-term snow observations
this study (see Table 1). In our analysis, a given grid box is di-5ye good spatial and temporal coverage during that time of
agnosed to be snow-covered during a given month if the sims, year (Brown, 2000; Brown and Robinson, 2011). We thus

ulated snow mass is above 5 kgfrin order to ensure a Co- 5ed average data for the months of March and April. How-
herent cross-model evaluation of the diagnostic snow coveg,ar the full annual cycle of snow cover is also analyzed.
fraction, which is usually derived from the simulated prog- '
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2.3.2 Normalization over the 1986—2005 reference term trends, in particular the anthropogenic warming trend
period that dominates the signal in the latter period, is filtered out.
This time series, devoid of long-term trends, runs from 1932
Data are generally normalized with respect to a 1986-20030 1995 instead of 1922 to 2005 because of the 20-yr run-
reference period except otherwise stated, 2005 coincidingiing average, and will be referred to as the high-pass filtered
with the end of the historical CMIP5 runs, the different RCP NH-ifl SCE in the following. For each model, the interan-
climate scenarios starting in 2006 (Taylor et al., 2012). Relamyal variability is calculated for the first ensemble member
tive snow cover extent (RSCE) is thus defined as the spatiallynly, because calculating the interannual variability from the
integrated NH-ifl SCE divided by its average spatially inte- average of several ensemble members would lead to an erro-

grated value over this reference period for the given monthsyeously low estimate of the simulated variability.
of the year. The same process is used to compute relative

snow mass and relative snowfall rates. For a better under2.3.6 Link between SCE and climate variables

standing, these data are generally expressed in percentages.

The 1986-2005 period is also used for the temperature. Temkinear regressions are calculated between NH-ifl SCE and
perature change is defined with respect to the average valuether climate variables, in particular global annual mean sur-

over this reference period for each month. face air temperature and March—April surface air tempera-
ture averaged over the ice-free land areas north N6’ he
2.3.3 Seasonal cycle analysis slope of these linear regressions will be called sensitivity of

] the snow cover extent.
To compare the seasonal cycle of observed and simulated

snow cover in a synthetic way, we define, for each grid point,2.3.7 Uncertainties

a figure of merit in timeF (Hourdin et al., 1999; Krinner et

al., 2005) as: Unless otherwise specified, the reported uncertaintiesare 1
standard deviations.

12
min(So,;, Ss i)
i=1

F=7 ; (1) 3 Results and discussion
> max(So,i, Ss.i)
i=1 3.1 Present

where theS, ; andSs ; are the observed and simulated clima-
tological monthly snow cover fractions over the 1979-2005

period. A value of 1 indicates a perfect agreement betweeryy, ayerage, the CMIP5 models tend to reproduce fairly accu-
the simulated and observed monthly snow covers at a giveRtely the seasonal cycle of snow cover over the 1979-2005
grid point for all climatological months, while a value of 0 heriod over the northern parts of the boreal continents, while
indicates that there is no overlap between the time series. iheore is a slightly stronger misfit in the more southerly re-
gions where snow cover is sparse. This can be seen in Fig. 1,
which displays the figures of merit in time. F is first cal-

The snow season length is evaluated from the annual snogulated for each model against the observed Robinson and
cover fractions. In a given area, a value of 1 indicates that & €Y (2007) snow cover extent, and then the average over all

full snow cover is present during the twelve months of the Models is taken (Fig. 1a). , _
year in the area; a value of 0.5 is interpreted as a full snow 11€ Weaker average performance of the climate models in
cover that is present during 6 months. It could, in principle the southern realm of the seasonal snow area is due to incor-

also indicate a 50% snow cover present all year, or somd€Ct timing of the snow onset and melt, and possibly to an
other distribution yielding an annual average of 0.5, but thelncorrect representation of the annual maximum snow cover

simplest and arguably most reasonable general interpretatiofi@ction. This latter error might be due to the way snow cover

remains that of a clear distinction between seasons with an§Xt€nt is diagnosed here: for any given month, snow cover is
without snow cover. Thus, the snow season length is definegiagnosed to be complete (100 %) if the snow mass exceeds
as 12 times the annual mean snow cover fraction. a threshold of 5kgm?, and 0 if the snow mass is below

this threshold (see Sect. 2). Figure 2 shows that on average,
2.3.5 Interannual variability snow onset tends to be simulated a few days too early, and

snow melt about 10-15 days too late in Asia, particularly in
The interannual variability of NH-ifl spring SCE is evalu- the southern part. In North America snow melt tends to occur
ated by calculating the & standard deviation of a time se- about 10 days too early. Nonetheless, altogether the seasonal
ries obtained by subtracting the 20-yr running average fromcycle of snow cover tends to be simulated with very good ac-
the original NH-ifl spring SCE time series. In this way, long- curacy, and we do not observe a significantly delayed spring

3.1.1 Average SCE and trends

2.3.4 Snow season length
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a) southern limit of the area where the probability of observing
snow cover in March is higher than this threshold. Broadly,
about 50 % of the models tend to simulate March snow cover
near the margins of the area of seasonal snow cover in spring
too frequently, while the other 50 % of models simulate in-
sufficient snow cover. Substantial inter-model dispersion oc-
curs in flat areas, while in mountain areas, the topography
effectively constrains the simulated snow cover. A large over-
estimate of the spring SCE appears over Tibet, Mongolia and
northern China, leading to low values 6fin Fig. 1a and b
mentioned before.

Although, as just shown, the seasonality of average NH-ifl
SCE is fairly well captured by the CMIP5 models, the inter-
annual variability of NH-ifl SCE is clearly underestimated.
The 1o standard deviation of the high-pass filtered observed
March—April NH-ifl SCE is 5.4 % (the SCE time series were
normalized to average 1 for the period 1986—2005 before the
high-pass filter was applied). The average model variability
is 3.3%. Only the MPI models exhibit a correct interannual
variability in excess of 5%. This underestimate of the inter-
annual SCE variability in spring has also been reported by
Derksen and Brown (2012).

A substantial and significant trend towards lower NH SCE
has been observed over the recent decades (e.g. Dye, 2002;

: Lemke et al., 2007; Brown and Robinson, 2011). The data
Fig. 1. AgreementF between the simulated and observed climato- Provided by Brown and Robinson (2011) yield a negative
logical seasonal cycles of snow cover for 1979-2q@5Average  trend of (-3.4+1.1) % per decade for the March and April
F (mean ofF calculated for each individual model}) F for the average RSCE over the 1979-2005 period (Fig. 4). Including
mean model (evaluation of the mean model output). not only the period of rapid global warming at the end of the

20th century, the corresponding trend for the 1922-2005 pe-

riod, equal to £1.0+0.3) % per decade, is clearly weaker.
melt such as reported by Roesch (2006) for the CMIP3 mod-The large majority of the CMIP5 models simulate a negative
els; however, Brown and Frei (2007) argued that the resultsSCE trend, but all simulate weaker than observed trends, as
by Roesch (2006) were influenced by an erroneous methodan be seen in Fig. 4 (trends calculated for the 1979-2005
for estimating snow pack density as a function of snow depthperiod). This tendency of the models to underestimate SCE
at least in North America. decrease over the most recent decades has already been de-

The excellent agreement between the simulated multiscribed for the CMIP3 ensemble (Roesch, 2006) and, in spite
model mean and observed average seasonalities of snowf a very good average simulation of the observed snow cover
cover is coherent with the fact that the multi-model meanextent over this period (Figs. 1-3), the CMIP5 model ensem-
show cover (calculated by averaging the simulated snow covble still suffers from this drawback, which appears signifi-
ers of all available models) attains a substantially highercant because the average model trend from 1979 to 2005 is
scoreF (shown in Fig. 1b) than the averageof the individ- —1.3% per decade with an inter-model standard deviation of
ual models (Fig. 1a). The “superiority” of the “mean model” 0.8 % per decade. The positive trends obtained for 2 of the
in this type of model intercomparison exercise has beemmodels in Fig. 4 are due to the large interannual variability
clearly shown before for a large range of climate variablesof the simulated temperature and snow cover in these models.
(Gleckler et al., 2008) and is therefore no surprise. However,These trends become negative if the linear trends are calcu-
a clear misfit of the “average model” remains over China andlated over a slightly longer period (not shown).

Mongolia. This has been reported previously (Roesch, 2006). The analysis of all individual realizations (instead of en-

There is thus a substantial inter-model dispersion of thesemble means) provides very similar conclusions. The av-
simulated snow cover extent around the multi-model averagerage trend of all 113 realizations is identical to that ob-
which is, as stated before, close to the observed snow coveained from the ensemble means1(3 % per decade). The
extent. This can be clearly seen in Fig. 3 which, for differ- simulated SCE trend exceeds the observed trend for only 2
ent thresholds (20, 50 and 80 %) and the 1979-2005 periodsimulations (out of 113 realizations), and it is weaker than
displays the percentage of models that simulate a frequency-3.4+ 1.1= —2.3 % per decade (corresponding to the upper
of snow cover in March in excess of a given threshold; the
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Fig. 2. Seasonal cycles of observed (black) and simulated (red) multi-model mean snow cover for southern d&@tuNg and northern
(latitude> 50° N) Eurasia and North America, average over the 1979-2005 period.

bound of the 1 uncertainty range of the observed trend) fowviously contributes to the underestimate of the spring snow
only 14 simulations out of 113. cover trend.

The underestimate of the recent NH-ifl spring snow cover The spatial distribution of snowfall trends (not shown)
reduction trend is not due to errors in one particular region;is difficult to evaluate because the observational data
rather, the snow cover reduction trend seems to be systenset is rather noisy, certainly because the selected pe-
atically underestimated all along the southern fringe of theriod (1979-2001) is very short. However, average snowfall
snow-covered area in spring (Fig. 5a and b), except possiblyates are clearly overestimated in the models: the WATCH
over eastern North America. A particular case is Tibet, wheredataset suggests an average annual snowfall rate of about
an observed increase in snow cover, linked to tropospherid63 kgnt2yr—1 on ice-free land north of 3N, while the
circulation anomalies (Zhao et al., 2007), is not reproducedmodels simulate an average of 307 kgfyr—1. Part of this
by the models either. Among other less obvious causes, thibias might be explained by inadequate correction of the ob-
misfit can be due to either a wrong simulation of the tempera-served snowfall rates for gauge undercatch (Adam and Let-
ture trend over the Northern Hemisphere ice-free land duringenmaier, 2003), but this overestimate of snowfall was al-
the melting season, or a wrong simulation of the snowfallready noticed for the CMIP3 models (Roesch, 2006). We
trend (which is in part of course linked to the temperaturefound no significant correlation between the simulated aver-
trend, because temperature directly determines the partitiorage snowfall rates and the simulated SCE trends. This means
ing between snowfall and rainfall). Indeed, the recent NH ex-that the overestimate of snowfall does not clearly lead to a
tratropical March—April land surface air temperature trendsreduced sensitivity of snow cover to snowfall decrease, and
are substantially underestimated (see also Fig. 5¢ and d fahus warming, in the models.

1979-2001): the average observed March—April tempera-

ture trend on ice-free land north of 5N in the CRUTEM4 3.1.2 Link between SCE and temperature Changes

dataset i\ Tnw-ifl > 50° N, obs= 0.66°C per decade for the pe-

riod 1979-2005 (0.78C per decade for 1979-2001), while s expected for obvious physical reasons, there is a sig-

it is only ATnH-ifl > 50° N,modz(').38°C per_decade (0.3C nificant relationship between the observed (and simulated)

per decade for 1979-2001) in the multi-model mean; 1€sS\.if| spring snow cover extent and the observed (and sim-

than 20 % of the more than 100 individual model runs exhibit | 5ted) spring surface air temperature over the boreal ice-

a spring surface air temperature trefdw-ifi ~50°N,mod N free land areas (Fig. 6a). The simulated and observed tem-

excess of the observed value of 0°bper decade. This ob-  perature sensitivities of the NH-ifl spring SCE are broadly
similar. Indeed, the relationship between the observed NH-ifl

www.the-cryosphere.net/7/67/2013/ The Cryosphere, 7, 639; 2013



72 C. Brutel-Vuilmet et al.: An analysis of present and future seasonal Northern Hemisphere land snow cover
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30 Fig. 4. March—April NH-ifl snow cover extent for the historical

20 CMIPS5 simulations of the individual models (colored crosses, nor-
10 malized with respect to the simulated average 1986—2005 March—
0 April extent) and observed March—April snow cover extent (black

=1 triangles, normalized with respect to the observed average 1986—
2005 March—April extent). Linear trends are calculated over the
1979-2005 period (black thick line: observed trend, colored lines:

o individual models). The vertical dotted lines indicate the 1979-2005
90 period over which the linear trend is calculated.
80
70
28 north of 50 N is about 2.5+ 1.1) %°C~1 for the average
5 model, with a spread from-4.3 to—0.7 %°C~L. The simu-
20 lated and observed relationships between NH-ifl spring sur-
20 face air temperatures and SCE are therefore consistent within
10 the bounds of uncertainty, although the simulated slope ap-
, : pears a bit weak on average.
e 0w - - As temperature change over the NH-ifl region can be ex-

_ _ pected to be coherently linked to the global mean annual
Fig. 3. Percentage of models that simulate a frequency of snowgyerage temperature change because of climate change pat-
cover in March in excess of a given threshold (shading, in %), andtern scaling (Santer et al., 1999; Mitchell, 2003), we can also

southern limit of the area where the probability of observing snow . . L .
cover in march is higher than this threshold (black contour), botheXpeCt the NH-ifl spring SCE to exhibit a strong relation

for the 19792005 perioda) Threshold 20 %(b) threshold 50 %; ship with the an_nua_l and Q'Oba'_ mean tempgrature, similar
(c) threshold 80 %. to the relationship with NH-ifl spring surface air temperature

shown above.
For the observed global annual mean surface air tempera-

tures (Morice et al., 2012) and NH-ifl spring SCE (Brown
spring (March—April) SCE (Brown and Robinson, 2012) and and Robinson, 2012), this relationship, with a slope of
the observed spring surface air temperatures for land areas-11.842.7) %°C~1, is rather noisy = —0.44 for the
north of 50 N (Jones et al., 2012) is characterized by a slopel922—-2005 period; thick black line in Fig. 6b), in particular
of (—3.6+0.5) %°C~1, with 2 = —0.42 for the 1922—-2005 because of a strong interannual variability of SCE, which, as
period (thick black line in Fig. 6a). If the relationship is cal- stated before, is underestimated by the CMIP5 models. This
culated over the 1979—-2005 period, for which the data qualityobserved sensitivity of the NH-ifl spring SCE to global mean
is higher, we find almost the same slope (dashed thick blackemperature change is substantially stronger than the aver-
line in Fig. 6a). For the simulations, the slope between NH-iflage model sensitivity, which is about-$.1+ 3.0) %°C~!
spring SCE and spring surface air temperature of land areawith a spread from—12.4 to —0.9%°C~1. The observed
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Table 1.CMIP5 models, groups and acronyms (&ép://cmip-pcmdi.linl.gov/cmip5/

Modeling Center (or Group) Institute 1D Model Name

Commonwealth Scientific and Industrial Research Organization CSIRO-BOM ACCESS1.0

(CSIRO) and Bureau of Meteorology (BOM), Australia

Beijing Climate Center, China Meteorological Administration BCC BCC-CSM1.1

Canadian Centre for Climate Modelling and Analysis CCCMA CanESM2

National Center for Atmospheric Research NCAR CCsSM4

Centre National de Recherche®forologiques/Centre Eurépn CNRM-CERFACS CNRM-CM5

de Recherche et Formation Avaecen Calcul Scientifique

Commonwealth Scientific and Industrial Research Organization CSIRO-QCCCE CSIRO-Mk3.6.0

in collaboration with Queensland Climate Change Centre of Excellence

LASG, Institute of Atmospheric Physics, Chinese Academy LASG-CESS FGOALS-g2

of Sciences and CESS,Tsinghua University

NASA Goddard Institute for Space Studies NASA GISS GISS-E2-H GISS-E2-R

Met Office Hadley Centre MOHC HadCM3 HadGEM2-CC
HadGEM2-ES

Institute for Numerical Mathematics INM INM-CM4

Japan Agency for Marine-Earth Science and Technology, MIROC MIROC-ESM

Atmosphere and Ocean Research Institute (The University MIROC-ESM-CHEM

of Tokyo), and National Institute for Environmental Studies

Atmosphere and Ocean Research Institute (The University MIROC MIROC4h

of Tokyo), National Institute for Environmental Studies, and MIROC5

Japan Agency for Marine-Earth Science and Technology

Max Planck Institute for Meteorology MPI-M MPI-ESM-LR
MPI-ESM-P

Meteorological Research Institute MRI MRI-CGCM3

Norwegian Climate Centre NCC NorESM1-M
NorESM1-ME

relationship does not change much if it is only calculatedspring land surface air temperature change amplification
over the 1979-2005 period, for which the data quality isis Agps= ATNH-ifl > 50 N, spring, obd A Tglobal, annual, obs= 3.7,
higher (dotted thick black line in Fig. 6b). while for the CMIP5 models used here this amplification
This weak sensitivity of the simulated SCE to global is Amog=1.9. This translates into an underestimate of the
annual mean temperature changes is consistent with thapparent (because not physically direct) sensitivity of NH-ifl
fact the NH-ifl temperature trends over the most recentspring SCE to global mean temperature changes by the
decades are underestimated by the models, while the glob&MIP5 models.
mean temperature trends are correctly reproduced. As stated In other words, the direct physical link between local tem-
before, the average observed spring (March—April) temperaperature and snow cover appears to be correctly simulated by
ture trend on ice-free land north of 58 in the CRUTEM4  the models, but the further link between NH-ifl spring SCE
dataset iSATnH-ifl =50 N, obs= 0.66°C per decade, while and global mean temperature, although it exists both in re-
it is only ATnn-ifl =500 N, mod= 0.38°C per decade in the ality and in the models, is not correctly reproduced because
multi-model mean. In contrast, the global and annual averag¢he temperature change amplification on boreal land areas is
surface air temperature trend simulated over the 1979-20080 weak in the models. A similar underestimate of the bo-
period by the available models i$Tgjopal, mod= 0.20°C per real land temperature change amplification was also reported
decade, which, given the relatively short time span, compareor the CMIP3 models (Sutton et al., 2007). There are sev-
very well to the HadCRUT4 trend of Tyiobal, obs= 0.18°C eral reasons for this land/sea warming contrast independent
per decade. Therefore, the observed boreal (north ® N0  of snow cover. At least in transient climate change, the large
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b) Multi—model March—April snow cover trend 1979—2001 (percent,/yr)

*****
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Fig. 5. Observed (left) and simulated (right, multi-model mean) trends of near-surface snow-related variables, for the 1979-2001 period.
Top row: March—April average snow cover trend (%¥y. Bottom row: March—April surface air temperature treA@/decade). Datasets
produced by the Rutgers University Global Snow Lab (Robinson and Frey, 2000) are used for observed snow cover, and CRUTEM4 for land
surface air temperatures.

thermal inertia of the oceans surely plays an important roleto (24.7+ 7.4) % for RCP8.5, relative to the 1986—2005 ref-
(e.g. Hansen et al., 2006). The fact that land areas are driegrence period (Table 2). The uncertainty here is given as
than ocean surfaces may also cause part of the signal becausee inter-model standard deviation, with the ensemble means
it means that an additional energy input at the surface is partaken for each individual model before calculating the multi-
titioned differently over land and sea: over the ocean, latenimodel means and inter-model variabilities. Over the com-
surface heat flux will increase more easily than over land,ing decades, the simulated present trend towards a reduced
where the drier surface can warm (Sutton et al., 2007). How-spring NH snow extent clearly continues in all scenarios,
ever, it cannot be excluded that over the boreal land areasind does not depend on the particular RCP. For the 2016—
part of the underestimated warming might be caused by to®035 period, the models predict a NH-ifl SCE reduction of
weak of a snow-climate feedback in the models. In this con-5.4 %4+ 2.0 % for RCP4.5, the values ranging from 4.6 % to
text, it is noteworthy that Hall and Qu (2006) report that over 6.1 % for the other scenarios with similar inter-model dis-
boreal land areas, the snow albedo feedback might indeed baersion. The trend starts to level out by about 2030 for the
underestimated in the majority of the CMIP3 models. ThereRCP2.6 scenario and accelerates for RCP8.5 without slowing
is obviously a strong impact of snow cover on boreal tem-down until the end of the 21st century. The average simulated
peratures in spring, as evidenced by Groisman et al. (1994)SCE trend over the 21st century under the RCP8.5 scenario
This can explain part of the recent spring warming over the(about—2.5% per decade) is weaker than the central esti-
boreal continents. Therefore, it is possible that an incorrecimate of the trend observed for the period 1979-2005, but it
representation of snow processes is one of the causes of thies within the uncertainty range{@3.4+ 1.1) % per decade,
weak simulated temperature increase over the boreal contisee Sect. 3.1.1).

nents. However, a detailed investigation of the causes of this

misfit is beyond the scope of this paper. 3.2.2 Projected changes as a function of latitude and

. L emission scenarios
3.2 Climate projections

3.2.1 Average SCE, snow mass and trends The reduction of snow cover is strongest at the southern lim-
its of the area of seasonal snow cover, where the warming
The projected future evolution of the NH seasonal SCE ob-immediately leads to a replacement of solid by liquid pre-
viously depends very much on the scenario (Fig. 7). For thecipitation and to earlier melt. This can be clearly seen in
end of the 21st century (2080—-2099), the average reductioifrig. 8, which displays the multi-model average of the zonal
of NH-ifl seasonal SCE varies from (7423.8) % for RCP2.6 = mean simulated changes, from the end of the 20th to the
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a) Table 2. Northern Hemisphere ice-free land (NH-ifl) seasonal snow
cover change (in %;tlo inter-model spread) relative to 1986—
K 2005, for the four RCPs (march-april average). The number of mod-
els taken in account in each scenario is given in parentheses after the
scenario name.

Scenario  RCP2.6(15) RCP4.5(22) RCP6.0(12) RCP8.5(19)

2016-2035 —5.6+2.3 —5.44+2.0 —4.6+1.6 —6.1+2.4
2080-2099 —-7.2+3.8 —-129+42 -1524+58 -247+74

lent and snow season length as a function of latitude for
the four RCPs. For all RCPs, the simulated solid precipi-
tation amounts decrease most strongly at low latitudes and
s increase polewards of about78 (Fig. 8a). The strong sim-
ilarity between the four curves, with an approximate rota-
® tional symmetry at 75N where the simulated relative solid
, ‘ , . , ‘ precipitation change is close to 0, is obviously due to pre-
-3 -2 -1 0 1 2 cipitation change pattern scaling: the basic spatial patterns
Boreal spring land surface air temperature change of solid precipitation change are the same for all four RCPs.
b) The increasing intensity of climate change from RCP2.6 to
RCP8.5 translates into an increasingly steep relationship be-
- tween solid precipitation change and latitude. This is very
coherent with Risanen (2008), who reported a snowfall in-
. crease for the CMIP3 climate projections in the high north-
ern latitudes, and it is coherent with observations of snowfall
increase in these areas linked to very recent sea ice cover re-
duction (Liu et al., 2012).

Pattern scaling is equally obvious in the dependency of
surface air temperature change as a function of latitude
(Fig. 8b), with a clear and coherent signature of polar ampli-
fication for all RCPs, again coherent with the CMIP3 mod-
els (Masson-Delmotte et al., 2006). As a consequence of the
S strong snowfall reduction at the more southerly latitudes, the
relative reduction of the maximum snow mass is strongest at
these latitudes, while the changes are weak further north in
s ‘ ‘ : | spite of stronger warming (Fig. 8c). The relative reduction of

i 1o i 6.6 P snow season length (not shown) is similar: strong at lower
latitude and fairly weak at higher latitudes. This is somehow
misleading, however: the average snow season length at low
Fig. 6. Observed (black triangles and thick black lines) and sim- latitudes is of course very short, while snow cover is almost
ulated (crosses and dashed lines, colors representing the indiviggermanent close to the pole. For a given scenario, the average
ual models) relationship between the normalized NH-ifl March—- change of snow season length in months (Fig. 8d) does not
April SCE (y-axis) and temperature anomalies (x-axa)x-axis:  depend very strongly on the latitude in the extratropics. For
March—April temperature anomalies for land areas north 6fN60 the latitude bands north of 40, the reduction of the snow
(CRUTEMAy); (b) x-axis: global annual mean temperature anoma- qo 0 Jength is roughly about 1.5 months in RCP8.5, while

lies (HadCRUT4). Data and model output are represented for the, . . .
period 1922-2005. The reference period for temperature and SC is less than half a month in RCP2.6. At lower latitudes, the

anomalies is 1986—2005. The linear regressions (lines) were Cach_gductlon of snow season length is WeaK for any scenario,
lated for the period 19222005, except for the dashed thick line SIMPIY because the average snow season is already very short

which shows the regression calculated for the observations over th@t Present. The shape of the curves in Fig. 8d is a result of the
period 1979-2005. combined effects of the temperature and snowfall changes,

leading to a stronger snow season length shortening in the
50-60 N latitude band than further north.

Relative Snow Cover Extent

Relative Snow Cover Extent

Global annual mean surface air temperature change

end of the 21st centuries on ice-free land, of solid precip-
itation, temperature, annual maximum snow water equiva-
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06

1900 1950 2000 2050 2100
Year

Fig. 7. Projected NH March—April average seasonal snow cover extent (RSCE, relative to the 1986—2005 reference period) for the different
RCP scenarios (blue: RCP2.6; green: RCP4.5; yellow: RCP6.0; red: RCP8.5), multi-model average over all available models for each
scenario. The 5-yr running average ensemble mean is taken for each individual model before the multi-model average is calculated. Inter-
model spread is represented as plus or minus one standard deviation from the multi-model mean.

3.2.3 Link between projected SCE and future global as in CMIP3, the models simulate too much snow in compar-
temperature changes until 2100 ison to observations over China and Mongolia. In spite of the
good performance of the “mean model”, there is a fairly large
The link between the simulated NH-ifl spring snow cover ex- inter-model dispersion of spring snow cover extent in some
tent and the simulated global mean temperature shown beforggions. Similar to CMIP3, the amplitude of the 1979-2005
(Sect. 3.1.2 and Fig. 6) becomes extremely clear when theyH-ifl March—April snow cover trend is underestimated by
model results from the scenario runs until 2100 are also takefhe CMIP5 models compared to the observed negative trend:
into account. The regression lines between NH-ifl spring111 out of the 113 individual model runs analyzed in this
(March and April average) ice-free land SCE and the globalstudy exhibit a weaker than observed snow cover trend of
mean surface air temperature for the different scenario rung_3.4+1.1) % per decade. The main reason for this mis-
and for the historical runs are almost identical, and a veryfit appears to be an underestimate of the boreal land surface
strong linear correlation between the two variables emergeSNarming over that period (F|g 5¢c and d) A future increase of
For clarity, this is shown in Fig. 9a only for one particu- solid precipitation in the high northern latitudes with a con-
lar model (CCSM4). This temperature—SCE relationship be-comitant decrease further south, similar to what has been pro-
comes non-linear for RCP8.5 beyond 2100, because langkcted by the CMIP3 models &Ranen, 2008), is also sug-
area becomes increasingly smaller and eventually vanishegested by the CMIP5 models.
towards the pole. Since the relationships between the two There is a clear and physically obvious relationship be-
variables are independent of the scenario for a given modekwyeen NH-ifl spring snow cover extent and the spring land
Fig. 9b is restricted to RCP8.5, but shows the relationship forsyrface air temperature north of89; the sensitivity of NH-
all available models. The linear regressions for the IndIVId-|f| spring SCE to these temperature changes over the 1922—
ual models yield an average slope of.8+1.4)%°C™', 2005 period is reasonably well represented by the models.
similar to the model results for the historical runs, but with However, because of an underestimate of the boreal spring
a much lower inter-model spread; the results are more stafand temperature change amplification with respect to the
ble because the range of temperature anomalies over thglobal mean temperature change, the apparent sensitivity of
21st century in the RCP8.5 scenario is considerably largeNH-ifl spring SCE to global mean temperature changes is
than the corresponding range over the 1922-2005 period ifioo weak (about-5°C~! instead of about-12%°C~1).
the historical runs. Again, this average model slope is muchone might speculate that this underestimate of the boreal
weaker than the observed temperature Sensitivity of Springand temperature Change amp”ﬁca’[ion m|ght in turn be par-
SCE. tially caused by an inadequate representation of snow pro-
cesses (and therefore of associated feedbacks) in the mod-
els. However, we did not notice any obvious relationship
between the complexity of the snow models and the simu-

In many respects, the simulated snow covers in the couple&‘ted boreal land temperature change amplification. In addi-

models used in CMIP3 as analyzed by Roesch (2006) andfo": Wallace et al. (2012) have recently shown that the ob-
CMIP5 have similar qualities and deficiencies. The snowSeVved strong cold season (November—April) warming over

cover extent is well reproduced by CMIP5 models for the the northern extratropical continents was mainly induced by
present, and in particular the annual cycle of snow cover orfinforced variability. In any case, this underestimate of the
large scale seems to be better reproduced than in CMIP3, pdligh-latitude continental amplification might be important

4 Summary and conclusions
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Fig. 8. Zonal mean multi-model mean simulated changes, from the end of the 20th to the end of the 21st centajisslidfrecipitation,
(b) temperature(c) annual maximum snow water equivalent gdiisnow season length for continental grid points as a function of latitude
(10° latitude bands centered at 25, 35, 45, 55, 65, 75, aAd3%or the four RCPs.

because several potentially major climate feedbacks occuear relationship will eventually break down for extreme cli-
over the boreal land areas. Besides the snow-albedo feednate changes, in which case the southern limit of snow cover
back, greenhouse gas emissions from thawing permafrostould be situated north of the Northern Hemisphere conti-
(bearing large amounts of organic carbon) might constitutenental realm. However, for plausible climate change scenar-
an important feedback to global climate change (e.g. Koverios such as the RCPs used in CMIP5 for the 21st century, this
etal.,, 2011). If the temperature change over boreal land arediear relationship means that, in principle, future snow cover
is too weak in the coupled climate models, the amplitude ofextent could be expressed in terms of the annual mean global
these feedbacks might also be underestimated. mean temperature. This is useful because annual mean global

The simulated relationship between NH-ifl SCE and mean temperature, as the most basic global climate metric, is
(global or regional) temperature change is similar for theused in global scientific assessments and as a political tar-
present and for the future scenarios and is in particular indeget, for example to define thresholds of dangerous human
pendent of the climate forcing scenario. Of course, this lin-
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