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Abstract. Changes in snow water equivalent (SWE) over
Northern Hemisphere (NH) landmasses are investigated for
the early (2016-2035), middle (2046-2065) and late (2080—
2099) 21st century using a multi-model ensemble from 20
global climate models from the Coupled Model Intercom-
parison Project Phase 5 (CMIP5). The multi-model ensem-
ble was found to provide a realistic estimate of observed NH
mean winter SWE compared to the GlobSnow product. The
multi-model ensemble projects significant decreases in SWE
over the 21st century for most regions of the NH for rep-
resentative concentration pathways (RCPs) 2.6, 4.5 and 8.5.
This decrease is particularly evident over the Tibetan Plateau
and North America. The only region with projected increases
is eastern Siberia. Projected reductions in mean annual SWE
exhibit a latitudinal gradient with the largest relative changes
over lower latitudes. SWE is projected to undergo the largest
decreases in the spring period where it is most strongly nega-
tively correlated with air temperature. The reduction in snow-
fall amount from warming is shown to be the main contrib-
utor to projected changes in SWE during September to May
over the NH.

1 Introduction

Snow is a key component of the cryosphere and plays a fun-
damental role in global climate due to its high albedo and
cooling effect (Vavrus, 2007). Snow cover represents a spa-
tially and temporally integrated response to snowfall events
(Brown and Mote, 2009), and is closely related to air temper-
ature at the hemispheric scale (Brutel-Vuilmet et al., 2013).

Marked decreases in the area and/or depth of snow have
been documented in many regions of the Northern Hemi-
sphere including western North America (Groisman et al.,
2004; Stewart et al., 2005), central Europe (Falarz, 2002;
\ojtek et al., 2003; Scherrer et al., 2004) and China (Ji and
Kang, 2012; Wang and Wang, 2012). Satellite data show that
Northern Hemisphere (NH) terrestrial snow cover extent has
experienced significant decreases from earlier melt over the
period from ~ 1970 (Vaughan et al., 2013), and this trend
is projected to continue in the future with an estimated pro-
jected decrease in NH spring snow cover of 25 % by the end
of the 21st century for representative concentration pathway
(RCP) RCP8.5 (Collins et al., 2013).

Snow water equivalent (SWE) represents the water stored
in the snowpack and is a key variable for climate and hy-
drological applications. Locally SWE responds to both pre-
cipitation and air temperature which are both projected to
increase in the 21st century (Collins et al., 2013) and the
magnitude and seasonal character of the change represents
a complex interplay between a shortened snow accumulation
period, the fraction of precipitation that falls as snow (influ-
enced by total precipitation and air temperature) and the fre-
quency and intensity of winter thaw events (Raisanen, 2008;
Brown and Mote, 2009).

Réisdnen (2008) showed that projected winter SWE
change over the NH could be approximately divided into in-
creasing and decreasing zones based on the —20 °C isotherm
for November—March air temperature, with increasing SWE
only observed over very cold regions. This temperature de-
pendence is also evident in the elevation response of SWE in
mountain regions with the largest SWE decreases projected
over lower elevations (Maloney et al., 2014) and projected in-
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Figure 1. Spatial correlation and standard variance ratios be-
tween observed and simulated winter (DJF — December—January—
February) mean SWE during 1980-2005. The numbers 1-20 refer
to the model names in Table 1. The number 21 indicates the multi-
model ensemble. The vertical axis indicates the standard deviation
ratios, and the numbers along the arc are the spatial correlation.

crease in SWE over high elevations in some regions (Scherrer
et al., 2004; Mote et al., 2005; Mote, 2006).

Previous studies showed that climate models (GCMs) can
well reproduce basic properties of the snow cover (depth,
SWE; Wang et al., 2009; Wang et al., 2010; Zhu and Dong,
2013; Brutel-Vuilmet et al., 2013). However, the seasonal re-
sponse of SWE to a warming climate has not been addressed
in much detail as previous studies have tended to focus on
winter season or annual maximum SWE. The main objective
of this paper is to provide additional insights into the spatial
and temporal characteristics of projected SWE change over
the NH by addressing the following two questions. (1) How
will NH SWE respond to different RCPs in the 21st century
(i.e. the magnitude, timing and spatial and seasonal character
of the projected changes)? (2) What are the relative contri-
butions of air temperature and precipitation to the projected
SWE change over the 21st century?

These questions were assessed using output from the
CMIPS5 archive (Taylor et al., 2012; http://www-pcmdi.linl.
gov) for emission scenarios RCP2.6, 4.5 and 8.5. The fidelity
of model-simulated NH SWE was assessed with the Glob-
Snow (V2.0) product. We focus primarily on temporal and
spatial changes in SWE and on variations in the relationship
between SWE and climate for each RCP during different pe-
riods of the 21st century. The specific data sets used in this
study are described in Sect. 2, and the simulated and ob-
served data are compared in Sect. 3. The temporal and spatial
characteristics of SWE projections are analyzed in Sect. 4,
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Figure 2. The average of the observed and simulated winter
(DJF) mean SWE over non-mountain land areas of the Northern
Hemisphere during 1980-2005. The multi-model ensemble (MME)
refers to a combination of the 20 models listed in Table 1.
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and the relationships between SWE and climate change are
discussed in Sect. 5. Finally, the key findings of the study are
summarized in Sect. 6.

2 Datasets

To objectively quantify the changes in SWE in the 21st cen-
tury, we examined 20 models participating in CMIP5 (Ta-
ble 1) with monthly SWE output for the historical and three
RCP scenarios analyzed (RCP2.6, RCP4.5 and RCP8.5).
Output from runl of each model was used (e.g., rlilpl).

Monthly SWE output for the three RCPs for the 2006—
2099 period were used and averages computed over three
sub-periods to evaluate change: an early (2016-2035; EP),
middle (2045-2065; MP) and late period (2080-2099; LP).
Model output was regridded (bilinear interpolation) to a
1° x 1° latitude—longitude grid for the analysis.

The fidelity of the SWE simulations from the CMIP5 mod-
els was evaluated with monthly SWE data from the Euro-
pean Space Agency (ESA) GlobSnow (version 2) product
(Takala et al., 2011). GlobSnow combines SWE retrieved
from passive microwave and weather station snow depth ob-
servations. This is the most realistic SWE product currently
available (Hancock et al., 2013) because of the improved ac-
curacy achieved by assimilating in situ snow observations
into the passive microwave SWE retrieval process. The Glob-
Snow SWE series cover the period 1979-2010 at a resolu-
tion of 25 x 25km, and were also interpolated to the com-
mon 1° x 1° grid. Hereafter, we refer to the GlobSnow data
set as the observed SWE. The GlobSnhow product is masked
out over mountainous regions due to well-documented un-
certainties in SWE retrievals over complex terrain (Tong et
al., 2010). The model evaluation/comparison was carried out
over the non-masked grid points.

In this paper, linear correlation coefficients, partial corre-
lation analysis and regression analysis are used to investigate
the relation between model simulated SWE and observation
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Table 1. Models information used in this study.

Number  Model Institution Resolution

1 BCC-CSM1-1* Beijing Climate Center, China 2.8°x2.8°

2 BCC-CSM1-1(m)* Beijing Climate Center, China 1.3°x1.1°

3 CanESM2* Canadian Center for Climate Modeling 2.8° x 2.8°
and Analysis, Canada

4 CCsSM4 National Center for Atmospheric Research, USA 1.25° x 0.94°

5 CNRM-CM5 Centre National de Recherches Meteorologiques/ 1.4° x 1.4°
Centre Européen de Recherche et
Formation Avancée en Calcul Scientifique

6 CSIRO-Mk3-6-0* CSIRO Atmospheric Research, Australia 1.875° x 1.875°

7 FGOALS-g2 Chinese Academy of Sciences 1.4° x 6°

8 FIO-ESM The First Institute of Oceanography, SOA, China 2.8°x2.8°

9 GFDL-ESM2G* Geophysical Fluid Dynamics Laboratory, USA 2.5° x 2.0°

10 GISS-E2-H ASA Goddard Institute for Space Studies, USA 2.5° x 2.0°

11 GISS-E2-R NASA Goddard Institute for Space Studies, USA 2.5° x 2.0°

12 HadGEM2-ES* Met Office Hadley Centre, UK 1.875° x 1.25°

13 MIROC5 Atmosphere and Ocean Research Institute, Japan 1.4° x 1.4°

14 MIROC-ESM-CHEM  Japan Agency for Marine-Earth Science and Technology, 2.8°x2.8°
Atmosphere and Ocean Research Institute, Japan

15 MIROC-ESM Japan Agency for Marine-Earth Science and 2.8° x2.8°
Technology, Atmosphere and Ocean Research Institute, Japan

16 MPI-ESM-LR* Max Planck Institute for Meteorology, Germany 1.9° x1.9°

17 MPI-ESM-MR* Max Planck Institute for Meteorology, Germany 1.875° x 1.875°

18 MRI-CGCM3 Meteorological Research Institute, Japan 1.1°x1.1°

19 NorESM1-ME Norwegian Climate Center, Norway 2.5° x 1.875°

20 NorESM1-M Norwegian Climate Center, Norway 2.5° x 1.875°

Note that * indicates the model’s simulation agrees well with observation (GlobSnow) in summer during the reference period.

(GlobSnow), and the simulated SWE and temperature, pre-
cipitation from different scenario experiments. The equations
are as follows.

Partial correlation:

rxy —rxzryz
Ja—r2pa-r2y

where rxy, z indicates the contribution of X to Y, after re-
moving the contribution of Zto Y.
Regression coefficient:

@)

rxy,z =

Y =b+at, (2

where a represents the linear trend of factor ¥ with time z.
Relative change (RC) rate:

S; — 0;
=1 .100%, (3)
0.

1

RC =

where RC reflects the change in a variable S relative to the
baseline O.

Rdisdnen (2008) decomposed change in SWE (A SWE)
into four terms:

ASWE=E/FAPdt+E/AFﬁdtJrAG/fﬁdtJr%AG/AFAsz, 4)

L N N —

-
ASWE(AP)  ASWE(AF)  ASWE(AG) ASWE(NL)
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where the first three terms on the right represent the con-
tribution from changes in total precipitation (A P), fraction
of solid precipitation (A F) and the fraction of accumulated
snowfall that remains on the ground (AG). A SWE(NL) is
a non-linear combination of AG, AF and AP. P1 is mean
total precipitation during different periods of the 21st cen-
tury, which includes solid precipitation and liquid precipi-
tation, and Py is the mean total precipitation during 1986—
2005. By further introducing the notation, P = (Py + P1)/2,
AP = (Py— Py), P similar amean state for two periods, the
definitions of G, AG, F, AF canreferto P, AP.

3 Validation of CMIP5 SWE simulations

The fidelity of the model-simulated mean winter SWE was
analyzed by constructing a Taylor diagram (Taylor, 2001)
for the observed and simulated winter (DJF — December—
January-February) mean SWE (Fig. 1) over the 1980-2005
period. While all the models exhibited statistically signifi-
cant correlations to the mean SWE field, the results show
a wide range in model performance and one clear outlier
(FIO-ESM). There was no evidence that model resolution af-
fected performance as the cluster of models with better eval-
uation results (CanESM2, CCSM4, FGOALS-g2, MIROC-
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Figure 3. Projected relative change in mean annual and seasonal SWE (% relative to 1986-2005 reference period) by the CMIP5 ensemble
for RCP8.5. The shade area indicates the change exceeds 95 % significant level.

ESM and MPI-ESM-LR) cover a wide range of model reso-
lutions. The multi-model ensemble (blue dot in Fig. 1) pro-
vided better agreement with the observed mean SWE field
than most models.

Figure 2 shows the observed and simulated mean win-
ter SWE over NH land covered by the GlobSnow data.
The observed mean winter SWE is 71.6 kgm~2, while the
model simulations range from 61.0 to 111.3kgm~2 with a
multi-model ensemble average of 80.8 kg m~—2 which agrees
closely with the estimate of 82.3kgm~2 for mean March
SWE provide by Takala et al. (2011). From here on, all re-
ported simulation values are from the multi-model ensemble
mean, and we take the period 1986—2005 from the historical
experiment (1850-2005) as the reference period.

The Cryosphere, 9, 1943-1953, 2015

4 Changes in SWE in the 21st century

To examine the future spatial and temporal characteristics of
SWE, the relative change in the winter (DJF), spring (MAM
— March-April-May), summer (JJA — June-July—August),
autumn (SON) and annual SWE were calculated with Eq. (3)
relative to the reference period (1986-2005).

4.1 Spatial changes in SWE for three RCPs

Projected spatial changes in mean annual and seasonal SWE
relative to the 1986-2005 reference period (RP) for the three
previously defined sub-periods of the 21st century are shown
in Fig. 3 for RCP 8.5. These plots show that projected SWE
changes scale with time. The mean annual SWE declines

www.the-cryosphere.net/9/1943/2015/



H. X. Shi and C. H. Wang: Projected 21st century changes in snow water equivalent

SWE (%)

)

Temperature (‘C

Precipitation (%)

—8—RCP8.5

Lat(N)

—&—RCP2.6
—e— RCPA

‘ —=—ACP8.5

S S O
¥ S Vg © " o
[ VR AR M A

—&—RCP2.6
—e—RCP4.5

b

’ } g } S
-30 ‘ < 30 ‘ <
w w
“0 \ —a—RCP2.6 E -40 ‘ —a—RCP2.6 %
=0 \ —e—RCP4.5 0 ‘ —e—RCP4S
-60 -60
\ —=—RCP8.5 \ —=—RCP8.5
-70 -70
o N o o Q ' o o o N N N
25 = & S A g » N L L& N £
NS & N O S A S
Lat (N) Lat(N)
(d) (e)
8 —a—RCP2.6 8 ——RCP2.6
—~
. ‘ —e—RCP4.5 S . ‘ —e—RCP4.5 o
—a—RCP8.5 ~ —s—RCP8.5 ~
g <
4 g 4 2
k] k]
g g
2 2
C——— " g
0 : : ; . . , 0 . . . . . ,
o o o N Q S o o o o N '
2 » S < A £ o5 IS S & A £
> S WY& N O SO S A AN
Lat(N) Lat(N)
50 ‘ —a—RCP2.6 50 ‘ —a—RCP2.6
40 —e—RCP4.5 g 40 —e—RCP4.5 S
‘ —=—RCP8.5 = ‘ —=—RCP8.5 =
30 2 30 =]
<] S
| £ | g
20 ‘ 2 20 =
S ‘ ‘S
o 1
10 ‘ a 10 ‘ IS

Lat (N)

Lat(N)

—&—RCP2.6
—e—RCP4.5

—a—RCP8.5

S L
Y

Lat(N)

1947

Figure 4. Projected change in zonally averaged mean annual SWE (a—c), mean annual air temperature (d—f) and mean annual precipitation
(9-1) over Northern Hemisphere land for 20162035 (left), 2046—-2065 (middle), and 2080-2099 (right) relative to the 1986-2005 reference

period.

Table 2. Zonally averaged slope (Slop, kg m—2°C~1) and correlation (Cor.) from the regression of mean annual SWE and temperature for
three RCPs. RP, EP, MP, and LP represent the periods 1986-2005, 2016—2035, 2046—2065, and 2080-2099, respectively.

RCP2.6 \ RCP4.5 \ RCP8.5
Lat(° N) RP EP MP LP | EP MP LP| EP MP LP
Slop —043* —022 —145 —036 | —0.52* —025 —008 | —0.23* —023* —0.08
20-30  Cor. —055* 022 —042* 014 | —0.69* —0.34 —0.03 | —045* —0.48* —0.30
Slop —2.15* —4.38* 074 -102 | —339* 08 —2.86 | —3.14* —164* —0.81*
30-40  Cor. —064* —091* 013 -013 | —0.77* -029 -025 | —0.84* —078* —0.68"
Slop -1.00* 084 —160 —297* | —169* —106* -3.02* | —1.77% —0.89* —0.76*
40-50  Cor. —062* —044* 039 -—055* | —0.80* —048* -071* | —0.86* —0.74* —0.82"
Slop —327* —382* 039 —268 | —328* -—324* -—262* | —325* —255%* —1.33*
50-60  Cor. —071* —0.64* —0.08 -028 | —0.75* —0.65* —057* | —0.80* —0.78* —0.67*
Slop —287* —257* 284 364 | —367* -510* 371 | —410* -—370% —2.84*
60-70 ~ Cor. —066* —047* —032 —033 | —0.74* —076* —-035 | —0.71* —0.83* —0.73*
Slop —102* -16.9* —0.30 —240 | —457* -523* 210 | —831* —6.16* —4.62*
70-80  Cor. —088* —072* —002 —035 | —0.65* —0.81* —006 | —0.84* —091* —0.88*

Note: * values exceed the 95 % significance test.
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Figure 5. Area mean (1986-2005) seasonal cycle of SWE from
eight models (asterisk-marked models in Table 1. dashed line for
the multi-model mean and shading for & mean 1 standard devia-
tion) and from the GlobSnow data.

over much of the NH for the three periods with the greatest
declines (exceeding 80 %) occurring over the southern lat-
itude during the MP and LP, there is another more signifi-
cant reduction in SWE (RC > 40 %) over the Tibetan Plateau
which is characterized by relatively shallow snow and more
rapid increases in temperature than other mid-latitude areas
(Liu and Chen, 2000; Chen et al., 2006; Wang et al., 2012).
Pronounced reductions in SWE are also projected over Eu-
rope and North America (NA). The only region with pro-
jected significant increases in SWE is northern Siberia where
winter SWE is projected to increase by up to 60 % in the LP
for RCP8.5. Projected decreases are largest along the south-
ern limits of seasonal snow cover and in the shoulder seasons
(spring, summer, fall), and the significant reduction (about
RC>80%, P >95%) in SWE in summer mainly concen-
trated over the high latitude. This suggests that the seasonal
relative change in SWE depends on the baseline of snow.

Figure 4 illustrates the zonally averaged relative changes
in mean annual SWE, precipitation and the absolute change
in temperature derived from the multi-model mean for three
periods of the 21st century. Features of these plots are the am-
plification of warming over the Arctic (Pithan and Mauritsen,
2014), and the reduction in relative SWE decreases with in-
creasing latitude up to 60-70° N. The kink in the SWE curves
above 70° N is likely related to the strong impact of declining
sea ice cover on the snow cover season over coastal regions
of the Arctic (AMAP 2011). The largest absolute changes in
mean annual SWE (not shown) were found over high lati-
tudes (70-80° N), where is accompanied by the greater in-
crease in temperature and precipitation.

The temperature sensitivity of projected SWE changes was
investigated from linear regression analysis of annual SWE
(dependent variable) and air temperature (independent vari-
able) series over 10 latitudes zones for the RP, EP, MP and
LP (Table 2). This analysis showed that air temperature was
significantly negatively correlated to SWE in the RP and EP
over most latitude bands, with the strength of the slope typ-
ically increasing with latitude. The strength and significance

The Cryosphere, 9, 1943-1953, 2015

Table 3. Trends in SWE over Northern Hemisphere land during
2006-2099 derived from the three RCPs. All trends are significant
at 95 % confidence level (Mann-Kendall test).

Trend RCPs

(kgm~2/10a) RCP2.6 RCP45 RCP8.5
Autumn —0.51 —-1.17 —-1.83
Winter —0.54 —-1.18 —2.18
Spring —0.61 -1.32 —2.39
Summer —0.50 —-1.09 -1.79
Mean —0.54 -1.19 —2.05

of the regression slope varies over time within each sce-
nario depending on the interactions between the amount of
warming and the change in snowfall. In RCP8.5 for example,
warming effects dominate and significant negative slopes are
observed over nearly all bands in all three time slices.

4.2 Seasonal changes in SWE

The multi-model ensemble basically reproduces the seasonal
cycle in observed SWE(GlobSnow), Fig. 5 shows the com-
parisons of the monthly SWE from GlobSnow and simula-
tion with ensemble result from eight models during the ref-
erence period (1986-2005). The models basically reproduce
SWE and its variability, the models mean errors are less than
5% from November to February. However, the most models
(12 of 20 models are not marked with asterisks in Table 1)
overestimate monthly SWE in spring, it might be linked to
the rapidly snowmelt with air temperature rising in spring,
which implies the snow parameterization scheme in these
models needs to be improved.

Figure 6 shows the absolute and relative change (RC) in
SWE over NH land (excluding Greenland) during EP, MP
and LP for all three RCPs relative to the RP of the 21st cen-
tury. For all three periods of the 21st century, the greatest
decreases in SWE appears in snow season (Fig. 6a—c); con-
sidering the baseline of snow, on relative change, the great-
est decreases in SWE occur during the snow season shoul-
der periods of June to October with the smallest reductions
in February. The influence of emission scenario only be-
comes evident during the MP and LP (Fig. 6d-f). During
the last period of the 21st century (LP), the maximum reduc-
tion in SWE is 66.4 % for RCP8.5, and ranges from 27.5%
for RCP2.6 to 39.8 % for RCP4.5. Consequently, the relative
change in SWE is thus predicted to be markedly different to
the absolute change.

Temperature and precipitation are the dominant parame-
ters influencing SWE, and both exhibit considerable changes
in seasonality (Fig. 7). Relative to the RP, temperatures are
projected to rise during the EP (Fig. 7a), MP (Fig. 7b) and
LP (Fig. 7c) for all three RCPs, with the greatest warming
occurring in winter and the smallest in summer. The magni-

www.the-cryosphere.net/9/1943/2015/



H. X. Shi and C. H. Wang: Projected 21st century changes in snow water equivalent

1949

(c)

(a) (b)
0} 0
—&—RCP26 —©—RCP45 —=—RCP8S —&—RCP26 —@—RCPA5 —w—RCPBS5

-4 -4

€ ® \/Pb\ o 8
E E

5 12 S 12
=3 <

w -16 w -16
2 2

© -20 w -20

24 -2

-28 -28

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

—&—RCP26 =—©—RCP45 —w—RCP85

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

(f

(d) (e)
0t '
-10
.10 -10
-20
-20 -20
S g 2 %0
w w
-40 -40
2 z
-50 -50
-60 -60
—4—RCP26 —6—RCP45 —8—RCP85
=70 -70

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

—A—RCP26 —O—RCP45 —8—RCP85

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nc

-40

SWE (%)

-50
-60

—A—RCP26 —©—RCP45

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
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tude of the temperature change increases with higher emis-
sions over time. In the EP, the temperature increase does not
exceed 2 °C for all three RCPs, and larger differences emerge
during the MP and LP. Moreover, a basic feature is that the
temperature increase is significant in the high latitude during
the three periods of 21st century.

Precipitation also increases throughout the 21st century for
all three RCPs (Fig. 7d—f), and changes in precipitation dur-
ing winter exceed those during summer, despite the larger ab-
solute change in precipitation in summer. During the EP, the
magnitude of precipitation increase is the same for all three
RCPs, and the change gradually grows larger with increased
emissions over time. A noticeable feature of the model out-
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puts is that changes in precipitation for mid—-low emissions
are not significant during the MP and LP, the largest increase
in precipitation occurs during winter in the LP for RCP8.5,
and the RC exceeds 20 %.

There is model uncertainty of SWE simulation in the
21st century, especially for RCP8.5, this is illustrated in
Fig. 8, which also shows the range of uncertainty in the
mid-low emission scenario. However, despite model un-
certainty, annual SWE still exhibits a consistent and sig-
nificant decline for each of the three RCPs, with a linear
trend of —0.54 kgm~—2/10a for RCP2.6, —1.09 kgm—2/10a
for RCP4.5 and —2.05kgm~2/10a for RCP8.5 (Table 3).
Figure 8 also shows that the negative trend in SWE gradu-
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Table 4. Partial correlations between mean annual SWE and both mean temperature (7') and precipitation (P) over Northern Hemisphere
land for three RCPs. RP, EP, MP, and LP represent the periods 1986—-2005, 2016—2035, 2046—2065, and 2080-2099, respectively.

RCP2.6 \ RCP4.5 \ RCP8.5
Month RP EP MP LP \ EP MP LP \ EP MP LP
Jan. T -0.29 -0.59* —-0.25 -0.1 | —0.54* —-0.44* —-052* | —0.45* —0.38* -0.31
P —-0.13 —0.22 —0.05 —0.13 0.1 0 -0.14 0.05 —0.05 —0.05
Feb. T —0.42* —-0.2 -0.1 -0.37* -025 -0.76* -0.38* | —0.51* —0.39* —0.28
P 0.05 -0.17 -0.11 0.04 -0.11 0.18 0.09 0.02 —0.05 -0.11
Mar. T —-0.22 —0.26 —0.24 —-0.54* | —0.42* -0.17 -0.56* —0.4* —0.4* —0.4*
P —0.07 —0.03 —0.09 0.22 —0.05 —0.18 0.05 —0.02 —0.03 0.01
Apr. T -0.38* -0.31 -0.14 -0.38* | —-0.37* —-0.49* -0.51* | —0.49* -0.38* —0.38*
P —0.06 —-0.1 0.02 —0.01 —0.09 0.09 0.09 0.11 —0.08 —0.05
May T -0.36* —-0.33 —0.31 —-0.34 —-0.31 -0.46* —0.5% | —0.48* —0.42* —0.41*
P -0.07 -0.1 —0.38 —0.06 -0.2 0.07 0.09 0.1 —0.06 —0.01
Jun. T —0.43* —-0.33 -0.57* —0.07 —-0.26 —0.46* -0.08 | —0.45* —-0.39* —0.38*
P —0.07 —0.09 0.12 —0.06 -0.11 0.11 —0.27 —0.04 0.02 —0.05
Jul. T -0.48* —0.48* 0.27 -0.26 | —0.56* —-0.54* —0.51* -0.04 —0.46* —0.24
P —-0.11 0 —-0.2 —-0.14 —0.08 —0.02 0.05 0.02 —0.09 —0.02
Aug. T —-0.33 -0.48* -0.36* -0.21 | —0.48* —0.38* —0.29 | —0.47* —0.48* —0.4*
P —0.07 —-0.25 —0.06 —0.03 0 0 —0.02 —0.18 0 —0.06
Sep. T -0.35 —0.44* —0.39* 0.13 -0.3 -0.1 —-0.59* —0.27 —0.24 —-0.34
P —0.05 —0.13 —0.01 —0.14 —-0.17 —0.07 0.14 —0.07 —0.15 —0.04
Oct. T -0.35 -0.53* 0.18 0.16 | —0.47* -0.21 —0.5* —-0.33 —0.28 —-0.25
P —0.08 0 —0.09 —0.52 —0.03 0.06 0.07 -0.1 —0.06 —0.06
Nov. T —043* -0.36* —0.07 0.01 | —0.53* —0.47* -0.21 —-0.29 —-0.21 —-0.33
P —0.05 -0.11 —0.09 —0.28 0.15 —0.05 -0.2 —0.03 -0.17 0
Dec. T —0.25 —0.5* -0.12 0.08 -0.27 -0.58* -0.35 —-0.34 —0.28 —0.28
P -0.12 —0.05 -0.01 —0.29 —0.16 —0.05 -0.19 —0.03 —0.05 0.04
Note: * values exceed the 95 % significance test.
ally begins to level out for RCP2.6, and weakens somewhat
for RCP4.5. For RCP8.5, however, SWE continues to decline
0 - L beyond the end of the 21st century, which agrees with pro-
jections of snow cover extent (Zhu and Dong, 2013; Brutel-
- Vuilmet et al., 2013).
€
210 -
% 1
5 Contribution of temperature and precipitation to
20 i SWE change
—— RCP2.6 —— RCP4.5 —— RCP8.5
To identify the relative contributions of temperature and pre-
’ -] ' ' cipitation to changes in SWE, we calculate the partial cor-
2020 2040 2060 2080

Figure 8. Projected changes in mean annual SWE over Northern
Hemisphere land during the 21st century for all three RCPs (green:
RCP2.6; blue: RCP4.5; red: RCP8.5). The mean value for the 1986—
2005 reference period is subtracted from all values. Also shown is
the multi-model mean for all available models for each scenario.
The 10-year running average was derived for each model before
calculating the multi-model mean. Shaded areas denote the inter-
model standard deviation for each ensemble mean.
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relation between SWE and temperature as well as between
SWE and precipitation during the RP, EP, MP and LP for
three RCPs (Table 4). SWE has a strong negative partial cor-
relation with temperature throughout the 21st century, but the
correlation between SWE and precipitation was not statisti-
cally significant. The negative partial correlation for RCP8.5
decreases from the EP to the LP in the winter half-year, in-
dicating that there is less snow to melt when the air tempera-
ture increases to a certain level. We also note that the partial
correlation between SWE and temperature during the spring
uniformly passes the 90 % significance test during the EP,

www.the-cryosphere.net/9/1943/2015/
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16 [—sws ——P -=-F ——G -=NL ——SWE —P -=--F ——G ==NL

Contribution (mm)
Contribution (mm)

Contribution (mm)

Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Figure 9. Mean changes in SWE decomposed using Eq. (4) to show
the contribution of changes in precipitation (A P), the fraction of
solid precipitation (A F), the fraction of accumulated snowfall that
remains on the ground (AG), and nonlinear terms (NL) during the
period of 2016-2035 (a), 2046-2065 (b), and 2080-2099 (c) for
RCP8.5, relative to the 1986-2005 reference period.

MP and LP for RCP8.5, resulting in a persistent decline in
springtime SWE, despite the increase in precipitation.

Relative to 1986-2005, the largest absolute decline in sim-
ulated SWE also occurs in spring, indicating that the decrease
in SWE is related to earlier temperature-driven snowmelt.
This result agrees with Raisdnen (2008) who proposed that
changes in snow conditions would likely depend on present-
day temperature. With the increasing temperature, the sensi-
tivity of SWE to temperature averaged over the NH gradu-
ally increases from the EP to the LP for the same RCP (not
shown).

Temperature increase may change the water cycle and
rain—snow ratio (fraction of solid precipitation), and will act
to increase the rate of snow melt (fraction of accumulated
snowfall). Actually, as shown by Eq. (4), SWE can be af-
fected by changes in total precipitation, the fraction of pre-
cipitation that falls as snow and the fraction of accumulated
snowfall that has not melted. Réisénen (2008) used CMIP3
model simulations to analyze the contributions of the above
factors to SWE in Finland and eastern Siberia, and suggested
that the major contributor to the change in SWE varies re-
gionally, thus, over the whole NH, how about the effects
of total precipitation, snowfall and accumulated snowfall on
SWE during the different periods of the 21st century?

Figure 9 shows the contributions of total precipitation,
snowfall and accumulated snowfall to the changes in SWE
following Eq. (4; Rdisénen, 2008) for three RCPs during
three periods of 21st century. During the EP, total precipita-
tion shows an increase in all months, but snowfall decreases
in all months, as well as SWE reduce in all month, this indi-
cates that the competition between liquid and solid precipita-
tion influences the change in SWE with the temperature in-
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crease leads to SWE decrease. Because the magnitude of the
decrease in snowfall is larger than the increase in total pre-
cipitation, the reduction in SWE is attributed to changes in
the fraction of precipitation that falls as snow. The contribu-
tions of total precipitation, snowfall and accumulated snow-
fall grow larger with time. In general, from September to
May in the next year, the change (increase/decrease) in SWE
is generally related to change (increase/decrease) in snow-
fall, but after May increased melting efficiency dominates the
change in SWE. Figure 9 shows, during the LP, temperature
increases cause the reduction in accumulated snowfall to be
larger than the decreasing in snowfall after May, so that the
former becomes the main control on SWE.

6 Summary and conclusions

We employed 20 CMIP5 climate models to investigate pro-
jected changes in SWE for the 21st century under three dif-
ferent RCPs. The results show a decrease in mean annual
SWE for all three RCPs over much of the NH landmass rela-
tive to the RP. The most significant reductions occur over the
southern latitude, with an increase over Siberia, however, the
overall pattern in the NH is one of declining SWE. The multi-
model ensemble suggests that the magnitude of reductions in
SWE are strongly related to future emissions: negative trends
in SWE level out before the end of the 21st century under
RCP2.6, but continue to decline beyond the end of the 21st
century for RCP8.5.

Partial correlations between SWE and both temperature
and precipitation indicate that decreases in SWE can be pri-
marily attributed to increasing temperatures and decompo-
sition of the SWE change signal showed that reduction in
SWE is predominately attributed to warming-induced reduc-
tions in the fraction of precipitation that falls as snow from
September to May.

The spatial pattern of projected mean annual SWE change
shows a clear north-south gradient with the largest relative
reductions over more southern latitudes. The seasonal pattern
of projected changes shows the largest changes occurring
during the spring-summer period with the lowest changes for
annual maximum SWE. This underscores the need to exam-
ine SWE changes over the entire season.
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