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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 twenty global climate models, which are from the Coupled Model
Intercomparison Project Phase 5 (CMIP5). The results show that, relative to the 1986—
2005 mean, the multi-model ensemble projects a significant decrease in SWE for most
regions, particularly over the Tibetan Plateau and western North America, but an in-
crease in eastern Siberia. Seasonal SWE projections show an overall decreasing trend,
with the greatest reduction in spring, which is linked to the stronger inverse partial cor-
relation between the SWE and increasing temperature. Moreover, zonal mean annual
SWE exhibits significant reductions in three Representative Concentration Pathways
(RCP), a stronger linear relationship between SWE and temperature at mid—high lati-
tudes suggests the reduction in SWE there is related to rising temperature. However,
the rate of reduction in SWE declines gradually during the 21st century, indicating that
the temperature may reach a threshold value that decreases the rate of SWE reduction.
A large reduction in zonal maximum SWE (ZMSWE) between 30° and 40° N is evident
in all 21st century for the three RCPs, while RCP8.5 alone indicates a further reduction
at high latitudes in the late period of the century. This pattern implies that ZMSWE is
affected not only by a terrain factor but also by the increasing temperature. In summary,
our results show both a decreasing trend in SWE in the 21st century and a decline in
the rate of SWE reduction over the 21st century despite rising temperatures.

1 Introduction

As a key component of the cryosphere, snow plays a fundamental role in global cli-
mate, due to its high albedo and cooling effect (Vavrus, 2007). However, as global tem-
peratures increase, terrestrial snow cover in the Northern Hemisphere (NH) is chang-
ing rapidly. According to the IPCC Third Assessment Report (TAR) (Houghton et al.,
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2001), the total area of snow-covered land in the NH has decreased by ~ 10 % since
the 1960s. Meanwhile, projections of mean annual NH snow cover suggest a further
13 % reduction by the end of the 21st century under the B2 scenario, with individual
projections ranging from 9 to 17 % (Meehl et al., 2007). Furthermore, according to the
IPCC Fifth Assessment Report (AR5) (Stocker et al., 2013), the total area of NH spring
snow cover will decrease by 7 % for Representative Concentration Pathway (RCP) 2.6
and by 25 % for RCP8.5 by the end of the 21st century. From TAR to AR5, although the
models’ scenarios are different, the area of NH snow cover all represents a declined
trend, owing to the fact that snow is highly sensitive to rising temperature. Indeed, sev-
eral studies have shown that marked decreases in the area and/or depth of snow have
already occurred in regions such as western North America (Groisman et al., 2004;
Stewart et al., 2005), central Europe (Falarz, 2002; Vojtek et al., 2003; Scherrer et al.,
2004) and China (Ji et al., 2012; Wang et al., 2012), thus highlighting the need for
better projections of future snow conditions.

The snow depth mainly represents the magnitude of precipitation (snowfall) (Raiséa-
nen, 2008), snow cover possibly exhibit a more direct relationship to temperature
(Brutel-Vuilmet, 2013). However, snow water equivalent (SWE) primarily reflects the
common impact of temperature and precipitation on snow (Réis&nen, 2008). According
to AR5 (Stocker et al., 2013), the global temperature and precipitation will persistently
increase in the 21st century, in order to study the influence of temperature and precip-
itation on snow, SWE is arguably the most effective tool for assessing the hydrologic
impact of snow cover variability (Bulygina et al., 2009), owing to the large number of
studies to date. For example, SWE measurements from northwest North America were
described by Clark et al. (2001) and have since been used by McCabe and Dettinger
(2002) to improve forecasting of seasonal streamflow. Following comparison with ob-
servational data, global climate models consistently project declining SWE in many
areas by the end of 21st century, while some models shown an increase in snowpack
along the Arctic Rim by 2100 (Hayhoe et al., 2004; Brown and Mote, 2009). For ex-
ample, a 20 km-mesh atmospheric general circulation model projects decreased SWE

2137

| Jadeq uoissnosiq | Jaded uoissnasiqg

Jadeq uoissnasiq | Jaded uoissnosiq

TCD
9, 2135-2166, 2015

21st century changes
in show water
equivalent

H. X. Shi and C. H. Wang

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/2135/2015/tcd-9-2135-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/2135/2015/tcd-9-2135-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

over much of the NH, and increased SWE over colder regions (Siberia and northern-
most North America) due to increasing snowfall during the coldest seasons, although
the percentage change of SWE depend on geographical features (Hosaka et al., 2005).
Similarly, a regional climate simulation for North America reported increased March
SWE in parts of Alaska and Arctic Canada, but decreasing values farther south (Chris-
tensen et al., 2007).

According to the Coupled Model Intercomparison Project Phase 3 (CMIP3) projec-
tions, changes in seasonal SWE by the end of the 21st century will be spatially vari-
able, with much depending on present local climate conditions (Raisanen, 2008). For
example, in very cold regions, climate warming will lead to greater winter snowfall,
and thus a thicker snowpack, whereas in warm regions, higher temperatures will result
in reduced snowfall. Similarly, CMIP5 experiments project declining SWE over North
America south of 70° N (concentrated over the Rocky Mountains, to southern Alaska,
and the eastern Canadian provinces), with maximum changes during the peak snow
season (January—April), and increasing SWE north of 70° N due to enhanced precipita-
tion (Maloney et al., 2012). Except the influence of climate factor on SWE, Topography
also influences variability in SWE. In the mountainous regions of Europe and western
North America, projected reductions in SWE are greatest at low elevations (Maloney
et al., 2012), but decreases less with increasing altitude, owing to colder winter con-
ditions, while in some areas, simulated SWE actually increase with altitude (Scherrer
et al., 2004; Mote et al., 2005; Mote, 2006). Namely, the changes in SWE vary with the
altitude.

According to AR5 (Stocker et al., 2013), anthropogenic warming will continue be-
yond 2100 for all RCPs, with the consequences of accelerating the water cycle and
changing the ratio of snowfall to rainfall. Moreover, increased winter precipitation likely
will be insufficient to offset the greater contribution of liquid precipitation and enhanced
snowmelt driven by higher average temperatures (Raisénen, 2011). From TAR to AR5,
projected linear trends in SWE under different scenarios are highly variable since SWE
is dependent both on the concentration of total emissions and the duration of emis-
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sions. Furthermore, several studies conclude that SWE variability can be attributed to
either increasing precipitation (Hosaka et al., 2005; Maloney et al., 2012) or tempera-
ture (Lemke et al., 2007; Raisénen, 2011), while Raisdnen (2008) suggested that the
cryospheric response depends on the balance between increasing temperature and
precipitation. Consequently, our study was motivated by the need to address the fol-
lowing questions: (1) Throughout the NH scale, how will SWE respond to the different
RCPs projected for the 21st century? (2) How about the link between SWE and climate
change?

To further analyze anticipated changes in SWE, we employed output from the CMIP5
models in conjunction with GlobSnow product. Here, we focus primarily on temporal
and spatial changes in SWE and on variations in the relationship between SWE and
climate for each RCP in the 21st century. The specific datasets used in this study are
described in Sect. 2, and the comparison between simulated and observed dataset are
given in Sect. 3. Temporal and spatial characteristics of SWE are projected and ana-
lyzed in Sect. 4, and the relationship between SWE and climate change are discussed
in Sect. 5. The main results are summarized in Sect. 6.

2 Datasets

To objectively quantify the changes of SWE in the 21st century, we examined 20 models
participating in CMIP5 (Table 1), those all provide monthly SWE variable in the histori-
cal experiment and three scenarios experiments (RCP2.6, RCP4.5 and RCP8.5), and
we only use the first ensemble member produced by each model (e.g., r1i1p1). While
these models vary in their forcing parameters, each model includes the increases in
major anthropogenic aerosols observed during the 1850-2005 and anticipated for the
future scenarios. Further details are given at http://www-pcmdi.linl.gov.

The simulations of the models cover the periods 2006—2099 and 2006—2300. Here,
we describe changes in SWE during the former period, which is divided into three
segments: early (2016—2035: EP), middle (2045-2065: MP) and late (2080-2099: LP)
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21st century. The analyses were conducted using a 1° x 1° latitude—longitude grid, and
re-gridding of original model grids to the analysis grids was conducted via bilinear
interpolation.

To verify the performance of the CMIP5 models for simulating SWE, we compared
the CMIP5 output with the monthly SWE data from European Space Agency (ESA)
GlobSnow dataset (Takala et al., 2011). GlobSnow combines SWE retrieved from pas-
sive microwave observation and weather station observation, because of the improved
accuracy achieved by assimilating independent sources of information, this is a more
realistic SWE product currently available (Hancock et al., 2013). The series cover the
period of 1979-2010, and the SWE data have a resolution ratio of 25 km x 25 km, and
is also interpolated onto a common 1° x 1° grid. Hereafter, we refer to the GlobSnow
dataset as the observed SWE.

3 Validation of CMIP5 simulations for SWE

To evaluate the simulation performance of the models used in this study, we calcu-
lated correlations and standard deviation ratios for the observed and simulated winter
mean SWE (Fig. 1). We found that each simulated SWE exhibits a close spatial corre-
lation (P < 0.05) with the observations, and the majority of standard deviation ratios are
close to one. By comparison, most existing models have less-robust correlations and
lower standard deviation ratios with the observed data in the time series from 1980 to
2005. However, the multi-model ensembles evidently improve the performance, which
have better correlation and standard deviation ratios than the most individual model.
In addition, both the observed and the simulated averaged winter mean SWE over the
Northern Hemisphere land is also shown in Fig. 2. The observed average winter mean
SWE over the Northern Hemisphere is 71.6 kg m~2, while the stimulation ranges from
61.0 to 111.3kg m2. Significantly, most models overestimate, and only five models
(CanESM2, CSIRO-Mk3-6-0, HadGEM2-ES, MPI-ESM-LR, MPI-ESM-MR) underesti-
mate SWE, compared with the observation, and the multi-model mean is 80.8 kg m~2
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which is closer to the observation than the most individual model. This illustrates that
the multi-model ensemble is more effective for simulating changes in SWE than individ-
ual model. From here on, all simulation values denote the multi-model means, and we
take the period of 1986—2005 in historical experiment (1850—-2005) as the reference
period.

4 Changes in SWE in the 21st century

In order to project future patterns of SWE change, we analyze simulations for the three
RCPs (RCP2.6, RCP4.5, RCP8.5) on temporal and spatial scales.

4.1 Spatial changes in SWE for the three RCPs

General patterns of projected SWE for the three periods of the 21st century are shown
in Fig. 3. Relative to the reference period 1986—-2005 (RP), mean annual SWE declines
over much of the NH for all the RCPs, with the greatest changes occurring over the
Tibetan Plateau (TP). Only in eastern Russia and Siberia does a weak increase in
SWE occur. Over North America, above 60° N, we observed a pronounced reduction
in SWE during the LP for RCP8.5, with relative-error ratios (RE) ranging from —40 to
—-10%, and from —20 to —10 % for both RCP2.6 and RCP4.5. In eastern Siberia, the RE
increases to 10 ~ 20 % for RCP8.5, while for both RCP2.6 and RCP4.5 the RE is less
than 10%. This pattern suggests that, as emissions rise, the intensity of decreased
or increased SWE both increases. Meanwhile, we note that the decline in SWE is
greater during the LP than during the EP and MP for the same emission scenario.
Simulations of mean annual SWE show a similar pattern to those of winter and spring
(not shown). For example, in springtime, RE of SWE is between —20 and —10 % over
northern North America and ranges from —40 to —20% over most of Europe. The
extent of increased springtime SWE is basically the same as that in winter and the

2141

| Jadeq uoissnosiq | Jaded uoissnasiqg

Jadeq uoissnasiq | Jaded uoissnosiq

TCD
9, 2135-2166, 2015

21st century changes
in show water
equivalent

H. X. Shi and C. H. Wang

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/2135/2015/tcd-9-2135-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/2135/2015/tcd-9-2135-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

annual mean. Nonetheless, the magnitude of decline of SWE in spring exceeds that in
other seasons, resulting that the decrease of SWE in spring is the most significant.

As global temperatures rise, the projected reduction in SWE is most pronounced
along the southern limits of seasonal snow cover. Particularly over the TP, where is the
unique cold, high-altitude region in the mid-latitude NH (Fig. 3), atmospheric warming
serves to accelerate snowmelt and reduce total snowfall amounts (Réisanen, 2008).

To investigate the zonal changes in SWE, Fig. 4 illustrates the zonal changes in
mean-annual and maximum SWE and temperature derived from multi-model simula-
tions for the three periods of the 21st century. Relative to RP, the projected temperature
increase by the end of the 21st century will not exceed 2°C for the lower emissions
pathway (RCP2.6) (Stocker et al., 2013). However, as indicated by Fig. 4c, f, and i,
temperatures will increase more rapidly at high latitude than at lower latitude. Viewed
in greater detail, the model results are similar for all three RCPs during the EP, but di-
verge during the MP and LP. The maximum simulated increase in temperature occurs
at high latitude during the LP for RCP8.5.

For all three RCPs, the simulations of mean annual SWE exhibit a clear decline
throughout the 21st century (Fig. 4b, e, and h), with the greatest reductions occurring
at high latitudes (~ 70-80° N). Relative to RP, the decline in low-latitude SWE during
the EP is minor (~ —10kg m'2) for all three RCPs, and the magnitude of the decline
rises with increasing latitude. In contrast, the magnitude of the decline in SWE reaches
-30kg m~2 between 70 and 80° N in each of the three RCPs in EP. While the zonal
change in mean annual SWE is highly dependent on RCPs during the MP and LP,
particularly at higher latitudes. South of 60° N, the relative changes in SWE during the
MP are similar for all three RCPs. However, between 70° and 80° N, the decrease in
SWE is —-36 kgm™2 for RCP2.6, —44 kgm™2 for RCP4.5, and —55kgm ™2 for RCP8.5.
Moreover, the reduction in SWE is more pronounced in the LP than during the EP
and MP, particularly for RCP8.5. We note that the maximum increase in temperature
and decrease in SWE both occur at high latitudes, suggesting a potential relationship
between decreasing SWE and increasing temperature for different RCPs.
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Figure 4a, d, and g illustrates an intriguing pattern of zonal maximum SWE (ZMSWE)
variability. Relative to RP, the ZMSWE exhibits a general decline for all RCPs over the
course of the 21st century. However, the ZMSWE shows a similar pattern for the three
RCPs during the EP and MP, while the amounts of decline become highly variable
during the LP for the three RCPs. This pattern suggests that the change in ZMSWE
depends not only on RCP but also on the different periods (e.g., EP, MP, LP). In con-
trast, a large reduction in ZMSWE occurs between 30 and 40°N for all three RCPs
during the EP, MP and LP, and is potentially linked to the strong reduction in SWE over
the TP (Fig. 3). As the only cold, high-altitude region in the mid-latitude NH, the unique
topographic and cryospheric effects of the TP may have affected the performance of
model simulations in this region. Nonetheless, we note the modeled output generally
captured the main features of the observations (Fig. 1).

We also note that a second, larger decline in ZMSWE occurs at 60-70° N during
LP for RCP8.5, this change always accompanies with the amplified warming at the
high latitudes, and the magnitude of this decline in SWE is greater than that at 30—
40° N. But this result disagrees with the findings of Brutel-Vuilmet et al. (2008), who
suggested that the relative reduction in ZMSWE would be greatest at lower altitudes
(20-30° N). According to that study, the low-latitude decline in ZMSWE is driven by
strong snowfall reduction, and the changes are weak farther north despite the stronger
warming (Brutel-Vuilmet et al., 2008). Other studies also argue that the most significant
decrease in ZMSWE occurs at low elevation in mountainous regions (e.g., Maloney
et al., 2012); however, the present results In this study show that the significant change
in ZMSWE may also occur at higher elevations (e.g., the TP).

As shown in Fig. 4g, the magnitude of the decrease in ZMSWE during the LP for
RCP8.5 is greater than for the two lower-emissions pathways (RCP2.6 and RCP4.5),
particularly at higher latitude. This pattern also indicates a role for temperature in driv-
ing changes in ZMSWE, with the exception of the influence of elevation.

According to AR5 (Stocker et al., 2013), anthropogenic warming will be most pro-
nounced at high latitude, and the temperature increase further leads to changes in
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water exchange and the water cycle. Additionally, such enhanced warming will influ-
ence the rainfall-to-snowfall ratio of winter precipitation, potentially driving changes in
snow cover and/or SWE. Table 2 shows projected changes in the zonal relationship
between mean annual SWE and temperature. Relative to RP, the rate of decline in
mid-latitude SWE will increase with rising temperature for the mid—low emissions path-
ways. In contrast, the sensitivity of SWE to temperature gradually decreases from the
EP to the LP for RCP8.5, suggesting the rate of reduction in SWE might decline as
temperature increases beyond a certain level.

In AR4 (Meehl et al., 2007), temperatures in the 40-60° N latitude band were closely
correlated with the area of springtime snow cover (r = —0.68). This correlation in-
creased to —0.76 in AR5 (Stocker et al., 2013). The present results support those
findings, suggesting that the most significant changes in SWE will occur at mid to high
latitudes during winter and spring (not shown). Furthermore, the correlation between
SWE and temperature is stronger than that reported by AR5 (Stocker et al., 2013),
indicating that SWE at mid to high latitudes will persistently decrease with the rising
temperature.

4.2 Seasonal changes in SWE

Figure 5 depicts seasonal changes in monthly SWE averaged over the NH landmasses
(excluding Greenland) during the RP, EP, MP and LP. The multi-model ensemble shows
that simulations during the RP are consistent with the observed SWE, reproducing the
basic features of monthly SWE, maximum values during spring, and minimum values
during summer. These same features are evident in simulations of the EP, MP, and
LP for the three different RCPs, the main difference being that total SWE amounts
are lower than those during the RP. Figure 5b, d, and f shows changes in SWE dur-
ing the EP, MP and LP for all three RCPs, relative to RP. For all three periods of the
21st century, the greatest decrease in SWE occurs during spring, while the smallest
reduction occurs in summer, contrary to the pattern of monthly SWE change. The mag-
nitude of the decrease in SWE is similar for each RCP during the EP (Fig. 5b), that is,
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in the first 20 years of 21st century, the change in SWE relative to RP is the same
in all three RCPs, but differences among the RCPs are evident during the MP and LP
(Fig. 5d and f). During the LP, the maximum decline reaches —26.39 kg m~2 for RCP8.5,
while the values range from —-13.85 to —17.45kg m™~2 for RCP2.6 and RCP4.5, respec-
tively. RCP has stronger effects on SWE change in LP than in EP and MP, although the
model uncertainty caused by integration cumulative errors is enlarged from EP to LP.
However, the simulation still basically reproduces the features of SWE. Thus, regard-
less of RCP or time period, the reduction in SWE during the winter half-year exceeds
that in the summer half-year, in keeping with the results shown in Fig. 3.

As the dominant parameters influencing SWE, temperature and precipitation both
exhibit considerable changes in seasonality (Fig. 6). Relative to RP, temperatures for
all three RCPs are projected to rise during the EP (Fig. 6a), MP (Fig. 6¢), and LP
(Fig. 6e), with the greatest warming occurring in winter, and the smallest in summer.
Similar results in EP (Fig. 6a) show that the temperature increase does not exceed
2°C, which is consistent with the results in AR5. During later periods, the magnitude
of warming varies according to RCP, particularly during the LP, for which the RCP8.5
simulation produces a larger change than the other two emissions pathways (Fig. 6e).

Precipitation also exhibits an increasing trend for the different RCPs, with the small-
est increase occurring in spring, coincident with the largest decrease in SWE during
spring. Simulated changes in precipitation are similar for the different RCPs during the
EP (Fig. 6b), but diverge during the MP (Fig. 6d) and LP (Fig. 6f), indicating that the
magnitude of projected precipitation changes is dependent on RCP and the time pe-
riod. The most significant increase in precipitation occurs during the LP for RCP8.5.
While the rise in temperature during the winter half-year is larger than that of the sum-
mer half-year, the opposite is true for precipitation, with the greatest increase taking
place during the summer half-year. This pattern implies that decreasing SWE is at-
tributable to increasing temperature and the minor increase in precipitation.

To differentiate between the relative contributions of temperature and precipitation
to SWE, we calculated partial correlations between the SWE and temperature and
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precipitation. Table 3 shows that for each time period of the 21st century, SWE has
a strong negative partial correlation with temperature and weak correlation with precip-
itation. The significantly negative partial correlation for RCP8.5 decreases from EP to
LP in the winter half-year, implying that the rate of decline should diminish as a conse-
quence of rising temperature. We also note that the partial correlation between SWE
and temperature during the spring uniformly passes the 90 % significance test during
the EP, MP, and LP for RCP8.5, resulting in a persistent decline in springtime SWE.
The largest decline in simulated SWE also occurs in spring, consistent with the results
shown in Figs. 3 and 5, the decrease in SWE is related to the increasing temperature.
Raisénen (2008) proposed that changes in snow conditions will most likely depend on
present-day temperature, in close agreement with our results.

The correlation between SWE and temperature in Table 2 reflects the relation of
SWE decreasing to the increasing temperature. The sensitivity of SWE to temperature
shows a gradually increase over the 21st century form the south to the north. The
correlation is significant in most latitude zones (north of 30° N) in EP, but not in MP or
LP, in all three RCPs, and is only significant north of 30° N under RCP8.5 in the EP, MP
and LP. In addition, SWE is only weakly related to temperature in MP and LP except
for several latitude zones in RCP2.6, suggesting that the temperature increase is not
always linked to a decreasing SWE.

4.3 Trend changes in SWE

To further analyze the SWE changes in different RCPs, Fig. 7 shows the annual and
seasonal SWE trend distribution during 2006—2099 in the NH. The results show that the
projected significant changes in SWE occur at mid to high latitudes, with a decreasing
trend over the northern North America and the TP, and an increasing trend over Siberia.
This pattern shows that the rate of SWE change is spatially variable. The CMIP5 multi-
model ensemble projects a decreasing trend in SWE in most regions over the NH
landmasses between 2006 and 2099 (Fig. 7). For RCP2.6, the mean annual SWE is
projected to decrease considerably over the TP, where the annual mean trend is less
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than -4 kg m™2 (10a)_1, which is consistent with the temperature increasing rapidly at
high elevations in mid-latitude regions. Coastal Alaska is another region where SWE
changes are evident, and the trend here is between —1.5 and —1kgm™2(10a)”". In
other regions, trends range from —0.5 to 0.5kg m~2 (1 Oa)'1 for RCP2.6. An increasing
trend is projected for Siberia.

For RCP4.5, the areal extent of the significant reduction in SWE increases over both
the TP and coastal Alaska, and the notably decreasing trend over the TP reflects the
decreasing SWE in response to increasing temperature, with the exception of the in-
fluence of terrain. For RCP8.5, the mean annual SWE is projected to decline over
North America, particularly in western North America and eastern Canada, where the
trend is smaller than —4 kg m'2(10a)'1. In the Eurasia region north of 45° N, SWE is
projected to increase in the east (eastern Siberia) and decrease in the west. Another
significant negative trend is located over central Russia, where the negative trend in
SWE ranges from -3.5 to —-3kg m~2(10a)”". At mid—low latitudes in Eurasia, the most
significant reductions in mean annual SWE still occur over the TP. Compared with the
lower-emissions pathways (RCP2.6, RCP4.5), the magnitude of decline or increase in
SWE is greater for RCP8.5. Specifically, the CMIP3 models show that mean annual
SWE will increase over eastern regions and decrease over western regions of Eura-
sia between 2003 and 2060, and that the intensity of SWE changes is greater under
higher-emissions scenarios (e.g., A2) than under lower-emissions scenarios (e.g., B1)
(Ma et al., 2011).

At the seasonal scale, projected trends in SWE over the NH landmasses are weaker
during the summer half-year than the winter half-year for all three RCPs. During winter,
in Eurasia north of 45° N, SWE exhibits an increasing trend in the east and a decreasing
trend in the west. In contrast, trends in wintertime SWE are uniformly negative over
North America and the TP. From the lower emissions to the higher emissions, both the
increasing and decreasing trends become more pronounced. In contrast, the extent
and intensity of the incremental SWE in winter is larger than that in spring, but the
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reduction range and strength is significantly smaller than that in spring; consequently,
the absolute scale of reduction in SWE is larger in spring than in winter.

Although ensemble simulations show that SWE decreases throughout much of the
NH during the three RCPs investigated, we note that there remains a significant in-
creasing trend in SWE across Siberia in winter and spring. Nonetheless, owing to the
greater geographical extent and magnitude of the projected reductions, the average
trend for the NH in the 21st century is for progressively declining SWE.

The projected changes in mean annual SWE over NH landmasses in the three RCPs
are shown in Fig. 8 and Table 4. Relative to RP, mean annual SWE exhibits a con-
sistent decline for each of the three RCPs, with linear trends of —0.54, —1.09, and
-2.05kg m‘2(10a)‘1 for RCP2.6, RCP4.5, and RCP8.5 (Table 4), respectively. After
2040, the negative trend in SWE gradually begins to level out for RCP2.6, and weak-
ens somewhat for RCP4.5. For RCP8.5, however, the SWE continues to decline be-
yond the end of the 21st century, consistent with anticipated reductions in snow cover
(Brutel et al., 2012).

5 Changes in SWE with rising temperature

In both seasonal and zonal contexts, rising temperatures play a fundamental role in
projected SWE. To analyze the impact of temperature on SWE in the 21st century, the
ratios of SWE decrease to temperature increase are calculated for the three RCPs dur-
ing the EP, MP, and LP (Fig. 9). The ratios reflect the sensitivity of SWE to temperature.
Similar linear relations have been reported for sea ice (Mahlstein and Knutti, 2012)
and permafrost (Slater, 2013), indicating that increasing temperature plays a central
role in cryospheric change. As shown in Fig. 9, the slopes for EP, MP, and LP (-1.47
to —2.50kgm™2°C™") are less than that for the RP (=3.17kgm~2°C™"), implying that
the rate of decrease in SWE ultimately will decline with persistent temperature rise.
Furthermore, we note that the sensitivity of SWE to temperature increases gradually
from the EP to LP for a single emissions pathway, and over the same period the sensi-
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tivity decreases when moving from the lower-emissions to higher-emissions pathways.
Thus, the impact of temperature on SWE is dependent on the magnitude and duration
of emissions forcing.

Furthermore, a linear relationship between SWE and temperature is found for all
three RCPs and all three periods (Table 2). The linear regression slope reflects the
response of SWE to the increasing temperature. The sensitivity of SWE to temper-
ature gradually declines over the course of the 21st century for RCP8.5, suggesting
a threshold for the relationship between SWE and temperature. That is, if the temper-
ature increases to a certain level, the rate of decline in SWE will slow down.

6 Summary and conclusions

We employed twenty CMIP5 climate models to investigate projected changes in SWE
for the 21st century, using three different RCPs. We find that, relative to RP, mean
annual SWE for all three RCPs exhibits a negative trend over much of the NH land-
masses. The most significant reductions occur over the TP and the majority of North
America, while a minor increase occurs over Siberia. Moreover, we suggested that the
intensity of changes in SWE is greater for RCP8.5 than for RCP4.5 and RCP2.6, and
that these changes are most pronounced at mid to high latitudes. Since both the mag-
nitude and geographic extent of the reduction in SWE are much greater in spring than
in winter, the overall pattern in the NH is one of declining SWE, with the most significant
losses occurring in spring. The multi-model ensemble suggests that the negative trend
for RCP2.6 will begin to diminish after 2040, whereas the declining trend continues
beyond the end of the 21st century for RCP8.5.

Changes in SWE are accompanied by increasing temperature and precipitation
during the winter half-year, most notably in spring. However, the partial correlations
between SWE and both temperature and precipitation indicate that considerable de-
creases in SWE can be attributed primarily to increasing temperatures. Furthermore,
we note that while atmospheric warming occurs preferentially during the winter half-
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year, coincident with the small projected increase in precipitation, but the increase pre-
cipitation cannot compensate for the increased snowmelt due to rising temperatures.

Projections of mean annual SWE exhibit declining trends with increasing latitude.
Specifically, a more significant reduction in mean annual SWE for all three RCPs oc-
curs between 70 and 80° N for the three time periods of the 21st century, accompanied
by an anticipated warming trend. Moreover, the correlation between mean annual SWE
and temperature is significant at high latitudes, and the data suggest that a threshold
of the relationship between the SWE and temperature would restrain the persistent de-
cline in SWE with increasing temperature. For ZMSWE, the results also show a larger-
scale decrease in ZMSWE centered between 30 and 40° N for all RCPs during the
three periods investigated, which reflects the influence of terrain on SWE, and other
pronounced reduction occurs at high latitude during the LP, only for RCP8.5, implying
that, with the exception of topography, changes in ZMSWE are influenced primarily by
temperature.

An intriguing feature of the modeled projections is that, although decreasing SWE
invariably accompanies the increasing temperature, ratios of SWE decrease to tem-
perature increase are highly variable among the RCPs and modeled time periods. The
results suggest that this pattern reflects diminished sensitivity of SWE to temperature
during the EP, MP, and LP relative to the RP. As mean annual temperature increases,
the rate of decline in SWE will decrease, a pattern that is dependent not only on the
specific RCP but also on the time period (e.g., EP, MP, LP). Although the projection
results contain uncertainties due to errors caused by integration truncation and inter-
model differences, this does not affect the generality or the value of the main conclu-
sions of this study.
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Table 1. Models 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 and 2.8°x2.8°
Analysis, Canada

4 CCSMm4 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 Europeen de Recherche et Formation
Avancees 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°x6°

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

9 GFDL-ESM2G Geophysical Fluid Dynamics Laboratory, USA 25°x2.0°

10 GISS-E2-H ASA Goddard Institute for Space Studies, USA 25°x2.0°

11 GISS-E2-R NASA Goddard Institute for Space Studies, USA 25°x2.0°

12 HadCEM2-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 2.8°x2.8°
Technology, 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°x1.875°
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Table 2. Zonal slope (S) and correlation (C) between SWE and mean temperature for three
RCPs. RP, EP, MP, 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
20-30 S -043* -022 -145 -0.36 -0.52* -0.25 -0.08 -0.23* -0.23* -0.08
Cc -055* -022 -042* -0.14 -0.69* -0.34 -0.03 -0.45° -0.48* -0.30
30-40 S -215* -438* -074 -1.02 -339* -085 -286 -3.14* -1.64* -0.81*
¢ -064* -091* -013 -0.13 -0.77* -029 -025 -0.84* -0.78* -0.68*
40-50 S -1.00* -084 -160 -297* -1.69° -1.06* -3.02* -1.77* -0.89* -0.76*
c -062* -044* -039 -055* -0.80* -0.48* -0.71* -0.86" -0.74* -0.82*
50-60 S -827+ -382¢ -039 -268 -3.28° -3.24* -2.62* -3.25* -2.55* -1.33*
¢ -071* -0.64* -0.08 -0.28 -0.75* -0.65* -0.57* -0.80* -0.78" -0.67"
60-70 S -287 -257* -284 -364 -3867° -510* -3.71 -410* -3.70* -2.84*
c -066* -047* -032 -0.33 -0.74* -0.76* -0.35 -0.71* -0.83" -0.73"
70-80 s -102* -16.9* -030 -240 -457* -523* -210 -831* -6.16* -4.62*
¢ -0.88* -0.72* -0.02 -0.35 -0.65* -0.81* -0.06 -0.84* -0.91* -0.88"

* Indicate that the slope and correlation exceed the 95 % significance test.
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Table 3. Partial correlations between SWE and both temperature () and precipitation (P) for
three RCPs. RP, EP, MP, LP represent the periods 1986-2005, 2016-2035, 2046—2065, and

20802099, respectively.

RCP2.6 RCP4.5 RCP8.5
Month RP EP MP LP EP MP LP EP MP LP
Jan r -029 -059* -0.25 -0.1 -0.54* -0.44* -0.52* -0.45* -0.38* -0.31
P -013 -022 -0.05 -0.13 0.1 0 -0.14 0.05 -0.05 -0.05
Feb T -042* -02 -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 r -022r -026 -024 -0.54* -042* -0.17 -056* -04* -04* -04~
P -0.07 -0.03 -0.09 0.22 -0.05 -0.18 0.05 -0.02 -0.03 0.01
Apr r -038* -031 -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 r -036° -033 -031 -0.34 -031 -046* -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 -043* -033 -057 -0.07 -026 -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 -033 -048* -0.36* -0.21 -0.48" -0.38 -0.29 -047* -048" -04*
p -007 -025 -0.06 -0.03 0 0 -0.02 -0.18 0 -0.06
Sep T -035 -044* -0.39" 0.13 -0.3 -0.1 -0.59* -027 -024 -0.34
p -005 -013 -0.01 -0.14 -0.17 -0.07 0.14 -0.07 -0.15 -0.04
Oct T -035 -053* 0.18 0.16  -0.47* -0.21 -0.5* -0.33 -028 -0.25
P -0.08 0 -0.09 -052 -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* -021 -029 -021 -0.33
p -005 -0.11 -0.09 -0.28 0.15 -0.05 -0.2 -0.03 -0.17 0
Dec r -025 -05° -0.12 0.08 -0.27 -0.58* -035 -0.34 -0.28 -0.28
P -012 -0.05 -0.01 -029 -0.16 -0.05 -0.19 -0.03 -0.05 0.04

* Indicate that the partial correlation exceeds the 95 % significance test.
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SWE (kg m?2)

Figure 2. The average of the observed and stimulated winter mean SWE over the Northern
Hemisphere land during 1980-2005. (The “MME” comprises the 20 preceding models listed in

the figure).
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Figure 3. Changes in mean annual SWE (_kg _m‘z) projected by the _CMIP5 ensemble, relative §
to the 1986-2005 mean. The three rows indicate the three scenarios RCP2.6, RCP4.5 and &
RCP8.5, respectively, the three columns are the three periods of 2016-2035, 2046—-2065 and S
20802099, respectively. A
2 O

2160


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/2135/2015/tcd-9-2135-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/2135/2015/tcd-9-2135-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

TCD

Jaded uoissnosiq

(a) (b) (c) 9, 2135-2166, 2015
0 0 —~ 10
o v o = o ——RCP2.6
5’7200 v g ;g *-.\\ ; 8 | —e—RcPas
S o < 2 6 —encres 21st century changes
-40 g
g oo —a—RCP26 3 o | ~e-cn2s g ¢ in snow water
800 | —a—reras jg —o—RCP4S E 2 .M T .
1000 L ——RePeS o L oroeas g - equivalent
S H S O L S H»H L L S I R S T
o S & R I A, o s & @ .
Lat(N) Lat(N) Lat(N) o H. X. Shi and C. H. Wang
(d) (e) (f) 73
—~ ©
& ol —13 L ° —a—RCP26 =]
<. g 2 6| e roes % Title Page
@[ Rers ol Bl e ,4.__.-—«/ = Abstract Introduction
-800 | —e—RCP4S 0 —oRePas § 2
—=—RCP8.5 —=-RePes = T A
i 4>°")p N c?‘bg s «“’Q’Q i 4?’“0 s a“'@ & x“@ ”»P'DQ @"’0 «9'@ @Ae '\Q"é> |w)
h .
) (g) ) (h) . (i) §
g -200 S, 20 g 8 | _e—RCPAS >
< 00 < 30 & 6 - -s—RCP8S e
g -600 % i:g —&—RCP2.6 g 4 ’_**—/ % _ —
800 -60 - —e—RCP4.5 'E 2 ,—a——t——/ EE
-1000 -80 0
'9?’0 s“bp @},’e 9“@ @:\Q «“@ ﬁ?"bo "9'@ @?P a“@ @:\0 «°§ x“@ ”»?'Bp @he ‘9'@ @AQ «“'@ - Full Screen / Esc
Lat (N) Lat(N) Lat (N) )
3
Figure 4. Zonal changes in maximum annual SWE (panels a, d, g), mean annual SWE (panels Printer-friendly Version
b, e, h), and mean annual air temperature (panels ¢, f, i) for 2016-2035 (top), 2046—2065 ‘g- TS
(middle), and 2080—2099 (bottom), relative to the 1986—2005 mean. %
>
O,
o S

2161


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/2135/2015/tcd-9-2135-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/2135/2015/tcd-9-2135-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

0 - 0 b
RP —A—RCP2.6 —6—RCP45 —@—RCP85 4 —a—RCP2.6 —©—RCP45 —=—RCP8.5
60 T
oy T -\/AN
£
40 o 127
o
> 30 % -16
W L
=
% 20 F w 20 |
(@)
L 24
10 (b)
0 P S S 28 L
Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
70 ¢ 0
——RP —&—RCP2.6 —€—RCP4.5 —&—RCP8.5 —A—RCP2.6 —6—RCP45 —=—RCP85
60 | 4l
N ~ 8|
E E
g 40 S 12 F
w 30 o -16
= =
w20 v 20
10t () 24
(d)
0 -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
70 ¢ 0 —
——RP —&—RCP2.6 —€—RCP4.5 —&—RCP8.5 ——RCP26 —©—RCP45 —a— RCP8.5
60 | 4l
& 50 ~ 8}
15 £
g 40 E -12
w3t w16
2 =
w20 r w20
0 (e) 24 f .
0 -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

Figure 5. Projected changes in monthly average SWE over NH landmasses: panels (a), (c),
and (e) show the output of the RP (1986—2005), RCP2.6, RCP4.5, and RCP8.5 simulations;
panels (b), (d), and (f) depict changes in SWE, relative to RP, for 2016-2035 (top), 2046—-2065
(middle), and 2080-2099 (bottom).
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Figure 6. Changes in mean annual air temperature (left) and precipitation (right) for 2016—2035
(aand b), 2046—-2065 (¢ and d), and 2080-2099 (e and f), relative to the 1986—-2005 mean, for
three RCPs.
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Figure 7. Spatial distributions of projected SWE trends (kg m'2(10a)'1) between 2006 and
2099 for the three RCPs. Shaded areas represent regions where trends reach 95 % signifi-
cance. The five rows indicate the annual mean, winter, spring, summer, and autumn SWE. The
three columns are RCP2.6, RCP4.5, and RCP8.5, respectively.
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Figure 8. Projected changes in mean annual SWE over NH landmasses during 21st century,
relative to RP (1986—2005), for all three RCPs (green: RCP2.6; blue: RCP4.5; red: RCP8.5).
Also shown is the multi-model mean for all available models for each scenario. The 10 yr running
average is derived for each model before calculation of the multi-model mean. Shaded areas
denote the inter-model standard deviation for each ensemble mean.
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Figure 9. Sensitivity of SWE to mean annual temperature over NH landmasses, derived from
three RCPs, for the periods 2016-2035 (a), 2046—2065 (b), and 2080-2099 (c). The term “RP” Full Screen / Esc
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