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Increases in the annual range of soil water storage
at northern middle and high latitudes
under global warming
Wen-Ying Wu1, Chia-Wei Lan1, Min-Hui Lo1, John T. Reager2, and James S. Famiglietti2,3

1Department of Atmospheric Sciences, National Taiwan University, Taipei, Taiwan, 2NASA Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, California, USA, 3Department of Earth System Science and Department of Civil
and Environmental Engineering, University of California, Irvine, California, USA

Abstract Soil water storage is a fundamental signal in the land hydrological cycle and changes in soil
moisture can affect regional climate. In this study, we used simulations from CoupledModel Intercomparison
Project Phase 5 archives to investigate changes in the annual range of soil water storage under globalwarming
at northernmiddle and high latitudes. Results show that future warming could lead to significant declines in
snowfall, anda corresponding lackof snowmeltwater recharge to the soil, whichmakes soilwater less available
during spring and summer. Conversely, more precipitation as rainfall results in higher recharge to soil water
during its accumulating season. Thus, the wettest month of soil water gets wetter, and the driest month gets
drier, resulting in an increase of the annual range and suggesting that stronger heterogeneity in global water
distribution (changingextremes) couldoccurunderglobalwarming; thishas implications forwatermanagement
andwater security under a changing climate.

1. Introduction and Background

The water stored in soils beneath the land surface is important in numerous physical processes, including
supporting runoff generation, land-atmosphere exchanges, and modulating flood potential [Reager et al.,
2014] and drought duration [Thomas et al., 2014]. Climate-driven changes in the hydrological cycle can
lead to changes in extremes of precipitation, soil moisture, and surface water [Taylor et al., 2013], which
can affect food and water security as well as plant growth. Chou and Lan [2012] and Chou et al. [2013]
indicated that the seasonal range of precipitation tends to increase under global warming, specifically, that
wet seasons become wetter, and that dry seasons get drier. Studies have shown the effects of climate
change on terrestrial hydroclimatology as well. For example, Gregory et al. [1997] used the HadCM2 climate
model to show that a rise in greenhouse gas concentrations was related to decreases in soil moisture in
the Northern Hemisphere middle latitudes because of the reduced snow cover causing higher evaporation
during the winter and spring. Furthermore, warmer temperatures are able to alter the phase of
precipitation (i.e., less winter precipitation falls as snow) and to cause earlier runoff peak in the spring
[Barnett et al., 2005]. Dirmeyer et al. [2013] reported an increase in the interannual variability of soil water
storage over most of the high latitudes in the Representative Concentration Pathway (RCP) 8.5 projections
from the Coupled Model Intercomparison Project Phase 5 (CMIP5) archives [Taylor et al., 2012]. They also
suggested that terrestrial hydrological-state variables (such as soil moisture) have a more dominant role,
compared with that of the free atmosphere, in boundary layer properties under climate changes.

Recently, Kumar et al. [2014] found more water availability in the wet season and less water availability in dry
season for most parts of the world under a changing climate. Analyzing CMIP5 outputs, Arnell and
Lloyd-Hughes [2014] showed that the impacts of global warming on water resource stress and river
flooding under RCP 8.5 were greater than those of other RCPs in the future climate. In addition, Zhang
et al. [2014] indicated that both the wetter area (where the runoff increase exceeds 10%) and the drier
area (where the runoff decrease exceeds 10%) approximately linearly increased with the rise in the global
mean temperature, indicating more spatially heterogeneous soil wetness over the land.

Under climate change, the availability of river runoff may decrease in existing water-stressed regions [Milly
et al., 2005]. Changes in soil water storage also affect the amount of groundwater-driven runoff [e.g., Lo
et al., 2008], which is a vital water resource under climate changes. How land water storage responds to
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climate change is still relatively unknown and is of value to explore, especially the seasonal variations of soil
water storage, since larger seasonal variations coupled with the highly nonlinear relationship between
atmospheric-hydrological fluxes and storages [e.g., Famiglietti and Wood, 1994; Kollet and Maxwell, 2008]
could lead to unexpected consequences such as more extreme events. The lack of global observations
on land water storage makes it difficult to examine how terrestrial water storage changes globally under
the changing climate.

Observations of total water storage (TWS) have only recently become available. Beginning in 2002, the
Gravity Recovery and Climate Experiment (GRACE) mission [Tapley et al., 2004] is able to provide highly
accurate maps of changes in TWS for monthly and longer timescales both over the land [Swenson et al.,
2003] and ocean [Chambers et al., 2004]. The GRACE mission now provides estimates of variations in
terrestrial water storage for areas larger than approximately 150,000 km2 (approximately 4° × 4° near the
equator) [Swenson et al., 2006]. Several previous studies have compared GRACE observations of terrestrial
water storage to in situ observations [Rodell et al., 2004; Swenson et al., 2006] and models [Ramillien et al.,
2004; Syed et al., 2008], with reasonable agreement. The CMIP5 archives have been utilized to explore how
land water availability responds to climate change [e.g., Kumar et al., 2014]. In this study, we used GRACE
data to select CMIP5 models, in which simulation outputs are used for the examination of changes in
global land-soil-water storage (the sum of soil water in all layers) from 2011 to 2100. In addition to the
mean climatology of the terrestrial water cycle, the shifts and changes in the magnitude of the seasonal
cycle are essential to water management. Hence, we focused more on the amplitude of the seasonal cycle,
which we simply call the “annual range” and represents the dominant time scale for the variability of
water storage [Güntner et al., 2007]. We name the period when storage falls the “declining season,” and
the period when storage increases, the “accumulating season.”

2. Data and Model

We use monthly hydrological outputs in the RCP 8.5 future-warming scenario from the CMIP5 archives,
corresponding to a radiation forcing of 8.5W/m2 in the year of 2100 (relative to that of the preindustrial
period). The CMIP5 project involves an abundance of Earth system model experiments worldwide. Based
on the available outputs in the CMIP5 archives, we defined TWS over land as the sum of the amount of
snow and soil water storage. The “true” TWS in nature includes groundwater, surface water, and glaciers,
which are not fully included in current Earth system models. However, groundwater tends to contribute
more to the interannual variability of TWS variations than to the seasonal variability [Güntner et al., 2007].
The National Center for Atmospheric Research Community Land Model version 4 [Lawrence et al., 2011]
sensitivity tests also indicated that the seasonality of global, averaged groundwater variations was
relatively low compared with that of soil water and snow water equivalent (results not shown). In addition,
CMIP5 standard outputs include only snow water equivalent and soil water storage. Consequently, we use
snow water equivalent (SNW) and soil water storage (MRSO, which are used in the CMIP5 archives and
included water in all phases for all the soil layers) to represent the TWS.

Recent releases (RL05) of GRACE data [Landerer and Swenson, 2012] from the Center for Space Research at the
University of Texas at Austin are used for the comparisons with the CMIP5 model output. The global average
of land water storage excludes Antarctica and Greenland. In addition, for Figures 2–5, grid cells near the coast
with land fractions under 99% were removed. The annual range is defined as the difference between the
maximal and the minimal TWS for each year. We use δTWS to represent the annual range of total water
storage, δSNW to represent the annual range of snow water equivalent, and δMRSO to represent the
annual range of soil water storage in this study.

3. Results
3.1. Selection of CMIP5 Models

The configurations of soil layer representations in each land surface model from the CMIP5 archives are
extremely diverse, depending on the complexity of the model, soil depth, and whether a saturated
component is included. Thus, some models have a simulated TWS that is unrealistic, in which the seasonal
cycle may even be out of phase. A Taylor diagram provides a statistical summary of how well patterns
match each other and is typically used to compare the simulated data with observations [Taylor, 2001].
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Figure 1 shows a comparison of the
globally averaged monthly time series
(2006–2010) from models and from the
GRACE observations. The correlation
coefficients for the radial line denote the
relationship between GRACE and the
model simulations, indicating similarities
on seasonal and interannual time scales.
Standard deviations on the x and y axes
quantify the variance between the two
time series; the normalized standard
deviation (the standard deviation of the
time series of the model divided by that
of the GRACE observations) is higher
than 1, indicating that the variability
of the data in the model simulations
is higher than that in the GRACE
observations. The points inside the bold,
curved line mean that the model
simulations have lower variability than
the GRACE observations. To select the
CMIP5 models used in this study, we

first excluded the models without completed output records for precipitation, evaporation, runoff, snow
water equivalent, snowfall, snowmelt, and soil frozen water. Then, we established two criteria from the Taylor
diagram in Figure 1: (1) a correlation coefficient ≥ 0.8 (p value< 0.01) and (2) a normalized standard
deviation ≤ 1±0.25 to further remove the models based on GRACE TWS, thereby reducing the number of
models from 18 to 9 (the models with the filled circles in Figure 1). The details of the selected nine models
are listed in Table S1 in the supporting information, and the spatial distribution of the standard deviation for
the 18 models and GRACE is shown in Figures S1–S3.

3.2. Changes in Annual Range of Land Water Storage Under Global Warming

Figure 2a shows the time series of globally averaged δTWS from the ensemble mean of the nine models; the
annual range is defined as the difference between the maximal (approximately April) and the minimal
(approximately September) TWS for each year. The gray shading denotes the single standard deviation
range, and the anomaly indicates removing the mean of the first 10 years (2011–2020). Figure 2a shows
that the annual range of global TWS has no significant trend under global warming, and Figure 2c also
indicates that the trends for the TWS annual range are rather diverse among the nine models. However,
once partitioned, the soil water storage and snow water equivalent have significant trends (p< 0.05) in the
annual range from 2011 to 2100 (Figure 2b). Every model has a consistently declining trend for annual
range of snow water equivalent and a consistently increasing trend for annual range of soil water
(Figure 2c). Note that the seasonal cycles of global snow and soil water storage are similar to that of the
TWS with a sine-shaped wave within a year; therefore, when we defined the annual range of soil water
and snow water equivalent in Figures 2b and 2c, we used the months of maximal and minimal TWS to be
consistent with Figure 2a for analyzing the contributions to δTWS.

Figure 3a shows the changes in seasonal cycle anomalies for soil water storage. The blue line represents
the multimodel mean of seasonal cycle anomalies from 2011 to 2020; the red line represents 2091 to
2100. The anomalies were computed by removing from the means of 2011 to 2020 and 2091 to 2100,
respectively. Figure 3a shows that the peak of soil water storage is in April and that the lowest is in
September; the error bar shows a single standard deviation among models. Figure 3a clearly shows a
larger seasonal cycle at the end of this century, which is consistent with that observed in Figure 2b.
Figures 3b–3e show changes in the seasonal cycle for different latitudinal zones. In 30°S to 0° and 0° to
30°N, the standard deviation among models slightly increases under global warming, but there is no
significant change in the annual cycle. However, in 30°N to 60°N (Figure 3d), the change in the seasonal
cycle is extremely clear and indicates that this region contributes substantially to the change in the

Figure 1. Normalized Taylor diagram presents a comparison of the
GRACE observations with the CMIP5 simulations for the monthly time
series of global land water storage for 2006 to 2010. The diagram shows
the correlation and ratio of the standard deviation. The filled circles
represent the models that were relatively similar to the observations, had
complete outputs in the CMIP5 archives, and were used in this analysis.
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seasonal cycle of global soil water storage. The annual range also exhibits a slight increase over the zonal
mean of 60°N to 90°N, as shown in Figure 3e.

Figure 3f shows the global patterns, including the number of models exhibiting annual range increases
(a positive value) or decreases (a negative value) of soil water storage, between the two decades from
2011 to 2020 and from 2091 to 2100. For example, the grid with a number “9” in Figure 3f indicates that all
of the models exhibited increases in the annual range of soil water storage. As shown in Figure 3f, the major
regions having an increasing seasonal cycle of soil water storage exist over the middle and high latitudes of
the Northern Hemisphere. The resulting pattern agrees with Figures 3a–3e. To further diagnose contributions
of snow water equivalent to the soil water storage, we defined the snow cover regions with the criterion of
0.5mm snow water equivalent in the first decade and the edge is presented in the red line in Figure 3f. It
shows overall increases in annual range of soil water storage exist over snow cover regions, revealing the
importance of snow effects on the soil water storage. However, over the regions without snow cover, no
comprehensive changes are observed, which is also consistent with the strongly heterogeneous distributions
of the annual range of soil water as shown in Figure 3f.

Under global warming, deceases in snowfall results in less snow water equivalent in most regions globally
(Figure 4a), except some extreme cold regions such as Northeastern Siberia where snowfall, in fact,
increases [Adam et al., 2009]. Changes in the annual range of snow water equivalent (Figure 4b) have
similar patterns to the mean changes (Figure 4a), because lack of snowfall in winter causes less snow
water equivalent and less snowmelt consequently in the spring and summer. In addition, warming leads to
overall less soil frozen water (Figure 4c) with decreases in its annual range in most regions (Figure 4d),
despite Northeastern Siberia and Arctic of Canada, where the annual range of soil frozen water still
increases. That is because of the deepening active layer located above the continuous permafrost with
larger temperature amplitude which impacts the seasonal processes of thawing in the summer and
freezing again in the autumn/winter under global warming [Koven et al., 2013]. This also implies that
changes in the soil hydrology are crucial to increases in the annual range of soil water storage over
Northeastern Siberia and Arctic of Canada.

Figure 2. (a) Time series of the annual range for the global, averaged TWS from the ensemblemean of the ninemodels. The
annual range is defined as the difference between the maximal and the minimal TWS for each year. (b) The same as
Figure 2a but for soil water storage (δMRSO) and snow water equivalent (δSNW). Shaded areas represent a single standard
deviation among models. (c) A linear TWS trend (gray) corresponds to the soil water storage (green) and snow amount
(blue) for 2011 to 2100 (RCP 8.5). The trend with a 95% confidence interval is marked with an edge.
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Over northern middle and high latitudes, decreases in snowfall (Figure 5b) result in a lower level of snow
water equivalent (Figure 5d). Less snowmelt (Figure 5c) in the declining season leads to a deficient
supply of soil water storage, resulting in a dry season that is drier (i.e., a larger seasonal cycle).
Whereas snowmelt and the frozen soil in the shallow soil layer are decreasing, more precipitation is in
the form of liquid water (Figure 5a); consequently, access to water directly supplied by rainfall
increases soil water storage in the accumulating season at high latitudes in Northern Hemisphere. In
summary, changes in the partitioning of precipitation into snowfall and rainfall result in higher
recharge in the accumulating season but lower recharge in the declining season of snowmelt,
resulting in a larger seasonal cycle. More rainfall results in higher recharge to soil water. Moreover,
since the soil frozen water is able to prevent infiltration [Niu and Yang, 2006], melting of soil frozen
water induces more potential capacity of soil water storage and allows more liquid water to infiltrate
so that the seasonal cycle of soil water storage increases as well.

Additionally, Figure 5f shows the scatterplot of the changes between the periods of 2091 to 2100 and 2011 to
2020 for the mean surface temperature over land and annual range of soil water storage over 30°N to 90°N
for each model. The models with larger changes in surface temperature have more increases in the annual
range of soil water storage with a correlation coefficient of 0.83. A linear fit in Figure 5f indicates an
increase rate of 326 km3/°C, which is approximately 14% of the annual range of MRSO over northern
middle and high latitudes. Hence, annual range of MRSO not only increases with the temperature in each
model but also has a positive response to increases in the temperature across models. The larger annual
range of soil water storage might lead to an increased risk of flood and drought and has implications for

Figure 3. (a) Global mean of the changes in the seasonal cycle anomalies of soil water storage. Figures 3b–3e show the changes in seasonal cycle at different latitude
zones from (b) 30°S to 0°, (c) 0° to 30°N, (d) 30°N to 60°N, and (e) 60°N to 90°N. A blue/red line shows the seasonal cycle anomalies of first/last decade (2011–2020/
2091–2100) relative to the mean in each period. The error bar shows a single standard deviation among models. (f ) The sign and degree of consensus among the
nine climate models for changes in δMRSO from 2011 to 2020 and 2091 to 2100. Red line shows the multimodel snow cover region.
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changing extremes. Some of the models from the CMIP5 archives showed a maximum shift of soil water
storage to approximately 1month earlier after warming. However, most of the climate models have not
considered glaciers, ice sheets, and the correct permafrost characteristics, which also limit the findings in
this study.

Figure 4. The same as Figure 3f but for (a) mean snowwater equivalent, (b) annual range of snowwater equivalent, (c) mean soil frozen water content, and (d) annual
range of soil frozen water content.

Figure 5. The multimodel mean of (a) rainfall in September–February (SONDJF), (b) snowfall in SONDJF, (c) snowmelt in March–August (MAMJJA), (d) annual snow
water equivalent amounts, and (e) annual soil ice amounts over 30°N to 90°N relative to the mean of 2011 to 2020. The shaded areas represent a single standard
deviation amongmodels. (f ) Relationship between the annual mean of surface temperature over land and annual range of soil water storage from changes between
the periods of 2091 to 2100 and 2011 to 2020 of each model over 30°N to 90°N.
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4. Conclusions

Results from the CMIP5 analyses showed potential impacts of global warming on terrestrial water storage.
Despite a water cycle that is intensifying through faster water transport and stronger heterogeneous
distribution of precipitation under global warming [e.g., Chou et al., 2009], the interaction of changes in
the components in terrestrial water storage, such as partitioning into snow water equivalent or soil
moisture and partitioning into liquid water or ice in the soil, may also play a crucial role. An increasing
temperature at high latitudes and elevations, where snow and land ice exist, leads to a loss of snow on the
surface and soil frozen water in the cryosphere. Increases in temperature and declines in snowpack and
snowmelt during the spring and summer result in lower recharge to soil water storage, which makes soil
water storage less available over most of the middle and high latitudes of the Northern Hemisphere.
Lower levels of water during the dry season have more formidable consequences for agricultural activities
because of increases in the demand for irrigation water [Wada et al., 2013]. In addition, under warming, the
ratio of liquid water flux to total precipitation becomes higher; thus, more rainfall results in higher recharge
to soil water storage during the accumulating season. Thus, the wettest month (approximately April) gets
wetter, and the driest month (approximately September) gets drier, resulting in an increase of the annual range
under global warming. The increase in the annual range of soil water under global warming could affect future
water resource management, plant adaption, and agriculture, especially over the snow-dominant regions where
more than 1billion people live [Barnett et al., 2005].
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