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Abstract

Climate models have traditionally only represented heat and water fluxes within rela-
tively shallow soil layers, but there is increasing interest in the possible role of heat
and water exchanges with the deeper subsurface. Here, we integrate an idealized
50 m deep aquifer into the land surface module of the GISS ModelE general circu-5

lation model to test the influence of aquifer-soil moisture and heat exchanges on cli-
mate variables. We evaluate the impact on the modeled climate of aquifer-soil heat
and water fluxes separately, as well as in combination. The addition of the aquifer to
ModelE has limited impact on annual-mean climate, with little change in global mean
land temperature, precipitation, or evaporation. The seasonal amplitude of deep soil10

temperature is strongly damped by the soil-aquifer heat flux. This not only improves
the model representation of permafrost area but propagates to the surface, resulting in
an increase in the seasonal amplitude of surface air temperature of >1 K in the Arctic.
The soil-aquifer water and heat fluxes both slightly decrease interannual variability in
soil moisture and land-surface temperature, and decrease the soil moisture memory15

of the land surface on annual timescales. The results of this experiment suggest that
deepening the modeled land surface, compared to modeling only a shallower soil col-
umn with a no-flux bottom boundary condition, has limited impact on mean climate but
does affect seasonality and interannual persistence.

1 Introduction20

The land-surface components of global climate models (GCMs) have typically rep-
resented water and heat storage as occurring only in a surface layer 1–5 m deep
(Manabe, 1969; Koster and Suarez, 1996; Milly and Shmakin, 2002; Essery et al.,
2003; Dickinson et al., 2006; Schmidt et al., 2006). However, deeper aquifers that
contain groundwater form a critical and depleting portion of the exploitable water re-25

source in many areas (Siebert et al., 2010). These aquifers can exchange moisture
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with shallower soil layers, and can also be tapped by plant roots directly during dry
periods (Fan and Miguez-Macho, 2010). Heat exchange beneath the soil column af-
fects the seasonal cycle of soil temperature and its response time to global warm-
ing, which is particularly important for modeling permafrost processes (Nicolsky et al.,
2007; Alexeev et al., 2007).5

In view of these considerations, a number of studies in recent years have coupled
models of deep water and heat storages with models of land-surface and atmosphere
processes. Many published studies have worked in local to regional domains and over
timescales of days to months. For example, Maxwell et al. (2007) showed that includ-
ing groundwater resulted in more realistic spatial soil moisture variability in an Okla-10

homa watershed which, in turn, affected local atmospheric convection and boundary
layer height over the short (36-h) study period. Regional model studies by Anyah et al.
(2008) and by Jiang et al. (2009) both found that groundwater storage and flow tends
to increase available soil moisture and hence warm-season evaporation rates in the
semiarid central and western United States, with impacts on simulated seasonal tem-15

perature and precipitation.
Representations of subsurface water on a global scale have mostly been tested in

the Community Land Model (CLM) developed by the National Center for Atmospheric
Research. The new versions 3.5 and 4.0 of CLM include such a representation (Oleson
et al., 2008; Lawrence et al., 2011), based on the SIMGM model of Niu et al. (2007).20

In SIMGM, an unconfined aquifer is parametrized as a single deep layer underlying the
model soil layers and exchanging water with them, as well as contributing to runoff.
Inclusion of this deep layer improved the large dry bias in previous versions of CLM
caused by too-quick drainage and insufficient soil water capacity (Bonan and Levis,
2006; Stöckli et al., 2008; Pan et al., 2008; Choi and Liang, 2010). The aquifer in CLM25

does not exchange heat with the shallower soil layers. Instead, there is a separate rep-
resentation of deep bedrock layers for heat transfer (Lawrence et al., 2008). This sep-
aration between heat and water flux is conceptually difficult (since the “deep bedrock”
is assumed to occupy the same physical space as the “aquifer” yet not interact with it),
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and energy conservation is problematic since the aquifer temperature is not tracked as
a state variable. Lo and Famiglietti (2011) showed that the wetter soil resulting from the
aquifer in CLM 3.5 leads to significant changes in simulated global climate when CLM
is coupled with the Community Atmosphere Model (CAM) 3.5. Global land evaporation
increased by 9 % and global land precipitation by 3 %, with much larger changes over5

particular regions and seasons – for example, over central North America summer pre-
cipitation increased by some 25 %. Lo and Famiglietti (2011) discuss the changes in
atmospheric water transport that lead to these precipitation responses.

Our main scientific goal in this paper is to examine the impact of aquifer heat and
water exchanges on the mean climate as well as on the seasonality and interannual10

variability of soil temperature and soil moisture and of climate variables such as evap-
oration, precipitation, and surface air temperature which respond to soil conditions. We
achieve this by adding a simple aquifer parametrization to the Goddard Institute for
Space Studies (GISS) “ModelE” atmospheric general circulation model (GCM). Unlike
most previous studies, our experiments allow us to consider the impacts of aquifer-15

soil heat and water fluxes separately as well as in combination in an idealized but
physically consistent (mass and energy conserving) framework. This study builds on
previous work investigating soil moisture feedbacks on climate in ModelE (Krakauer
et al., 2010), which found that soil moisture dynamics affected the persistence and
inter-correlation of climate variables such as precipitation, evaporation, and surface air20

temperature.

2 Methods

2.1 ModelE

Our modeling experiments were conducted with the Goddard Institute for Space Stud-
ies (GISS) ModelE, a state-of-the-art atmosphere GCM, run at a resolution of 2◦

25

latitude by 2.5◦ longitude (Schmidt et al., 2006; Hansen et al., 2007). The current
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land surface representation in ModelE (Abramopoulos et al., 1988; Rosenzweig and
Abramopoulos, 1997; Aleinov and Schmidt, 2006) can include separate bare soil, veg-
etated soil, and lake fractions within each grid cell. Soil moisture, soil temperature,
and land-atmosphere fluxes are computed for the two separate soil columns whenever
bare soil and vegetated areas coexist within a grid cell. Vegetation and phenology are5

based on Matthews (1983, 1984), while photosynthesis and stomatal conductance are
computed using the functions of Farquhar et al. (1980) and Ball et al. (1987). Each soil
column is discretized into six soil layers with a total depth of 3.5 m, with runoff from each
layer depending on its water content and soil properties. In the current configuration,
there are no heat or water fluxes across the bottom of the soil column.10

Soil properties are derived from the datasets described in Rosenzweig and
Abramopoulos (1997), except that bedrock fractions in the deepest soil layers (lay-
ers 5 and 6) were reduced to the layer 4 fraction. Vegetation characteristics (leaf area
index, maximum vegetation height, and root density and depth) are also as specified in
Rosenzweig and Abramopoulos (1997), except for changes to root density and depth.15

The roots of woodland, deciduous tree, and evergreen tree vegetation types are re-
distributed, so that 20 % of the roots are in the bottom two layers (below 1 m). These
modifications allow vegetation greater access to deeper soil moisture, and permit more
extensive interaction between the soil and the aquifer layer. Multiple studies have iden-
tified access to deeper soil moisture as an important aspect of water uptake by plants20

during dry periods; deep roots have been found to take up substantial amounts of wa-
ter from deep, wet soil when shallow layers dry out even if their contribution to root
biomass is small (Jackson et al., 2000; Feddes et al., 2001; Lee et al., 2005; El Maayar
et al., 2009).

2.2 Aquifer representation25

We developed a simple, computationally efficient, water- and energy-conserving imple-
mentation of water and heat flow vertically between the soil column and an unconfined
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aquifer. The aquifer is represented as a single additional layer underlying the bottom
soil layer.

The state variables added were the aquifer water content waq (volume of liquid water

equivalent per unit area, m) and heat content haq (energy per unit area, Jm−2). We
assumed hydraulic and thermal equilibrium within the aquifer layer (i.e., uniform water5

potential and temperature). The proportionality factor between change in aquifer water
content and change in the equilibrium water table is the specific yield Sy:

∆z∆ =
∆waq

Sy
. (1)

In reality, Sy depends on the water table depth z∆ as well as on the profile of the
specific moisture capacity above the water table. We simplified by assuming a constant10

Sy = 0.2, which Niu et al. (2007) found to give reasonable results globally. With constant
Sy, we can write

z∆ = zlower +
waq

Sy
(2)

where zlower is the bottom depth of the aquifer, taken to be −53.5m. A full aquifer
corresponds to z∆ equaling the depth of the bottom soil layer, −3.5m.15

The aquifer heat content haq is equal to the aquifer water’s specific enthalpy Haq
times its density ρ times its volume waq, plus the corresponding values for the bedrock
(assumed to occupy 1−Sy of the aquifer volume and to have a specific heat capacity

Hρ of 2.4×106 Jm−3 K−1). The heat content yields a corresponding aquifer temperature
Taq (cf. Rosenzweig and Abramopoulos, 1997, Eq. 2).20

We assume that at the bottom boundary of the modeled soil column, the water po-
tential (in units of m) is at its value for the aquifer, which is z∆. At the midpoint of the
bottom model soil layer (layer 6), which has total thickness ∆zN = 1.53m and (vertical)
hydraulic conductivity KN, the water potential is equal to the model-calculated value for
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the bottom layer, hN. A finite-difference approximation to Darcy’s law gives for the water
flux q between the soil and aquifer (volume of liquid water per unit area per unit time)

qsoil-aquifer = KN
2(hN − z∆)

∆zN
. (3)

Thus, there is no vertical water flow in or out the aquifer if z∆ = hbottom, while there
can be flow from the aquifer into the soil if z∆ > hbottom.5

Note that unlike in SIMGM, there is no runoff directly from the aquifer. ModelE has
subsurface runoff originating from the soil layers depending on their water content
(Abramopoulos et al., 1988). Total runoff remains roughly constant after adding the
aquifer layer.

Heat flux qH between the aquifer and soil (Wm−2) is given by10

qH; soil-aquifer = KH; N

2(TN − Taq)

∆zN
+qsoil-aquiferCpT (4)

where KH; N is the bottom soil layer’s (vertical) thermal conductivity (Wm−1 K−1), TN is
the temperature of the bottom soil layer, and in the second term the water specific heat
Cp and the temperature T are evaluated on the upstream side (cf. Rosenzweig and
Abramopoulos, 1997, Eq. 1).15

Water and heat flows given by these expressions for each timestep are restricted to
ensure numerical stability and to prevent the aquifer from overfilling (maximum aquifer
water content, given the parameter values we chose, is 10 m) or emptying (minimum
water content set at 10−6 m). Also, the hydraulic conductivity is reduced to zero if the
water on the upstream side is frozen.20

2.3 Model runs and analysis

Two ModelE runs were conducted starting from the same initial conditions, one (Con-
trol) without an aquifer and with the usual no-flux boundary condition at the bottom of
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the soil layers and the other (Aquifer) with an aquifer layer as described. Both runs in-
cluded dynamic atmosphere and land surface processes. All climate forcings were set
to 1850 conditions, and climatological sea surface temperatures and sea ice were spec-
ified based on 1876–1885 average conditions from the HadISST 1.1 data set (Rayner
et al., 2003). For the Aquifer run, the aquifer was initialized with heat and water con-5

tents that corresponded to the monthly mean temperature and water potential of the
bottom soil layer taken from the end of a previous run.

Two additional ModelE runs, WaterOnly and HeatOnly, were carried out in order to
evaluate whether particular differences found between the Control and Aquifer runs
could be attributed primarily to the heat flux or to the water flux between the aquifer10

and the soil column. Both these runs started from the same initial condition as the
Aquifer run and used the same model formulation, except as follows. In WaterOnly, the
thermal conductivity in Eq. (4) was set to zero; thus, there was no heat transfer between
the aquifer and the soil column (except for heat carried by water fluxes). In HeatOnly,
the hydraulic conductivity in Eq. (3) was set to zero; thus, there was no transfer of water15

between the aquifer and the soil column, and the aquifer water content stayed fixed at
its initial value.

The Aquifer, HeatOnly, and WaterOnly runs were each run to approximate equilib-
rium. For the Aquifer and WaterOnly runs, initial trends in the water table depth were
extrapolated several times in an attempt to speed up convergence. Time series of20

hemispheric and global means in model outputs including surface temperature, pre-
cipitation, evaporation, soil temperature and moisture, and aquifer temperature and
water content were inspected to verify that all runs were in approximate steady state.
All results shown here are based on the last 50 yr from each simulation.

In the Aquifer and WaterOnly runs, the equilibrium aquifer water content was primar-25

ily controlled by climate, with a full aquifer in moist areas such as the Congo basin and
western Europe and an empty aquifer in deserts (Fig. 1a). As might be expected, un-
der both these extreme conditions the aquifer water content showed little time variabil-
ity, while the greatest variability (indicative of significant aquifer-soil water fluxes) was
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seen in areas of intermediate dryness such as the central United States, the Eurasian
steppes, and northeastern China, where the aquifer water content was intermediate
and fluctuating (Fig. 1b).

The significance of differences between Control and the other runs (Aquifer, Wa-
terOnly, HeatOnly) was estimated using Student’s t-test on time series of the difference5

between two runs taken at annual resolution, with the degrees of freedom adjusted
based on the observed lag-1 autocorrelation of the time series. Global mean interan-
nual standard deviation of a climate variable was defined as the average of the inter-
annual standard deviation across grid cells, and global mean 12-month autocorrelation
was defined as the autocorrelation of monthly-mean climate variables at lag 12, aver-10

aged across grid cells. For these two quantities, standard errors of differences in the
global mean between runs was calculated using their variances and covariances on the
grid scale as estimated by fitting a spatial Gaussian random process with exponential
variogram (Cressie, 1993) to the map of differences.

3 Results15

3.1 Aquifer impact on mean climate and seasonal cycles

As Table 1 shows, soil-aquifer fluxes had remarkably little effect on the mean of cli-
mate variables in ModelE. Soil moisture increased when soil-aquifer water fluxes were
included, because the aquifer provided a storage for excess water when the soil is
saturated that can be released as the soil dries, but this increase was quantitatively20

tiny (less than 1 %) and did not lead to significant change in evaporation or surface
air temperature. Surface air temperature increased when soil-aquifer heat fluxes were
included, perhaps due to the interaction of seasonal heat fluxes (see below) with the
snow thermal rectifier (Goodrich, 1982) at high latitudes, but this increase is again tiny
(less than 0.1 K).25
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Considering changes by season as well as latitude band tells a more interesting
story. The soil-aquifer heat flux greatly dampens the amplitude of the seasonal cycle in
temperature in the deeper soil layers, which lag the seasonal cycle in surface insolation
by some 2–3 months. This heat flux propagates to the surface with additional phase
lag, with the result that the surface warms in February–August (by up to ∼ 0.7K at5

high latitudes) and cools in September–January (by similar amounts) in the Aquifer
and HeatOnly simulations, actually increasing the seasonal amplitude of temperature
at the surface (Fig. 2); the change in soil temperature is greater than the surface air
temperature, with warming/cooling zonally exceeding 2 K (Fig. 3a).

Soil moisture considered by latitude shows significant, though modest, changes (typ-10

ically 1–3 %) (Fig. 3b). Notably, soil moisture decreases around 50◦ N, possibly be-
cause of greater evaporation (Fig. 3c) during warmer springs and summers (Fig. 2b).
Soil moisture increases further north, as increasing warm-season evaporation there
is more than balanced by increasing summer precipitation (Fig. 3d) associated with
warmer conditions.15

The reduced amplitude of the soil temperature seasonal cycle means that more
grid cells are modeled to have permafrost, which we operationally define as the bot-
tom model soil layer (layer 6, 1.97–3.50 m depth) never warming above freezing dur-
ing a run. The permafrost area almost doubles from 9.1 million to 16.1 million km2,
in better agreement with observation-based inventories which yield a range of 12.2–20

17.0 million km2 (Zhang et al., 2000). Permafrost expands south and east in Siberia,
across the Tibetan plateau, and around the Arctic coast in North America (Fig. 4; com-
pare with the observation-based permafrost map at http://www.grida.no/graphicslib/
detail/permafrost-extent-in-the-northern-hemisphere 1266). Given the importance of
permafrost for sequestering carbon, this change might be expected to have significant25

impacts on modeled biogeochemistry and response to global warming (Koven et al.,
2011).
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3.2 Aquifer impact on climate variability and persistence

Table 2 shows the change between runs of the mean interannual variability in the cli-
mate variables previously considered. Soil temperature and moisture are both stabi-
lized by adding the aquifer layer – as expected, soil temperature responds more to
the soil-aquifer heat flux, while soil moisture responds more to the water flux, but both5

fluxes have some effect on the variability in both quantities. Surface air temperature
variability is also reduced, again showing that the influence of aquifer-soil fluxes is de-
tectable in the atmosphere, but evaporation and precipitation do not show significant
change.

Table 3 shows the change between runs in the 1-yr lagged autocorrelation of cli-10

mate variables, a measure of the climate system’s memory at the annual timescale.
Soil temperature shows little autocorrelation and no significant change between runs.
On the other hand, soil moisture shows more autocorrelation, which is decreased es-
pecially by the soil-aquifer water flux; the aquifer acts as a reservoir with much longer
timescale than 1 yr, and thus dampens the land-surface memory at annual and shorter15

timescales. This loss of memory is also reflected, to a lesser but still significant extent,
in the decreased autocorrelation of evaporation.

4 Discussion

We have used an idealized model of soil-aquifer heat and water fluxes to assess the
likely impact of those fluxes on different aspects of global climate. To what extent might20

our conclusions change as our aquifer model becomes more complex and realistic?
For heat flux, it is easy to calculate the effect of aquifer depth and vertical discretiza-

tion, assuming that thermal conductivity is approximately constant with depth. A one-
layer aquifer will somewhat overstate seasonal soil-aquifer heat fluxes compared to
a model with finer vertical discretization (Alexeev et al., 2007), so that the effect we find25
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on climate of the soil-aquifer heat flux can be regarded as an upper limit of what we
would see as we make our subsurface model more realistic.

For water flux, the situation is more complicated, as the wide variation in subsur-
face hydraulic properties makes it difficult to develop a model that gives the right flux
magnitudes on the grid scale used in GCMs (Choi et al., 2007). Three-dimensional sub-5

surface variability in specific yields and hydraulic conductivity, mentioned by Miguez-
Macho et al. (2008) as a key source of uncertainty in modeling water tables at high
horizontal resolution, require subsurface property data sets usable for large-scale mod-
eling, similar to those available for surface soil properties. An initial step has been taken
by Gleeson et al. (2011), who compiled representative values for the permeability of10

various lithologies based on watershed-scale hydrologic studies. Available water table
and streamflow data along with total water storage changes from the GRACE satellites
may also be useful for calibration of parameters in GCM simple aquifer representa-
tions, using one of several already demonstrated approaches (Lo et al., 2010; Werth
and Güntner, 2010; Becker et al., 2011; Vergnes and Decharme, 2012).15

For water flux, horizontal as well as vertical flow within the subsurface is likely to be
important at least in setting equilibrium water distributions, such as relatively high wa-
ter tables in valleys, and also for sustaining baseflow in rivers (Tóth, 1963; Fan et al.,
2007). Horizontal subsurface flow may also be important as a driver of long-timescale
hydroclimate persistence (Bierkens and van den Hurk, 2007). Again, representing this20

at the GCM grid scale is an unsolved problem, and will probably require estimating
effective horizontal hydraulic conductivities from groundwater simulations run and vali-
dated at much higher resolution (Fan et al., 2007; Lam et al., 2011; Sutanudjaja et al.,
2011).

Another way in which our model could be refined is to include a fraction of deep25

roots that reach below the 3.5 m deep soil column (Stone and Kalisz, 1991), whether in
permeable deep soil or regolith (Nepstad et al., 1994; Markewitz et al., 2010) or even
in fractured bedrock (Schwinning, 2010; Roering et al., 2010). This direct connection

1196

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/1185/2013/hessd-10-1185-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/1185/2013/hessd-10-1185-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
10, 1185–1212, 2013

Aquifer climate
impact

N. Y. Krakauer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

of transpiring vegetation to “aquifer” layers would likely increase their impact on water
budget variables such as evaporation (Fan and Miguez-Macho, 2010).

Our results show that soil-aquifer interactions affect the seasonality and persistence
of climate variables as well as, to a small extent, their mean (e.g., soil moisture in-
creases by 0.5 %). However, the impacts that we find of aquifer interactions on mean5

climate are much smaller than those shown by Lo and Famiglietti (2011) for CLM,
where, for example, including the aquifer component led to increases of 9 % in global
mean land evaporation and 3 % in global land precipitation, while we see changes of
much less than 1 % in both these variables. Plausibly, this is because adding the aquifer
parametrization to CLM dispensed with the prior free-drainage bottom boundary con-10

dition for soil moisture, which had led to chronically dry soils (Zeng and Decker, 2009).
ModelE, by contrast, has a no-flow bottom boundary condition in the Control configu-
ration, which leads to the same result (no water flux at the soil lower boundary) as an
aquifer in hydraulic equilibrium with the deep soil. Thus, adding the aquifer modified the
variability of soil temperature and moisture in ModelE but had much less impact on the15

mean climate state than in CLM. Based on our results, we hypothesize that modifying
a land surface model with a no-flux bottom boundary condition to include soil-aquifer
heat and water fluxes that are physically consistent and of realistic magnitude will in
general lead to very limited change in mean temperatures and hydrological budgets,
although the changes in seasonal and interannual variability might be quite significant20

from, for example, biogeochemical standpoints (as for permafrost extent).
By controlling heat and water fluxes separately, we found that both can impact vari-

ability in such quantities as soil moisture and evaporation. Along similar lines, soil mois-
ture changes can significantly influence soil temperature profiles and permafrost extent
by changing effective thermal conductivity (Subin et al., 2012). These results underline25

the desirability of simulating soil-aquifer heat and water fluxes together in a physically
consistent way, since one or the other in isolation will not fully represent the impact of
the deep subsurface on climate variability and persistence.
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We found that soil-aquifer fluxes tend to decrease the 1-yr autocorrelation of soil
moisture and evaporation. On longer timescales, it is plausible that the aquifer may
act as a long-memory reservoir that contributes to multiyear climate persistence (e.g.,
long droughts and pluvials). As another example of long-term change, drawdown of
groundwater for irrigation, now observable in many parts of the world (Tiwari et al.,5

2009; Kustu et al., 2010; Famiglietti et al., 2011), may contribute to regional drying,
although the added irrigation results in moister soil, higher evaporation, surface cooling,
and higher precipitation over the short term (Sacks et al., 2009; Cook et al., 2011;
Ferguson and Maxwell, 2012). One caveat for interpreting our model results is that
our runs had artificially low interannual variability in climate forcing and sea-surface10

boundary conditions (SSTs kept at climatology, constant greenhouse gas levels); a next
step will be to examine how climate persistence changes in the presence of more
variability.

5 Conclusions

We present and test an idealized parametrization of water and heat flow between15

a subsoil aquifer and the soil column in the GISS ModelE GCM. The simple aquifer
parametrization used here suffices to show the impact of these fluxes on seasonality
and the potential impact of groundwater on persistence of soil moisture and climate.
Many aspects of this parametrization (e.g., single aquifer layer, no flow between grid
cells, no roots below the soil column) can usefully be elaborated to study these impacts20

with more detail and accuracy, especially as they relate to temperature and moisture
changes resulting from anthropogenic climate change and aquifer depletion.
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Table 1. Mean of climate variables.

Control Aquifer WaterOnly HeatOnly

Soil temperature (◦C) 14.30 14.29 14.30 14.30
Soil water (mm) 687.4 690.6b 690.5a 689.1
Surface air temperature (◦C) 14.12 14.15 14.13 14.16b

Evaporation (mmday−1) 1.996 1.996 1.995 1.996
Precipitation (mmday−1) 2.982 2.979 2.979 2.986

Averaged over land grid cells (excluding ice caps). Significance level of differences between
Control and other runs: a 0.05, b 0.01.
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Table 2. Interannual standard deviation of climate variables.

Control Aquifer WaterOnly HeatOnly

Soil temperature (◦C) 0.49 0.24b 0.47a 0.24b

Soil water (mm) 32.5 26.8b 27.3b 31.7a

Surface air temperature (◦C) 0.56 0.52a 0.52a 0.52a

Evaporation (mmday−1) 0.134 0.132 0.130 0.132
Precipitation (mmday−1) 0.365 0.363 0.358 0.363

Averaged over land grid cells (excluding ice caps). Significance level of differences between
Control and other runs: a 0.05, b 0.01.
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Table 3. 12-month lag autocorrelation of climate variables.

Control Aquifer WaterOnly HeatOnly

Soil temperature 0.053 0.029 0.042 0.045
Soil water 0.272 0.229b 0.235b 0.258a

Surface air temperature −0.003 −0.018 −0.014 −0.004
Evaporation 0.010 0.000b −0.001b 0.002a

Precipitation −0.016 −0.021 −0.019 −0.014

Averaged over land grid cells (excluding ice caps). Significance level of differences
between Control and other runs: a 0.05, b 0.01.
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Fig. 1. (a) Mean aquifer water content (expressed as fraction of capacity) in the Aquifer run. (b)
Standard deviation (mm) of monthly mean aquifer water content in the Aquifer run.
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Fig. 2. Month-latitude climatologies of surface air temperature. (a) Control run. (b) Aquifer mi-
nus Control run. (c) WaterOnly minus Control run. (d) HeatOnly minus Control run. For (b)–(d),
differences not significant at the 0.05 level are hatched.
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Fig. 3. Month-latitude climatologies, Aquifer minus Control run. (a) Soil temperature. (b) Soil
moisture. (c) Evaporation. (d) Precipitation. Differences not significant at the 0.05 level are
hatched.
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Fig. 4. Permafrost extent in the Control run (light blue) and additional permafrost area in the
Aquifer run (dark blue).
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