
Global Land Surface Modeling Including Lateral
Groundwater Flow
Yujin Zeng1,2 , Zhenghui Xie1,3 , Shuang Liu1,3, Jinbo Xie1 , Binghao Jia1 , Peihua Qin1 ,
and Junqiang Gao1,4

1State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of
Atmospheric Physics, Chinese Academy of Sciences, Beijing, China, 2Program in Atmospheric and Oceanic Sciences,
Princeton University, Princeton, NJ, USA, 3College of Earth Science, University of Chinese Academy of Sciences,
Beijing, China, 4School of Mathematics and Statistics, Nanjing University of Information Science and Technology,
Nanjing, China

Abstract The groundwater system is an essential part of Earth’s systems. However, most current land
surface models (LSMs) for climate modeling do not explicitly account for the lateral groundwater flow
process. In this study, schemes describing LSM-lateral groundwater flow module coupling, model resolution
conversion, and parallel simulation were designed and implemented to incorporate a lateral groundwater
flow module into the Community Land Model 4.5. The depth to less permeable bedrock also was included in
the large-scale groundwater flow modeling. Model validation was performed using multiple observations
from the 20-year continuous groundwater table depth measurements at 67 stations in 10 countries, 1.6
million worldwide time-averaged groundwater table depth measurements, previous knowledge about the
locations of major aquifer systems, and inversed terrestrial water storage anomalies derived from satellite
data. The simulated results show that the groundwater table pattern is a combined reflection of climatic and
topographic factors across a range of spatial scales. Lateral groundwater flow significantly modified the
equilibrium water table patterns in North Africa, the Arabian Peninsula, central Asia, and southern Australia,
deepening the water tables by more than 6 m. The trend of deepening groundwater tables observed
between 1970 and 2010, which was found to be 0.025 to 0.125 m/decade, was exacerbated by the lateral
flow; however, the seasonal variability of the groundwater table depth was reduced by the buffering effect of
the lateral flow.

1. Introduction

The groundwater system is an important part of Earth’s systems (Bullock & Acreman, 2003; Oki & Kanae, 2006;
Vörösmarty et al., 2000) and is directly connected with soil water, surface water, and seawater to form an
essential component of the global hydrological cycle. Groundwater moderates soil moisture that is depleted
by root water extraction and the soil matrix potential and acts as a water buffer to the ecosystem (Fan, 2015).
Groundwater also moderates stream and river flow by discharging to streams and rivers or by abstraction and
infiltration from these surface water resources (De Graaf et al., 2015, 2017; Liu et al., 2016; Zeng et al., 2016a;
Zeng et al., 2017a, 2017b). Groundwater plays a key role in controlling eco-hydrological systems (Chui et al.,
2011; Jia et al., 2015; Miguez-Macho & Fan, 2012; Naumburg et al., 2005; Stromberg et al., 1996; Subin et al.,
2014; Vrettas & Fung, 2017). Conversely, groundwater accounts for 42% of irrigation, 36% of household, and
27% of manufacturing water usage worldwide (Döll et al., 2012). Over the past several decades, some coun-
tries including the USA, China, and India have experienced a rapid increase in groundwater exploitation to
satisfy the needs of economic growth and population explosion (Döll et al., 2012; Rodell et al., 2009;
Scanlon et al., 2012; Xie et al., 2017; Zou et al., 2014, 2015).

However, knowledge of the groundwater system, including unconfined aquifer systems, is limited. Although
more than 1.6 million groundwater observation wells are in place around the world, most of them are located
in developed countries, and the number is far from enough to accurately represent the global groundwater
distribution over the 150 × 106 km2 of populated land areas (Fan et al., 2013). Poor quality groundwater data
in some lesser developed countries, and the confidentiality policies of some water-related administrations
that restrict access to groundwater table measurements, make it difficult for researchers to study ground-
water from a comprehensive perspective (Theodossiou & Latinopoulos, 2006).
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Land surface models (LSMs), which simulate land-atmosphere fluxes and the biogeophysical and biogeo-
chemical processes over land surfaces, have provided an opportunity to study groundwater and its
interactions with land surfaces and climate from a large-scale and long-term spatiotemporal perspective.
Groundwater modules in LSMs have a long history of development. As early as 1988, Abramopoulos et al.
(1988) began to account for the function of groundwater in the United States National Aeronautics and
Space Administration’s LSM by constructing a simple subsurface runoff scheme that represented the ground-
water table in an implicit way. Liang and Xie (2003) and Liang et al. (2003) attributed groundwater table
dynamics to the moving boundary problem and used the Finite Element Lumped Mass Method (Xie et al.,
1998, 1999) to solve it. They accounted for groundwater table dynamics in an explicit way in the Variable
Infiltration Capacity model (Liang et al., 1994, 1996). Maxwell and Miller (2005) incorporated an integrated
hydrological model, ParFlow, into the Community Land Model (CLM) to simulate surface and subsurface
flows for a river basin (Maxwell et al., 2009).

The studies just cited explicitly accounted for groundwater table movement in the vertical direction. Lateral
flow, which is driven by gravity and topographical factors, was not included in these models. The inadequate
representation of lateral flow mainly was related to the lack of consistent global-scale hydrogeological infor-
mation, including permeability and depth-to-bedrock, which is crucial in the modeling of groundwater sys-
tems. Omission of such information has limited the level of realism in simulations of groundwater head
dynamics performed to date (Bierkens, 2015; Wood et al., 2011). Furthermore, explicitly simulating lateral flow
requires high spatial resolution due to the fact that lateral groundwater flow is driven by gravity and local
topographic factors (hillslope-scale). A 1-km horizontal resolution at the equator leads to accruable and effi-
cient results (Fan et al., 2007, 2013; Maxwell et al., 2015; Zeng et al., 2016b). However, the high resolution
required to describe groundwater is usually incompatible with the grid scale used in LSMs to represent geo-
graphic heterogeneity. In recent years, a number of data sets of hydrological information have been
obtained, including global lithological maps (Hartmann & Moosdorf, 2012), permeability and porosity
(Gleeson et al., 2011, 2014), and aquifer thickness (De Graaf et al., 2015). Pelletier et al. (2015) and
Shangguan et al. (2017) developed high-resolution global gridded data sets of the average thicknesses of soil,
intact regolith, sedimentary deposits, and depth-to-bedrock within 1-km grid cells.

With the recent development of hydrological information data sets, lateral groundwater flow modeling has
significantly progressed (De Graaf et al., 2017; Fan et al., 2013; Krakauer et al., 2014; Maxwell et al., 2015).
However, all the aforementioned models use only one-way coupling, and any feedback of the groundwater
system to land surfaces is neglected; thus, these models are not included in current climate models. To
address these shortcomings, Zeng et al. (2016a, 2016b) incorporated a quasi-3D lateral groundwater flow
scheme into CLM4.5 via two-way coupling. The coupledmodel was used to investigate with high spatial reso-
lution the groundwater table dynamics and effects of lateral groundwater flow on land surface processes in a
150-km2 basin.

In the current study, we developed schemes describing model coupling, scale conversion, and parallel run-
ning to incorporate a module of lateral groundwater flow into the CLM4.5 for global climate modeling. We
applied the lateral groundwater flow module on a latitude-longitude grid having a horizontal resolution of
30 arc-seconds (0.008333°, or approximately 1 km at the equator). The CLM4.5 was run at a resolution of
0.9° (latitude) × 1.25° (longitude) on the global scale to overcome the huge computational burden of simula-
tions at a higher resolution. The model was comprehensively validated using the long-term time series of
observed groundwater table dynamics from 67 stations in 10 countries, ~1.6 million static groundwater table
depth measurements, and the inversed terrestrial water storage anomaly (TWSA) data from the Gravity
Recovery and Climate Experiment (GRACE) satellite. We also quantified the effects of lateral groundwater flow
on the global groundwater table depths. The developed model provides a platform for future studies
designed to consider the effects of groundwater flow on ecosystems (such as vegetation root systems), atmo-
spheric conditions, and land-sea interactions.

2. Model, Data, and Experimental Design
2.1. Community Land Model Version 4.5

CLM4.5 (Oleson et al., 2013) was used as the host model in this study. The CLM was developed by the United
States National Center for Atmospheric Research and is the land surface component of the Community Earth

10.1029/2018MS001304Journal of Advances in Modeling Earth Systems

ZENG ET AL. 1883



System Model version 1.2 (Gent et al., 2011; Hurrell et al., 2013). The CLM4.5 reproduces momentum, radia-
tion, vapor, and energy fluxes from the land surface to the atmosphere, hydrologic processes (including
rainfall interception, water infiltration, runoff generation, soil water movement, groundwater-soil water
interaction, and snow dynamics), heat transfer processes within soil and snow layers, and other biogeophy-
sical processes (Lindsay et al., 2014). Biogeochemical processes (including vegetation photosynthesis,
phenology, the carbon and nitrogen cycles, decomposition, and wildfires) also are represented in the
CLM4.5. Evapotranspiration (ET) is described as evaporation and transpiration controlled by photosynthesis
and stoma physiology.

The original lateral groundwater flow fluxes in CLM4.5 were calculated by a nonlinear reservoir module and
directly routed to a river network rather than neighboring grid cells. This treatment is unrealistic and prevents
CLM from reproducing accurate groundwater table depth patterns, as well as realistic soil moisture changes,
ET, stream flows, and land-atmosphere fluxes, all of which are influenced by lateral groundwater flow (Fan,
2015; Maxwell & Condon, 2016). More information related to the CLM4.5 model can be found in Oleson
et al. (2013).

2.2. Lateral Groundwater Flow Module

The lateral groundwater flow module used in this study is based on a two-dimensional groundwater move-
ment equation from Darcy’s Law and the Dupuit approximation (Bear, 1972) as follows:

Rl ¼ ∂
∂x

T
∂h
∂x

� �
þ ∂
∂y

T
∂h
∂y

� �
; (1)

in which Rl (L/T) is the lateral flow-induced water content variation per second (called the net discharge rate or
net recharge rate hereafter) per unit area, x (L) and y (L) are the longitudinal and latitudinal distances, respec-
tively, T (L2/T) is the transmissivity, and h (L) is the groundwater table head. In the numerical formulation of
lateral groundwater flow, we consider that each cell in the lateral groundwater flow module has an equal
chance to exchange water with its horizontal neighboring cells from eight directions as follows:

Ri;j ¼ ∑
8

n¼1

wi;jT i;j hn � hi;j
� �
Si;j ln

; (2)

in which i and j are the numbers of the row and column, respectively, of a cell in the lateral groundwater flow
module, Ri,j (L/T) is the lateral groundwater flow net discharge or net recharge rate per unit area of the cell, n is
the index of the eight neighboring cells, wi,j (L) is the width of the flow cross section of the cell, Ti,j (L

2/T) is the
transmissivity of the cell, hi,j (L) is the groundwater table head of the cell, hn (L) is the groundwater table head
of the nth neighboring cell, Si,j (L

2) is the area size of the cell, and ln (L) is the center-to-center distance
between the cell and its nth neighbor. The transmissivity Ti,j is calculated as the product of the prognostic
aquifer thickness and the input hydrological conductivity. The aquifer thickness here is defined as the differ-
ence between the depth-to-bedrock and the predicted groundwater table depth and is a diagnostic variable.
Other information regarding the lateral flow calculations is the same as that in Zeng et al. (2016b) with two
exceptions. First, the aquifer thickness in this study is directly calculated as the elevation difference between
the depth-to-bedrock (obtained from Shangguan et al., 2017) and the water table depth (predicted by our
model), rather than being parameterized. Second, the subsurface hydrological conductivity in this study is
obtained directly from permeability maps (Gleeson et al., 2011, 2014), rather than being parameterized using
estimates of permeability based on soil characteristics.

After the lateral water exchange rate R in equation (2) for each model grid cell was calculated, the R values
were related to CLM4.5 at each model time step using equation (3):

d0 ¼ d � R� Δt
s

W 0 ¼ W þ R� Δt

8<
: ; (3)

in which Δt (T) is the time step of CLM4.5, s (unitless) is the aquifer-specific yield provided by CLM4.5, d (L)
and d0 (L) are, respectively, the original groundwater table depth simulated by CLM4.5 at the current time
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step and the updated value after considering lateral groundwater flow, andW (L) andW0 (L) are, respectively,
the original unconfined aquifer water storage simulated by CLM4.5 at the current time step and the updated
value after accounting for lateral groundwater flow.

To represent subsurface-surface water interactions, we applied a similar scheme as used by Fan et al. (2013).
In the case of groundwater discharging to surface water, a ponded area on the land surface can be formed
automatically over the high-resolution model grids that have converging groundwater, which can result in
the value of groundwater table depth being less than zero (i.e., above the ground surface). In these cases,
we simply removed the excessive water quantity to make the groundwater table depth equal to zero and
routed the removed water to a river network. Currently, the model does not require any special parameter-
ization to portray the process of a river recharging groundwater.

Numerous physically based distributed models have been used to diagnose hydrological processes in studies
driven by particular scientific questions. Fully three-dimensional hydrological models include the fully distrib-
uted, triangulated irregular network hydrological model tRIBS (Ivanov et al., 2004a, 2004b; Vivoni et al., 2007),
the terrain-based and distributed hydrological model GEOtop (Rigon et al., 2006), MIKE-SHE (Christiaens &
Feyen, 2002), PIHM (Qu & Duffy, 2007), and ParFlow (Kollet & Maxwell, 2006, 2008; Maxwell et al., 2007).
However, these models have not been used for climate modeling. In this study, we focus on the representa-
tion of groundwater flow in LSMs. Consequently, we developed a comprehensive land surface system in
which the groundwater (including lateral flow), soil water, and vegetation are fully coupled. This representa-
tion of the land system can be integrated easily into the Earth system model.

2.3. Implementation of the Lateral Groundwater Flow Module in CLM4.5

Based on previous studies (Fan et al., 2007, 2013; Maxwell et al., 2014; Zeng et al., 2016a, 2016b), we ran the
CLM4.5 with a relatively coarse resolution of 0.9° × 1.25° and ran the lateral groundwater flow module with a
finer resolution of 1 km at the equator to reduce the computational time. To achieve this, a coupling scheme
and some resolution conversion methods had to be developed to link the CLM4.5 and lateral groundwater
flow module.

Figure 1. Framework for linking the Community Land Model 4.5 (CLM4.5) model and the lateral groundwater flowmodule
developed in this study.
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2.3.1. Coupling Scheme
The framework for linking the CLM4.5 and lateral groundwater flow modules is shown in Figure 1. The term
qrecharge (L/T), which is the vertical water flux between a soil column and an aquifer as calculated by CLM4.5, is
sent to the lateral groundwater flow module as the upper boundary condition. The lateral groundwater flow
module calculates the lateral groundwater flow fluxes for each 1-km cell based on the water table gradients
between itself and its neighboring cells and updates the groundwater table depths based on both the lateral
groundwater flow fluxes and the vertical water flux obtained from CLM4.5. In the meantime, qlateral (L/T), the
calculated lateral flux, is sent back to the CLM4.5 to adjust the water table at the 0.9° × 1.25° resolution, repla-
cing the original subsurface runoff that CLM4.5 calculated.
2.3.2. Resolution Conversion Method
A simple resolution conversion method based on the CLM subgrid structure is depicted in Figure 2, which
was used to link the CLM4.5 and lateral groundwater flow module at different resolutions. To downscale
the resolution of qrecharge from CLM to the lateral groundwater flow module, the qrecharge calculated for each
plant functional type of a CLM grid cell is transferred to a number of 1-km cells that belong to the CLM grid
cell and are occupied by the same type of land cover. To upscale qlateral from the lateral groundwater flow
module to the CLM, the lateral fluxes calculated in each 1-km cell are simply averaged over all members
within a 0.9° × 1.25° grid cell and then sent to the CLM. Even with a resolution conversion scheme, the
groundwater recharge from the CLM to the groundwater module still contains some uncertainties due to
the coarser resolution of the CLM, especially over mountainous areas with high amounts of precipitation
and large spatial variability.
2.3.3. Parallel Running Scheme
Considering both the efficiency and complexity, we designed a simple parallel running scheme, as shown in
Figure 3. The scheme is based on the fact that all information needed to calculate the lateral groundwater
flow in a number of 1-km cells that belong to a CLM grid cell are stored in the same computational node.
Therefore, the lateral groundwater flow fluxes of cells colored by green and blue (in Figure 3) are calculated
by each parallel computational node, while the lateral groundwater flow fluxes of cells colored by yellow (in
Figure 3) need to be calculated by the master node, which collects the related information of all the yellow
and green cells. With this simple parallel running scheme, the model can run 25 times faster, making it pos-
sible to simulate the lateral groundwater flow at 1-km resolution at global scales.

Figure 2. Framework for resolution conversion in the determination of lateral groundwater flow (qlateral).
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2.4. Depth-to-Bedrock

In this study, the depth-to-bedrock describes the distance between the
ground surface and the less permeable bedrock layers. Most previous stu-
dies involving large-scale groundwater table modeling assumed either no
limit on the depth-to-bedrock value or a homogeneous depth-to-bedrock
value around the world. In reality, the depth-to-bedrock is a key factor that
controls the lateral groundwater flow and the groundwater resource distri-
bution. Recently, with the efforts of Shangguan et al. (2017), a global data
set of depths-to-bedrock at 1-km resolution has become publicly available.
In our study, we used this data set and included the depth-to-bedrock in
the lateral groundwater flow modeling, as shown in Figure 4. When the
simulated groundwater table depth is deeper than the actual value of
the depth-to-bedrock, the cell is marked as “bare,” and the “bare” cell is
not allowed to lose water to neighboring cells; however, it can receive
water from adjacent cells.

2.5. Input Data Sets

We collected global data sets of depth-to-bedrock, permeability, elevation,
land cover, and equilibrium groundwater table depth as the input data for
our lateral groundwater flow module. Specifically, the data of depth-to-
bedrock were obtained from Shangguan et al. (2017). The global map of
bedrock permeability was obtained from Gleeson et al. (2011, 2014). The
global elevation data were obtained from the International Steering
Committee for Global Mapping and are based on GTOPO30 (Miliaresis &
Argialas, 1999, 2002), while the global land cover data were obtained from

the Global Land Cover by National Mapping Organizations based on MODIS data 2003 (Friedl et al., 2002;
Tateishi et al., 2011). Finally, the global groundwater table depth data in equilibrium were obtained from
Fan et al. (2013); this map of equilibrium water table depth acted as an initial water table condition before
model spin-up. All the data sets had a high resolution of 1 km at the equator, which corresponds to the lateral
groundwater flow module we developed.

2.6. Observational Data

To validate our model outputs, we collected 20-year water table observations from the Global Groundwater
Information System (https://www.un-igrac.org/global-groundwater-information-system-ggis), the United
States Geological Survey Groundwater Historical Instantaneous Data archive (https://waterdata.usgs.gov/

Figure 3. The division of cells used in the parallel simulation scheme. Lateral
groundwater flow fluxes of cells colored green and blue are calculated by
each parallel computational node, while the lateral groundwater flow fluxes
of cells colored by yellow are calculated by the master node.

Figure 4. The effect of depth-to-bedrock in the lateral groundwater flowmodel. Arrows indicate that groundwater can flow
into a cell containing exposed bedrock but cannot be exported from such a cell.
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nwis/uv/?referred_module=gw), and the Cold and Arid Regions Science Data Center at Lanzhou in China
(http://westdc.westgis.ac.cn/data/6be35d02-1155-4250-889b-dd119dcd6456) for 67 stations at which
groundwater table depth is measured (7 in China, 11 in USA, 22 in Portugal, 5 in France, 7 in Norway, 8 in
Peru, 4 in Tanzania, and 1 each in Uganda, South Africa, and Namibia) in 10 countries across five continents.
The locations of these stations, as well as their elevations and annual mean recharges to shallow aquifers, are
shown in Tables 1 and 2. The mean recharges in Table 2 were from our groundwater model, and human
groundwater pumping was not considered. For each station, the groundwater table depth value of the near-
est 1-km cell to the station is given for comparison.

To remove the errors related to the scale mismatch between the simulated groundwater depths and obser-
vations (1 km versus single point), we standardized the groundwater table depth for both types of values. The
standardization was conducted using the temporal anomalies divided by the standard deviation of each
groundwater table depth time series. This method of standardization may induce some uncertainties to
our comparisons because we eliminated the absolute values (or magnitudes) of both the mean values and
their variances. However, after standardization, the systematic errors of the resolution mismatch were also
removed, while the groundwater dynamics (i.e., the variability of the groundwater table depth time series,
which we wanted to validate), were retained.

Table 1
Locations of Groundwater Monitoring Stations

Station Lat (°) Lon (°) Station Lat (°) Lon (°)

China Portugal
Heiquan 39.53 99.13 1435 40.94 �8.65
Huaqiangzi 39.62 99.80 1534 40.87 �8.65
Hegousidui 40.13 98.82 19533 40.53 �8.76
Dachufang 40.14 98.99 2193 40.33 �8.41
Liangzhongchang 40.17 99.08 2493 40.08 �8.86
Xiyierdui 40.23 98.72 2494 40.07 �8.87
Chaheba 40.07 98.86 261119 39.98 �8.81
US 26117 39.98 �8.84
315712106361201 31.95 �106.60 26119 39.98 �8.86
320958091425501 32.17 �91.72 26123 39.97 �8.87
335258091152301 33.88 �91.26 32921 39.46 �8.57
335629078115407 33.94 �78.20 34293 39.31 �8.43
350138106395503 35.03 �106.67 37794 39.07 �8.73
350857089591401 35.15 �89.99 39133 39.00 �8.75
385501121361904 38.92 �121.61 52451 38.01 �7.39
415956073241501 42.00 �73.40 59780 37.19 �8.09
421556075281602 42.27 �75.47 60044 37.18 �7.42
433852116244801 43.65 �116.41 60050 37.18 �7.43
440345089151701 44.06 �89.25 60463 37.14 �8.40
Norway 611115 37.04 �7.94
Forde 61.44 6.00 611200 37.04 �7.93
Haslemoen 60.65 11.87 611236 37.04 �7.94
Hauerseter 60.19 11.20 France
Kise 60.77 10.81 01277X0192s1 49.21 2.37
Modum 59.95 9.95 01551X1006s1 49.06 2.93
Stigvassai 58.75 8.51 03276X0009p 48.10 1.92
Varnes 63.45 10.97 05867X0152sr1 46.45 �0.84
Peru 09655X0265clos 43.77 4.33
Well 174 �12.18 �76.86 African countries
Well 237 �12.20 �76.86 Uganda Apac 1.99 32.51
Well 243 �12.16 �76.84 Tanzania BH-10378 �5.97 35.70
Well 269 �12.16 �76.85 Tanzania BH-12275 �5.92 35.79
Well 273 �12.18 �76.86 Tanzania BH-23475 �5.97 35.71
Well 403 �12.14 �76.82 Tanzania BH-8975 �5.94 35.77
Well 432 �12.18 �76.85 South Africa Masianokeng-8 �29.69 28.18
Well 81 �12.25 �76.87 Namibia WW-39854-2 �24.00 18.22
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Other observation data applied in this study include the groundwater table depth data for ~1.6 million
stations around the world, offered by Fan et al. (2013); the locations of major aquifer systems around the
world, from Taylor et al. (2013); and the terrestrial water storage derived from the GRACE satellite data
(Rodell et al., 2009; Tapley et al., 2004; Tiwari et al., 2009).

2.7. Experimental Design

Two numerical experiments were conducted using the CLM-lateral groundwater flow coupled model at the
global scale. The first experiment, named “CONTROL,”was the control simulation in which the lateral ground-
water flowwas not included. The second experiment, named “LATERAL,”was a simulation in which the lateral
groundwater flow was included. Both of the simulations included the 1-km-scale groundwater flow module
and have the same parameterizations, except that the lateral transmissivity (Ti,j in equation (2)) is set at 0 for
CONTROL simulation. The spatial resolution of the CLM was set to 0.9° × 1.25°, and the lateral groundwater
flow module was set to a resolution of ~1 km at the equator. The time step used in the CLM was 1,800 s
and that in the lateral groundwater flow module was 6 hr (to reduce computation time). The meteorological
forcing data were obtained from the CRUNCEP data set (Piao et al., 2012), which is a combination of the
Climate Research Unit Time series version 3.2 (resolution of 0.5° × 0.5°) monthly climatology data that

Table 2
Elevations and Annual Mean Recharge to Unconfined Aquifers at the Groundwater Monitoring Stations

Station
Elevation

(m)
Recharge
(mm/year) Station

Elevation
(m)

Recharge
(mm/year)

China Portugal
Heiquan 1,431 �0.01 1435 10 481.42
Huaqiangzi 1,416 0.02 1534 17 472.68
Hegousidui 1,233 �0.03 19533 11 430.47
Dachufang 1,233 �0.01 2193 94 384.09
Liangzhongchang 1,207 �0.01 2493 17 343.97
Xiyierdui 1,223 �0.03 2494 17 340.50
Chaheba 1,238 �0.02 261119 101 348.72
US 26117 57 341.38
315712106361201 1,168 �0.01 26119 48 334.03
320958091425501 20 65.62 26123 49 330.81
335258091152301 44 �17.88 32921 112 305.39
335629078115407 15 413.66 34293 60 286.53
350138106395503 1,502 0.39 37794 45 267.72
350857089591401 77 14.71 39133 30 251.25
385501121361904 8 54.32 52451 255 29.67
415956073241501 244 115.00 59780 83 20.94
421556075281602 304 3.25 60044 23 18.52
433852116244801 775 25.54 60050 24 18.20
440345089151701 274 �5.70 60463 106 22.41
Norway 611115 24 16.34
Forde 113 1147.86 611200 27 16.28
Haslemoen 178 165.26 611236 24 16.34
Hauerseter 211 145.35 France
Kise 123 148.51 01277X0192s1 6 191.23
Modum 120 195.04 01551X1006s1 125 180.74
Stigvassai 180 369.56 03276X0009p 122 123.49
Varnes 19 340.05 05867X0152sr1 5 121.91
Peru 09655X0265clos 31 145.85
Well 174 220 �2.49 African countries
Well 237 217 �2.55 Uganda Apac 1,049 36.01
Well 243 426 �2.40 Tanzania BH-10378 1,075 9.47
Well 269 314 �2.41 Tanzania BH-12275 1,094 11.89
Well 273 220 �2.49 Tanzania BH-23475 1,081 9.47
Well 403 363 �2.30 Tanzania BH-8975 1,091 11.08
Well 432 450 �2.46 South Africa Masianokeng-8 1,646 33.80
Well 81 1 �2.73 Namibia WW-39854-2 1,221 �0.01
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cover the period 1901 to 2009 (Harris et al., 2014) and the National Centers for Environmental Prediction
(NCEP) reanalysis (resolution of 2.5° × 2.5°), which has a 6-hr time step beginning in 1948 and is available
in near real time (Kalnay et al., 1996). The land use/cover states were fixed at 2000 using the default
setting of CLM4.5 (Oleson et al., 2013). The simulation period was 1965–2010, and the output from 1970 to

Figure 5. Temporal correlation coefficients between the annual time series derived from the LATERAL simulation and
observations for stations in the (a) US, (b) France, (c) Norway, (d) Portugal, (e) China, (f) Peru, and (g) African countries,
and (h) the averaged correlation coefficients for all stations in each country or region. The dashed lines indicate the
threshold values for the Student’s t test at a confidence level of 95%.
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2010 was used for validation and analysis. In addition, to reach a quasi-steady state before the formal
simulation, we “spun up” the CLM-lateral groundwater flow coupled model for 100 years, cyclically using
atmospheric forcing. The initial condition of the groundwater table depth pattern at 1-km resolution in the
spin-up was obtained from the equilibrium groundwater table depth pattern provided by Fan et al. (2013).
Usually, it takes about 500 years’ modeling from an arbitrary initial water table condition to reach a stable
water table situation. However, based on our test, by starting from a near-steady water table state rather
than some arbitrary value, the spin-up period was shortened to less than 100 years. The sea level was
assumed to be flat and has an elevation of 0 m, while lake water levels were set to the elevation of nearby
land surfaces as boundary conditions.

3. Results
3.1. Model Validation

First, the model’s ability to reproduce the groundwater dynamics was validated. Figures S2–S8 in the support-
ing information present the 20-year annual groundwater table depth time series obtained from the LATERAL
simulation and observations made by the stations in China (only 7 years of measurements were collected for
China), USA, Portugal, France, Norway, Peru, and African countries (including Tanzania, Uganda, South Africa,
and Namibia). Figure S1 shows that our model generally described the deepening trends of the groundwater
table at the seven stations in China. Figure S2 shows that the model’s ability to capture the interannual
groundwater table depth variability was acceptable at the 11 USA stations. Figure S3 shows that our model
performed best in Portugal, for which the simulated results closely matched the observations from all 22 sta-
tions. The model’s performance in France and Norway (shown in Figures S4 and S5, respectively) also was
acceptable. However, at the stations in Peru and the African countries, Figures S6 and S7 show that the inter-
annual variability of the groundwater table depth was not well reproduced.

Considering themodel’s performance in simulating data from the USA, China, and European countries, it may
be possible that in addition to the model’s inherent limitations, other factors (such as the uncertainties from

Figure 6. Temporal correlation coefficients between the monthly time series derived from the LATERAL simulation and
observations for stations in the (a) US, (b) France, (c) Norway, and (d) Portugal. The dashed lines indicate the threshold
values for Student’s t test at a confidence level of 95%.
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atmospheric forcing and measurements) partially contribute to the deviations between simulations and
observations in Peru and some African countries (Poccard et al., 2000; Vey et al., 2010). Figure 5 shows the
temporal correlation coefficients between the annual time series from the LATERAL simulation and observa-
tions for stations in different countries. Figure 5 shows that the correlation coefficients at most stations in the
USA, France, Norway, Portugal, and China were significantly more than zero with a confidence level of 95%,
while for the Peru and African countries, the correlation coefficients were rather low.

The modeled seasonal variability of the simulated groundwater table depth also was compared with obser-
vations. Only 27 of the 67 stations in four well-developed countries (4 in the USA, 14 in Portugal, 5 in France,
and 4 in Norway) offered a monthly groundwater table depth time series. Figures S8–S11 in the supporting
information present the monthly time series of groundwater table depths from the LATERAL simulation and
observations from the 27 aforementioned stations for 2008–2010. Figures S9–S12 show that the combined
model generally described the seasonal variability of the groundwater table depth at most stations, espe-
cially for the 14 stations in Portugal where the predicted and measured values were well matched.

Figure 6 shows the temporal correlation coefficients between the monthly time series from the LATERAL
simulation and observations for stations in different countries. The correlation coefficients at three of the four
stations in the USA, all five stations in France, two of the four stations in Norway, and 13 of the 14 stations in
Portugal were significantly more than zero with a confidence level of 95%, demonstrating the combined
model’s ability to reproduce the seasonal variability of the groundwater table depth.

Next, time-averaged groundwater table depth observations from ~1.6 million stations worldwide (Fan et al.,
2013) were used to validate the combined model. The water table depth differences between the LATERAL
simulation and the station observations from the USA, Europe, Australia, and East Africa, where water table
monitoring stations were concentrated, are shown in Figure S12, and the relative residuals (defined as the
ratios of the differences to the observed values) are shown in Figure S13. The simulated water tables are

Figure 7. Map of aquifer thickness (defined in this paper as the difference between the depth-to-bedrock and the
simulated groundwater table depth) at 1-km resolution from the LATERAL simulation and a comparison with the loca-
tions of major aquifer systems around the world from Taylor et al. (2013).
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generally shallower than the observed water tables in western coastal and eastern regions of the USA where
human activities are relatively intensive, and the simulated water tables were generally deeper than observed
water tables in central USA. Similar patterns also appeared in Europe and Australia, where the simulated
water tables were shallower than observations in coastal regions where intensive human activities occur.
These comparisons demonstrate the reasonableness of the combined model and also highlight the key role
of human water extraction in controlling water table depth.

Then, the combined model was validated by checking whether it could reproduce the major aquifer systems
(which are reflections of rich global groundwater resources) around the world. Figure 7 maps aquifer thick-
ness patterns with 1-km resolution from the LATERAL simulation, which are compared with the locations
of major aquifer systems around the world (Taylor et al., 2013). Major aquifer systems are located in places
where the aquifer thickness is large. Figure 7 illustrates that the combined model correctly identifies several
key aquifer systems around the world, including the aquifer systems in the Central Valley of California (USA),
the High Plains (USA), Amazon and Guarani regions (South America), Indian Gangetic Plain, North China Plain,
and Great Artesian Basin (Australia). Themodel also accurately describes the important Northwest Sahara and
Nubia Sandstone aquifer systems in the Sahara regions of Africa.

Last, the simulated TWSA was compared with GRACE satellite data. Figure 8 shows the patterns of the tem-
poral correlation coefficients between the monthly TWSA from the simulations (both for CONTROL and
LATERAL runs with a resolution of ~1°) and the GRACE satellite data for 2002–2010. Also shown is themonthly
time series of global-averaged TWSA from the CONTROL and LATERAL simulations. Figures 8a and 8b show
that there is no obvious improvement in the modeling of TWSA variability from the LATERAL simulation at
~1° resolution compared to the results from the CONTROL simulation. This implies that, at the scale of ~1°,
lateral groundwater flow may be not a key factor controlling TWSA variability and that climate factors (pre-
cipitation, ET, etc.) play more important roles. Figure 8c compares the trends of observed and simulated
TWSA (both from the LATERAL and CONTROL simulations). The slope of the trend line from the LATERAL
simulation was�0.016 cm/month. This value was much closer to the actual trend slope of�0.018 cm/month
indicated by the GRACE data than to the slope of 0.002 cm/month predicted by the CONTROL simulation. The
deviations between TWSA trend predicted by the LATERAL simulation and observed TWSA trend indicated by
the GRACE data may arise from anthropogenic groundwater exploitation, which was not addressed in the
LATERAL simulation.

3.2. Simulated Groundwater Table Depth Pattern Under Consideration of Lateral Groundwater Flow

Figure 9 shows the average predicted global groundwater table depth pattern for 1970–2010 at 1-km resolu-
tion from the LATERAL simulation. Generally, the global groundwater table depth pattern is a reflection of the
climate pattern. In wet areas with ample rainfall, such as in the eastern USA and Amazon basin, the ground-
water table is relatively shallow. In the arid areas, such as Sahara region, Arabian Peninsula, northwestern
China, and western Australia, the groundwater table is much deeper. These salient patterns arise because
the equilibrium water table reflects a balance between recharge from the soil to an aquifer and either lateral
groundwater divergence or convergence. While the lateral groundwater flow is mostly controlled by topo-
graphic factors at local scales, the recharge is mainly controlled by climatic factors (precipitation, tempera-
ture, ET, etc.), which are usually defined at regional and/or continental scales.

Therefore, the most obvious patterns displayed by the groundwater table should be correlated to the salient
climate distribution at regional and/or continental scales. However, at smaller than regional scale where cli-
mate diversity can be neglected, the spatial variability of the groundwater table depth remains dominant.
This can be explained by the lateral groundwater flow driven by gravity and following the topography. At
the local scale, if geological factors determine a lateral flow divergent area, the water table can be deep even
in a humid region. Conversely, in a lateral flow convergent area, the water table can be shallow even in arid
regions (a situation always observed in desert oases).

Boundary conditions also affect groundwater table depth. The contribution of the boundary condition (i.e.,
sea level) can be determined in Figure 9. For example, on the Malay Archipelago, which has very long coast-
lines compared with its area, the water table is generally shallow and very near the sea level.

Figure 10 compares the simulated equilibrium water tables predicted by the combined model against pub-
lished water table depths (Figure 10a) of Fan et al. (2013). Figure 10b shows the difference in the water table
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Figure 8. Patterns of temporal correlation coefficients for monthly terrestrial water storage (TWS) anomaly from 2002 to
2010 (a) between the CONTROL simulation and the GRACE data, (b) between the LATERAL simulation and the GRACE
data, and (c) themonthly time series of the global-averaged TWSA from the CONTROL and LATERAL simulations and GRACE
satellite data from 2002 to 2010. The masked (white) areas in (a) and (b) indicate the regions where the correlation
coefficients did not pass the Student’s t test with a confidence level of 95%. The dashed lines in (c) are the trend lines of the
TWS anomaly time series. SCTL is the slope of the trend line from the CONTROL simulation, SLTF is the trend slope from the
LATERAL simulation, and SGRACE is the slope of the trend of the GRACE satellite data.
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depths between the LATERAL simulation and the depths reported by Fan et al. (2013). Although the
combined model used the same groundwater movement equation and groundwater flow discretization as
Fan et al. (2013), many differences are apparent between the two analyses. These differences are due to
differences in the approaches used to describe key factors affecting groundwater table predictions.

Figure 9. Average global groundwater table depth pattern (1970–2010) with 1-km resolution from the LATERAL simula-
tion. The masked (white) areas indicate the regions where a stable shallow groundwater table may not exist within the
permeable zone.

Figure 10. (a) Global equilibrium groundwater table depth at 1-km resolution from Fan et al. (2013). (b) The difference in
the equilibrium groundwater table depths from the LATERAL simulation and Fan et al. (2013).
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In the combined model, the global depth-to-bedrock data from Shangguan et al. (2017) were used as the
lower boundary of less permeable substrate; in contrast, Fan et al. (2013) did not explicitly consider this
boundary. Therefore, the combined model calculated the aquifer thickness directly rather than using the
e-folding depth assumption of Fan et al. (2013). Furthermore, the subsurface hydrological conductivity in
the combined model was derived from Gleeson et al. (2011, 2014) and contained much more geological
information than the soil content-based parameterization applied by Fan et al. (2013). Moreover, the water
table map predicted by the combined model results from a two-way coupling simulation that entirely con-
siders the interactions between aquifers and land surface systems; Fan et al. (2013) considered no such feed-
back from the groundwater module to the landmodel. The fact that the combinedmodel is a transient model
that can simulate time series of water tables represents a considerable improvement over that of Fan et al.
(2013), which produced only an equilibrium groundwater table map.

Thus, Figure 10b shows that over a large number of areas, the simulated water table from the combined
model is shallower than that of Fan et al. (2013). Because we used the depth-to-bedrock as the lower bound-
ary, the groundwater table cannot be deeper than the depth-to-bedrock. However, Figure 10b also shows
that in some arid regions, the water table predicted by the combined model is deeper than that predicted
by Fan et al. (2013).

Next, the effects of lateral groundwater flow on the global groundwater table depth pattern and temporal
variability were evaluated. Figure 11 shows global equilibrium groundwater table depth patterns at ~1°

Figure 11. Global equilibrium groundwater table depth patterns at ~1° resolution from (a) the CONTROL simulation, (b) the LATERAL simulation, and (c) the
LATERAL-CONTROL simulation, and the (d) annual and (e) seasonal time series of the global-averaged groundwater table depth from the CONTROL and LATERAL
simulations, (f) seasonal time series for the Northern Hemisphere (NH), and (g) seasonal time series for the Southern Hemisphere (SH). The stippled areas indicate
the regions where the difference passed the 95% confidence level in the Student’s t test.
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resolution predicted by the CONTROL, LATERAL, and LATERAL-CONTROL simulations, as well as the annual
and seasonal time series of the global-averaged groundwater table depth predictions from the CONTROL
and LATERAL simulations. Figures 11a and 11b show that the equilibrium groundwater table depth patterns
are apparently modified by the lateral groundwater flow. The water tables in North Africa, the Arabian
Peninsula, central Asia, and southern Australia were deepened bymore than 6m. In the CONTROL simulation,
the modeled spatial variability of the groundwater table depth was relatively weak, while in the LATERAL
simulation, the groundwater table depth spatial variability became much stronger. This means that even at
~1° resolution, the lateral groundwater flow or topographic factors play important roles in shaping the
groundwater table depth patterns. Figure 11c shows that the difference in groundwater table depth between
the LATERAL and CONTROL simulations passed the Student’s t test with a confidence level of 95% over
almost all land areas around the world. Figure 11d illustrates that both the CONTROL and LATERAL simula-
tions show deepening trends of groundwater tables from 1970 to 2010. However, in the CONTROL simula-
tion, the groundwater table depth deepened by 0.06 m during the 40-year period, while in the LATERAL
simulation, a much larger deepening (0.36 m) was predicted.

Figure 11e shows that apparently, the seasonal variability of the groundwater table depth also is modified by
the lateral groundwater flow. In the CONTROL simulation, two distinct rises of the groundwater table were
predicted that correspond to the rainy seasons in the Northern and Southern Hemispheres (shown in
Figures 11f and 11g), respectively. However, in the LATERAL simulation, the seasonal variability in ground-
water table depth decreased, and the two peaks predicted in the CONTROL simulation almost disappeared.
The differentiation between groundwater table depths predicted by the LATERAL and CONTROL simulations
comes from the buffering effect of the lateral groundwater flow, as noted in section 1. In humid climates,
when there is an excess of precipitation, groundwater drains to streams and rivers, while in dry climates, if
the groundwater table levels are below that of nearby surface water, streams and rivers will infiltrate to
the groundwater.

4. Conclusions and Discussion

In this study, new schemes were developed to couple a lateral groundwater flow module into CLM4.5,
convert different model resolutions, and run simulations in parallel. Furthermore, depth-to-bedrock was
incorporated in the new lateral groundwater flow module to improve the simulation of groundwater table
depth variations. The CLM4.5 was operated using a coarse spatial resolution, and the lateral groundwater
flow module was operated at a much finer resolution. Multiple data sets of depth-to-bedrock, bedrock per-
meability, elevation, land cover, and equilibrium groundwater table depths were used as input data to the
CLM-lateral groundwater flow coupled model.

Two simulations (CONTROL and LATERAL) were conducted for the years 1965 through 2010 to study the
effects of lateral groundwater flow on global groundwater table depth spatial patterns and temporal variabil-
ity. The model was validated from the perspectives of groundwater table depth interannual variability, sea-
sonal variability, time-averaged values, aquifer thickness, and TWSA. The validation compared simulations
against multiple observations from a continuous 20-year data set of groundwater table depth measurements
at 67 stations in 10 countries, approximately 1.6 million time-averaged groundwater table depth measure-
ments from around the world, the locations of major aquifer systems, and the inversed TWSA obtained from
GRACE satellite data.

The simulated high-resolution groundwater table depth patterns showed that the groundwater table depth
pattern is a synthetic reflection of both climatic and topographic factors. At large scale, the groundwater
table depth pattern is closely related to climate distribution, whereas at the local scale, the groundwater table
depth pattern is more affected by hydrogeological details. These results motivate further improvements to
gathering and analyzing hydrogeological information at a global scale. Lateral groundwater flow significantly
modifies the equilibrium groundwater table depth pattern at locations around the world. The declining (i.e.,
deepening) trend of global groundwater tables was exacerbated by lateral groundwater flow during 1970–
2010, ranging from 0.025 to 0.125 m/decade. However, the seasonal variability of groundwater table depth
was reduced by the buffering effect of lateral groundwater flow.

Some assumptions and limitations in the research should be noted. The uncertainties of the input data
(depth-to-bedrock, permeability, land cover, etc.) certainly induced some errors in the model outputs.
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These uncertainties can be expected to decrease as improvements in the quality of input data are realized in
the future. Surface water-groundwater interactions such as the process of rivers recharging riverbank
aquifers, which can frequently occur in arid riparian areas, were not simulated in the combined model.
This omission added some uncertainty to predictions in locations along stream channels, making the pre-
dicted water table deeper and groundwater storage less than the actual values. However, because the num-
ber of simulation grid cells in coastal areas, in areas around inland lakes, and in other riparian areas is
relatively small compared with the 250 million simulated inland grid cells globally, the uncertainty induced
by omitting surface water-groundwater interactions should not have had much of an effect on the simulated
global groundwater table depth patterns.

Another uncertainty was introduced by the downscaling scheme used to translate the vertical water flux
between the soil column and aquifer (qrecharge) from the CLM4.5 to the new lateral groundwater flowmodule.
Only the land use/land cover was considered via downscaling; other factors, such as elevation and terrain
slope, were ignored. In the future, a more comprehensive downscaling method will be implemented in the
combined model. Furthermore, neither the unsaturated lateral flow in soil nor saturated flow in confined
aquifer systems are included in the new groundwater flow model. Adding these features is a future direction
of model development.

The energy taken by the lateral groundwater flow was not tracked in the model. This consists with the
conception in CLM4.5 that advected energy associated with water flows is generally untracked. We will
update our module to include this energy flux in the future in synchronization with CLM development
to converse the energy. Another bias may come from the specific field that was assumed to be vertically
uniform in our lateral groundwater module. Compared with a more common assumption of the specific
yield decreasing with depth, our module might underestimate the water table variability when the table
is very deep.

Currently, human water diversion and irrigation are not resolved in our model, though they are important in
controlling the water table. Until now, the finest data sets for anthropogenic water withdrawal and irrigation
were created at 10-km resolution by Siebert et al. (2015). Designing schemes to downscale the irrigation data
sets to 1-km scale will be a key step in incorporating human activities to the model.

Future research related to this study is needed. Besides addressing the limitations just described, future
research will utilize the model to study the relationship between the groundwater table and vegetation,
because vegetation root depth is closely related to the groundwater table depth. We also intend to study
the recharging effect of lateral groundwater flow on groundwater depression cones caused by groundwater
overpumping after the groundwater pumping is included. Moreover, some land-atmosphere coupled simu-
lations will be conducted within the framework of the Earth systemmodel Community Earth SystemModel to
study the climatic effects of lateral groundwater flow.
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