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Abstract Groundwater is the world's most important freshwater resource. Despite this importance,
groundwater flow and interactions between groundwater and other parts of the hydrological cycle are
often neglected or simplified in large-scale hydrological models. One of the challenges in simulating
groundwater flow and continental to global scales is the lack of consistent globally available
hydrogeological data. These input data are needed for a more realistic physical representation of the
groundwater system, enabling the simulation of groundwater head dynamics and lateral flows. A realistic
representation of the subsurface is especially important as large-scale hydrological models move to finer
resolutions and aim to provide accurate and locally relevant hydrologic information everywhere. In this
study, we aim at improving and extending on current available large-scale data sets providing information
of the subsurface. We present a detailed aquifer representation for the continental United States and
Canada at hyper resolution (250 × 250 m). We integrate local hydrogeological information, including
observations of aquifer layer thickness, conductivity, and vertical structure, to obtain representative aquifer
parameter values applicable to the continental scale. The methods used are simple and can be expanded to
other parts of the world. Hydrological simulations were performed using the integrated hydrological model
ParFlow and demonstrated improved model performance when using the new aquifer parameterization.
Our results support that more detailed and accurate aquifer parameterization will advance our
understanding of the groundwater system at larger scales.

Plain Language Summary Groundwater is the largest available freshwater resource humans
can use for drinking and growing food. It is stored beneath our feet in thick layers of sand or rock; we call
these layers aquifers. For a realistic estimation of how much groundwater is stored and flows through
these aquifers, detailed information on the properties of these layers is essential. However, this information
is often missing, or not detailed enough, at the larger scales. In this study, we introduce a new method
to obtain this detailed data by including information from observations and local-scale studies what we
upscaled to the continent of North America. We estimate aquifer parameters at very high spatial resolution
over a large domain. These data were not available previously. We evaluate our newly obtained aquifer
parameterization against other existing data sets and tested model sensitivity to different horizontal
and vertical resolutions and conductivity values. We used the integrated hydrological model ParFlow.
Our results show that estimates of water table depth improved using our new parameterization.
The methods we introduce here can be used by other modelers looking to improve their aquifer
parameterization. We hope that our study can be used as a road map towards improved and more detailed
aquifer parameterization used in current large-scale hydrological models.

1. Introduction
Groundwater is an important part of the water cycle. It is widely used for irrigation, drinking water, and
industries (Döll et al., 2012; UNESCO, 2010; Wada et al., 2011). During times of droughts, groundwater acts
as a natural buffer as it sustains groundwater flow to the river, supporting river low flows, groundwater-fed
wetlands, and related ecosystems (de Graaf et al., 2014, 2019) and shallow water tables maintaining evap-
otranspiration (Chang et al., 2018; Maxwell & Condon, 2016; Shrestha et al., 2018). Groundwater often
flows across topographic and administrative boundaries at considerable rates, supporting water budgets of
receiving catchments (Schaller & Fan, 2009). With climate change and increasing human water demands,
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groundwater resources are under continuous pressure. Therefore, a better understanding of the groundwater
system and its sensitivity to storage changes, be it from climate or human water use, is critical.

Despite the importance of groundwater and the explicit focus on groundwater recharge and groundwater
pumping in global-scale studies (e.g., de Graaf et al., 2014; Döll et al., 2012), most global-scale hydrological
models do not simulate groundwater flow. The main reason for this omission is the lack of consistent globally
available hydrogeological data that are required for a realistic physical representation of the groundwater
system (Gleeson et al., 2014), enabling the simulation of groundwater head dynamics, lateral flows, and the
effect of storage changes, be it from climate or groundwater pumping. Also, consistent data are needed for
model evaluation and calibration. The data required includes estimates of aquifer thickness, conductivities,
and presence of confining layers (de Graaf et al., 2017; Schaller & Fan, 2009). Especially at a finer reso-
lution, the relative importance of horizontal groundwater flux (or lateral flow) will increase in large-scale
hydrological assessments (Krakauer et al., 2014).

Currently, few gridded data sets are available that can be used to define hydrogeological parameters. The
best currently available global data set on aquifer permeability is GLHYMPS (Gleeson et al., 2014), which
was updated to the GLHYMPS2.0 (Huscroft et al., 2018). GLHYMPS is widely used in large-scale ground-
water models, although it shows some major inconsistencies like state and country borders, and tends to be
biased towards low conductivities, especially for the unconsolidated sediments (Gleeson et al., 2014). The
latter was subject of the improvement made in the 2.0 version. When used for groundwater modeling, the
inconsistencies and biases impact the reliability of simulated water table depths and fluctuations (de Graaf
et al., 2017, 2019; Reinecke et al., 2019). Also, there are a few data sets available providing a depth-to-bedrock
estimate (Pelletier et al., 2016; Shangguan et al., 2017), which could be used as a proxy for aquifer thick-
ness. However, both mentioned data sets are limited in depth. For example, Pelletier et al. (2016) estimates
average soil and sediment thickness at approximately 1 × 1 km resolution based on topography and lim-
ited to a maximum 50 m in depth. Values equal to 50 m could therefore also represent higher thicknesses.
Using this limit in a groundwater model is a bit arbitrary, as many aquifer systems are much deeper than 50
m and store groundwater at greater depths as well. Also, groundwater abstractions are often from greater
depths, for example, up to 300 m in depth for the United States (Perrone & Jasechko, 2017). The data set of
Shangguan et al. (2017) provides an estimate of depth-to-bedrock, equivalent to the thickness of productive
aquifers, at 250 × 250 m resolution, based on a purely statistical approach using random forest and gradi-
ent boosting tree algorithms. Thickness estimates are limited to 150 m for regions where no borehole data
were compiled (assumed for the entire Sahara for example). The maximum predicted thickness is 540 m in
this data set. Furthermore, in both depth-to-bedrock estimates, no information on the vertical structure, for
example, the presence of confining layers, is provided. In groundwater modeling, especially when impacts of
groundwater abstractions are to be simulated and studied, the vertical structure and occurrence of confined
and unconfined aquifers is vital information.

Another global-scale estimate of aquifer thickness was presented by de Graaf et al. (2017) and includes esti-
mates of aquifer thickness, vertical structure, and aquifer transmissivity. This hydrogeological information
was used in a groundwater model to estimate groundwater depths and head declines due to changes in stor-
age (de Graaf et al., 2017), as well as to estimate the impact of groundwater pumping on river flows (de Graaf
et al., 2019). Evaluation of the estimated aquifer thickness and groundwater depths showed however that
the spatial resolution, which was approximately 10 ×10 km, is too coarse to resolve local aquifer systems in
the mountainous systems. For these regions, groundwater table depths and interactions to the surface water
are not always simulated accurately (de Graaf et al., 2017, 2019). Furthermore, complex vertical structures
of multiple confining layers and confined aquifers are lumped together into one confining layer on top of
a confined aquifer. Rivers in confining layers are thus disconnected from the aquifer unless they penetrate
through the confining layer. For some intensively abstracted aquifers, groundwater depletion was signif-
icantly overestimated compared to observations due to the uncertainty in the used permeability data set
(which was GLHYMPS) (de Graaf et al., 2017).

In this study, we address the noted gaps in existing data sets by presenting an estimate of aquifer thickness,
vertical structure, and aquifer transmissivity for the continental United States and Canada at high- and
hyper-resolution (1 × 1 km and 250 × 250 m, respectively). We extrapolated data on aquifer thickness and
conductivity from aquifer studies in the United States and used a relatively simple method, predominantly
based on elevation differences, to delineate local and extensive alluvial aquifers and estimate thicknesses

DE GRAAF ET AL. 2 of 14



Water Resources Research 10.1029/2019WR026004

Figure 1. (a) Schematization of delineation of (i) local alluvial aquifers,
(ii) extensive alluvial aquifer, and (iii) mountain ranges, using
predominantly elevation differences. (b) Schematization of aquifer
thickness (D) estimation for local alluvial aquifers and vertically stacked
layers of extensive alluvial aquifers (indicated by the numbers 1–3).

of these aquifer systems. For the extensive aquifer systems, this estimate
entails an approximation of thickness of different vertical stacked layers
with varying transmissivity, therewith providing information on the ver-
tical structure of the aquifer system. Aquifer conductivity (needed to cal-
culate transmissivities) values were extrapolated from the same aquifer
studies in the United States and assigned to the estimated aquifer lay-
ers using regional information as wherever it is available. The approach
used to estimate aquifer thickness and transmissivities can be extended
to other parts of the world. Although, including more specific informa-
tion for, for example, a region or aquifer will improve the accuracy of the
estimate, for regions where such information is missing, the presented
approach provides a useful first-order estimate of the subsurface. Results
are evaluated against available data sets of depth-to-bedrock and aquifer
thickness at a global scale.

We tested the new aquifer parameterization using the hydrological
model ParFlow. The model ParFlow has been used at a larger-scale
before (Maxwell et al., 2015) and simulates water table depths and
groundwater-surface water interactions with Richards equation. In this
study, the model was set up for a test case region in the northern High
Plains aquifer. We tested model sensitivity for different parameter set-
tings of conductivity and different horizontal and vertical resolutions.
Results are evaluated and compared with a focus on water table depths
and groundwater flows. This analysis is limited to a small test case due
to the high computational demands and therefore should be seen as a
proof of concept that can be used to guide future modeling efforts at larger
spatial scales and higher resolutions.

2. Methods
The first goal in this study was to develop realistic and detailed hydrogeological parameterization at high-
and hyper resolution for continental United States and Canada. For the aquifer thicknesses estimation and
the delineation of confining layers, we build on previously published methods applied at the global scale
published by de Graaf et al. (2017). Here, major improvements from this data set were obtained by increasing
the spatial resolution and by the extrapolation of regional-scale information on thickness, vertical structure,
and aquifer conductivities at the continental scale. Details on the estimation of aquifer thickness, vertical
structure, and aquifer conductivity are given in sections 2.1 and 2.2

The second goal in this study was to test the new aquifer parameterization hydrologically using the inte-
grated hydrological model ParFlow (Kollet & Maxwell, 2006; Maxwell, 2013) and test the model sensitivity
for different conductivity parameterization and horizontal and vertical resolutions. We selected a smaller
test case region within the High Plains aquifer to keep computational times reasonable. Also, local data
on subsurface permeability as well as observations of water table depths are available, enabling a detailed
model evaluation. Details on the model and sensitivity analysis are given in sections 2.3 and 2.4.

2.1. Aquifer Thickness
We estimated aquifer thickness and vertical structure at high- and hyper-resolution (1 × 1 km and 250 × 250
m, respectively). First, we delineated alluvial aquifers and mountain ranges, preliminary based on elevation.
We distinguished between (i) local alluvial aquifer systems, present in valleys of all streams, ii) extensive
alluvial aquifer systems, located in the major floodplains of deltas and piedmont belts, and (iii) mountain
ranges, where the sediment thickness is negligible (Margat & van der Gun, 2013) (Figure 1a). Second, we esti-
mated the thickness of local systems (i.e., type i) and upper and deeper layers of extensive systems (i.e., type
ii) of the alluvial aquifers by applying a simple algorithm predominantly using terrain attributes (Figure 1b).
The algorithm is adopted and improved from the studies of de Graaf et al. (2015, 2017).

The following steps were taken:

1. Local alluvial aquifers, extensive alluvial aquifers, and mountain ranges were delineated based on eleva-
tion difference between a model cell and the downstream neighboring cell. For this step, terrain elevation
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Figure 2. Map of calculated spatial distribution of F′ (x), representing the likelihood of thinner or thicker aquifer layers.

and the drainage direction network were needed. Both these data sets are available at the high- and
hyper-resolution from HydroSHEDS (Lehner & Döll, 2004). All cells with an elevation difference of 15
m or less compared to their downstream neighboring cell were classified as alluvial aquifer cells. Cells
with an elevation difference of more than 15 m were classified as mountain ranges (Figure 1a) (For eval-
uation, see section 3.1). Moreover, we made sure that aquifer cells have at least one neighboring aquifer
cell.

2. By definition, alluvial aquifers are linked to fluvial systems and deltas. Sediments are deposited perpen-
dicular to the main gradient (constituting the transversal axis of the basin) with sediment grain sizes and
volumes decreasing at a greater distance away from the transversal axis. Therefore, we used the relative
elevation from the main gradient as a measure of proximity to the river measured along the transversal
axis and as an indicator of the associated depth (following de Graaf et al., 2015). We standardized the
relative elevation and used this to define the distribution of aquifer thickness using a log-normal distri-
bution, assuming thickness is non-negative and positively skewed (following de Graaf et al., 2015). In
more detail, this was done using the following procedure:
First, for each cell-location x, classified as an alluvial aquifer in step 1, a measure expressing the relative
elevation difference was calculated:

F′(x) = 1 −
F(x) − Fmin

Fmax − Fmin
(1)

where F(x) is the elevation difference between a cell at location x and the neighboring downstream cell.
Fmin and Fmax are the minimum and maximum difference following from the distinction between
alluvial aquifers and mountain ranges: 0 m and 15 m, respectively. This F′(x) (Figure 2) leads to a thick
layer close to the river which thins further away from the stream towards the edge of the alluvial aquifer
(Figure 1b).
Second, the associated z-score was calculated as

Z(x) = G−1(F′(x)) (2)

where G−1 is the inverse standard normal distribution.
3. Statistics of local alluvial aquifer thickness and shallow layers of extensive alluvial aquifers were obtained

from local- to regional-scale groundwater studies in the United States (covering 23 different aquifer
systems, available from Miller (2000). As a measure of the difference between aquifer systems, we deter-
mined for each study the average thickness. This resulted in a range of averaged thicknesses between 25
and 135 m. Assuming that the thickness of alluvial aquifer layers is log-normally distributed (i.e., aquifer
layers cannot be thinner than 0 m), aquifer thicknesses can be described using the average thickness of
the ln-transformed thickness lnD. This lnD was chosen uniformly over the domain and sampled from
the range of thicknesses:

lnD = U(25 ∶ 135) (3)
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where U indicates the random value. Moreover, as a measure of the variation of thickness within an
aquifer system, the average coefficient of determination (CvlnD) was determined from the same aquifer
studies. This coefficient of variation was fixed when calculating the aquifer thickness distribution over
the domain.

4. Spatial distribution of aquifer thickness was generated, assuming a log-normal distribution with random
average lnD, sampled from U(25 ∶ 135) with a fixed CvlnD and using the standard normal ordinate Z(x)
which is based on the topographical controls within each delineated aquifer:

Y (x) = lnD(1 + CvlnDZ(x)) (4)

D(x) = eY (x)
. (5)

The parameters Y(x) and D(x) are random as lnD is random, while spatial variation is driven by Z(x),
reflecting the likelihood of a thick aquifer layer. Here, 20 equally likely maps of aquifer thickness were
estimated by choosing average aquifer thickness randomly from U(25 ∶ 135). The map that matches the
reported values best is presented as the final result in this paper.

5. Lastly, statistics of the thickness of deeper, vertically stacked aquifer layers, of extensive alluvial aquifers
(type ii), were obtained from the same local- to regional-scale groundwater studies in the United States.
Extensive alluvial aquifers are found for major deltas, piedmont belts, coastal areas, and subsidence zones
and were delineated assuming that these aquifers are represented by more extended flat areas. The same
procedure as described in steps 2–4 was used to estimate the thickness of the different layers (Figure 1b).
In this study, we estimated three vertical stacked layers; a shallow aquifer layer as described above, a
deeper layer which can be a confining unit or a deeper aquifer layer, and a third layer that represents all
layers below the second estimate layer part of the productive aquifer until the first impermeable layer.
In the estimation of the layer thicknesses, the F′(x) (equation (1)) was recalculated for extensive alluvial
aquifer systems, and lnD was sampled from the range of thickness corresponding the layer and based on
data obtained from the aquifer studies.

To evaluate the reliability of this study's aquifer-thickness estimate, the spatial distribution of aquifers and
thickness estimates are evaluated against available global and continental data sets of depth-to-bedrock.

2.2. Aquifer Conductivity
Groundwater flow volumes are dependent on aquifer transmissivities (m2/d), calculated as the conductivity
(m/d) × thickness (m) of the aquifer (layer). Data on aquifer conductivities are very limited at a larger scale.
Currently, only two data sets on conductivity are available: GLHYMPS (Gleeson et al., 2014), providing
permeability of the upper 100 m of the subsurface, and GLHYMPS2.0 (Huscroft et al., 2018), an updated
version of the first data set providing permeability values for unconsolidated sediments and upper bedrock
layers. These data sets are a combination of global maps of surface lithology and a compilation of 250 model
studies with calibrated values for different lithologies.

Based on previous model experiences (Condon & Maxwell, 2014; de Graaf et al., 2017, 2019) and test runs
done in this study, we have strong evidence that current global-scale subsurface permeability values, pre-
sented in GLHYMPS, tend to be biased towards lower permeability (also supported by the discussion of the
GLHYMPS data sets Gleeson et al., 2014; Huscroft et al., 2018). Also, the global permeability maps suffer
from inconsistencies, for example, over country and state borders were permeabilities shifts up to an order of
magnitude. The GLHYMPS2.0 provides permeabilities that are higher than the original values but still show
the same inconsistencies as it uses the same surface lithology map (GLiM Hartmann & Moosdorf, 2012).
These inconsistencies have a major impact on model results of water table depths, water table fluctuations,
and head declines when storage is changed (de Graaf et al., 2017; Maxwell et al., 2015; Reinecke et al., 2019).

In this study, we extrapolated aquifer permeability values from reported data available from aquifer studies
in the United States (Miller, 2000). The data covered unconsolidated sediments, consolidated sediments,
and carbonate rocks. For the unconsolidated and consolidated values, we distinguish between fine-, mixed-,
and course-grained (see Table 1 and Figure A1). In total, data from 15 studies were used. The estimates are
evaluated against both GLHYMPS data sets.

For the calculation of aquifer transmissivity, we used the new estimated thicknesses and conductivity val-
ues. We did not use the subsurface lithology map (i.e., GLiM) to define where, for example, unconsolidated
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Table 1
Estimated Conductivity Values Using Information From Aquifer Studies, Compared to Available Global-Scale Estimates

Hydrolithology This study's conductivity (m/d) GLHYMPS1.0 conductivity (m/d) GLHYMPS2.0 conductivity (m/d)
Course-grained unconsolidated sediments 30 11 26
Mixed-grained unconsolidated sediments 3 0.09 2
Fine-grained unconsolidated sediments 0.03 0.01 0.007
Coarse-grained siliciclastic sediments 1.5 0.27 -
Mixed-grained siliciclastic sediments 0.3 0.0005 -
Carbonates 43 1.4 -

Note. Only the values of hydrogeological classes that changed compared to GLHYMPS are given (for the other hydrogeological classes the original GLHYMPS
values were assumed). As GLHYMPS2.0 only provides new estimates for unconsolidated sediments, only these values are given here.

sediments are found (like done in de Graaf et al., 2015, 2017 and Hutcroft et al., 2018), but assumed all top lay-
ers of the aquifer consist of unconsolidated sediments. Therewith, we overcome the inconsistencies present
in the lithology map and both GLHYMPS maps. However, we used information in the lithology map on
grain size (fine-mixed-coarse), as this information is often missing, and assigned conductivity values accord-
ingly. For the deeper layers, if information on the hydrogeological class was available, the corresponding
conductivity value was assigned. If no information was available, the value for fine-grained unconsolidated
sediments was assigned in case of a confining layer, and the value of mixed-grained unconsolidated was
assigned in case of a deeper aquifer layer. If information was available of rock type below local alluvial
aquifers, the corresponding conductivity value was assigned. If information was missing and for moun-
tain ranges, the original value of GLHYMPS was assigned. The total transmissivity of all aquifer layers
was calculated. The total transmissivity of extensive aquifers was calculated as the sum of transmissivities.
The estimated aquifer transmissivities were evaluated against the estimate using the conductivity values of
GLHYMPS (a similar approach currently used in, e.g., de Graaf et al., 2015, and Reinecke et al., 2019).

2.3. Hydrological Model
Second, we tested the sensitivity of simulated water table heads and fluxes to different parameter settings for
conductivity, vertical discretization, and horizontal resolution by running the hydrological model ParFlow
under different parameter scenarios. In this study, we use ParFlow to simulate saturated flow in three dimen-
sions, using a terrain-following grid. The grid describes in this study shallow and deeper aquifer systems
and bedrock layers. The model simulates subsurface flow solving Richards' equations. ParFlow allows the
interconnected groundwater-surface water systems to evolve dynamically based on the governing equations
and system properties and does not use simplifying assumptions like more conceptual-based models would
do (e.g., predefine the stream network and/or simplified relations between stream head and baseflow). This
approach, however, requires a high amount of computational time and memory storage in comparison to
more conceptually based models. Details on the case study formulated here are given below. For more details
on the model ParFlow (i.e., equations, code, etc.), we refer to the ParFlow manual (Maxwell et al., 2019).

2.4. Test Case Region and Model Runs
For the test case, we selected a region of 25× 250 km in the Northern High Plains (Figure 3a). The High Plain
aquifer generally consists of alluvial sediments on top of sedimentary hardrock. The thickness of the top
layers varies between a few meters to hundreds of meters where ancient valleys got filled. The depth of the
alluvial sediments is generally greater in the Northern High Plains to the middle and south (Gutentag et al.,
1984). Our thickness estimate ranges between 10 and 300< m (Figure 3d). Groundwater in the High Plains
aquifer generally flows from west to east following the general terrain (Gutentag et al., 1984) (Figure 3b).
In the Northern High Plains, water table depths are reported to range in depth between 0 and 120 m deep
(McGuire, 2014).

We formulated two scenarios for the aquifer conductivities: (1) using this study's conductivity values, avail-
able at the continental scale at high- and hyper-resolution (hereafter called continental conductivities),
and (2) using a data set of hydraulic conductivity contours and polygons for the Northern High Plains
(Cederstrand & Becker, 1998) (Figure 3e; hereafter called regional conductivities). This Northern High Plain
data set provided spatial heterogeneous data for the upper alluvial aquifer layer only, a value of the under-
lying hard rock was not given. Most of the regional conductivity values are 1.5 to 3 times higher than the
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Figure 3. (a) Spatial boundary of the High Plains aquifer, with the case study location indicated by the dark grey box. Model inputs: (b) terrain elevation
(meters above sea level, obtained from Lehner & Döll, 2004), (c) groundwater recharge input, obtained from Condon and Maxwell (2014), (d) estimated aquifer
thickness (see also Figure 4), (e) regional conductivities of the top aquifer layer (obtained from Cederstrand & Becker, 1998), (f) fractional difference between
this study's estimated continental conductivities and the regional conductivities.

continental conductivity (Figure 3f, calculated as regional conductivities/continental conductivities). In the
selection of the case study area, we limited ourselves to regions where local data sets are freely available and
ready to use (as a shapefile, or raster) and describe aquifer conductivities over at least an area of 10× 10 km.
Even in the United States, this kind of data is limited.

We formulated two scenarios defining the level of detail on which vertical structure is described: using six
or 12 model layers. The number of layers was chosen so that the estimated vertical structure of the aquifer
was not averaged out because of the terrain-following grid used by ParFlow. This means that the model's
vertical discretization should not be too coarse that thinner layers are lumped together with thicker layers so
that important information is lost (e.g., confining layers between two permeable layers or thin local aquifer
systems). On the other hand, adding more layers will increase computational time. The formulated scenarios
leave us with a minimum of 375,000 grid cells and a maximum of 12,000,000 grid cells. For comparison, the
latter is almost twice as much as the current ParFlow domain covering the largest part of the continental
United States, run at a 1×1 km resolution and one aquifer layer (Maxwell et al., 2015). For each model layer,
average conductivities were estimated.

In total, five runs were done: at the 1×1 km spatial resolution, two conductivity estimates times two vertical
discretizations. The total vertical domain was 300 m. We forced the model with simulated groundwater
recharge obtained from the previous study of Maxwell et al. (2015) (Figure 3c). This groundwater recharge
estimate is available at the continental scale at a 1 × 1 km resolution. Because of the high computational
demand, we run the model at the 250 × 250 m resolution once, using the best performing parameter set
(discussed in section 2.5). All runs are done in steady state under natural conditions.

2.5. Evaluation Model Results
Simulated water table depths were validated against long-term averaged piezometer data (available from
Fan et al., 2013). When more than one observation were available in a grid cell, the average depth was used.
The water table head (WTH) was evaluated instead of water table depth (WTD), as WTH measures the
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Figure 4. Estimated aquifer thickness of (a) shallow aquifers and top layers and (c) total aquifer thickness at the 250×250 m resolution. The estimate of shallow
aquifers and top layers is compared to the global scale estimate of (Pelletier et al., 2016) (global, 1×1 km). (b) The estimate of total aquifer thickness is compared
to the global scale estimate of de Graaf et al. (2015) (global, 5′ ) (d). In both maps, mountain ranges, where no aquifer thickness is estimated, are shown in white.

potential energy driving flow and therefore is physically more meaningful. The coefficients of determina-
tion (R2) and regression (𝛼) were calculated for every run and were used as the criteria for selecting the
best-performing parameter set.

Also, to evaluate model outcomes relative residuals in WTD were estimated, calculated as
(WTDobservedWTDsimulated)∕WTDobserved. This evaluation provides insight into the spatial model performance
and the spatial difference between the runs.

3. Results and Discussion
3.1. Aquifer Thickness
Figure 4 shows the estimated aquifer thickness of local aquifers and upper layers of extensive aquifers
(Figure 4a) and the total estimated aquifer thickness (Figure 4c) at the 250×250 m resolution (results at the
1×1 km resolution are given in the supporting information Figure S2. This study's estimates were compared
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to previously published estimates of shallow layers and the total thickness of extensive aquifers (Figures 4b
and 4d).

The maps show that local alluvial aquifers higher up in the mountains, as well as larger aquifer systems,
are captured at a high level of detail. At the 250 × 250 m resolution, about 82% of the North American land
area is covered by an alluvial aquifer. The estimated thickness of these layers varies between <10 and 230
m. Of the estimated alluvial aquifers, 67% is delineated as an extensive alluvial aquifer, covering 95% of the
total area described as unconsolidated and semi-consolidated principal aquifers in the USGS groundwater
atlas (Miller, 2000). The estimated thickness of these extensive systems varies between 10 and 350 m. At the
1 × 1 km resolution, similar results are found, indication consistency at different spatial scales (Figures 4b,
4d, and A2), although slightly thicker layers are simulated at the 250 × 250 m resolution.

The spatial distribution and thickness estimates of previously published estimates of shallow aquifers (Miller
& White, 1998; Pelletier et al., 2016) and deeper aquifers (de Graaf et al., 2015) show, in general, a similar
pattern of thick layers for floodplains and piedmont belts and thinner layers higher up in the mountains for
local aquifer systems (see Figure A3). However, the estimates thicknesses differ compared to this study, as
also presented in the histograms (Figures 4b and 4d). The data set of Pelletier et al. (2016) limits its maximum
estimated thickness to 50 m. Also, this data set shows an accumulation of 1 m thickness values. This study
does not need such preliminary assumptions and captures a more realistic range of aquifer thicknesses. The
study of de Graaf et al. (2015) used a similar algorithm and also used data from the United States (however
less detailed), but estimates aquifer thickness at a coarser resolution. Because of the course resolution, local
alluvial aquifers higher up in the mountains are not captured. At the fine resolution, these aquifers are
included and thus provide a more realistic aquifer parameterization for these regions. Also, due to the coarse
resolution, total estimated thicknesses estimated by de Graaf et al. (2015) are much deeper.

3.2. Aquifer Conductivity and Transmissivity
In this study, we extrapolated local- and regional-scale data on aquifer permeabilities from aquifer studies
in the United States (available from the USGS). We used the same hydrogeological classification as used in
the global permeability data set GLHYMPS (Gleeson et al., 2014) and provide new conductivity estimates
(calculated from permeability) based on the data provided by the aquifer studies. These estimates were com-
pared to the conductivities presented in GLHYMPS and the updated version GLHYMPS2.0 (Huscroft et al.,
2018), the only two permeability data set available at the global scale (Table 1).

Including local data led to estimated conductivity values higher than the GLHYMPS and more similar
to GLHYMPS2.0 and reported aquifer specific values (Figure A1). The conductivity values of unconsoli-
dated sediments, siliciclastic sediments, and carbonates were updated representing more permeable rocks
(Table 1). This is in line with the conclusion drawn from previous groundwater modeling experiences, that
the values of GLHYMP1.0 are biased towards the lower end (Condon & Maxwell, 2014; de Graaf et al.,
2015, 2017). Higher conductivity values will likely lead to a more realistic simulation of groundwater head
dynamics and storage changes (de Graaf et al., 2017).

For the volume of groundwater flow aquifer transmissivity (m3/d) is an important parameter. The more
detailed aquifer thickness estimate and updated conductivity values provided in this study will most likely
lead to more realistically simulated groundwater volume fluxes when used in groundwater modeling over
larger domains. Figure 5 shows the difference in estimated aquifer transmissivities when using this study's
estimated aquifer thicknesses and the conductivity values obtained from GLHYMPS or this study's conduc-
tivity values) as assigned to the different aquifer layers (Table 1). In Figure 5, total aquifer transmissivity is
presented.

From the maps and histogram (Figure 5), it can be seen that this study's conductivity values and vertical
structure lead to higher estimated aquifer transmissivities and that the spatial distribution is more diverse
compared to the estimate using GLHYMPS, showing more regional detail. For example, more local detail is
obtained, and inconsistencies are overcome over the High Plains aquifer, the coastal aquifer systems, and for
local aquifer systems present in valleys higher up in the mountains. However, some inconsistencies present
in GLHYMPS are still visible, for example, for the Canadian-U.S. border and regions where information on
the underlying bedrock was missing and high conductivities of GLHYMPS were assumed. A clear exam-
ple of the latter are the regions with carbonated rocks, for example, in the northeast of the United States.
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Figure 5. Estimated aquifer transmissivities calculated as (a) this study's estimated total aquifer thickness ×
conductivities calculated from permeabilities in GLHYMPS (following the methodology of de Graaf et al., 2015) and as
(b) total aquifer transmissivity calculated as the sum of transmissivities calculated per aquifer layer assigning
conductivities as described in section 2.2. In this study, transmissivities are higher and more realistically distributed
(c). Cells without an aquifer thickness are shown in white.

Potentially, these inconsistencies could be minimized if accurate data, specifically for these regions, would
be included in the conductivity estimation.

3.3. Test Case: Evaluation of Water Table Depth and Groundwater Outflow
We first run the model ParFlow over the small test case area at the 1 × 1 km resolution, describing the
vertical structure of the aquifer in six or 12 model layers, using this study's conductivity estimates (i.e.,
continental conductivity) or the local conductivity data for the northern High Plains (i.e., local conductivity).
Model results of water table heads were compared to piezometer observations, and R2 and 𝛼 were calculated
(Table 2). Also, the percentages of simulated open water cells were compared between the different runs.
Based on these statistics, the run using 12 layers and continental conductivities performed best. At the 250×
250 m resolution, we used therefore 12 layers and continental conductivities as well and calculated R2 and
𝛼 (Table 2). The estimated water table depths of the latter run are presented in Figure 6a.

The high R2's and 𝛼's show that simulated WTH match observed WTH well. Somewhat surprisingly, the
difference between the different model runs is minimal. When the vertical discretization increased from six
to 12 layers, model performance increased slightly, as well as when continental conductivities were used
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Table 2
Statistics of Model Performance of All Runs Done

1 × 1 km
Continental conductivities Local conductivities

R2
𝛼 % surface water cells R2

𝛼 % surface water cells
6 layers 0.98 0.97 6 0.97 0.99 10
12 layers 0.99 0.98 4 0.98 0.99 6

250 × 250 m
12 layers 0.99 0.97 2

Note. Simulated water table heads were compared to observed water table heads. Additionally, the
percentage of surface water cells (i.e., WTD ≤ 0) is given.

instead of local conductivities. These conclusions are confirmed by the histogram of Figure 6b, showing the
distribution of simulated water table depths of the three runs using 12 layers to describe the vertical structure
of the aquifer. However, using continental conductivities at the 1 × 1 km resolution clearly leads to deeper
water tables (deeper than 50 m) compared to the other two runs. Using continental conductivity values at
the 250 × 250 m resolution resulted in a similar distribution of water table depths as simulated in the run
using local conductivities at 1×1 km resolution, although the latter run clearly estimated fewer water tables
in the range 45–60 m below surface. The slightly lower model performance of the local conductivity run
shows that these local values do not represent aquifer properties accurately at the larger scale.

Simulated water table depths (WTD) were compared to observed WTD, and residuals were calculated (as
(WTDsimulatedWTDobserved)∕WTDobserved). Figures 6c and 6d show the maps of these residuals at 1 × 1 km

Figure 6. (a) Simulated water table depths (wtd) at the 250 × 250 m resolution, using 12 layers to describe the vertical structure and using continental
conductivities. Differences between the runs are small (b) and showing similar patterns of residuals (c and d).
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resolution. The maps of residuals show a similar pattern for both runs; however, local differences exist. First
of all, underestimated WTD (i.e., simulated WTD are too shallow; residual < 0) in both runs can be seen
for simulated drainage cells. It is very likely that the observations in these cells do represent water table
depths close to the river, whereas in the model, a whole cell gets a WTD value above the surface. Also,
open water is not represented in the data set, as observed WTD of 0 m does not exist. In the run using
local conductivities, this overestimation in WTD seems to be larger and simulated WTD of the run using
continental conductivities match observations close to the main drainage better. In the regional case, more
open water cells were simulated (6% compared to 4%) leading to more shallow water tables also next to those
drainage cells. Second, for both runs, WTDs are overestimated (i.e., simulated WTD are too deep; residual
value > 0) for the region where recharge is lowest (see Figure 3c). The spatial uncertainty in recharge is most
likely driving here. Residuals in the local conductivity estimate are slightly smaller for part of this region
most likely caused by the shallower water tables closer to the main drainage cells. Compared to previous
estimates of absolute residuals, this study's results are much smaller and fall on average between −10 and
+10 m.

Evaluation of the water balance showed that in the regional conductivity run, almost twice as much surface
water runoff was simulated than in the continental conductivity runs. In the regional run, more recharged
groundwater is drained within the test area indicating the groundwater and surface water systems are
more connected. We saw this already by the slightly more overestimated WTD close to the main drainage
cells, although in both model runs, the main gradient of groundwater flow is from west to east and deep
groundwater flow paths transport large volumes of water.

4. Conclusion
In this paper, we presented a detailed aquifer representation for the continental United States and Canada
at hyper-resolution (250 × 250 m). We integrated local hydrogeological information on aquifer thickness,
vertical structure, and conductivity into a continental-scale aquifer parameterization that can be used for
groundwater modeling. Compared to previously published estimates, we estimated aquifer thickness and
vertical structure at a level of detail not obtained before. Our thickness estimates are predominantly based
on elevation differences and do not use preliminary assumptions on minimum or maximum depth. Aquifer
transmissivity values were calculated using updated values of conductivity, which were obtained from
aquifer studies available in the United States. The conductivity values were assigned to the estimated aquifer
layers and thus not limited by a lithology map (as done in previous studies). The methods used are simple,
showed to be consistent at different horizontal resolutions, and can be expanded to other parts of the world.
Although, including more specific information for, for example, a region or aquifer will improve the accu-
racy of the estimation for that region or aquifer, for regions where this information is missing, the presented
approach provides a useful first-order estimate of the subsurface.

We tested our new aquifer parameterization hydrologically by running the hydrological model ParFlow.
Although we were only able to test over a small test case, due to the high computational demands of
ParFLow, the hydrological test enhanced our understanding of the sensitivity of the groundwater system to
different parameter settings. The model results showed us that more accurate conductivity values applicable
at the larger scale are key for more reliable simulation of the groundwater system, as well as vertical represen-
tation of the aquifer system. However, our model test is limited in its size, and results might not be the same
for other hydrogeological settings. Currently, we performed our tests in steady state and did not study the
difference in groundwater head fluctuations due to different parameter settings. In future work, the dynam-
ics of estimated groundwater depth should be studied as well, to fully understand the need for more detailed
aquifer parameterization in large-scale hydrological modeling. Future work then also focus on the impact
of groundwater abstractions. Our presented aquifer parameterization distinguishes between confined and
unconfined aquifer systems and thus can be used to study the impacts of groundwater abstractions.

We hope that our research and the methods we presented here will serve as a base for future studies. Future
work should be targeted on improving current large-scale estimates of aquifer thickness and conductivities
to support detailed large-scale groundwater modeling and evaluation of large-scale subsurface parameteri-
zation and sensitivity of model results. Integrating local-scale information into continental-scale estimates,
as presented here, is one way forward.
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