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Abstract Groundwater is an important water source for evaporation, especially during dry conditions.
Despite this recognition, plant access to groundwater is often neglected in global evaporation models. This
study proposes a new, conceptual approach to incorporate plant access to groundwater in existing global
evaporation models, and analyses the groundwater contribution to evaporation globally. To this end, the Global
Land Evaporation Amsterdam Model (GLEAM) is used. The new GLEAM-Hydro model relies on the linear
reservoir assumption for modeling groundwater flow, and introduces a transpiration partitioning approach

to estimate groundwater contributions. Model estimates are validated globally against field observations of
evaporation, soil moisture, discharge and groundwater level for the time period 2015-2021, and compared to a
regional groundwater model. Representing groundwater access influences evaporation in 22% of the continental
surface. Globally averaged, evaporation increases by 2.5 mm year~! (0.5% of terrestrial evaporation),

but locally, evaporation can increase up to 245.2 mm year~! (149.7%). The groundwater contribution to
transpiration is highest for tall vegetation under dry conditions due to more frequent groundwater access. The
temporal dynamics of the simulated evaporation improve across 75% of the stations where groundwater is a
relevant water source. The skill of the model for variables such as soil moisture and runoff remains similar

to GLEAM v3. The proposed approach enables a more realistic process representation of evaporation under
water-limited conditions in satellite-data driven models such as GLEAM, and sets the ground to assimilate
satellite gravimetry data in the future.

Plain Language Summary Groundwater can be a crucial source of water for plants: plants that have
access to groundwater through their root system are more likely to survive periods of rainfall scarcity. However,
many (satellite-based) models neglect this water source and assume plants only depend on the unsaturated-
zone soil moisture. This assumption results in underestimated evaporation values during dry conditions,

when groundwater may become the main (or even the only) source of water. In this study, we propose a new
approach to improve evaporation estimates under water-stressed conditions by incorporating groundwater in

an existing global, satellite-based evaporation model, and we assess the impact of groundwater on evaporation
globally. The impact of this modification on the model's accuracy and on the resulting evaporation is evaluated.
Representing groundwater increases the evaporation globally by 2.5 mm year~! (0.5%) with much higher
increases in certain regions.

1. Introduction

Land evaporation couples the energy and water cycles, cooling the surface (K. Trenberth et al., 2009) and supply-
ing 40% of terrestrial precipitation (Oki & Kanae, 2006; K. E. Trenberth et al., 2007; van der Ent et al., 2010).
Accurate evaporation estimates are crucial, not only for improved understanding of the water and energy cycles
(e.g., Koppa et al., 2021), but also for specific applications, such as irrigation planning, drought prediction, moni-
toring ecosystem health, and estimating water availability for societies (Fisher et al., 2017; Konapala et al., 2020;
Vicente-Serrano et al., 2010). Unfortunately, in situ observations of evaporation are often point-based and limited
in space and time, making it difficult to obtain accurate estimates over large, heterogeneous regions and long
time periods. As a result, evaporation is often calculated based on meteorological and surface data using either
dedicated algorithms, or more complex land surface and hydrological models, in which evaporation uncertainties
will propagate to both atmospheric and hydrological variables such as temperature and runoff.

During the past two decades, multiple satellite-based evaporation algorithms have been developed. These
algorithms enable the estimation of evaporation globally, including poorly gauged regions, and thus facili-
tate global-scale applications (Kalma et al., 2008; K. Zhang et al., 2016; J. Zhang et al., 2020). Satellite-based
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evaporation algorithms often aim to close the energy balance (Bastiaanssen et al., 1998; Mallick et al., 2014;
Su, 2002), employ empirical methods based on in situ observations (Jung et al., 2009), or compute stress indica-
tors to constrain potential evaporation (Fisher et al., 2008; Miralles et al., 2011). Some of these evaporation prod-
ucts also use soil moisture estimates to assess plant water availability for transpiration (e.g., Loew et al., 2016;
Miralles et al., 2011). Similarly, many hydrological (e.g., Bieger et al., 2017; Samaniego et al., 2010) and land
surface models (e.g., Blyth et al., 2021; Clark et al., 2015) estimate evaporation as a function of soil mois-
ture. However, these models often assume plants only have access to the water stored in the unsaturated zone
which is solely replenished from the surface, that is, they assume groundwater is not a relevant water source
for transpiration. But in many regions of the world plant roots have access to groundwater (e.g., Evaristo &
McDonnell, 2017; Fan, 2015; Kollet & Maxwell, 2008; Maxwell & Condon, 2016; Miguez-Macho & Fan, 2021;
Taylor et al., 2013). Miguez-Macho and Fan (2021) use inverse modeling and isotope observations to illustrate
that 32% of land evaporation in the Mediterranean originates from groundwater during dry months, whereas the
globally-averaged contribution is limited to 1%. Barbeta and Pefiuelas (2017) use global isotope data to show that
groundwater uptakes constitute on average 49% of evaporation in dry seasons and 28% in wet seasons.

Many studies have explored the added value of incorporating groundwater interactions in existing models.
One popular avenue has been the coupling of land surface or hydrological models to a groundwater model
(e.g., Amanambu et al., 2020; de Graaf et al., 2017; Kuffour et al., 2020; Maxwell & Miller, 2005; Sulis
et al., 2017; Tian et al., 2012). These models typically aim to improve the simulation of soil moisture by
introducing interactions with groundwater, which then indirectly influences evaporation estimates. While
two-way coupling with groundwater models allows for a more accurate representation of the subsurface, the
increased data and computational requirements challenge the application at large scales (Condon et al., 2021;
Gleeson et al., 2021) such that it is not routinely applied in global models. To overcome this challenge, several
studies propose adding a single groundwater layer that interacts with the soil moisture in the unsaturated
zone, assuming that lateral groundwater flow is insignificant at the chosen spatio-temporal resolution (e.g.,
Lam et al., 2011; Niu et al., 2007; Sutanudjaja et al., 2018; Yeh & Eltahir, 2005). Other approaches include
the estimation of groundwater-sourced evaporation directly, for example, as a function of the soil moisture
(Liu et al., 2015; Liu & Luo, 2012) or the fraction of roots accessing groundwater (Laio et al., 2009; Orellana
et al., 2012).

Modeling studies that simulate groundwater-surface interactions typically detect higher groundwater uptake
by plant roots under dry conditions (Balugani et al., 2017; Lam et al., 2011; Maxwell & Condon, 2016;
Miguez-Macho & Fan, 2021). This is also confirmed with a field experiment by Tfwala et al. (2021) who show
that under dry conditions, total transpiration decreases while its groundwater contribution increases. Barbeta and
Pefiuelas (2017) find that the groundwater uptake is independent of the depth to the groundwater table in satu-
rated soils, which is possibly due to the increased water-uptake efficiency of roots (Orellana et al., 2012). This
is also concluded by Beyer et al. (2018) who state that “even if the fraction of roots reaching the water table is
small, the efficiency of tap roots can be hundreds of times larger than roots in drier soil and large amounts of
water can be transported.” However, uncertainty regarding the impact of groundwater on evaporation remains
large and stems, among others, from the considered root depth that determines whether plants have access to the
aquifer, or soil properties that influence the hydraulic conductivity and the corresponding groundwater level (Fan
et al., 2017; Keune et al., 2016; Sulis et al., 2019).

In this study, we propose a novel, conceptual approach to incorporate plant access to groundwater in large-scale
models, and analyze the impact of groundwater on evaporation globally. The proposed approach is based on two
concepts: (a) a linear reservoir for the groundwater flow (e.g., Fenicia et al., 2006; Gao et al., 2014; Sutanudjaja
et al., 2018), and (b) a partitioning of transpiration into contributions from the unsaturated zone and groundwater
that reflects an increased groundwater uptake during dry conditions (Liu et al., 2015; Liu & Luo, 2012). The
approach is incorporated in the satellite-based Global Land Evaporation Amsterdam Model (GLEAM), and its
impact on land evaporation estimates is evaluated. The structure of the paper is as follows: Section 2 describes the
new GLEAM-Hydro model. Sections 3 and 4 describe the input data and validation strategy. Results on the vali-
dation and the simulated impact of groundwater on global evaporation are presented and discussed in Sections 5
and 6, respectively, before conclusions are drawn in Section 7.
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2. Methods

This study assesses the effect of groundwater on global evaporation by representing plant access to groundwater
in a satellite-based evaporation model. For this purpose, a linear reservoir approach for the groundwater flow is
used and a groundwater contribution factor, that describes the fraction of evaporation sourced from groundwater,
is introduced (Section 2.1.4). Here, we incorporate the proposed approach in GLEAM, creating a new version of
the model, hereafter referred to as GLEAM-Hydro. The effect of groundwater on evaporation is assessed globally
by comparing GLEAM-Hydro to the baseline GLEAM v3.

2.1. GLEAM-Hydro
2.1.1. Baseline GLEAM v3

The baseline model for GLEAM-Hydro is GLEAM (Miralles et al., 2011) on its current version 3 (v3) (Martens
et al., 2017). GLEAM v3 estimates the total evaporation as the sum of interception loss, transpiration, bare soil
evaporation, open-water evaporation, and sublimation. Transpiration (E) is estimated by constraining poten-
tial evaporation (E,) with a stress factor S, (i.e., £ = S, - E,) which is a function of soil moisture and vegetation
optical depth (VOD) to account for changes in phenology. The VOD indicates how much the vegetation attenu-
ates the propagation of microwaves; a dense canopy attenuates microwaves more resulting in higher VOD values
(Frappart et al., 2020; Martens et al., 2017). Similarly, bare soil evaporation (E,) is estimated using a stress factor
which is a function of the soil moisture only (Martens et al., 2017). Potential evaporation is estimated with the
Priestley and Taylor (1972) equation. Within each grid cell, the following four land cover types are distinguished:
tall vegetation, short vegetation, bare soil, and open water bodies. The root zone is divided into three soil layers
(0-0.1 m, 0.1-1 m, 1-2.5 m) depending on the land cover fraction, that is, tall vegetation has three soil layers,
short vegetation two, and bare soil a single layer. Below the bottom soil layer, the water content is assumed to
be at field capacity at all times, and a free drainage approach is applied. Thus, in GLEAM v3, E, and E, depend
only on the energy demand (i.e., E)) and water availability in each soil layer (i.e., w)—see Martens et al. (2017)
for more information.

2.1.2. Groundwater Reservoir Water Balance

In GLEAM-Hydro, the groundwater system is represented by a single reservoir with only one inflow (i.e.,
recharge) and multiple fluxes leaving the system (i.e., groundwater flow, evaporation and overland flow), assum-
ing lateral groundwater flow is insignificant. The groundwater reservoir is implemented at the grid cell level,
that is, the groundwater level is assumed to be the same for all land cover classes, and comprises the entire soil
column. The implementation further allows differentiating between the water volumes stored in the saturated
zone in and/or below the three soil layers (S,), and the groundwater levels (GWL).

The water balance for S; is estimated with

dS;

— =0 — Os — Egw — Qor (1
dt

with Q, recharge into saturated zone [mm day~!'], Q, groundwater flow [mm day~!], E,, groundwater-sourced

evaporation [mm day~!], and Qg overland flow [mm day~']. The change in GWL is linearly related to the change

in S (Healy & Cook, 2002; Lv et al., 2021):

dGWL _ 1 dS,

dt 0, dt

@

ey = opor - eﬂc (3)
with 0, specific yield [m* m~], 8, soil porosity [m® m~], and 6, field capacity [m® m~].

2.1.3. Recharge, Groundwater Flow and Overland Flow

The recharge is assumed to be equal to the drainage leaving the bottom soil layer across all land cover classes.
Here, groundwater flow is defined as the amount of water leaving a grid cell from the saturated layer and is

HULSMAN ET AL.

3 0f29

5U8011 SUOWILLOD BARERID) 3|gedl dde au) Aq pauseAob a1 SILE WO 88N J0 S3INI 04 ARIGIT BUIIUO ABIA UO (SUOIPUIOD-PL-SWLIBII0D" B In ARG [eu 1 JU0//Sd1L) SUORIPUOD pUe SWwie L 8y} 885 *[£202/TT/00] U0 AriqiTauliuo A1 ‘8oL Aq TELES04MZZ02/620T OT/10p/00" ] m AReqjeut juo'sandnfe/:sdny WwoJy pepeojumoq ‘8 ‘€202 ‘S26.776T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2022WR033731

a) b)

Evaporation T

llnﬁltration Evaporation T l Infiltration

I
I
1
I
1
I
I
: recharge
I
1
I
I

I
|
| . ]
1 ' Drainage/
1
)
1
1
1

1 Drainage/

recharge

Legend

Unsaturated Saturated ! i
! 1 Root zone

zone zone S

Figure 1. Scheme of plant water sources available for evaporation. (a) Deep groundwater: water in the root zone originates
only from infiltration (e.g., rainwater, irrigation, snow melt etc.), (b) Shallow groundwater: water in the root zone originates
from infiltration and groundwater.

estimated with the linear reservoir assumption, as commonly used in (global) hydrological models (e.g., Gao
et al., 2014; Samaniego et al., 2010; Sutanudjaja et al., 2018):

Qs = max(0, S;) - Ks 4)

with the recession constant K, [day~']. When plant roots have access to groundwater, groundwater-sourced evap-
oration is greater than zero and estimated with Equations 6 and 9 (see Section 2.1.4). Overland flow occurs when
GWL exceed the surface level:

0,GWL -6
Qor = —max( - y) (®)]

At
with At the time step which is equal to 1 day [day]. Note that the land surface is used as a reference for the ground-
water level, which is defined as negative below the surface and positive above the surface.

2.1.4. Groundwater-Sourced Evaporation

When plants do not have access to groundwater, then all the water stored in the root zone comes from the
surface through infiltration (see Figure 1a). However, when plants have access to groundwater, then water for
evaporation originates from both infiltration (£, sy) and groundwater (E, iy see Figure 1b). We assume that
plants extract water first from the groundwater system, considering that water is more easily accessible there,
before plants extract water from soil moisture stored above the water table. Note that the maximum rooting
depths considered here are 0.1-2.5 m depending on the land cover class (see Section 2.1.1), and that plants
cannot access the groundwater system beyond that depth in GLEAM-Hydro. In this study, we assume ground-
water contributions may be substantial, even if the flow path from roots to leaves is long and the root density
decreases with root depth. This assumption is in agreement with the following findings of previous studies:
Deep taproots are thicker and have a high hydraulic conductivity that allows them to extract substantial amounts
of water (Beyer et al., 2018; Orellana et al., 2012), making the groundwater uptake independent of the water
table depth in saturated soils if plants have access to the groundwater system (Barbeta & Pefiuelas, 2017), see
also Section 1.
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To distinguish between the uptake of groundwater and infiltrated water for transpiration, the groundwater contri-
bution fraction (fgy,, [-]) is introduced as (similar to Liu & Luo, 2012):

Iatma
. 1 & O — wi

=min( 1, max{ 0, —— - T 6

wa < < lsal,max ; el,flc - gl,crt >> ( )

with [/ soil layer number [-], / maximum number of soil layers in the root zone affected by groundwater [-],

sat,max
0y field capacity [m* m~3], w soil moisture [m> m=3], and 6,
bution of groundwater to transpiration is defined such that it is highest under dry conditions and lowest under
(dry soil) and fiy, = 0 if w > 6, (wet soil). If the groundwater affects

multiple soil layers, then the fraction is averaged over the affected layers.

critical soil moisture [m? m~3]. The relative contri-

wet conditions; that is, fg = 1if w < 6

crit

Transpiration is divided into E gy, and E . by incorporating fg,, into the evaporative stress factor:
St = fow - Sigw + (1 = fow) * Stnongw 7

with S, combined stress factor [-], S, g groundwater stress factor [-], and S, qw non-groundwater stress factor
[-]. By definition, S, ;;, = 1 since there is no stress in the saturated zone. Analogous to GLEAM v3, S,y is a
function of soil moisture in the unsaturated zone (Martens et al., 2017).

Transpiration E, [mm day~'] is then calculated as
E: = fow - Stow - Ep + (1 — fow) * Staoncw - Ep )
with
Eiow = fow - Stow - Ep 9
the transpiration that is sourced from groundwater [mm day~'], and

EI,nonGW = (1 - fGW) ° Sl,nonGW : Ep (10)

the transpiration sourced from soil moisture in the unsaturated zone [mm day~'].

This approach is applied for all land cover fractions individually, that is, for tall vegetation, short vegetation
and bare soil. The latter is included to represent water evaporating from shallow groundwater directly without
root extraction (Balugani et al., 2017). The aggregated groundwater-sourced evaporation (Egy,) is then used in
the water balance equation (Equation 1). With this approach, the total stress factor S, cannot exceed 1, meaning
that the total transpiration is always equal to or below potential evaporation. In addition, we assume that there is
unlimited groundwater available for E, that is, it is not possible at any point in time that plants have access to the
groundwater system yet there is no groundwater available anymore. This assumption is simulated by estimating
E, independently from S and hence by allowing E,, to (occasionally) surpass the water volume stored in the
groundwater reservoir, resulting in negative S values and GWL lower than the initial condition (see Section 2.2).
In that case, there is no groundwater flow until the reservoir is refilled and S, values are positive again (see
Equation 4). This approach enables simulating the above mentioned assumption of an unlimited groundwater
source available to plants while dealing with uncertainties in the initial conditions. Similar approaches have been
applied in previous studies to simulate inter-basin groundwater flow (Hrachowitz et al., 2014). Furthermore, the
two water sources available for evaporation in the root zone (infiltrated water and groundwater) are treated sepa-
rately for simplicity. In other words, groundwater does not directly influence the unsaturated-zone soil moisture
at or below the groundwater level, which allows for retaining the original GLEAM model structure. Nevertheless,
this approach indirectly mimics the interaction between the unsaturated and saturated zone: With shallow GWL,
the water content in the unsaturated zone becomes comparatively higher, as plants partly extract water from the
groundwater instead of extracting only from the unsaturated zone.

2.2. Experiments Set-Up

GLEAM v3 and GLEAM-Hydro are run on a daily timescale at 0.25° resolution for the time period 2015-2021.
Global analyses cover all land regions within 90°N-90°S and 180°E-180°W, whereas analyses for The Netherlands

HULSMAN ET AL.

50f29

5U8011 SUOWILLOD BARERID) 3|gedl dde au) Aq pauseAob a1 SILE WO 88N J0 S3INI 04 ARIGIT BUIIUO ABIA UO (SUOIPUIOD-PL-SWLIBII0D" B In ARG [eu 1 JU0//Sd1L) SUORIPUOD pUe SWwie L 8y} 885 *[£202/TT/00] U0 AriqiTauliuo A1 ‘8oL Aq TELES04MZZ02/620T OT/10p/00" ] m AReqjeut juo'sandnfe/:sdny WwoJy pepeojumoq ‘8 ‘€202 ‘S26.776T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2022WR033731

cover the region 3°E-7.5°E and 50.5°N-54°N. In GLEAM-Hydro, initial conditions for GWL are based on the
global water table depth from Fan et al. (2013) using the monthly mean values for January. Initial conditions for
S, are obtained through a spin-up, in which the model is run over the full period (2015-2021). The spin-up starts
with long-term mean values for S; which is estimated with the water balance equation (Equation 1) assuming
d:\ ~ 0, zero groundwater-sourced evaporation and overland flow, applying Equation 4 for Q, and using recharge
(Q,) from GLEAM v3. Initial conditions for S to run GLEAM-Hydro are then based on the median S, of January

from the spin-up period.

3. Input Data

Satellite observations and reanalysis datasets are used as input. Air temperature is obtained from Atmospheric
Infrared Sounder (AIRS) level 3 version 7.0 (Aumann et al., 2003). Net radiation and shortwave outgoing
radiation are obtained from Clouds and the Earth's Radiant Energy System (CERES) Edition 4.1 (Wielicki
et al., 1996). Precipitation data are obtained from the Multi-Source Weighted-Ensemble Precipitation version
2.8 (Beck et al., 2019). Snow water equivalent is based on GLOBSNOW v2.0 observations (Takala et al., 2011).
Vegetation optical depth (VOD) is based on the Vegetation Optical Depth Climate Archive (VODCA, Moesinger
et al., 2020). Soil properties are based on the data set Global Gridded Soil Characteristics produced by the Inter-
national Satellite Land-Surface Climatology Project (ISLSCP, Scholes & Brown de Colstoun, 2011). Finally,
land cover class fractions are derived from MOD44B version 6 Vegetation Continuous Fields (VCF, DiMiceli
et al., 2015) by classifying all vegetation with a height of more (less) than 2 m as tall (short) vegetation. All
observations are available globally and, if needed, interpolated bi-linearly to 0.25° resolution. These observations
are used in both GLEAM v3 and GLEAM-Hydro consistently. In addition, GLEAM-Hydro includes recession
constant data which are derived globally by Sutanudjaja et al. (2018) for the PCRaster GLOBal Water Balance
model (PCR-GLOBWB). Furthermore, global water table depth observations according to Fan et al. (2013) are
employed for the initial conditions as mentioned in Section 2.2.

4. Validation

GLEAM-Hydro is validated regionally over The Netherlands, where a reliable groundwater model and abundant
in situ groundwater level observations are available, and globally using in situ observations of evaporation, soil
moisture, discharge and GWL.

4.1. In Situ Observations

Global in situ observations with respect to evaporation, soil moisture, discharge and groundwater level are
collected for the study period 2015-2021 from 10,951 sites. These observations are obtained from multiple plat-
forms including AmeriFLUX, European Fluxes Database Cluster, FLUXNET-CH4, Global Runoff Data Center
(GRDC), Integrated Carbon Observation System, International Groundwater Resources Assessment Center, and
International Soil Moisture Network. See Table Al for more information regarding observation type, number
of sites per source, website links and references. These observations include not only variables directly used for
validation, but also additional variables used, for example, to filter rain and snow days (i.e., precipitation, air
temperature, snow depth, net radiation, surface heat flux and ground heat flux)—see below. For The Netherlands,
the above-mentioned global databases provide data to validate evaporation and soil moisture. In addition, ground-
water level observations at 2750 sites are available from the Data en Informatie van de Nederlandse Ondergrond
(DINO) database.

In situ observations are pre-processed to remove outliers (values smaller or larger than the 1st or 99th percentile,
respectively), duplicates, and daily observations with low-quality flag or coverage (<25%) at sub-daily scale
where available. When validating evaporation, rain days (>0 mm day~') and stations with a poor energy balance
closure are removed (u > 0.2 with R, net radiation, G ground heat flux, H surface heat flux, and LE latent
heat flux). Evaporation is calculated from latent heat flux observations using air temperature data. When vali-
dating with respect to soil moisture, days with snowfall (>10 mm) or low temperature (<0°C) are removed.
GLEAM-based soil moisture estimates are linearly interpolated to the depth of the observation. Sites with less
than 365 observation points within the study period are removed. In case of gaps in the in situ observations used
for the filtering procedure—that is, gaps in precipitation, snow or temperature data at the station—GLEAM
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forcing data are used too. For the validation of runoff, stations with a temporal coverage of less than 75% are
removed. In addition, discharge stations are removed when the corresponding gridded basin area at 0.25°resolu-
tion deviates substantially from the actual area as provided by GRDC (i.e., |w| > 0.2). Also, stations
with a basin area smaller than 2,500 km? are not considered. Further, nested river g;;]ins are avoided by favoring
downstream stations. Similar approaches for in situ data pre-processing have been applied in previous stud-
ies (Martens et al., 2017, 2020). Appendix Figure Al visualizes all the stations available for validation after

pre-processing.

4.2. Regional Validation: The Netherlands

Regional simulations of GLEAM v3 and GLEAM-Hydro for The Netherlands are validated using in situ data
from 4 eddy-covariance, 22 soil moisture, and 1,714 groundwater level sites. See Section 4.1 for more informa-
tion on the in situ observations used.

To assess the accuracy of the groundwater level estimates of GLEAM-Hydro, GWL from the groundwater model
LHM version 4.1 (Landelijk Hydrologisch Model, https://www.nhi.nu/nl/index.php/modellen/lhm/) are used as
a reference. LHM v4.1 uses MODFLOW (Langevin et al., 2017) for the saturated zone, metamodel Soil Water
Atmosphere Plant for the unsaturated zone, World Food Studies for the plant growth simulation, and a distribu-
tion model for the water allocation (De Lange et al., 2014; Janssen et al., 2020). Note that this model does not
consider feedbacks of evaporation on GWL. LHM-based groundwater level estimates are also validated against
the same 1,714 groundwater level sites. As LHM simulations are only available until 2018, groundwater level
validations over The Netherlands are done for the time period 2015-2018. The remaining variables are validated
over the entire study period (2015-2021), depending on in situ data availability.

4.3. Global Validation

Global simulations of GLEAM v3 and GLEAM-Hydro are validated for the time period 2015-2021 using 100
eddy-covariance, 3,422 soil moisture, 97 discharge, and 1,329 groundwater level sites (Figure Al in the Appen-
dix). See Section 4.1 for more information on the in situ observations used.

4.4. Performance Metrics

Evaporation, soil moisture and GWL are validated by comparing observations and simulated time series from
the respective grid cells where the stations are located. For this purpose, the following performance metrics are
used: Spearman correlation coefficient (R), root mean square error (RMSE), and Kling-Gupta efficiency (KGE,
Gupta et al., 2009). R ranges between —1 and 1, RMSE between 0 and oo, and KGE between —o and 1. A “perfect”
performance is represented by R = 1, RMSE = 0 and KGE = 1. If the reference level of groundwater observations
is unknown, performance metrics are estimated using groundwater level anomalies, that is, the observed and
estimated data are subtracted by their mean using identical observation days.

Runoff from GLEAM is estimated based on the long-term water balance, assuming storage changes are insignif-
icant compared to the magnitude of the fluxes over the simulation period, that is,

O=P-E (11

with O, P and E the long-term mean runoff, precipitation and evaporation, respectively. Runoff estimates
are compared to discharge observations and their accuracy is evaluated with the mean difference (M D =

Ocream — Om mu) and the percentage bias (PBI AS = Qaeam=Onsiul lOO%).

In situ
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Table 1 5. Results

Median Statistics for The Netherlands for Different Variables and Global
Land Evaporation Amsterdam Model (GLEAM) Versions

5.1. GLEAM-Hydro Validation

GLEAM.- 5.1.1. Regional Validation: The Netherlands
Median values GLEAM v3 Hydro LHM Unit 5.1.1.1. Evaporation
Evaporation R 090 090 nfa ) In The Netherlands and the near surroundings, evaporation is repre-
RMSE 085 085 Wa  mmday™ e well by the reference model, GLEAM v3, with a median corre-
KGE 0.78 0.79 n/a - lation of R, = 0.90. The other performance metrics agree with the
Soil moisture R 0.74 0.74 n/a - skill indicated by the correlation, with RMSE, ... = 0.85 mm day~' and
RMSE 7.69 7.94 A % KGE,, 4, = 0.78 for GLEAM v3. Incorporating plant access to groundwater
KGE 0.49 0.49 /a _ with GLEAM-Hydro does not affect these performance metrics and retains
the median accuracy of the simulations (Table 1 and Figure 2). However, this
Groundwater R n/a 0.78 0.79 - . . . .
assessment is based on only four eddy-covariance stations of which only one
RMSE n/a 0.98 0.73 m station (at Cabauw, 51.97°N and 4.93°E) is located in a region with shallow
KGE n/a —0.18 0.02 - GWL (above —2.5 m). In addition, this station is located in a region that is

Note. Performance metrics include correlation (R), root mean square error primarily energy-limited, as any other station in The Netherlands. During the

(RMSE), and Kling-Gupta Efficiency (KGE).

simulation period, 94% of the days at Cabauw show no or only little water
limitation, that is, Ep — E < 0.5 mm day~!, which results in a small evap-
oration increase from 617.2 mm year~! (GLEAM v3) to 630.4 mm year™!
(GLEAM-Hydro). Hence, over The Netherlands, groundwater barely affects
the magnitude of transpiration.

5.1.1.2. Soil Moisture

The soil moisture is represented reasonably well by the reference model GLEAM v3 with a median correlation
Of Rinedian =7.69% and KGE, ., = 0.49 for GLEAM

= 0.74. The remaining performance metrics are RMSE median
v3 (Table 1). Incorporating plant access to groundwater with GLEAM-Hydro does not affect the skill of the

median
simulated soil moisture over The Netherlands (Table 1 and Figure 2c). This assessment is based on 22 sites, yet
only 1 site is located in a region with shallow GWL (in Bergambacht near Cabauw, 51.93°N and 4.79°E). Also
this station is located in an energy-limited region where 94% of the days show no water limitation and where the
impact of groundwater on evaporation is small.

5.1.1.3. Groundwater Level

The groundwater level dynamics over The Netherlands are represented well by GLEAM-Hydro with a median
correlation of R ... = 0.78 (Table 1). The median correlation is only slightly better with LHM, despite the latter
being calibrated for The Netherlands (Table 1 and Figure 2d). In both models, correlations are greater than 0.5 at
88% of the sites, with a standard deviation (o) in the correlations of R, = 0.21. LHM shows slightly better median
RMSE and KGE values than GLEAM-Hydro (Table 1). Based on the correlation coefficients, 44% of the sites
perform better or similarly well with GLEAM-Hydro compared to LHM (62% based on RMSE, 34% based on
KGE). Figure 3a shows an example of a station where GWL are estimated better with GLEAM-Hydro than LHM
(GLEAM-Hydro: R = 0.64, RMSE = 0.05 m, KGE = 0.62, LHM: R = 0.22, RMSE = 1.37 m, KGE = —1.36),
whereas Figure 3b illustrates the opposite (GLEAM-Hydro: R = 0.85, RMSE = 0.67 m, KGE = 0.45, LHM:
R =0.92, RMSE = 0.12 m, KGE = 0.80).

At multiple sites, significant biases are detected in the simulated groundwater level (see Figure A2 in the
Appendix). The groundwater level bias in GLEAM-Hydro is a result of the bias in the initial conditions. In
GLEAM-Hydro (LHM), RMSE is smaller than 5 m at 97% (96%) of the sites.

Overall, the groundwater representation in GLEAM-Hydro is able to mimic the skill of LHM in simulating GWL.
The degree of uncertainty, that is, the variation in the performance metrics, in GLEAM-Hydro is comparable to
LHM (Figure 2d).
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Figure 2. (a)—(b) Taylor diagrams illustrating the performance of (a) Global Land Evaporation Amsterdam Model (GLEAM) v3 and (b) GLEAM-Hydro with respect
to evaporation for The Netherlands. The standard deviation and root mean square error are normalized using the standard deviation of the observed time series such that
the red star serves as the reference point. (¢)—(d) Violin plots illustrating the validation of (c) soil moisture and (d) groundwater level based on the correlation.

5.1.2. Global Validation
5.1.2.1. Evaporation

Across all eddy-covariance stations available globally, evaporation from GLEAM v3 is already represented well
with a median correlation of R = 0.81, which is similar to previous studies (Martens et al., 2017). The
= 1.01 mm day~! and KGE, = 0.49 for GLEAM v3

‘median
(Table 2). Incorporating groundwater in GLEAM-Hydro does not influence the median performances signifi-

median
remaining performance metrics amount to RMSE

‘median
cantly (see Figure 4 and Table 2) as, again, many stations are located in regions with energy-limited conditions
or deep GWL (see Figure Ala in the Appendix). Note that in only 39% of the continental surface, long-term
mean GWL simulated by GLEAM-Hydro are shallower than —2.5 m. When considering only stations where
groundwater becomes a relevant water source for transpiration (8 out of 100 stations), then the median corre-
lation improves from Rg; papy; = 0.66 t0 Rgy pam—nyar = 0-69 (Figure 4¢ and Table 2), indicating the temporal
dynamics of evaporation are better simulated if groundwater is considered as a source for transpiration. In this
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Figure 3. Time series of groundwater levels at two sample locations in The Netherlands, comparing GLEAM-Hydro and
Landelijk Hydrologisch Model (LHM) with observations from corresponding well observations. The sites are located in (a)
the province North-Holland (52.33°N and 4.64°E), and (b) the province Drenthe (52.72°N and 6.53°E).

study, groundwater is considered a relevant water source for transpiration in regions where evaporation increases

by more than 1 mm day~' on at least 1 day within the record, which reflects stations with groundwater access and

high potential evaporation relative to the soil water availability, that is, water limited conditions. The improve-

Median Statistics for Different Variables and Global Land Evaporation
Amsterdam Model Versions With Respect to All Stations Globally, and in
Brackets With Respect to Stations Where Groundwater Is a Relevant Water

Source

Median values GLEAM v3  GLEAM-Hydro Unit

Evaporation R 0.81 (0.66) 0.81 (0.69) -
RMSE 1.01 (1.20) 1.02 (1.32) mm day~!
KGE 0.49 (0.32) 0.48 (0.19) -

Soil moisture R 0.71 (0.67) 0.71 (0.63) -
RMSE 9.49 (9.44) 9.51 (9.13) %
KGE 0.26 (0.30) 0.26 (0.26) -

Groundwater R n/a 0.22 (-0.03) -
RMSE n/a 1.60 (0.75) m
KGE n/a —0.87 (—0.86) -

Note. Performance metrics include correlation (R), root mean square error
(RMSE), and Kling-Gupta Efficiency (KGE).

ment is not reflected in the median KGE and RMSE values (see Table 2), as
only four of the eight stations improved with respect to RMSE and KGE. See
Figure 5 for an example eddy-covariance station in Italy, where the incor-
poration of groundwater in the model influences evaporation and increases
the accuracy of the estimates. There, the maximum evaporation increase
due to groundwater access is 2.5 mm day~!. The correlation increases from
R =0.82 in GLEAM v3 to R = 0.89 in GLEAM-Hydro, and the RMSE and
KGE change from RMSE = 0.82 mm day~' and KGE = 0.82 (GLEAM v3) to
RMSE = 0.89 mm day~! and KGE = 0.68 (GLEAM-Hydro).

5.1.2.2. Soil Moisture

The soil moisture from GLEAM v3 is represented well at most sites
with Rmedian
et al., 2021; Martens et al., 2017). The remaining performance metrics
amount to RMSE =9.49% and KGE,

median median

= 0.71 (Table 2), which is similar to previous studies (Beck

= 0.26. Similar to evaporation,
the soil moisture performance does not change substantially when incorpo-
rating plant access to groundwater (see Figure 4d and Table 2). The differ-
ences remain small also when validating only for sites where groundwater
becomes a relevant water source for transpiration (Table 2), which is the case
for 143 out of 3,422 sites (see Figure Alb in the Appendix). At those sites,
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Figure 5. Evaporation at the eddy-covariance tower San Rossore 2 in Italy (IT-SR2 at 43.73°N and 10.29°E) and as
simulated with Global Land Evaporation Amsterdam Model (GLEAM v3) and GLEAM-Hydro.

the performance metrics change slightly, without clear signals for improvement, from R = 0.67, RMSE = 9.44%
and KGE = 0.30 for GLEAM v3 to R = 0.63, RMSE = 9.13% and KGE = 0.26 for GLEAM-Hydro (Table 2).
Note, that changes in the soil moisture only occur indirectly through altered transpiration (see Section 2.1.4): If
plants have access to groundwater, they extract less water from the unsaturated zone. Thus, in GLEAM-Hydro,
soil moisture is generally higher than in GLEAM v3 if plants have access to groundwater (see Figure A3).

5.1.2.3. Runoff

Over all stations, the long-term mean runoff over the simulation period is represented reasonably well with
GLEAM v3 compared to the discharge observations, with R = 0.84 (Figure A4a in the Appendix). The median
MD is equal to MD, —123.2 mm year~! (Figure A4b in the Appendix), largely reflecting biases in precipita-
tion and/or the simulated evaporation. The median percent bias amounts to PBIAS, ;.. = 40.4%. Overall, runoff
is overestimated at 11 of the 97 stations with GLEAM v3, and underestimated at 81 stations. Runoff is simulated
well at five stations, where only small biases (i.e., IMD| < 10 mm year~') are found.

median —

Incorporating plant access to groundwater in GLEAM-Hydro leads to a slight correlation increase (R = 0.85),
and the MD changes between AMD = 0.0-30.7 mm year~' with AMD = MDy; s — MDgi AM-Hydro- Changes
in the percent bias range between APBIAS = —105.6% to 40.6% (APBIAS = PBIAS G gy vs — PBIASG E AM=Hydro)
with positive values indicating runoff improved with GLEAM-Hydro (Figures A4c and A4d in the Appendix).
At 61 of the 97 stations, runoff changes are small (AIPBIAS| < 1%) as groundwater access is limited in the basins
associated with these stations.

Compared to GLEAM v3, evaporation in GLEAM-Hydro either increases when groundwater is a relevant source
for transpiration or remains the same when the groundwater level is too deep. Hence, based on Equation 11 the
long-term mean runoff can only decrease or remain the same. Therefore, the skill of those stations that overesti-
mate runoff with GLEAM v3 (11 of 97 stations) improve (8 stations) or remain the same (3 stations). On the other
hand, at those stations that already underestimate runoff with GLEAM v3 (81 of 97 stations), the bias further
increases with GLEAM-Hydro, except when the roots have no access to the groundwater level. This results in a
decreased accuracy at 24 of the 81 stations that already underestimate runoff with GLEAM v3.

5.1.2.4. Groundwater Level

The global groundwater level performance varies considerably among the 1,329 sites (Figure 4e). The median

correlation of simulated GWL in GLEAM-Hydro with observations is equal to R = 0.22. This increases

median

Figure 4. (a)—(b) Taylor diagrams illustrating the global performance of (a) Global Land Evaporation Amsterdam Model (GLEAM) v3 and (b) GLEAM-Hydro with
respect to evaporation. The standard deviation and root mean square error are normalized using the standard deviation of the observed time series such that the red star
serves as the reference point. (c) Correlation of evaporation simulated with GLEAM v3 (blue) and GLEAM-Hydro (red) against observations at those eddy-covariance
stations that are influenced by groundwater. The dashed line indicates the median correlation over the selected stations. (d)—(e) Violin plots illustrating the validation of
(d) soil moisture and (e) groundwater level based on the correlation.
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Figure 6. Average evaporation increase due to the incorporation of plant access to groundwater in Global Land
Evaporation Amsterdam Model (GLEAM) (AE = Eg; an-nyaro — EgLeam v3) averaged over the study period. Regions with
AE < 0.01 mm year~' are masked out.

to R = 0.54 when considering only those sites with shallow water table depths, that is, where plants have

median
access to the groundwater system based on the modeled or observed GWL. The remaining performance metrics
amount to RMSE_ . = 1.60 m and KGE,_ ., - = —0.87 when considering all sites (Table 2). The correlation is

greater than 0.5 at 31% of the sites (Figure A5 in the Appendix) and RMSE is smaller than 5 m at 62% of the sites
(Figure A6 in the Appendix). As an example, Figure A7 in the Appendix shows the time series of observed and
simulated groundwater level for a well-represented station near Philadelphia in the United States (at 74.84°W and
39.99°N, R = 0.85, RMSE = 0.21 m, KGE = 0.83).

5.2. Global Influence of Groundwater on Evaporation

Representing plant access to groundwater increases the annual-mean, globally-averaged terrestrial evaporation
from 392.4 to 394.8 mm year~!. This corresponds to an increase of 2.5 mm year~! globally-averaged; the stand-
ard deviation of all land pixels amounts to 11.0 mm year~. In other words, the terrestrial evaporation increases
by 404 km? year~! over the continental surface, from 74,064 km? year~! (GLEAM v3) to 74,468 km?3 year™!
(GLEAM-Hydro). Relative to GLEAM v3, the annual-mean, globally-averaged evaporation increases by 0.5%
with a standard deviation of 2.2%. The globally-averaged groundwater contribution to evaporation fy, is 0.008
with a standard deviation of 0.03, that is, around 0.8% of the global evaporation is sourced from groundwater.

The maximum local increase of annual-mean evaporation is 245.2 mm year~' (Figure 6) or 149.7% relative to
GLEAM v3 (Figure A8 in the Appendix). The local annual groundwater contribution to evaporation fg,, reaches
values up to 0.36, thus groundwater can supply more than one-third of the annual evaporation at specific locations.
At the daily scale, evaporation increases locally up to 5.5 mm day~!. Large evaporation increases are observed in,
for example, Canada, Russia, and several regions in Congo and South America. In those regions, the groundwater
level is shallow (Fan et al., 2013) as illustrated in Figure A9 in the Appendix. Hence, groundwater-sourced evap-
oration is, as expected, strongly influenced by the groundwater level (Figures 7a—7f).

Groundwater-sourced evaporation is highest in drylands, that is, in regions with an aridity index larger than 1.5
(Figure 7). In addition, it is higher for tall vegetation compared to short vegetation and bare soil (Figure 7)—which
is expected given the deeper roots of tall vegetation (see Section 2.1.1). The annual-mean groundwater-sourced
evaporation in drylands, where plants have groundwater access, is 468.2 and 138.1 mm year~! for tall and short
vegetation, respectively. This corresponds to a mean groundwater contribution to transpiration of f,, = 0.67
and fi;y, = 0.24 for tall and short vegetation, respectively. This discrepancy between the groundwater contribu-
tions to transpiration is causing much lower groundwater contributions averaged over all land cover types of
an entire grid-cell (Figure A10). At the grid-cell level, the annual-mean groundwater-sourced evaporation is
lower in drylands (25.6 mm year~!) than in non-drylands (31.6 mm year~') when considering only regions with
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Figure 7. Groundwater contribution fraction (f,,) and groundwater-sourced evaporation (Egy,) for tall vegetation, short vegetation and bare soil (a)—(f) as a function of
aridity (E/P) and groundwater levels (GWL), and (g)—(h) distinguishing between drylands (E,/P>1.5) and non-drylands (E/P < 15). Subplots (g)—(h) consider only
regions with groundwater access. All results are averaged over the study period.

groundwater access, that iS, Egy annua—mean > 0- Relatively speaking, the groundwater contribution is lower in
drylands (fiy, = 0.03) than in non-drylands (f;, = 0.04), resulting from the fact that less tall and short vegetation
exist in drylands (Figures A10d—A10f).
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a) March-May b) June-August

[e¢]
Ecw [mm season—!]

Figure 8. Seasonal groundwater-sourced evaporation. Regions with no groundwater access at any time within the record are
masked out.

The groundwater contribution to evaporation varies seasonally with higher values in the Northern Hemisphere
(NH, f5 = 0.01-0.04) than in the Southern Hemisphere (SH, f,, = 0.007-0.02) when excluding regions without
groundwater access at any time within the record (Figures A11la and A11b). However, groundwater-sourced evap-
oration shows more extreme seasonal variations in the NH (Egy, = 0.05-11.2 mm season~!) compared to the SH
(Egw = 2.1-4.8 mm season~!)—see Figures 8, Allc, and A11d. In the NH, the groundwater-sourced evaporation
is most pronounced in summer (June—August). Annual fluctuations are limited to f;y, = 0.02-0.03 (NH) and
Jow = 0.003-0.01 (SH), excluding the year 2015 where higher values are likely still affected by the initial condi-
tion (Figure A11). The annual variation in Ey, is limited to 10.9-19.2 mm year~! (NH) and 2.4-13.7 mm year~!
(SH); with the lowest values in 2021 for both hemispheres.

6. Discussion

This study enables a better understanding of evaporation during water-stressed conditions by introducing
groundwater-sourced evaporation in a satellite-based model. The simulated groundwater contribution to transpi-
ration in GLEAM-Hydro is based on knowledge gained from previous studies (Balugani et al., 2017; Barbeta &
Peiiuelas, 2017; Maxwell & Condon, 2016; Miguez-Macho & Fan, 2021; Tfwala et al., 2021); see Section 1. Incor-
porating groundwater interactions increases the annual-mean, globally-averaged evaporation by 2.5 mm year™!
and locally by up to 245.2 mm year~!. The globally-averaged contribution of groundwater to evaporation in
GLEAM-Hydro (fs,, = 0.008) is similar to findings by Miguez-Macho and Fan (2021) of approximately 1%.
Also, Barbeta and Pefiuelas (2017) show a median f,,, = 0.56 for tall vegetation in dry seasons which is similar
to the findings of this study (f;,, = 0.67, Figure 7g). The spatial pattern of the groundwater contribution in this
study differs considerably from previous studies (e.g., Miguez-Macho & Fan, 2021) and shows higher contribu-
tions in, for example, Canada, Russia and Congo where the GWL are shallow (Figure A9 in the Appendix). These
differences may be attributed to uncertainties in the evaporation estimates in both this study (as discussed below)
and previous studies.

6.1. Sources of Uncertainties

There are several sources of uncertainty in the proposed approach to incorporate plant access to groundwater.
First, this approach assumes lateral groundwater flow is insignificant at the chosen spatial resolution, which is
plausible based on findings in previous studies (Krakauer et al., 2014). Second, this approach does not include
capillary rise nor the existence of roots deeper than 2.5 m tapping into the groundwater system. Furthermore, we
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assume that there is no direct interaction between groundwater and the unsaturated zone (see also Section 2.1.4).
These interactions are only mimicked through plants extracting (part of the) water from the groundwater,
provided they have access to it, resulting in less extraction from the unsaturated zone and hence increased soil
moisture (Figure A3). That is also why the simulated soil moisture changes only marginally and the skill of soil
moisture does not improve from GLEAM v3 to GLEAM-Hydro at the limited observation sites available (see
Section 5.1.2). Moreover, results are sensitive to data uncertainties, including initial GWL and soil properties.
Last but not least, results here are constrained to the processes represented in GLEAM, which does not explicitly
model, among others, human impacts such as pumping and irrigation, preferential flow, the impact of vapor pres-
sure deficit (VPD) on evaporation, and processes related to (weathered) bedrock water, which has been proven to
be an important water source for transpiration (Jiménez-Rodriguez et al., 2022; McCormick et al., 2021; Rempe
& Dietrich, 2018). These are all potential avenues for improvements in the future, but are considered outside the
scope of this study.

To reduce uncertainties related to the groundwater representation of GLEAM-Hydro, GLEAM could be coupled
to a groundwater model (e.g., MODFLOW). Its impact on evaporation is illustrated for The Netherlands by using
LHM-based GWL as forcing in GLEAM (i.e., GLEAM-LHM). Compared to GLEAM-Hydro, GLEAM-LHM
reproduces the spatial pattern of evaporation (Figure A12 in the Appendix). However, the annual-mean evapora-
tion for the region increases even more with GLEAM-LHM (4.8 mm year~! or 0.2% relative to GLEAM v3) than
with GLEAM-Hydro (2.4 mm year~' or 0.1%). It is noted, however, that two-way coupling between evaporation
and groundwater was not considered in GLEAM-LHM.

Furthermore, the coarse resolution of 0.25° applied in this study introduces uncertainties due to sub-grid topo-
graphical heterogeneity. This impacts water table depth estimates and hence whether or not plants have access
to groundwater. This source of uncertainty is not unique to this model but is valid for many global models run
at coarse resolutions (Bierkens, 2015; Lawrence et al., 2019; Lovato et al., 2022; Miiller Schmied et al., 2021;
Yoshida et al., 2022). To analyze the effect of this uncertainty on evaporation, GLEAM-Hydro is run at 1 km reso-
lution for The Netherlands using LHM-based GWL as initial conditions, instead of using the global map by Fan
et al. (2017). Differences between GLEAM-Hydro and GLEAM v3 are evaluated at both 1 and 25 km resolution.
This experiment shows that the annual-mean evaporation increase through groundwater access is lower in the
1 km version (2.9 mm year~!) than in the 25 km version (13.1 mm year~"). Local differences are most pronounced
during water-limited conditions as illustrated in Figure A13 for the drought of 2018. In many regions, plants have
more frequent access to groundwater at the coarse resolution resulting in higher total evaporation. At Cabauw,
the higher evaporation in the 25 km version corresponds better with the field observations (Figure A13c). Only
increasing the spatial resolution has a larger effect on the annual-mean evaporation (82.9 mm year~' decrease
for GLEAM v3) than incorporating groundwater, but this is more likely a result of different input data (such as
soil properties) and missing processes at the high resolution (such as lateral groundwater flow). This agrees with
Reinecke et al. (2020) who show that the skill of groundwater level simulations does not improve substantially
when increasing the spatial resolution alone.

Validation results presented here are sensitive to spatial heterogeneity within a grid cell such that an observation
site may not be representative of an entire grid scale. Nevertheless, this approach allows us to evaluate the change
in performance from the benchmark GLEAM v3 to the new GLEAM-Hydro, since these representativeness
errors are (in principle) not systematic from site to site.

6.2. Future Studies

Future studies should address the limitations mentioned above. For instance, we recommend improving
the definition of the maximum root depth by using global datasets, instead of constant values per vegeta-
tive fraction worldwide. In addition, estimated groundwater level dynamics could be improved further by
using total water storage anomalies as observed from satellites (Landerer & Swenson, 2012; Swenson &
Wahr, 2006) for data assimilation. The proposed approach for groundwater—vegetation interactions could
further be tested at higher resolutions. However, note that this may require additional modifications since
currently missing processes such as lateral groundwater flow may become significant at finer scales (de
Graaf & Stahl, 2022; Reinecke et al., 2020). Furthermore, it would be very valuable if new eddy-covariance
stations, located in dry regions and combined with groundwater level and root depth field observations,
are available. This would benefit the verification of groundwater access and validation of evaporation at
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locations where groundwater becomes relevant. Unfortunately, most eddy-covariance stations used here
are located in regions with deep water tables (according to Fan et al. (2013)) or in energy-limited regions
with abundant water. As such, the effect of groundwater on evaporation could only be validated at a limited
number of in situ stations. The consideration of additional forcing variables such as VPD in GLEAM has
recently been explored using a hybrid approach (Koppa et al., 2022). Recent improvements in specific
modules, such as the inclusion of groundwater-sourced evaporation presented here, will be brought together
in the next GLEAM version (v4).

7. Conclusion

The goal of this study was to enable a better understanding of evaporation during water-stressed conditions by
incorporating plant access to groundwater in existing large-scale evaporation estimates, and to assess the impact
of groundwater on evaporation globally. To that end, a novel, conceptual approach to estimate groundwater—
vegetation interactions was developed. It connected conceptual elements of groundwater reservoirs and
(observed) groundwater contributions to transpiration. This approach was incorporated into GLEAM, yielding
the GLEAM-Hydro version of the model.

The impact of groundwater on evaporation was analyzed globally by comparing GLEAM v3 with GLEAM-Hydro:
While the globally-averaged annual-mean evaporation increased only by 2.5 mm year~! (0.5%), local changes in
regions with a shallow water table were much higher (up to 245.2 mm year~!). The groundwater contribution to
transpiration was highest for tall vegetation under dry conditions (fg,, = 0.63) due to more frequent plant access
to groundwater. In general, little improvements were found in the simulation of evaporation as the majority of the
eddy-covariance stations was located in regions with no groundwater access or energy-limited regions, where
the impact of groundwater on evaporation was marginal. However, at 75% of the stations where groundwater
was a relevant water source, the temporal dynamics of the simulated evaporation improved. The skill of the
model, also for other variables such as soil moisture and discharge, remained more or less unaltered. The skill
of GLEAM-Hydro to simulate GWL was further demonstrated through the comparison to a dedicated regional
groundwater model (LHM). For The Netherlands, where abundant water table observations were available, both
models showed considerable skill. However, LHM performed better in terms of RMSE and KGE which was to be
expected for a groundwater model calibrated for The Netherlands.

The presented approach paves the way toward the integration of groundwater in, for example, land surface and
hydrological models and other algorithms that aim to derive evaporation from, for example, satellite-based obser-
vations. Representing groundwater in GLEAM also sets the ground to assimilate satellite gravimetry data in
the future (Girotto et al., 2017). This approach is a first step toward more realistic evaporation estimates during
water-stressed conditions in global, satellite-based models.

Appendix A

Additional figures and tables are provided in this appendix. They give an overview of the field observations
used (Figure Al and Table A2) and visualize the performance of GLEAM-Hydro with respect to soil moisture,
groundwater level and runoff (Figures A2—-A7 and Table A2). In addition, they illustrate the impact of ground-
water on evaporation (Figures A§—-A13).
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a) Evaporation b) Soil moisture
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Figure A1. Map of stations with (a) evaporation, (b) soil moisture, (c) groundwater level, and (d) discharge stations (including basin outline in blue) used in this study.
Black dots indicate all stations used, and red dots indicate stations where groundwater becomes a relevant source for evaporation.
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Figure A2. Groundwater level validation results in The Netherlands: (a) correlation and (b) RMSE.
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Figure A3. Soil moisture time-series according to field observations, Global Land Evaporation Amsterdam Model (GLEAM) v3 and GLEAM-Hydro at three
locations. See Table A2 for their coordinates and correlation values.
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Table A2
Soil Moisture Correlation With Respect to Three International Soil Moisture Network Field Observations for Global Land
Evaporation Amsterdam Model v3 and GLEAM-Hydro
Site Latitude Longitude Depth (m) GLEAM v3 GLEAM-Hydro
Starkville 33.63 —88.77 0.20 0.64 0.65
UAPBDewitt 34.28 -91.35 0.10 0.82 0.82
3sh9gmem 51.93 4.79 0.05 0.88 0.84
il a) b) c)
| 30
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Figure A4. Runoff performance. (a) Long-term average runoff according to in situ data (x-axis) versus Global Land Evaporation Amsterdam Model (GLEAM) v3
(y-axis) and with AQg; gy = Qerramvs — CoLEam—nyaro fOT the colors. (b) Mean difference (MD) for GLEAM v3 and GLEAM-Hydro with positive values indicating
the GLEAM-based runoff are overestimated. (c) Difference in PBIAS (i.e., APBIAS = PBIAS; pany3 — PBIAS ) gani—nyaro)- (d) Spatial pattern of APBIAS with positive
values indicating the bias improves in GLEAM-Hydro.
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Figure AS. Global groundwater level validation results: Correlation.
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Figure A6. Global groundwater level validation results: RMSE.
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Figure A7. Groundwater levels at a well represented station near Philadelphia in the United States (74.84°W and 39.99°N).
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Figure A8. Average evaporation increase due to the incorporation of plant access to groundwater in Global Land
Evaporation Amsterdam Model (GLEAM) (AE = Eq; pav-piyaro — EcLeamys) Telative to GLEAM v3 averaged over the study
period. Regions with —2£— < (.01% are masked out.
EGLEAMV3
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Figure A9. Initial groundwater level based on (Fan et al., 2013).
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Figure A10. (a) Groundwater contribution fraction (fy,) and (b) groundwater-sourced evaporation (E,,) aggregated over entire grid-cells as a function of aridity
(EP/P) and groundwater levels (GWL). (c) Violin plot of f, distinguishing between drylands (EP/P > 1.5) and non-drylands (Ep/P < 1.5). Vegetative fraction for (d) tall
vegetation, (e) short vegetation and (f) bare soil as a function of the aridity with the colors indicating the density of the dots. Subplots (c)—(f) consider only regions with
groundwater access. All results are averaged over the study period.
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a) Groundwater contribution to evaporation: Nothern Hemisphere
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Figure A11. Seasonal and annual variation in the (a)—(b) groundwater contribution to evaporation (fy,) and (c)—(d) groundwater-sourced evaporation (Eg,,) for the
Northern (a and ¢) and Southern (b and d) Hemisphere.
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Figure A12. Average evaporation increase in The Netherlands due to the incorporation of plant access to groundwater in
Global Land Evaporation Amsterdam Model (GLEAM). Subplots (a)—(b) illustrate absolute differences, subplots (c)—(d)
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Figure A13. Evaporation increase of GLEAM-Hydro relative to Global Land Evaporation Amsterdam Model (GLEAM) v3 at (a) 25 km and (b) 1 km resolution on 23
July 2018. (c) Evaporation time-series at Cabauw (51.93°N and 4.79°E) according to GLEAM v3 and GLEAM-Hydro at 25 and 1 km resolution for the year 2018.
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