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Abstract. Groundwater plays an important role in the terres-
trial water cycle, interacting with the land surface via ver-
tical fluxes through the water table and distributing water
resources spatially via gravity-driven lateral transport. It is
therefore essential to have a correct representation of ground-
water processes in land surface models, as land—atmosphere
coupling is a key factor in climate research. Here we use
the LEAFHYDRO land surface and groundwater model to
study the groundwater influence on soil moisture distribu-
tion and memory, and evapotranspiration (ET) fluxes in the
Iberian Peninsula over a 10-year period. We validate our re-
sults with time series of observed water table depth from
623 stations covering different regions of the Iberian Penin-
sula, showing that the model produces a realistic water ta-
ble, shallower in valleys and deeper under hilltops. We find
patterns of shallow water table and strong groundwater—land
surface coupling over extended interior semi-arid regions and
river valleys. We show a strong seasonal and interannual per-
sistence of the water table, which induces bimodal memory
in the soil moisture fields; soil moisture “remembers” past
wet conditions, buffering drought effects, and also past dry
conditions, causing a delay in drought recovery. The effects
on land—atmosphere fluxes are found to be significant: on av-
erage over the region, ET is 17.4 % higher when compared
with a baseline simulation with LEAFHYDRO’s groundwa-
ter scheme deactivated. The maximum ET increase occurs
in summer (34.9 %; 0.54mmd~!). The ET enhancement is
larger over the drier southern basins, where ET is water lim-
ited (e.g. the Guadalquivir basin and the Mediterranean Se-
gura basin), than in the northern Mifio/Minho basin, where
ET is more energy limited than water limited. In terms of
river flow, we show how dry season baseflow is sustained by

groundwater originating from accumulated recharge during
the wet season, improving significantly on a free-drain ap-
proach, where baseflow comes from water draining through
the top soil, resulting in rivers drying out in summer. Convec-
tive precipitation enhancement through local moisture recy-
cling over the semi-arid interior regions and summer cooling
are potential implications of these groundwater effects on cli-
mate over the Iberian Peninsula. Fully coupled land surface
and climate model simulations are needed to elucidate this
question.

1 Introduction

Groundwater dynamics and its interactions with the land—
atmosphere system play a key role in the terrestrial water
cycle. Groundwater exchanges with the land surface occur
via vertical fluxes through the water table surface and hor-
izontal water redistribution via gravity-driven lateral trans-
port within the saturated zone. A shallow water table slows
down drainage and affects soil moisture and evapotranspi-
ration (ET), particularly in water-limited environments. The
Iberian Peninsula, with a typical Mediterranean climate of
the dry growing season, is one such region where ET is
largely constrained by water availability.

Soil moisture memory refers to the persistence of wet or
dry anomalies in the soil after the atmospheric conditions
that caused them have passed. In turn, if there is high land—
atmosphere coupling, that is, if the conditions of the soil can
have a significant impact on atmospheric dynamics, then soil
moisture memory can influence weather conditions, with ma-
jor implications for seasonal and long-term forecasting (e.g.
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Koster et al., 2010). The Mediterranean region, a transitional
zone between year-long wet and dry climates, presents high
soil moisture memory and high land—atmosphere coupling
(Seneviratne et al., 2006). This is mostly on account of the
high seasonality of precipitation, with a pronounced dry and
warm summer and a wetter and colder winter. ET is highly
water limited and hence dependent on soil moisture avail-
ability and precipitation from previous seasons. At the sub-
surface, soil moisture is linked to the water table when the
latter is relatively shallow, and hence the weak time variabil-
ity of groundwater (Fan et al., 2007) might enhance greatly
this high soil moisture memory.

The water table depth is the main indicator of the inten-
sity of groundwater—soil moisture coupling and consequently
of how much memory the long timescales of variation of
groundwater can induce in soil moisture. The water table is
linked to the unsaturated zone above by two-way fluxes: the
downward gravitational flux and the capillary flux. The net
flux is downward in the wet season and for some time af-
terwards, when groundwater continues to be recharged, but
upward capillary fluxes can dominate in the dry season and,
if the water table is sufficiently shallow, groundwater will
reach the root zone to meet surface ET demands. There is
observational evidence from field experiments showing that
groundwater can be one of the main sources of ecosystem ET
in water-limited environments (e.g. Lubczynski, 2008; Liu
et al., 2016) and that the groundwater table depth determines
strong sensitivities of local rooting depths (Fan et al., 2017).
In the Iberian Peninsula in particular, David et al. (2007)
found that during the summer drought in a plot in southern
Portugal, daily soil moisture fluctuations in the top 1 m re-
lated to transpiration could be attributed to groundwater via
isotopic analysis. These authors estimated that up to 70 % of
the evapotranspired water had its origin in groundwater over
that area. Beyond experimental plots, observational evidence
of the connection between groundwater and soil moisture
over a larger area is reported by Sutanudjaja et al. (2013), us-
ing remote sensing soil moisture products to predict ground-
water heads in time and space over Germany and reproducing
groundwater head fluctuations reasonably well, particularly
in shallow water table areas, where soil moisture dynamics
are tightly connected to groundwater head positions.

Many modelling reports concerning soil moisture memory
lack the interaction of the top soil crust with the water table.
However, groundwater dynamics are increasingly being tak-
ing into consideration in climate and ecosystem modelling
studies. There are several studies that do explicitly include
groundwater processes (e.g. Maxwell and Miller, 2005; Fan
et al., 2007; Miguez-Macho et al., 2007; Niu et al., 2007;
Yuan et al., 2008; Lo and Famiglietti, 2010; Leung et al.,
2011; Maxwell et al., 2011; Vergnes et al., 2014; Decker,
2015). In general they all conclude that the interaction with
a shallow water table drastically changes soil moisture dy-
namics and affects ET fluxes in water-limited conditions.
Notwithstanding, most modelling schemes fail to produce a
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realistic water table spatial distribution, which compromises
the generality of their results. One important reason why this
happens is that most land surface models (LSMs) treat the
evolution of the water table as a process dominated by verti-
cal fluxes, as they do with soil moisture, ignoring or misrep-
resenting the lateral gravitational groundwater flow, which is
the main driver of the water table distribution across the land-
scape (Fan et al., 2013; de Graaf et al., 2015; Maxwell and
Condon, 2016). The main modelling challenge thus remains
to couple groundwater to soil moisture with a realistic water
table; only then can the importance of their mutual interac-
tion for climate be reliably assessed on a large scale.

Groundwater impacts directly surface water. Miguez-
Macho and Fan (2012b) explicitly evaluated the influence of
groundwater on the Amazon’s surface water dynamics and
showed that the water table buffers the impact of the sea-
sonal drought on surface waters due to its longer timescale
of evolution and supports wetlands in lowlands and valley
floors, where a persistently shallow water table is found be-
cause of lateral flow convergence or slow drainage associated
with the flatness of the terrain and low elevation. Decharme
et al. (2010) also pointed out the potential significance of
the groundwater store as an uncertainty in simulating conti-
nental hydrological systems. Vergnes et al. (2012) improved
the spatio-temporal variability of streamflow and, particu-
larly over France’s main rivers, summer baseflow, when us-
ing a river routing model that included groundwater—river ex-
changes.

The Iberian Peninsula is a region of high precipitation sea-
sonality and land-atmosphere coupling (Rios-Entenza and
Miguez-Macho, 2014), where the importance of an accurate
representation of soil moisture is well known (e.g. Sanchez
et al., 2010; Jiménez et al., 2011). Sanchez et al. (2010)
used in situ soil moisture measurements to validate a wa-
ter balance model over a shallow water table region in the
Duero/Douro basin during 2002 and found that their model
underestimated soil moisture. We speculate that the role of
groundwater in these kind of modelling studies should be
taken into account and may change soil moisture behaviour
in shallow water table regions. Groundwater memory of long
past surface episodes has also been recorded in Dofiana Na-
tional Park, Spain, by Serrano and Zunzunegui (2008), find-
ing higher observed wet-phase duration correlations with the
previous 2 years’ rainfall than with the previous 1 year’s
rainfall. Moreover, over the upper Guadiana basin, Mejias-
Moreno et al. (2012) showed how, during the hydrological
years 2009-2010 and 2010-2011 with rainfall 50 % above
climatology, the water table depth recovered 4 and 8m,
respectively, and during the 2011-2012 hydrologically dry
year, the water table still recovered 2.5 m up to spring level
in a way not observed since 1983 at the location (Martinez-
Cortina et al., 2011). Additionally, the recovery of several
ponds in La Mancha Himeda (biosphere reserve in the upper
Guadiana basin) during the dry year 2012 was reported in
the Spanish press, reflecting the importance of groundwater
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influence on surface hydrology. A modelling study (Hassan
et al., 2014) in the Sardon basin (a small shallow water ta-
ble basin in the central Iberian Peninsula; ~ 80 km?) incor-
porated groundwater interactions with the soil and surface
water, finding significant figures for groundwater recharge
(16 % of precipitation), exfiltration (~ 11 % of precipitation)
and groundwater evapotranspiration (~ 5 % of precipitation).

Understanding the relevant processes within the water cy-
cle becomes of major importance for the integrated manage-
ment of water resources provided the high irrigation with-
drawal from wells or directly from surface waters in the
Iberian Peninsula (e.g. Garrido et al., 2006; Daccache et al.,
2014; Hunink et al., 2015). There has been a spectacular in-
crease over the last decades in intensive groundwater use for
irrigation in most arid and semi-arid regions of Spain, car-
ried out mainly by individual farmers, often with little plan-
ning and control on the part of governmental water authori-
ties (Garrido et al., 2006).

In this paper, we present a modelling study linking ground-
water to soil moisture, land—atmosphere interactions and sur-
face water at the regional scale in the Iberian Peninsula. We
investigate the role of groundwater in the hydrology of the
region, focusing first on its impact on soil moisture spatial
variability, dynamics and long-term memory, second on its
effects on land—atmosphere ET fluxes, and third on its direct
impact on river flow.

Our work uses the LEAFHYDRO model, which includes
water table dynamics considering explicitly lateral flow (Fan
et al., 2007; Miguez-Macho et al., 2007; Miguez-Macho and
Fan, 2012a, b; Martinez et al., 2016). The model formu-
lation and parametrization of groundwater rely on a high-
resolution steady-state simulation of the equilibrium position
of the water table. In the lower-resolution, time-evolving run
with the full model, the water table pattern stems from the
high-resolution simulation, where local drainage is better re-
solved and is therefore realistic, reflecting topography with
a deeper water table under hilltops and shallower in valleys.
Preceding our discussions on groundwater—soil moisture in-
teractions over the Iberian Peninsula, in this study we vali-
date the modelled water table with available time series of
observations in Spain and Portugal.

2 Model description and settings

2.1 Groundwater and land surface model
LEAFHYDRO

LEAF (Land-Ecosystem-Atmosphere-Feedback) is the LSM
included in the Regional Atmosphere Modeling Sys-
tem (RAMS) (http://rams.atmos.colostate.edu/, last access:
27 November 2019). It calculates heat and water fluxes and
storages in the land surface, resolving several vertical soil
layers of variable depth. The vertical flux F' between adja-
cent unsaturated soil layers is given by Richards’ equation:
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where py (kg m~3) is the density of liquid water, K, (m s
is the hydraulic conductivity at a given volumetric water con-
tent n, ¥ (m) is the soil capillary potential and z (m) is height.
Parameters K, and W depend on the water content and the
pore-size index of the soil. To compute such parameters, the
model follows the Clapp and Hornberger (1978) formulation:

1 2b+3 e b
K, = Kf(—) = wf(—) , @)
ne n

where b is the soil pore-size index and subscript “f” denotes
quantity at saturation. A canopy layer including vegetation
and surface air interacts with the soil/surface water below
and the atmosphere above. Derived from version 2 of LEAF
(Walko et al., 2000), LEAFHYDRO incorporates a ground-
water dynamics scheme based on the formulation presented
by Miguez-Macho et al. (2007).

LEAFHYDRO introduces a prognostic water table depth
that fluctuates in the model as a result of three main interac-
tions: (1) two-way water flux between the saturated and un-
saturated zones, (2) two-way water flux between the ground-
water reservoir and rivers, and (3) lateral groundwater flow
within the saturated zone. Hence, the mass balance of the dy-
namic groundwater reservoir ina LEAFHYDRO cell is given
by

8
dd% = AxAyR+ D 0n— 0O, 3)
n=1
where Sg (m?) is the groundwater storage in a model col-
umn, AxAy (m?) is the horizontal resolution of the model,
R (ms~!) is the flux through the water table, Oy (m3s™1)
is the lateral flow from or to the n’* neighbouring model
cell, and Q; (m>s~!) is the groundwater—rivers exchange.
Fluxes R and Qj, in Eq. (3) are assumed to be positive when
going into the groundwater reservoir and negative when go-
ing out of it, whereas Q; is positive when going into the river
and negative when going from the river into the groundwater
reservoir. Figure 1 (left) represents the groundwater balance
in a model cell (cell 1).

The water flux through the water table or net recharge R
is the sum of gravitational downward groundwater recharge
and capillary flux, and depending on soil wetness and atmo-
spheric demand, it can be downwards, causing the water ta-
ble to rise, or upwards, causing the water table to deepen.
LEAFHYDRO calculates R under the two possible scenar-
ios in Fig. 1 (right).

In scenario a, the water table appears within the soil layers
resolved by the model (4 m), and its position is diagnosed at
a given time step as that yielding the equilibrium soil water
content (7eq1) in the unsaturated portion of layer 1. Hence,
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Figure 1. (a) LEAFHYDRO groundwater balance in a model cell (cell 1). (b) LEAFHYDRO double scenario to calculate the water flux

through the water table (R).

there is no vertical water flux between layers 1 and 2, and
from Eq. (1):

(Y +72)

=0,or¥| -V =2, —121, @
0z

where 7] and z, are the depths of mid-layers 1 and 2, respec-
tively. Applying the relationship between W and 7 in Eq. (2),
the equilibrium soil water content in the unsaturated portion
of layer 1 is obtained as
1/b
) . &)

. . ( U

1=\ =~
“ Vi +22 — 21
Then, assuming even distribution of the total soil water in
layer 1, the 1 that the model calculated in the soil fluxes
routine following Richards’ equations can also be calculated
as

. hp —wtd n wtd — Ay ©)
N1 = TNeql hi— o nf1 h—hy )’
where wtd (m) is the water table depth, /2| (m) is the depth of

the top of layer 1 and %, (m) is the depth of the top of layer 2.
Now, from Eq. (6), the water table depth is diagnosed as

_ nftha = neqihi +n1 (h1 — ho)
N1 — TNeql .

wtd

@)

And finally R is the amount of water flowing from or to the
unsaturated portion of layer 1 necessary to cause the rise or

Hydrol. Earth Syst. Sci., 23, 4909—4932, 2019

fall of the water table from the position in the previous time
step to the position calculated in Eq. (7) (Awtd):

R = Awtd (T}ﬂ — r]eql) . (®)

In scenario b, the water table lies below the resolved soil
layers. A bottom layer is added that extends from the re-
solved soil layers depth to the water table position, centred
in point C. This is a virtual layer, of variable thickness in
space and time, and since it can be much thicker than the
layer above and therefore cause instability issues for finite
difference schemes, an auxiliary layer of the same thickness
as the deepest resolved layer is added, centred at point B. The
water content of point B is initially obtained by linear inter-
polation between A and C (water content in the virtual layer
containing C is part of the model initialization). Then, given
the water content at A and B, the flux between the two can
be calculated. Similarly, an auxiliary layer of equal thickness
as the virtual layer and centered in point D is added below
the water table. The water content gradient between C and D
(layer containing D is saturated) determines the flux between
the two, which is the net recharge R. Knowing the fluxes
above and below, the new water content 7nc of the layer con-
taining C can be determined by mass balance. The change in
water content in the virtual layer is finally added to or taken
away from the groundwater reservoir, calculated similarly to
Eq. (8) as

R

Awtd= ————, )
Nfdeep — NIC
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where ntqeep is the saturation soil water content for the soil at
the water table position depth.

Groundwater-rivers exchange Q; follows Darcy’s law, and
it is proportional to the elevation difference between the wa-
ter table and the river water surface in the cell, as

0= 22 (3 Lr) wih -7, (10)

b

where Ky, (ms_p) is the mean riverbed hydraulic conduc-
tivity in the cell, b (m) is the mean thickness of riverbed
sediments in the cell, w; (m) is the mean river width within
the cell, L, (m) is the length of individual channels in the
cell (the river depth is neglected for the calculation of the
contact area), wth (m) is the water table head in the cell (as
wth = z + wtd, where z (m) is the cell elevation), and z; (m)
is the mean river elevation in the cell. This flux can occur
as groundwater discharge (subsurface runoff) into gaining
streams when the water table is above the river, sustaining
stream baseflow, or as river infiltration into the groundwater
reservoir in losing streams when the water table is below the
riverbed. For gaining streams, the LEAFHYDRO approach
combines the physically based parameters of Darcy’s law
into a parameter called river conductance, commonly used in
the groundwater modelling literature, like the MODFLOW
model (Harbaugh et al., 2000). Even though the river con-
ductance is physically based and observable, detailed data
on river geometry and bed sediments are lacking for the
region studied; hence, it needs to be parametrized. Such
parametrization consists of a representation of the river con-
ductance that includes two contributions: an equilibrium part
and a dynamic part that depends on the water table devi-
ation from equilibrium at the time. Further details on this
dynamic river conductance parametrization and discussion
on its choice are found in Miguez-Macho et al. (2007). For
losing streams, the distance of flow or riverbed thickness in
Eq. (10) is the same as the water table minus riverbed el-
evation difference (third parenthesis in Eq. 10, only with a
negative sign provided that wth < z;), and hence these fac-
tors cancel out one another, leaving the flux calculation to be
given by

Or = —Kpi; O L. (11)

Therefore, the losing stream flux Q; in the model is not de-
pendent on the water table position, once the latter is below
the riverbed, but on the groundwater—rivers hydraulic con-
nection.

Lateral groundwater flow Qj, is determined by the slope of
the water table surface; applying Darcy’s law, the water flux
from the nth neighbour into a model cell is given by

wtd, — wtd
On ZCTT, (12)

where ¢ (m) is the flow cross section connecting the cells,
T (m%®s~!) is the flow transmissivity between the cells,
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wtd and wtd, (m) are the water table depths for the centre
cell and the nth neighbour cell, respectively, and [ (m) is the
distance between cells. T is calculated as a vertical integra-
tion down from the water table depth of the lateral hydraulic
conductivity at saturation K, (Fan et al., 2007), which is de-
rived from the vertical conductivity Kv using the anisotropy
ratio parameter « relating both parameters as « = K1 /Kv.
We apply values of o dependent on the clay content of the
soil and within the range of observations in nature, as detailed
in Fan et al. (2007). For vertical conductivity, we assume an
exponential decay with depth, as

Ky, = Koexp (—Z?), (13)

where Ko (ms™!) is the known value at 1.5m deep, 7' (m) is
the depth below 1.5m and f (m) is the e-folding depth, cal-
culated as a function of terrain slope 8 as f = 75/(1+1508),
with a lower limit of 4 m in steep terrain where 8 > 0.118.
Further details on this formulation of O, and parametrization
choices are found in Fan et al. (2007) and Gestal-Souto et al.
(2010). All water fluxes represented by arrows in Fig. 1 (left)
are referred to cell 1, thus the groundwater lateral flux Q> is
an incoming flux from the neighbouring cell 2 with a higher
water table head (wth2), and Q3 is an outgoing flux towards
the neighbouring cell 3, which presents a lower water table
head (wth3).

When there is vegetation on the surface, the water and heat
exchanges between vegetation and the surrounding canopy
air parametrization are based on Avissar et al. (1985). This
methodology uses PFTs (plant functional types) constant
through the simulation period, assigning a type to each cell
that will determine parameters like the root depth, the min-
imal stomatal conductance (that will be increased by atmo-
spheric factors) and the LAI (leaf area index) that will affect
the calculation of canopy resistance, transpiration and evap-
oration from the canopy surface. The transpiration is taken
from the moistest level in the root zone.

2.2 Initial land surface and river parameters

The 11 soil textural classes used in LEAFHYDRO, neces-
sary to derive soil parameters in Eq. (2) controlling the ver-
tical water fluxes, are defined by the United States Depart-
ment of Agriculture (USDA) from fractions of silt, clay and
sand. The data for top (0-0.30 m depth) and bottom (0.30—
4m depth) soil layers comes originally from the Food and
Agricultural Organization of the United Nations (FAO) world
database (http://fao.org/soils-portal/soil-survey, last access:
27 November 2019). Other processes in the model, such as
evapotranspiration, need parameters dependent on the veg-
etation type (PFTs) at the land surface. For vegetation type
we use the COordination of INformation on the Environ-
ment (CORINE) Land Cover Project database (EEA, 1994).

The river flow scheme included in LEAFHYDRO
(Miguez-Macho et al.,, 2007; Miguez-Macho and Fan,
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2012b) uses the Manning equation. For the river flow scheme
and in order to calculate the equilibrium river conductance
and the groundwater—streams flux in gaining streams de-
tailed in Sect. 2.1, the model requires the following initial
parameters: flow direction, river width, river length and river
slope. To calculate such parameters in the domain, we used
the United States Geological Survey (USGS) HydroSHEDS
15 arcsec resolution data (Lehner et al., 2008). The variables
extracted from the HydroSHEDS database were fd (flow di-
rection), acc (accumulated drainage area) and dem (void-
filled elevation). The methodology to calculate the requested
parameters (Fig. 2) follows the following steps: (1) first, the
high-resolution (15 arcsec) cell with the largest acc within a
low-resolution cell (model grid is 2.5 km) is spotted; (2) the
fd of this cell (black arrows in Fig. 2), together with the loca-
tion of the low-resolution cell containing the high-resolution
cell where it flows to, determine the flow direction of the
low-resolution cell (blue arrows in Fig. 2); (3) the flow of
the main high-resolution stream within every low-resolution
cell is then followed, highlighting the stream (red streams in
Fig. 2); (4) the distance covered by this high-resolution main
stream is taken as the low-resolution river length L; (5) the
low-resolution river slope s; is taken as the average slope
for all high-resolution cells that take part in the main high-
resolution stream, where the high-resolution slopes have
been previously calculated from the flow direction fd and the
elevation dem; (6) the low-resolution drainage area Ay is cal-
culated by aggregating the area of all high-resolution cells
within a low-resolution cell and then accumulating it from
all cells addressed to a given cell with the use of the low-
resolution fd; (7) finally, the river width w; is calculated us-
ing an estimation of the net recharge R (a 1° resolution global
climatic recharge from the Mosaic LSM) and the drainage
area Aq in each low-resolution cell, as discussed by Lucas-
Picher et al. (2003): w; = (0.00013 Q4 + 6.0) 02, where
QOm is the annual mean discharge passing through a river
section, approximated for this calculation by the accumula-
tion of flow Q = RA4 for the cells along the low-resolution
stream.

2.3 Atmospheric forcing data

The atmospheric forcing data for the LEAFHYDRO simu-
lations were extracted from the ECMWF ERA-Interim re-
analysis database (Berrisford et al., 2011). Surface pressure,
2m temperature and surface wind speed data are reanaly-
sis fields at 6-hourly time resolution. The incoming surface
radiation (shortwave and longwave) and precipitation (con-
vective and large-scale) fields are forecasts from reanalysis
datasets and are available at 3 h time resolution. ERA-Interim
is presented in a reduced Gaussian grid with approximately
uniform 79 km spacing for surface grid cells.

The precipitation data to drive our simulations must ac-
count for the orographic heterogeneity of the Iberian Penin-
sula as much as possible. We use a regional high-resolution
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High-resolution cells D Low-resolution cells

High-resolution fd = Low-resolution fd

Figure 2. Sketch for the methodology to calculate river parameters
from the HydroSHEDS high-resolution database to the 2.5 km grid
domain in LEAFHYDRO.

analysis dataset of daily precipitation over Spain and Portu-
gal (IBO2: Herrera et al., 2012; Belo-Pereira et al., 2011).
The IB02 dataset was built using all stations from the cli-
matic monitoring network of both the Spanish Meteorologi-
cal Agency (AEMET) and the Portuguese Meteorological In-
stitute (IPMA), and presents a horizontal resolution of 0.2°.
Once the daily precipitation is read and interpolated into the
model grid, the model temporally disaggregates the daily val-
ues throughout the day using 3-hourly ERA-Interim precip-
itation distribution. Hence, the model uses the IB02 daily
analysis data for bias correction of daily totals and ERA-
Interim data for precipitation distribution throughout the day.

2.4 Equilibrium water table depth and initial soil
moisture

In order to initialize the model, we used a climatic or equi-
librium water table depth (EWTD) for the Iberian Peninsula.
It was calculated using a simple two-dimensional groundwa-
ter model described by Fan et al. (2007); Fan and Miguez-
Macho (2010), which finds EWTD as the long-term balance
between the atmospheric influence in the form of climatic
groundwater recharge (R = P — ET — Qg; recharge equals
precipitation minus evapotranspiration minus surface runoff)
and the topographic influence given by gravity-driven lateral
convergence. This two-dimensional groundwater model has
been recently applied to New Zealand by Westerhoff et al.
(2018), providing improved water table estimations for data-
sparse regions.

We used topography data at high spatial resolution
(9 arcsec) in the EWTD calculation to properly capture to-
pographic variability and local hillslope gradients (Gestal-
Souto et al., 2010). A three-step process was followed, where
first a low-resolution (1°) global climatic recharge from
the Mosaic LSM was used to calculate a first estimate of
EWTD by ingesting it to the two-dimensional model using
the high-resolution topography; second, the resulting first
high-resolution estimate of EWTD is simply aggregated to a
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Figure 3. Iberian Peninsula equilibrium water table depth (m). The spatial resolution comes from topography data used for the Iberian
Peninsula EWTD calculation (9 arcsec; ~ 213 x 278 m at 40° N). This EWTD was validated with 2601 observation points (Gestal-Souto

etal., 2010).

grid of 2.5 km to serve as an initial water table condition for
the LEAFHYDRO full LSM 10-year test run (1989-1998),
and third, a new high-resolution EWTD was recalculated
forcing the two-dimensional model with the groundwater net
recharge obtained with the LEAFHYDRO test run at 2.5 km
and the high-resolution topography. The test run uses precip-
itation analysis and other forcings (see Sect. 2.3) at a higher
resolution than the 1° climatic recharge from MOSAIC ini-
tially feeding the EWTD model and produces a much more
realistic recharge, totally compatible with our simulation set-
tings. The resulting EWTD is the basis of the initial water
table condition for the final LEAFHYDRO simulation and
is shown in Fig. 3. The water table is relatively close to the
surface in many areas, such as in the Inner Plateau (northern
and southern sub-regions), where in spite of the semi-arid
climate, the water table is shallow due to the slow drainage
and lateral groundwater convergence from the surrounding
mountains. Low-elevation coastal plains and river valleys
also present a shallow water table. Topography dominates the
water table depth spatial heterogeneity; however, the climatic
pattern, in general wetter and with higher recharge toward
the Atlantic than in the Mediterranean, also has an influence,
with shallower water table depths in the west and deeper in
the east of the Iberian Peninsula.
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The initial soil moisture profiles are of major importance
in LSM studies (e.g. Betts, 2004; Beljaars et al., 1996). Here,
we initialized the soil solving numerically the Richards equa-
tion, prescribing the climatic net recharge as the top and sat-
uration at the EWTD as the lower boundary condition. Thus,
the initial soil moisture content in our simulations is in equi-
librium with the water table below.

2.5 Simulations set-up

We performed a 10-year period simulation (referred to here-
after as WT, water table) using LEAFHYDRO to investigate
the role of groundwater dynamics in the Iberian Peninsula
soil moisture fields, land—atmosphere fluxes and surface wa-
ter. In addition, to help isolate the role of the groundwa-
ter, another simulation was performed with the groundwater
scheme deactivated (referred to hereafter as FD, free drain).
The FD simulation uses the commonly adopted free-drain
approach, where soil water is allowed to drain out of the soil
column and into the local rivers at a rate set by the hydraulic
conductivity at the water content of the bottom soil layer. The
potential drawback of this approach is that the escaping wa-
ter is no longer available to sustain subsequent dry period ET.
It should work very well where the water table is deep and
the soil is sandy, but where the water table is shallow and the
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9 ] 3

Figure 4. Shallow water table zones (light blue shades) and Iberian
Peninsula wtd observation stations (dots). Red dots are locations
where observed and simulated wtd differences are within 2 m; green
dots are stations with correlation over 0.5 between observed and
simulated wtd series (full time series available in the observed data);
purple dots are stations with steep wtd slope (> 0.035 m per month),
well captured by the model; orange dots are cells containing more
than one observation station; black dots are cells where none of the
above criteria is met by the model. Over cells where more than
one validation criteria is reached the point adopts the colour of
the first criterium met (in the order presented here); for instance,
cells with mean wtd differences lower than 2m and also correla-
tions above 0.5, are shown as red on the map.

soil is clay rich, it may underestimate soil water storage and
overlook persistence.

The simulation domain is a Lambert conformal grid cen-
tered in the Iberian Peninsula (Fig. 4) with a spatial resolu-
tion of 2.5 km. The simulated period starts in January 1989
and finishes in December 1998. This timeframe was cho-
sen to be long enough to include wet and dry years in order
to better isolate the groundwater influence on soil moisture
memory. It includes the 1991-1995 drought, reported as the
most severe in the Iberian Peninsula during the last 60 years
(Libro Blanco del Agua en Espaifia, Libro Blanco del Agua en
Espaiia, 2000; published by the Spanish Department of Nat-
ural Environment), as well as other dry and wet spells over
different pluviometric Iberian regions, hence allowing for a
study of groundwater effects under different climatic condi-
tions. The length of the time period of simulation is a signif-
icant improvement with respect to the prior LEAFHYDRO
seasonal study over North America (Miguez-Macho et al.,
2007).

The time resolution for resolving heat and water fluxes in
the soil and at the land surface is 60s. The time step for
groundwater—streams exchange, groundwater mass balance
and water table adjustment in the WT run is 900 s.

Hydrol. Earth Syst. Sci., 23, 4909—4932, 2019

A. Martinez-de la Torre and G. Miguez-Macho: Groundwater influence on IP land-atmosphere fluxes

3 Validation
3.1 Water table depth and time evolution validation

A realistic water table depth (wtd) estimation is essential to
couple groundwater and soil moisture in modelling studies.
A modelled dynamic water table should oscillate around its
equilibrium position (EWTD) at different timescales in re-
sponse to rainfall events, unsaturated soil demands and multi-
year dry or wet spells, as it does in nature (Fan et al., 2007,
David et al., 2007; Vincke and Thiry, 2008). Thus, a valida-
tion of the time evolution of the simulated wtd across the
studied region is necessary to support the findings of this
work. We use wtd observations in this section to validate
the model performance in terms of water table depth and
time evolution across the Iberian Peninsula. The observa-
tional wtd data were provided by the Institute of Geology and
Mining of Spain (IGME), several Confederaciones Hidro-
graficas (Spanish agencies managing the main basins within
the country) and the National Information System for Hydro-
logical Resources of Portugal (SNIRH). The time and space
coverage of these datasets are irregular. For validation, we
eliminated stations with a water table deeper than 100 m in
order to rule out measurements in confined aquifers as much
as possible, since they are not hydrologically connected to
the land surface. We also discarded stations with a sustained
declining trend steeper than 0.05 m per month, very likely
caused by pumping. After these eliminations, we only use
stations with at least 3 years of data within the 10-year simu-
lation period, leaving 623 stations suitable for wtd validation
(Fig. 4).

Some studies that incorporate explicitly groundwater dy-
namics in land surface modelling find groundwater impacts
on the top soil and land—atmosphere fluxes to be negligible
when the wtd is below 5m (Leung et al., 2011; Maxwell
and Kollet, 2008). However, the contribution of water tables
below 5m deep to ET by upward capillary flux has been
reported to be significant at sites over Amazonia (Fan and
Miguez-Macho, 2010), where groundwater sustains signifi-
cant fractions of the observed ET even when the water table
is at depths of around 10 m. As a compromise, we consider
in our analysis water tables above 8 m deep to be shallow in
this Iberian Peninsula study. A total of 31.4 % of the Iberian
Peninsula territory is found in the WT simulation to have a
shallow mean water table (Fig. 4), which gives an estimate of
the high potential for groundwater influence on top soil hy-
drology and land surface fluxes in the region. With regard to
the observations, 203 of the studied stations present a shallow
water table (mean wtd < 8 m) during the simulation period.

The water table evolution at a given grid cell in the model
must be understood as an approximation to the different pos-
sible behaviours of the natural water table within the cell.
This situation is a handicap for wtd validation, since the
2.5 km resolution of the WT simulation is coarse in compar-
ison with the scale of the observed variability in topography
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and wtd. Also, the vertical design of the model detailed in
Sect. 2.1 only allows for one water table to be found per
grid cell. Out of the 623 stations analysed, 136 do not cor-
respond uniquely to 1 model cell and are contained in only
60 cells (2 or 3 stations per cell, orange points in Fig. 4).
These different observation sites contained in one model cell
do not always present the same mean wtd or wtd time evolu-
tion (Points 15 and 16 in Fig. 5). Inside the Point 15 grid cell
(Inner Plateau, northern sub-region), there are three different
observation sites that present very different (up to 20m dif-
ference) wtd values along the simulation period (red, green
and purple series), making it very difficult to assess the ac-
curacy of the model result (blue series). Inside the Point 16
grid cell in the south-east, there are two observation sites, and
the model underestimates the depth of both but reflects cor-
rectly the annual cycle and the long-term trends, deepening
from 1992 to 1996 and reaching shallower depths from 1996
to 1998.

Approximately one-third of the stations present a shallow
mean wtd (< 8 m), and 66.0 % of them are also found to have
shallow mean water table by the model.

In terms of mean wtd error, 14.0 % of stations present
less than 2m difference between simulated and observed
mean wtd at the available observation times (red points in
Fig. 4). If we only consider shallow water table observations
(mean wtd < 8 m), 33.0 % of them present less than 2 m dif-
ference with the mean simulated wtd. Figure 5 shows exam-
ples of time series of the model performance at points where
the model captures the mean water table depth (Points 1 to 2).
Focusing not on the mean wtd values but on their time evo-
lution, we find that 32.3 % of the station time series present
a correlation coefficient over 0.5 with the simulated time se-
ries (green points in Fig. 4; the correlation is calculated using
the full time series available in the observed data). Points in
different shallow water table areas over the Iberian Penin-
sula show the model accuracy at representing the seasonal
fluctuations and the long-term deepening and rising trends
(Points 1 to 14 in Fig. 5; note that Points 1 to 12 fall into both
red and green categories). Point 12 near the Duero/Douro
River mouth in Portugal is an example of capturing the sea-
sonal cycle and a slightly upward wtd trend throughout the
simulation. At some of the very shallow water table points in
Fig. 5, the amplitudes of the wtd variations are larger in the
model than in the observations.

A total of 94 stations present a steep wtd long-term trend
(slope > 0.035 m per month) within the prescribed limits to
avoid spurious trends due to pumping (slope <0.05m per
month), and 26.6 % of them are captured in the simulation
(purple points in Fig. 4) by a mean slope difference between
the observation and simulation series lower than 0.02 m per
month.

In spite of the aforementioned challenges in validating the
simulated water table with point observations, we can con-
clude that the model’s performance is reasonably good at
shallow water table points but significantly worse where the
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water table is deeper. The spatial pattern of a deep water table
under hilltops and shallow in valleys is thus realistic in the
model, however inaccurate water table levels might be where
groundwater is deep. Seasonal cycles and long-term trends
in groundwater are in general better captured. Notwithstand-
ing, for the purpose of this work, LEAFHYDRO’s skill in
representing the shallow water table regions in the Iberian
Peninsula is the key factor, since when it is deeper, the two-
way linkage with the top soil, which is the focus of our study,
weakens considerably.

3.2 River flow comparison

The groundwater—surface water link in LEAFHYDRO has
been presented and validated over North America using river
flow observations (Miguez-Macho et al., 2007). Similarly,
for this work over the Iberian Peninsula, all calculations and
parametrizations are physically based, and no model calibra-
tion has been carried out for any basin. For validation, we
use monthly river flow observational data at six gauge sta-
tions along the main rivers of the region (Fig. 6), provided
by the Centre for Hydrographics Studies (CEH, Spanish De-
partment of Natural Environment).

There is a clear underestimation of the winter river flow
by the model. Two factors contribute to this bias. First, a
lack of precipitation in the forcing data, since the IBO2 anal-
ysis dataset original resolution (0.2°) is coarser than our
model simulations and the station density (7 km in Spain and
11.7 km in Portugal) is not sufficient to capture precipitation
peaks due to orographic enhancement over the mountains,
which is very pronounced in the northern cordilleras. In ad-
dition, the model does not incorporate a parametrization for
subgrid saturation excess runoff (Clark and Gedney, 2008),
likely associated with heavy precipitation (Martinez-de la
Torre et al., 2019). Secondly, there are also model deficien-
cies in the representation of the river—groundwater linkage
when the water table is deep. It is often the case, especially
in complex terrain, that the mean water table of the cell is
too high above the river, hence resulting in a fairly constant
baseflow throughout the year, with very smooth rainy sea-
son peaks. This produces summer baseflow that is realistic,
matching observations in some cases (right graphs in Fig. 6),
but it more often yields a bias in the modelled streamflow.

Another important issue affecting river flow validation is
the existing high anthropogenic intervention in river regimes,
both direct, through regulation reservoirs, power generation
plants or irrigation withdrawals, and indirect, from ground-
water extraction in wells. According to Libro Blanco del
Agua en Espafia (Libro Blanco del Agua en Espaiia, 2000),
the fraction of natural flow under this affected regime is
high in northern rivers (Duero/Douro, Miflo/Minho, Llobre-
gat) but low in southern rivers: 52 % in the Guadiana (Bada-
joz station, Extremadura, Spain), 44 % in the Guadalquivir
(Alcala del Rio station, Andalucia, Spain) and only 4 % in
the Segura at the river mouth (Guardamar station, Valen-
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Figure 5. Water table depth (m) time series along the 10-year period at the stations numbered in Fig. 4 (1 to 16): observed (connected
red dots), simulated at observation times (connected blue dots), simulated daily (dashed blue line), and observed at the second and third
observation points within one model cell (connected green and purple dots, respectively).

cia, Spain). In consequence, a comparison with observations
might not be very meaningful for some rivers, such as the
Gualdaquivir, where the observed river flow at station 5 is
much lower than the model result, producing the poorest cor-
relation index.

Hydrol. Earth Syst. Sci., 23, 4909-4932, 2019

4 Results
4.1 Long-term net recharge and seasonal variability

The study of the net recharge variable, defined as the flux
across the water table, gives us an understanding of the con-
nection between groundwater and soil. This connection is
bimodal and depends on soil wetness conditions: (1) nega-
tive recharge occurs when the net flux is downward and the
groundwater reservoir acts as a sink for precipitation infil-
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Figure 6. Top panels: river flow gauge stations at the six largest Iberian rivers selected for validation: Foz do Mouro station close to the
Mifio/Minho river mouth (station 1, drainage area of 15407 km?), Puentepino station in the Duero/Douro River basin (station 2, drainage
area of 63 160 km2), Almourol station in the Tajo/Tejo basin (station 3, drainage area of 67482 km?), Pulo do Lobo station in the Guadiana
basin (station 4, drainage area of 61 885 kmz), Cantillana station in the Guadalquivir basin (station 5, drainage area of 44 871 kmz), and
Tortosa station by the Ebro River mouth (station 6, drainage area of 84230 km?). Graphs on the left: mean monthly river flow (m3s~!) and
correlation index between observed and simulated time series (we use the mean seasonal cycle for the index). Graphs on the right: monthly
river flow (m3 s_l) time series. Blue for the WT simulation, green for observations. The Puentepino and Cantillana stations’ data availability

ends in 1995.
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Figure 7. (a) Long-term recharge (mm yrfl), defined as net moisture flux at the water table. (b) Mean precipitation (mm yrfl). (c—f) Mean
seasonal recharge (mm d_l) for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). In the recharge plots, red colours indicate
negative (downward) recharge and blue colours correspond to positive (upward) flux. All values are calculated for the 10-year simulation

period.

tration; (2) positive recharge results when upward capillary
fluxes dominate and the groundwater reservoir takes the role
of a water source for soil moisture, feeding ET demands.

An accurate estimation of the net recharge is of major im-
portance for water management systems, mainly over high-
irrigation areas such as the semi-arid regions of the Iberian
Peninsula, as it will help to understand where unconfined
aquifers are at risk of being overexploited. Here, as a first
result, we present the net recharge estimation produced by
our long-term LSM simulation with a fully dynamic water

Hydrol. Earth Syst. Sci., 23, 4909-4932, 2019

table (WT), where upward capillary fluxes are accounted for
(Fig. 7a). Long-term negative (downward) recharge patterns
resemble precipitation patterns (Fig. 7b), although with the
amount diminished by surface runoff and ET. Streamflow
seepage when the water table is below riverbed results also
in a net negative recharge in some locations. Long-term pos-
itive recharges occur where a net upward capillary flux to
satisfy ET demands is sustained by groundwater lateral con-
vergence from surrounding cells of a higher water table head.
These lateral fluxes represent a more remote water source
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than vertical drainage through the soil above and are partic-
ularly relevant in water-limited regions. The long-term up-
ward flux in Fig. 7a is small over wide flat areas, since re-
gional lateral groundwater convergence from the distant sur-
rounding mountains is slow. This is the case for the Inner
Plateau (northern and southern sub-regions), which has a dry
climate with insufficient rainfall to sustain high ET for long.
However, in river valleys where steep slopes in the water ta-
ble head drive strong local lateral groundwater flow conver-
gence, groundwater-fed ET can exceed precipitation by large
amounts, resulting in higher values for the positive recharge.
This is apparent in Fig. 7a along the main river valleys criss-
crossing the dry Mediterranean areas of the Iberian Penin-
sula.

The net recharge presents strong seasonal variability
(Fig. 7c—f). It undergoes a clear seasonal cycle following pre-
cipitation and ET cycles, which, in Mediterranean climates,
are typically in opposite phases. The seasonal character of ET
in the Iberian Peninsula (Sobrino et al., 2007) is induced by
water availability and incoming radiation; maximum values
and higher spatial variability are found in spring and summer,
whereas minimum values and variability appear in autumn
and winter, when the incoming radiation is lower and the leaf
area index decreases. Downward fluxes (negative recharge)
are strong during winter and spring in the humid areas in the
west and north, responding to wet season infiltration, which
furthermore is not diminished by any significant ET. Late
spring precipitation and the little summer rainfall are mostly
consumed by the high ET demands in the growing season,
thereby substantially weakening any negative recharge dur-
ing summer and autumn. Where the water table is deeper
(Fig. 3), the wet season peak in recharge is delayed and vari-
ations are buffered, until it becomes a rather constant and di-
minished flux with much less variability throughout the year.
The latter is also true for shallower water tables in drier ar-
eas. Fluxes reverse and become upward mainly over shallow
water table regions in spring, once the high ET consumes
top soil moisture, and reach the maximum in summer when
the balance between precipitation and evapotranspiration is
at its seasonal minimum (P —ET = —0.80 mmd~!). Any up-
ward flux decreases significantly during autumn because of
the lower ET, and only in a few locations does groundwater
still feed the reduced winter ET demands. The net annual flux
might be upward, as discussed above, in areas where signif-
icant groundwater convergence compensates for the lack of
precipitation to sustain ET.

4.2 Water table control on soil moisture and ET

The large-scale soil moisture pattern over the Iberian Penin-
sula is dominated by seasonal climatic variations and a
non-seasonal dependence on soil texture. The influence of
groundwater is however very relevant at shorter spatial
scales, as shown by the difference between the soil mois-
ture fields (in terms of volumetric water content) from the
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WT and FD runs (Fig. 8a). The relation to the water ta-
ble depth distribution (Fig. 8b) is very apparent. Soil mois-
ture differences reach higher values where the water table
is shallower and are minimum or negligible in regions with
a deeper water table. The similarity between the patterns of
soil moisture differences (WT — FD runs) and wtd (WT run)
illustrates the controlling role of groundwater in soil mois-
ture spatial variability, by wetting the soil from below in
regions of shallow water tables: (1) low-elevation flatlands,
such as coastal plains and the low Guadalquivir basin, where
sea level limits drainage, (2) narrow river valleys where lat-
eral groundwater flow convergence is strong, (3) wider plains
surrounded by mountains (Inner Plateau), due to a combina-
tion of poor drainage, streamflow infiltration losses and lat-
eral groundwater convergence, albeit slow, from the high ter-
rain around, and (4) the humid areas with high recharge rates
in the north-west of the Iberian Peninsula (Galicia and north-
ern Portugal).

The seasonal cycle of soil moisture differences between
the WT and FD runs, averaged over shallow water table re-
gions (as defined in Sect. 3.1: wtd < 8 m, about 30 % of the
total area of the Iberian Peninsula), is shown in Fig. 8c. Only
shallow water table points are considered because the effect
of groundwater on soil moisture where the water table is deep
is very small. Soils are always wetter in general when the
water table is close to the surface, as the positive value of
the differences at all times indicate. In absolute terms (pur-
ple curve), the differences in soil moisture are maximum in
spring, similarly strong in winter and summer, and weaker in
autumn. In relative terms (blue bars), however, groundwater
reveals its stronger influence at water scarcity times, reduc-
ing soil moisture seasonality: 24.4 % soil moisture increase
in spring and 23.9 % in summer. In the wet season, during
autumn and winter, when soils are in general wetter, the im-
pact of upward capillary fluxes from the water table is to slow
down drainage, therefore increasing somewhat top soil mois-
ture. In the dry season, which in the region coincides with
the spring and summer growing period, root zone soil mois-
ture and drainage can be drastically reduced. Upward cap-
illary fluxes from a shallow water table thus dominate and
may reach the root zone, sustaining, at least partially, ET de-
mands. It is then that the effect of these upward fluxes from
groundwater is more relevant, resulting in soil moisture that
is significantly higher than it otherwise would be if the water
table were deeper.

The difference in summer ET between the WT and the
FD simulations (Fig. 9) reveals an important enhancement
over shallow water table regions, where there is more soil
moisture availability (Fig. 8). In summer, the mean daily ET,
averaged over the whole Iberian Peninsula, is increased by
34.9% (0.54mmd 1) as a result of the connection between
the soil and the water table. This ET enhancement is max-
imum in summer, as discussed above, but considering the
whole year is still as high as 17.4 % (0.24mmd~!).
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Figure 9. Mean summer (JJA) ET difference (mm d_l) between the
experiments with and without groundwater (WT — FD) for the 10-
year simulation period and averaged value over the Iberian Penin-
sula (black text in the top left corner).
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4.3 Water table persistence and soil moisture memory
at a pluri-annual timescale

The choice of a 10-year simulation period allows us to anal-
yse groundwater persistence and influence on soil moisture at
a timescale of several years. For this purpose, we first calcu-
late the time correlation indexes between the annual anoma-
lies (differences with respect to the annual means) of soil
moisture and two key players affecting its time evolution,
precipitation and water table depth, for the full 9 hydrolog-
ical years simulated (September 1989 to August 1998; hyl
to hy9). In the FD simulation without groundwater, annual
anomalies of soil moisture and precipitation are positively
correlated at every point of the Iberian Peninsula (Fig. 10,
left), with lower indexes over the northern mountains, where
freezing conditions and snow cover during part of the year
prevent infiltration and make soil moisture insensitive to pre-
cipitation. However, when the same relationship is evalu-
ated using the WT simulation with groundwater, the corre-
lation values between precipitation and soil moisture anoma-
lies decrease in all shallow water table regions (Fig. 10, cen-
tre), indicating that soil moisture reliance on precipitation is
diminished there. The correlation index between precipita-
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Figure 10. Correlation maps of the yearly anomaly time series for the Iberian Peninsula along the 9 complete hydrological years simulated.
(a) Between precipitation and soil moisture in the free-drain (FD) run. (b) Between precipitation and soil moisture in the groundwater (WT)

run. (c) Between wtd and soil moisture in the groundwater (WT) run.

tion and soil moisture annual anomalies averaged over the
whole Iberian Peninsula decreases from 0.81 in the FD run
to 0.72 in the WT run, and from 0.82 to 0.60 when averag-
ing only over shallow water table regions. In the WT exper-
iment with groundwater, soil moisture anomalies are highly
and positively correlated (values over 0.5) with wtd anoma-
lies (Fig. 10, right) over many shallow water table regions
in the southern half of the Iberian Peninsula, the Southern
and Northern sub-plateaus or Galicia in the north-west, pre-
cisely where the correlation between soil moisture and pre-
cipitation anomalies is reduced. In this WT simulation, the
averaged correlation index between wtd and soil moisture
anomalies is 0.43 over the whole area and 0.93 when aver-
aging only over shallow water table regions. In shallow wa-
ter table areas, where soil and groundwater are connected,
soil moisture anomalies are thus more linked to groundwa-
ter anomalies (0.93 correlation index) than to precipitation
anomalies (0.6 correlation index), suggesting that, by wet-
ting the soil from below, groundwater buffers soil moisture
reliance on precipitation, decoupling somewhat soil and at-
mospheric conditions.

To better describe the connection between precipitation
and groundwater timescales of variation, Fig. 11 shows a
collection of paired wtd and precipitation anomaly plots
over the Iberian Peninsula, chronologically ordered for the
9 hydrological years considered. These include the 1992—
1995 drought (hy?2 to hy6), one of the worst in the last cen-
tury. Following an initial overall wet year — wetter than the
mean in the centre and south (positive anomalies in the top
row) but drier in the north (negative anomalies) —, precipita-
tion anomalies in the Iberian Peninsula are clearly negative
from hy2 to hy6 during the drought period and then become
clearly positive during the last 3 years. This precipitation
regime is transferred with a 1-2-year delay to the ground-
water. The water table (anomalies shown in the bottom row)
deepens slowly during the drought, up to hy6, and then starts
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to rise from the very wet hy7, but it never reaches the ini-
tial position with a positive anomaly, since recovering from
the severe drought episode would likely take longer. The wa-
ter table delayed response is clearly reflected in the area-
averaged anomalies, which do not become negative until 2
years into the drought. Intense climate events at the surface
are buffered in the groundwater, where they may be “remem-
bered” for some years. For instance, on the eastern coast, the
hyl and hy?2 positive precipitation anomalies cause the water
table to be shallower than the mean up to the end of hy4, even
though precipitation anomalies in the region are negative dur-
ing hy3 and hy4. Furthermore, over the northern Cantabrian
coast, the very high precipitation anomaly during hy4 trans-
lates into shallow wtd anomalies in hy4 and hy5, in spite of
negative precipitation anomalies during hy5 over most of the
area. Another example is the high precipitation anomaly dur-
ing hy5 in the north-western part of the Iberian Peninsula,
which is not sufficient to produce a shallow anomaly in wtd,
since the region comes from 2 consecutive very dry years
(hy3 and hy4), and the water table stays deeper than the mean
over most of the region, even after hy5.

Groundwater’s long timescales of variation result in water
table persistence through atmospheric wet and dry periods.
Since the water table is connected to the top soil via capil-
lary fluxes where it is relatively shallow, groundwater’s de-
layed and extended response to climatic events affects soil
moisture evolution (Fig. 10). To further evaluate the influ-
ence of water table persistence on soil moisture memory at a
pluri-annual timescale, we study a 250 x 225 km? region con-
taining La Mancha Himeda (Fig. 12; region highlighted in
Fig. 11, first plot of bottom row), a well-known wetland area
within the otherwise dry Southern Plateau of inland Spain.
The water table is very close to the surface over significant
portions of this region (Fig. 8b), and therefore it is a marked
wet spot that helps in understanding the water table’s influ-
ence on soil moisture memory at a fine scale. Soil moisture
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Figure 11. Hydrological year anomaly plots. Each column corresponds to a complete hydrological year (hy1 to hy9). Top row: total yearly
precipitation anomalies (mm). Bottom row: end of hydrological year (1 September) wtd anomalies (m). Colour bars below each plot represent

the averaged anomaly value for the Iberian Peninsula.

anomalies in the FD run where groundwater is not considered
(second row) are a direct response to precipitation anomalies
(top row). However, the soil moisture evolution patterns in
the WT run with groundwater (third row) reflect a combina-
tion of precipitation and wtd patterns (bottom row), which in
turn are also affected by earlier precipitation anomalies. In-
deed, focusing on the series of wtd anomalies (bottom row),
it is apparent that for the large shallow water table area in the
centre of the figures, wetter than normal conditions from hy1
extend 1 year into the drought period (hy3), and dry anoma-
lies only develop after the third dry year (hy5). Due to the
severity of the drought, depressed water tables persist even
3 years after the start of the wet period in hy7. The regional
pattern of soil moisture anomalies (third row) reflects primar-
ily direct climatic influence over deeper water table areas,
but also groundwater connections over shallow water table
regions, and it is therefore a mosaic of areas of direct and de-
layed response to climate anomalies. These figures illustrate
how, depending on the extent of shallow water table regions,
regionally averaged soil moisture anomalies can be decou-
pled from present precipitation anomalies, reflecting instead
past climatic events.

4.4 Analysis by basin

River basins can be considered independent, topography-
driven regions integrating the hydrological system behaviour.
Considering that the Iberian Peninsula presents very differ-
ent precipitation regimes, we analyse in this section the WT
and FD run results averaged over the main Iberian basins
(Fig. 13). Since soil moisture dynamics are changed by
the interaction with a shallow water table, land—atmosphere
fluxes, and in particular ET, are thus also expected to be al-
tered (as shown in Sect. 4.2). The focus is to understand the
effects of groundwater—soil interactions on ET over different
climatic regions and periods.

As mentioned earlier, the most significant impact of
groundwater on soil moisture and hence land—atmosphere
fluxes takes place over shallow water table regions

Hydrol. Earth Syst. Sci., 23, 4909—4932, 2019

(wtd <8 m), where groundwater is hydraulically connected
to the upper soil through upward capillary fluxes. The frac-
tion of shallow water table cells is approximately one-third
of the total in the Atlantic basins, ranging from 31.6 % in the
Guadiana basin to 34.7 % in the Mifio/Minho basin, and one-
fourth in Mediterranean basins, 24.3 % in the Ebro, 27.5 % in
the Jicar and 28.1 % in the Segura basin, since the drier east-
ern half of the Iberian Peninsula presents an overall deeper
water table.

Figure 14 shows the evolution of precipitation (seasonally
accumulated, blue bars), water table depth in the WT run
(red lines) and the differences between WT and FD runs in
soil moisture (orange lines) and ET (green bars), averaged
for the shallow water areas of the main Iberian basins for
the 10 years of simulation. During the wet season (autumn—
winter) the water table rises due to precipitation infiltration,
but since drainage is slowed down as compared with the free-
draining FD run, the soil moisture difference between both
experiments also follows an upward trend. This soil mois-
ture difference is maximal at the start of the growing pe-
riod in spring because of accumulation during the wet sea-
son, meaning that there is more soil water availability to meet
ET demands in the WT run, which results in a marked peak
in ET difference. During late summer, the higher soil water
availability in the WT run continues due to capillary rise and
there is ET enhancement until the next wet season, when the
cycle starts again. The increase in ET is more significant in
the drier southern basins, where ET is more water limited (an
overall 21.4 % ET enhancement in the Atlantic Guadalquivir
basin and 28.4 % in the Mediterranean Segura basin). In the
northern Mifio/Minho basin, where ET is not so much water
limited as energy limited, the ET enhancement is less signif-
icant (13.3 %).

Focusing on longer timescale patterns, in terms of cli-
matic conditions, the 10-year simulation period presents a
long drought from 1990 to 1995/1996 in all basins except
the Mifio/Minho (see precipitation, blue bars in Fig. 14). The
water table follows the long-term precipitation trend, with a
slow wtd decline during the drought and then a gradual re-
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Figure 12. Zoomed hydrological year anomaly plots in the 250 x 225 km? region highlighted in light green in Fig. 11 (bottom row, first plot),
containing La Mancha Himeda, approximately between 38 and 40.2° latitude and —4.5 and —1.5° longitude. Each column corresponds
to a complete hydrological year (hyl to hy9). Rows from top to bottom: total yearly precipitation anomalies (mm), top 2 m soil moisture
anomalies (m> m—3) in the FD run, top 2 m year soil moisture anomalies (m3 m—3) in the WT run, and end of hydrological year (1 September)
wtd anomalies (m). Colour bars below each plot represent the averaged anomaly value for the zoomed area.

Main basins in the Iberian Peninsula
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Figure 13. Main river basins in the Iberian Peninsula.

covery (or at least a change in tendency from deepening to
stabilizing or slightly rising in the cases of the Ebro and Se-
gura) in the last 3 years of simulation, when precipitation
is high. These long-term wtd tendencies are passed on to
soil moisture: differences between WT and FD values are
smaller when the water table is depressed and increase as it
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becomes shallower. Therefore, soil moisture availability “re-
members” past dry and wet years due to the strong connec-
tion with groundwater, and in turn, this soil moisture mem-
ory induces ET memory, more clearly so in the southern drier
basin, where the intensity of land—atmosphere fluxes depends
not only on precipitation from the previous wet season, but
also on the long-term wtd evolution. For example, in the Gua-
diana basin, ET differences during 1996 are clearly lower
than during 1990, even though there was much higher pre-
cipitation in the previous wet season in 1996 than in 1990.
This is explained by the soil moisture memory induced by
groundwater; in 1996 the water table is depressed after sev-
eral years of drought; hence, the soil and ET fluxes behave
more like in a free-drain approach, without connection to the
water table. The high infiltration from a very wet winter is
thus rapidly lost and unavailable to rise back up by capillar-
ity in the growing season. In contrast, in 1990, the water table
is shallower and thus infiltration slower and soils wetter, and
as they dry, upward capillary fluxes can reach the top soil to
feed ET demands.

Figure 15 shows power spectrum analyses of soil moisture
and wtd time series for the same basins as in Fig. 14. The
power spectrum of a given time series was simply based on
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Figure 14. Results for the river basins in Fig. 13. Time series of seasonal precipitation averaged over the entire basin (mm d~!; blue bars),
averages over shallow water table cells only (wtd <8 m) of wtd (m; red line), WT — FD top 2 m soil moisture difference (m3 m3; orange
line) and WT — FD ET difference (mm d_l; light green bars).
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performing the Fourier transform. Again, only shallow water
table areas are considered. The figure illustrates more clearly
the coupling between groundwater and soil in shallow water
table regions and the long-term memory induced by ground-
water in the combined system. Water table power spectra (in-
sets in Fig. 15) peak at 1-year frequencies. The annual cycle,
linked to that of the surface water balance (shown in Fig. 14
on ET and soil moisture), is very marked in the humid Mifio
basin, in the north, with an oceanic climate with abundant
precipitation and rare water scarcity. Longer timescales of
evolution dominate as the climate gets drier towards the south
and east of Iberia, where multi-year droughts alternating with
wetter periods are the norm. Soil moisture spectra show ev-
idence of a pronounced annual cycle in both the WT exper-
iment with groundwater (blue lines) and the FD run with a
free-drain approach (red lines). This is explained by the sea-
sonality of precipitation and ET, which in a Mediterranean
climate are in opposite phases, as mentioned earlier. There
is an increased relevance of long frequencies of variation in
the southern and Mediterranean basins as a consequence of
the irregularity of precipitation in these regions. Very little
difference exists between the spectra of WT and FD simula-
tions in the humid Mifio basin; they however diverge in drier
climates, with soil moisture in the WT run presenting sig-
nificantly higher amplitudes at long timescales than in the
FD experiment without groundwater. The higher weight of
longer timescales of variation in the WT soil moisture se-
ries reflects those in the water table series (insets) and is an
indication of the strength of the coupling between soil and a
shallow water table in semi-arid climates. This is particularly
evident in the Segura basin, in the south-east, the driest area
of the Iberian Peninsula.

4.5 Groundwater influence on river flow

Finally, we briefly discuss groundwater’s modulation of
streamflow. The water table and rivers are linked in
LEAFHYDRO through the groundwater—rivers flux Oy,
which can go in either direction. In the experiment with a
free-drain approach, however, the water draining through the
bottom soil layer at 4 m depth goes directly into the rivers,
without delay. Losing streams are not contemplated either
in FD. We choose the Ebro River for this discussion be-
cause this is where the model exhibits the best performance
(i.e. less winter underestimation and best matching of sea-
sonal cycle) of all major Iberian rivers. Besides, it has the
largest draining basin in the domain. Figure 16 shows results
from observations and from both experiments for the Ebro
River, close to its mouth. The winter river flow underestima-
tion common to all rivers in the WT run (Sect. 3.2) is not
as pronounced in the FD run. In contrast, the summer base-
flow in the WT run is higher and closer to observations than
that of the FD simulation; without groundwater, rivers dry
out in summer practically every year in the FD run. In the
WT run, the groundwater reservoir feeds rivers during the
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dry season with accumulated wet season infiltration, sustain-
ing summer flows. After summer, the WT river flow rises
with autumn precipitation from September to October, while
in the FD simulation it takes longer to recover from the dry
summer, since soils are too dry and infiltration is delayed.
The better representation of the seasonal river flow by the
WT run is reflected in the improvement in the monthly mean
time-series correlation index with observations (Fig. 16, left).

5 Discussion

The strong groundwater—soil coupling has a noticeable im-
pact on soil moisture patterns across the Iberian Peninsula.
Where the water table is close to the surface, soil moisture
availability increases; thus, soil moisture fields have the sig-
nature of the presence of shallow groundwater, a pattern su-
perimposed on those due to soil physical properties or cli-
matic conditions. The interaction with groundwater reduces
soil moisture seasonality. Upward fluxes from the water ta-
ble have a larger impact on soil moisture in water scarce
seasons (spring and summer). This effect was also found by
other studies with LEAFHYDRO and other models account-
ing for groundwater influence (e.g. Miguez-Macho et al.,
2007; Decker, 2015).

The water table depth shows generally strong seasonal
and interannual persistence, responding to long-term climatic
conditions but not immediately to seasonal or annual highs
and lows in precipitation. Over shallow water table regions,
this water table persistence modulates soil moisture long-
term evolution. Soil moisture memory is bimodal; soil mois-
ture “remembers” past wet conditions through interaction
with a shallow water table, buffering drought effects, and on
the other hand, past dry conditions reflected in a depressed
water table are passed on to soil moisture, delaying drought
recovery.

The wetter soil induced by the proximity of a shallow wa-
ter table results in higher ET during the dry growing sea-
son, due to higher water availability for vegetation transpi-
ration. The spatial patterns of this ET enhancement over
the studied region resemble those of a shallow water table,
where there is also strong groundwater—soil coupling. On
average over the Iberian Peninsula, our model experiments
estimate a 17.4 % (0.24 mmd~!) increase in ET attributable
to groundwater. ET maximum enhancement occurs in sum-
mer (34.9 %; 0.54mmd~"). We find the largest impact over
the drier southern basins, where ET is water limited: 21.4 %
yearly ET enhancement in the Guadalquivir basin and 28.4 %
in the Segura basin. The northern Mifio/Minho basin, where
ET is more energy limited than water limited, presents the
lowest groundwater impact on ET, 13.3 %. In terms of time
evolution, the influence of the water table on ET follows the
trends of groundwater and soil moisture, which, as discussed
previously, show significant persistence from year to year.
Therefore, ET enhancement from groundwater “remembers”
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Figure 15. Power spectrum analyses over the main Iberian basins of top 2 m soil moisture (WT run in blue and FD run in red) and wtd (insets).
Only shallow water table cells (wtd < 8 m) within the basin are used. Basins are ordered, as in Fig. 14, from north (top) to south (bottom),
and those on the left drain to the Atlantic and on the right to the Mediterranean, except for the Tajo, which is also an Atlantic basin.

past dry and wet years and is decoupled from current climate
conditions. This result of transpiration enhancement from the
groundwater reservoir and its lateral convergence has been
reported by the use of other groundwater—land surface cou-
pled models (e.g. Maxwell and Condon, 2016).
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Groundwater sustains dry season streamflow. Wet season
infiltration recharges groundwater, which is later on drained
out by the river network during the dry season where the wa-
ter table is above the riverbed. When compared with river
flow observations, this seasonal behaviour improves on the
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Figure 16. Modelled and observed river flow for the Ebro station 6 in Fig. 6. (a) Monthly mean river flow (m3 s_l) and correlation indexes
between the observed and simulated time series (we used the mean seasonal cycle for the index). (b) Monthly river flow (m3 s~1). Blue for
the WT simulation, red for the FD simulation and green for observations.

results from the experiment without groundwater, in which
rivers dry out in summer. Notwithstanding, the model pro-
duces in general an overly constant river flow, and peak
events are smoothed out. This problem is related to deficien-
cies in formulating the connection between groundwater and
rivers where the water table in the cell is deep, since sub-
grid variability to represent riparian and valley zones, where
rivers and groundwater are in contact, is not considered.

In shallow water table areas, a declining trend in the wa-
ter table, as the one found over the Ebro basin (see Fig. 14),
would be partially sustaining ET; however where the water
table is deeper, the lowering groundwater store is sustaining
streamflow, explaining why there is more water in the annual
mean total river flow in the Ebro in the WT run (Fig. 16). This
issue is common to the other Mediterranean basins, more af-
fected by the drought.

Our results show significantly wetter soil and enhanced ET
over shallow water table regions. Here, we have supported
this results with the validation of water table depth posi-
tions across the Iberian Peninsula. These results suggest that
groundwater might have a sizable impact on climate over
the Iberian Peninsula. For instance, it can enhance convec-
tive precipitation through local moisture recycling or lead
to summer cooling lowering sensible fluxes and producing
more cloudiness. Coupled land hydrology-climate models
are needed to elucidate this question. We stress that this line
of research might find similar results if a dynamic groundwa-
ter model is applied in other semi-arid regions of the world,
which cover around 15% of the global land area (EMG,
2011).

6 Summary and conclusions

In this paper, we have studied the influence of groundwa-
ter on soil moisture distribution and memory, ET fluxes
and surface waters over the Iberian Peninsula. We used
the LEAFHYDRO Land Surface Model, which represents
the water table interactions with the unsaturated soil above
and rivers, and lateral groundwater flow. We performed 10-
year simulations with the groundwater scheme activated
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(WT run), and without groundwater, using a free-drain lower
boundary condition for the soil column (FD run). The ini-
tial state of water table depth in the WT run is an equilibrium
value calculated using a groundwater model (Fan et al., 2007,
2013) that finds a balance between the vertical groundwater
recharge, driven by climate, and the lateral groundwater di-
vergence, driven by topography.

We have shown that LEAFHYDRO is a solid tool to assess
the groundwater-land surface link. Validation with observa-
tional water table depth data shows that the model simulates
a realistic water table distribution, with shallow groundwater
in valleys and deeper under hilltops. The water table seasonal
evolution and longer-term trends are also well captured, par-
ticularly over shallow water table regions (wtd < 8 m).

We estimated the annual climatology net recharge and
its mean seasonal cycle, and identified areas of strong
groundwater—land surface coupling as those where the net
flux from the water table is upward. Annual net groundwater—
soil fluxes can be positive (upward flux) to meet ET demands
where gravity-driven lateral groundwater flow and river sip-
ping represent a groundwater source in addition to infiltra-
tion. In the Iberian Peninsula, this occurs markedly in some
river valleys, especially in those with strong groundwater
convergence and in drier climates. Upward capillary fluxes
can also dominate, albeit not so pronouncedly, over exten-
sive interior semi-arid regions of shallow water table, where
precipitation is insufficient to meet ET demands and there is
lateral groundwater flow from neighbouring mountains. Sea-
sonally, groundwater—soil coupling is strong in spring, when
ET is high, maximal in summer, when ET demands are even
higher and precipitation is at a minimum, moderate in au-
tumn, when precipitation mostly covers ET, and minimal in
winter, which is the season of highest precipitation and low-
est ET.

We have shown direct groundwater influence on land sur-
face hydrology, controlling soil moisture distribution, pro-
viding strong seasonal and interannual memory to the soil
wetness that is ultimately reflected in enhanced ET fluxes
during precipitation scarcity periods, and sustaining the dry
season streamflow.
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this work are available from the corresponding author upon request.

Author contributions. GMM conceived the initial idea for the
project. GMM and AMdAIT designed the experiments. AMdAIT pre-
processed initial and driving datasets, executed the model runs
and performed the analysis, with continuous input from GMM.
AMUAIT wrote the initial draft of the paper and GMM contributed
to the final written version.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The authors would like to thank and acknowl-
edge the data providers: European Centre for Medium-Range
Weather Forecast (ECMWF) for the forcing ERA-Interim dataset;
the University of Cantabria (Spain) and the Portuguese Meteoro-
logical Institute (IPMA) for the IB02 analysis precipitation dataset;
the United States Geological Survey (USGS) for the river routing
parameters; the Institute of Geology and Mining of Spain (IGME),
several Confederaciones Hidrograficas (Spanish agencies managing
the main basins within the country) and the National Information
System for Hydrological Resources of Portugal (SNIRH) for the sit
observations of water table depth; and the Spanish Centre for Hy-
drographic Studies (CEH) for the river flow gauge data.

Financial support. This research has been supported by the Span-
ish Department of Education and Science and by the Eurpean
Commission (grant no. 603608: eartH2Observe). This study has
also received funding from the UK National Environment Re-
search Council (NERC), under the Hydro-JULES programme
(grant no. NE/S017380/1).

Review statement. This paper was edited by Eric Martin and re-
viewed by three anonymous referees.

Hydrol. Earth Syst. Sci., 23, 4909-4932, 2019

References

Avissar, R., Avissar, P, Mahrer, Y., and Bravdo, B. A.: A model to
simulate response of plant stomata to environmental conditions,
Agr. Forest Meteorol., 34, 21-29, https://doi.org/10.1016/0168-
1923(85)90051-6, 1985.

Beljaars, A. C. M., Viterbo, P, Miller, M. J., and Betts,
A. K.: The Anomalous Rainfall over the United States
during July 1993: Sensitivity to Land Surface Pa-
rameterization and Soil Moisture Anomalies, Mon.
Weather Rev., 124, 362-383, https://doi.org/10.1175/1520-
0493(1996)124<0362: TAROTU>2.0.CO;2, 1996.

Belo-Pereira, M., Dutra, E., and Viterbo, P.. Evalua-
tion of global precipitation data sets over the Iberian
Peninsula, J. Geophys. Res.-Atmos., 116, d20101,
https://doi.org/10.1029/2010JD015481, 2011.

Berrisford, P., Dee, D., Poli, P.,, Brugge, R., Fielding, M., Fuentes,
M., Kallberg, P., Kobayashi, S., Uppala, S., and Simmons, A.:
The ERA-Interim archive Version 2.0, ECMWEF Report, ERA
Report Series, p. 23, available at: https://www.ecmwf.int/node/
8174 (last access: 27 November 2019), 2011.

Betts, A. K.: Understanding Hydrometeorology Using
Global Models, B. Am. Meteorol. Soc., 85, 1673-1688,
https://doi.org/10.1175/BAMS-85-11-1673, 2004.

Clapp, R. B. and Hornberger, G. M.: Empirical equations for
some soil hydraulic properties, Water Resour. Res., 14, 601-604,
https://doi.org/10.1029/WR014i004p00601, 1978.

Clark, D. B. and Gedney, N.: Representing the effects of sub-
grid variability of soil moisture on runoff generation in a
land surface model, J. Geophys. Res.-Atmos., 113, d10111,
https://doi.org/10.1029/2007JD008940, 2008.

Daccache, A., Ciurana, J. S., Diaz, J. A. R., and Knox, J.
W.: Water and energy footprint of irrigated agriculture in
the Mediterranean region, Environ. Res. Lett, 9, 124014,
https://doi.org/10.1088/1748-9326/9/12/124014, 2014.

David, T. S., Henriques, M. O., Kurz-Besson, C., Nunes, J.,
Valente, F., Vaz, M., Pereira, J. S., Siegwolf, R., Chaves,
M. M., Gazarini, L. C., and David, J. S.: Water-use strate-
gies in two co-occurring Mediterranean evergreen oaks: sur-
viving the summer drought, Tree Physiol., 27, 793-803,
https://doi.org/10.1093/treephys/27.6.793, 2007.

Decharme, B., Alkama, R., Douville, H., Becker, M., and Cazenave,
A.: Global Evaluation of the ISBA-TRIP Continental Hydrolog-
ical System. Part II: Uncertainties in River Routing Simulation
Related to Flow Velocity and Groundwater Storage, J. Hydrom-
eteorol., 11, 601-617, https://doi.org/10.1175/2010JHM1212.1,
2010.

Decker, M.: Development and evaluation of a new soil moisture
and runoff parameterization for the CABLE LSM including
subgrid-scale processes, J. Adv. Model. Earth Syst., 7, 1788-
18009, https://doi.org/10.1002/2015MS000507, 2015.

de Graaf, I. E. M., Sutanudjaja, E. H., van Beek, L. P.
H., and Bierkens, M. F. P.: A high-resolution global-scale
groundwater model, Hydrol. Earth Syst. Sci., 19, 823-837,
https://doi.org/10.5194/hess-19-823-2015, 2015.

EEA: Corine Land Cover report — Part 2: Nomenclature, available
at: http://www.eea.europa.eu/publica-tions/CORO0-part2 (last ac-
cess: 31 May 2016), 1994.

EMG: Global Drylands: A UN system-wide response, United
Nations Environment Management Group, available at:

www.hydrol-earth-syst-sci.net/23/4909/2019/


https://www.ecmwf.int/node/8174
https://www.ecmwf.int/node/8174
https://doi.org/10.1016/0168-1923(85)90051-6
https://doi.org/10.1016/0168-1923(85)90051-6
https://doi.org/10.1175/1520-0493(1996)124<0362:TAROTU>2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124<0362:TAROTU>2.0.CO;2
https://doi.org/10.1029/2010JD015481
https://www.ecmwf.int/node/8174
https://www.ecmwf.int/node/8174
https://doi.org/10.1175/BAMS-85-11-1673
https://doi.org/10.1029/WR014i004p00601
https://doi.org/10.1029/2007JD008940
https://doi.org/10.1088/1748-9326/9/12/124014
https://doi.org/10.1093/treephys/27.6.793
https://doi.org/10.1175/2010JHM1212.1
https://doi.org/10.1002/2015MS000507
https://doi.org/10.5194/hess-19-823-2015
http://www.eea.europa.eu/publica- tions/COR0-part2

A. Martinez-de la Torre and G. Miguez-Macho: Groundwater influence on IP land—-atmosphere fluxes 4931

https://unemg.org/images/emgdocs/publications/Global_
Drylands_Full_Report.pdf (last access: 27 November 2019),
2011.

Fan, Y. and Miguez-Macho, G.: Potential groundwater contribu-
tion to Amazon evapotranspiration, Hydrol. Earth Syst. Sci., 14,
2039-2056, https://doi.org/10.5194/hess-14-2039-2010, 2010.

Fan, Y., Miguez-Macho, G., Weaver, C. P, Walko, R., and
Robock, A.: Incorporating water table dynamics in climate
modeling: 1. Water table observations and equilibrium wa-
ter table simulations, J. Geophys. Res.-Atmos., 112, d10125,
https://doi.org/10.1029/2006JD008111, 2007.

Fan, Y., Li, H., and Miguez-Macho, G.: Global Patterns
of Groundwater Table Depth, Science, 339, 940-943,
https://doi.org/10.1126/science.1229881, 2013.

Fan, Y., Miguez-Macho, G., Jobbagy, E. G., Jackson, R. B.,
and Otero-Casal, C.: Hydrologic regulation of plant root-
ing depth, P. Natl. Acad. Sci. USA, 114, 10572-10577,
https://doi.org/10.1073/pnas.1712381114, 2017.

Garrido, A., Martinez-Santos, P., and Llamas, M. R.: Ground-
water irrigation and its implications for water policy in semi-
arid countries: the Spanish experience, Hydrogeol. J., 14, 340,
https://doi.org/10.1007/s10040-005-0006-z, 2006.

Gestal-Souto, L., Martinez-de la Torre, A., and Rios-Entenza,
A.: The role of groundwater on the Iberian climate, precipi-
tation regime and land-atmosphere interactions, Revista Real
Academia Galega de Ciencias, 29, 89-198, 2010.

Harbaugh, A. W., Banta, E. R., Hill, M. C., and McDonals,
M. G.: Modflow-2000, the U.S. Geological Survey modu-
lar groundwater mode — User guide to modularization con-
cepts and the groundwater flow process, US Geolological
Survey Open File Report 0-92, US Geolological Survey,
https://doi.org/10.3133/0fr200092, 2000.

Hassan, S. T., Lubczynski, M. W., Niswonger, R. G,
and Su, Z.. Surface—groundwater interactions in hard
rocks in Sardon Catchment of western Spain: An in-
tegrated modeling approach, J. Hydrol,, 517, 390-410,
https://doi.org/10.1016/j.jhydrol.2014.05.026, 2014.

Herrera, S., Gutiérrez, J. M., Ancell, R., Pons, M. R,
Frias, M. D., and Fernandez, J.: Development and analy-
sis of a 50-year high-resolution daily gridded precipitation
dataset over Spain (Spain02), Int. J. Climatol., 32, 74-85,
https://doi.org/10.1002/joc.2256, 2012.

Hunink, J. E., Contreras, S., Soto-Garcia, M., Martin-Gorriz, B.,
Martinez-Alvarez, V., and Baille, A.: Estimating groundwater
use patterns of perennial and seasonal crops in a Mediterranean
irrigation scheme, using remote sensing, Agr. Water Manage.,
162, 47-56, https://doi.org/10.1016/j.agwat.2015.08.003, 2015.

Jiménez, P. A., de Arellano, J. V.-G., Gonzalez-Rouco, J. F,
Navarro, J., Montdvez, J. P., Garcia-Bustamante, E., and Dud-
hia, J.: The Effect of Heat Waves and Drought on Sur-
face Wind Circulations in the Northeast of the Iberian Penin-
sula during the Summer of 2003, J. Climate, 24, 5416-5422,
https://doi.org/10.1175/2011JCLI4061.1, 2011.

Koster, R. D., Mahanama, S. P. P, Yamada, T. J., Balsamo, G.,
Berg, A. A., Boisserie, M., Dirmeyer, P. A., Doblas-Reyes, F.
J., Drewitt, G., Gordon, C. T., Guo, Z., Jeong, J.-H., Lawrence,
D. M., Lee, W.-S., Li, Z., Luo, L., Malyshev, S., Merryfield,
W. J., Seneviratne, S. L., Stanelle, T., van den Hurk, B. J. J.
M., Vitart, F., and Wood, E. E.: Contribution of land surface

www.hydrol-earth-syst-sci.net/23/4909/2019/

initialization to subseasonal forecast skill: First results from
a multi-model experiment, Geophys. Res. Lett., 37, 102402,
https://doi.org/10.1029/2009GL041677, 2010.

Lehner, B., Verdin, K., and Jarvis, A.: New Global Hydrography
Derived From Spaceborne Elevation Data, Eos T. Am. Geo-
phys. Union, 89, 93-94, https://doi.org/10.1029/2008EO100001,
2008.

Leung, L. R., Huang, M., Qian, Y., and Liang, X.: Climate—
soil-vegetation control on groundwater table dynamics and
its feedbacks in a climate model, Clim. Dynam., 36, 57-81,
https://doi.org/10.1007/s00382-010-0746-x, 2011.

Libro Blanco del Agua en Espafia: Centro de Publicaciones del
Ministerio de Medio Ambiente, Spain, 2000.

Liu, Z., Chen, H., Huo, Z., Wang, F., and Shock, C. C.: Analysis of
the contribution of groundwater to evapotranspiration in an arid
irrigation district with shallow water table, Agr. Water Manage.,
171, 131-141, https://doi.org/10.1016/j.agwat.2016.04.002,
2016.

Lo, M.-H. and Famiglietti, J. S.: Effect of water table dynamics on
land surface hydrologic memory, J. Geophys. Res.-Atmos., 115,
d22118, https://doi.org/10.1029/2010JD014191, 2010.

Lubczynski, M. W.: The hydrogeological role of trees
in water-limited environments, Hydrogeol. J., 17, 247,
https://doi.org/10.1007/s10040-008-0357-3, 2008.

Lucas-Picher, P., Arora, V. K., Caya, D., and Laprise, R.: Imple-
mentation of a large-scale variable velocity river flow routing
algorithm in the Canadian Regional Climate Model (CRCM),
Atmos.-Ocean, 41, 139-153, https://doi.org/10.3137/a0.410203,
2003.

Martinez, J. A., Dominguez, F., and Miguez-Macho, G.: Effects
of a Groundwater Scheme on the Simulation of Soil Moisture
and Evapotranspiration over Southern South America, J. Hy-
drometeorol., 17, 2941-2957, https://doi.org/10.1175/JHM-D-
16-0051.1, 2016.

Martinez-Cortina, L., Mejias-Moreno, M., Diaz-Muiioz, J. A.,
Morales-Garcia, R., and Ruiz-Herndndez, J. M.: Estimation of
groundwater resources in the upper Guadiana basin together with
some observations concerning the definitions of renewable and
available resources, Boletin Geoldgico y Minero, 122, 17-35,
2011.

Martinez-de la Torre, A., Blyth, E. M., and Weedon, G. P.: Using
observed river flow data to improve the hydrological functioning
of the JULES land surface model (vn4.3) used for regional cou-
pled modelling in Great Britain (UKC2), Geosci. Model Dev.,
12, 765-784, https://doi.org/10.5194/gmd-12-765-2019, 2019.

Maxwell, R. M. and Condon, L. E.: Connections between ground-
water flow and transpiration partitioning, Science, 353, 377-380,
https://doi.org/10.1126/science.aaf7891, 2016.

Maxwell, R. M. and Kollet, S. J.: Interdependence of groundwater
dynamics and land-energy feedbacks under climate change, Nat.
Geosci., 1, 665-669, https://doi.org/10.1038/ngeo315, 2008.

Maxwell, R. M. and Miller, N. L.: Development of a Coupled Land
Surface and Groundwater Model, J. Hydrometeorol., 6, 233-247,
https://doi.org/10.1175/JHM422.1, 2005.

Maxwell, R. M., Lundquist, J. K., Mirocha, J. D., Smith, S. G.,
Woodward, C. S., and Tompson, A. F. B.: Development of a Cou-
pled Groundwater—Atmosphere Model, Mon. Weather Rev., 139,
96-116, https://doi.org/10.1175/2010MWR3392.1, 2011.

Hydrol. Earth Syst. Sci., 23, 4909-4932, 2019


https://unemg.org/images/emgdocs/publications/Global_Drylands_Full_Report.pdf
https://unemg.org/images/emgdocs/publications/Global_Drylands_Full_Report.pdf
https://doi.org/10.5194/hess-14-2039-2010
https://doi.org/10.1029/2006JD008111
https://doi.org/10.1126/science.1229881
https://doi.org/10.1073/pnas.1712381114
https://doi.org/10.1007/s10040-005-0006-z
https://doi.org/10.3133/ofr200092
https://doi.org/10.1016/j.jhydrol.2014.05.026
https://doi.org/10.1002/joc.2256
https://doi.org/10.1016/j.agwat.2015.08.003
https://doi.org/10.1175/2011JCLI4061.1
https://doi.org/10.1029/2009GL041677
https://doi.org/10.1029/2008EO100001
https://doi.org/10.1007/s00382-010-0746-x
https://doi.org/10.1016/j.agwat.2016.04.002
https://doi.org/10.1029/2010JD014191
https://doi.org/10.1007/s10040-008-0357-3
https://doi.org/10.3137/ao.410203
https://doi.org/10.1175/JHM-D-16-0051.1
https://doi.org/10.1175/JHM-D-16-0051.1
https://doi.org/10.5194/gmd-12-765-2019
https://doi.org/10.1126/science.aaf7891
https://doi.org/10.1038/ngeo315
https://doi.org/10.1175/JHM422.1
https://doi.org/10.1175/2010MWR3392.1

4932

Mejias-Moreno, M., Lopez-Gutiérrez, J., and Martinez-Cortina, L.:
Hydrogeological characteristics and groundwater evolution of
the Western La Mancha unit: The influence of the wet pe-
riod 2009-2011, Boletin Geolégico y Minero, 123, 91-108,
2012.

Miguez-Macho, G. and Fan, Y.: The role of groundwater in the
Amazon water cycle: 2. Influence on seasonal soil moisture
and evapotranspiration, J. Geophys. Res.-Atmos., 117, d15114,
https://doi.org/10.1029/2012JD017540, 2012a.

Miguez-Macho, G. and Fan, Y.: The role of groundwater in
the Amazon water cycle: 1. Influence on seasonal streamflow,
flooding and wetlands, J. Geophys. Res.-Atmos., 117, d15113,
https://doi.org/10.1029/2012JD017539, 2012b.

Miguez-Macho, G., Fan, Y., Weaver, C. P, Walko, R., and
Robock, A.: Incorporating water table dynamics in cli-
mate modeling: 2. Formulation, validation, and soil mois-
ture simulation, J. Geophys. Res.-Atmos., 112, d13108,
https://doi.org/10.1029/2006JD008112, 2007.

Niu, G.-Y., Yang, Z.-L., Dickinson, R. E., Gulden, L. E., and Su,
H.: Development of a simple groundwater model for use in cli-
mate models and evaluation with Gravity Recovery and Cli-
mate Experiment data, J. Geophys. Res.-Atmos., 112, d07103,
https://doi.org/10.1029/2006JD007522, 2007.

Rios-Entenza, A. and Miguez-Macho, G.: Moisture recycling and
the maximum of precipitation in spring in the Iberian Peninsula,
Clim. Dynam., 42, 3207-3231, https://doi.org/10.1007/s00382-
013-1971-x, 2014.

Sanchez, N., Martinez-Fernandez, J., Calera, A., Torres, E., and
Pérez-Gutiérrez, C.: Combining remote sensing and in situ soil
moisture data for the application and validation of a distributed
water balance model (HIDROMORE), Agr. Water Manage., 98,
69-78, https://doi.org/10.1016/j.agwat.2010.07.014, 2010.

Seneviratne, S. 1., Liithi, D., Litschi, M., and Schir, C.: Land—
atmosphere coupling and climate change in Europe, Nature, 443,
205-209, https://doi.org/10.1038/nature05095, 2006.

Serrano, L. and Zunzunegui, M.: The relevance of preserving
temporary ponds during drought: hydrological and vegetation
changes over a 16-year period in the Dofiana National Park
(south-west Spain), Aquat. Conserv.: Mar. Freshw. Ecosyst., 18,
261-279, https://doi.org/10.1002/aqc.830, 2008.

Hydrol. Earth Syst. Sci., 23, 4909-4932, 2019

A. Martinez-de la Torre and G. Miguez-Macho: Groundwater influence on IP land-atmosphere fluxes

Sobrino, J., Goémez, M., Jiménez-Muioz, J., and Olioso,
A.: Application of a simple algorithm to estimate daily
evapotranspiration from NOAA-AVHRR images for the
Iberian Peninsula, Remote Sens. Environ., 110, 139-148,
https://doi.org/10.1016/j.rse.2007.02.017, 2007.

Sutanudjaja, E., de Jong, S., van Geer, F., and Bierkens, M.: Using
ERS spaceborne microwave soil moisture observations to pre-
dict groundwater head in space and time, Remote Sens. Environ.,
138, 172-188, https://doi.org/10.1016/j.rse.2013.07.022, 2013.

Vergnes, J.-P., Decharme, B., Alkama, R., Martin, E., Habets,
F., and Douville, H.: A Simple Groundwater Scheme for Hy-
drological and Climate Applications: Description and Offline
Evaluation over France, J. Hydrometeorol., 13, 1149-1171,
https://doi.org/10.1175/JHM-D-11-0149.1, 2012.

Vergnes, J.-P., Decharme, B., and Habets, F.: Introduc-
tion of groundwater capillary rises using subgrid spa-
tial variability of topography into the ISBA land sur-
face model, J. Geophys. Res.-Atmos., 119, 11065-11086,
https://doi.org/10.1002/2014JD021573, 2014.

Vincke, C. and Thiry, Y.: Water table is a relevant source
for water uptake by a Scots pine (Pinus sylvestris L.)
stand: Evidences from continuous evapotranspiration and wa-
ter table monitoring, Agr. Forest Meteorol., 148, 1419-1432,
https://doi.org/10.1016/j.agrformet.2008.04.009, 2008.

Walko, R. L., Band, L. E., Baron, J., Kittel, T. G. F., Lammers,
R., Lee, T. J., Ojima, D., Sr, R. A. P, Taylor, C., Tague,
C., Tremback, C. J., and Vidale, P. L.: Coupled Atmosphere—
Biophysics—Hydrology Models for Environmental Modeling,
J. Appl. Meteorol., 39, 931-944, https://doi.org/10.1175/1520-
0450(2000)039<0931:CABHMF>2.0.CO;2, 2000.

Westerhoff, R., White, P., and Miguez-Macho, G.: Application of
an improved global-scale groundwater model for water table es-
timation across New Zealand, Hydrol. Earth Syst. Sci., 22, 6449—
6472, https://doi.org/10.5194/hess-22-6449-2018, 2018.

Yuan, X., Xie, Z., Zheng, J., Tian, X., and Yang, Z.: Effects of wa-
ter table dynamics on regional climate: A case study over east
Asian monsoon area, J. Geophys. Res.-Atmos., 113, d21112,
https://doi.org/10.1029/2008JD010180, 2008.

www.hydrol-earth-syst-sci.net/23/4909/2019/


https://doi.org/10.1029/2012JD017540
https://doi.org/10.1029/2012JD017539
https://doi.org/10.1029/2006JD008112
https://doi.org/10.1029/2006JD007522
https://doi.org/10.1007/s00382-013-1971-x
https://doi.org/10.1007/s00382-013-1971-x
https://doi.org/10.1016/j.agwat.2010.07.014
https://doi.org/10.1038/nature05095
https://doi.org/10.1002/aqc.830
https://doi.org/10.1016/j.rse.2007.02.017
https://doi.org/10.1016/j.rse.2013.07.022
https://doi.org/10.1175/JHM-D-11-0149.1
https://doi.org/10.1002/2014JD021573
https://doi.org/10.1016/j.agrformet.2008.04.009
https://doi.org/10.1175/1520-0450(2000)039<0931:CABHMF>2.0.CO;2
https://doi.org/10.1175/1520-0450(2000)039<0931:CABHMF>2.0.CO;2
https://doi.org/10.5194/hess-22-6449-2018
https://doi.org/10.1029/2008JD010180

	Abstract
	Introduction
	Model description and settings
	Groundwater and land surface model LEAFHYDRO
	Initial land surface and river parameters
	Atmospheric forcing data
	Equilibrium water table depth and initial soil moisture
	Simulations set-up

	Validation
	Water table depth and time evolution validation
	River flow comparison

	Results
	Long-term net recharge and seasonal variability
	Water table control on soil moisture and ET
	Water table persistence and soil moisture memory at a pluri-annual timescale
	Analysis by basin
	Groundwater influence on river flow

	Discussion
	Summary and conclusions
	Code and data availability
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

