UNIVERSIDADE
DE SANTIAGO
DE COMPOSTELA

Universidade de Santiago de Compostela

PhD Thesis

Groundwater influence on soil moisture
memory and land-atmosphere interactions
over the Iberian Peninsula

Tésis Doctoral

Influencia de las aguas subterraneas en la
memoria de la humedad de suelo y las
interacciones tierra-atmadsfera en la
Peninsula Ibérica

Autor: Director:
Alberto Martinez de la Torre Gonzalo Miguez Macho

Documento realizado para optar al titulo de Doctor
Grupo de Fisica No Lineal (Non Linear Physics Group)
Departamento de Fisica de la Materia Condensada

Santiago de Compostela, Marzo 2014


http://www.johnsmith.com
http://www.jamessmith.com

Declaracion de autoria

Dr. Gonzalo Miguez Macho, docente e investigador titular de la Universidade de
Santiago de Compostela, en el Departamento de Fisica de la Materia Condensada
(Grupo de Fsica No Lineal),

CERTIFICA

El presente documento, Groundwater influence on soil moisture memory and land-
atmosphere interactions over the Iberian Peninsula, fue realizado por Alberto Martinez
de la Torre bajo su direccién, concluyendo de esa manera la Tésis Doctoral para
optar al tfulo de Doctor

Firmado:

Santiago de Compostela, 28 de Marzo de 2014



UNIVERSIDADE DE SANTIAGO DE COMPOSTELA

Abstract

Departamento de Fisica de la Materia Condensada
Non Linear Physics Group

Groundwater influence on soil moisture memory and land-atmosphere
interactions over the Iberian Peninsula

by Alberto Martinez de la Torre

Land-atmosphere coupling is a key factor in climate modeling research. This thesis is in-
tended as a step forward in the model representation of groundwater influence on the land-
atmosphere system. The Land Surface and Groundwater Model LEAFHYDRO is presented and
evaluated. The model represents groundwater dynamics through 3 different interactions;
1) two-way groundwater-soil fluxes, 2) groundwater lateral flow, and 3) two-way groundwater-
streams exchange. 10-year simulations (WT run, with the groundwater scheme switched on,
and FD run, with the groundwater scheme switched off) are performed over the Iberian Penin-
sula in order to study the influence of groundwater dynamics on soil moisture and evapotran-
spiration (ET) fluxes at seasonal and interannual timescales. The model is forced with daily
analysis precipitation (0.2° spatial resolution). The model WT simulation is validated with ob-
servational water table depht (wtd) data; it captures well the shallow water table zones, the
mean water table positions and the seasonal and interannual evolution. The simulation of the
streamflow seasonal cycle in the WT run improves the simulation in the FD run when com-
paring with observations. The main results on groundwater influence on soil moisture and
land-atmosphere fluxes are: 1) the groundwater recharge presents positive patterns (upward
capillary flux) over river valleys and shallow water table regions, the upward flux is maximal
in summer; 2) over the shallow water table regions (wtd < 8 m) the upward flux results in
soil moisture increase (with a new shallow water table wet pattern in soil moisture fields)
and reduces partly seasonality, since the soil moisture increase is stronger in spring and
summer, when the surface balance P — ET (precipitation minus evapotranspiration) is lower;
3) the higher soil water availability results in ET enhancement (positive ET difference, WT-
FD runs) over the shallow water table regions, seasonally the ET enhancement is greater in
summer (34.4% increase, 0.54 mm day~1) and spatially when analysing the different Iberian
basins, the ET increase is more important in southern semiarid basins (21.4% yearly ET in-
crease in the Guadalquivir basin and 28.4% in the Segura basin) and less significant in the
northern Mifio basin where ET is not water limited but energy limited (13.3%); 4) the water ta-
ble presents strong seasonal and interannual persistence, its time evolution responds slowly
to long-term climatic conditions but not to seasonal or annual peaks and lows in precipita-
tion; 5) the water table persistence induces soil moisture memory over the shallow water
table regions where soil and groundwater are hydraulically connected, and therefore the soil
moisture "remembers" past wet years (buffering drought effects) and past dry years (mak-
ing drought effects last longer); 6) the soil moisture memory passes to the atmosphere as
ET memory, and the yearly ET enhancement depends not only on the previous wet season
(slow drainage by the presence of the water table keeps the soil wetter in the WT run and
therefore there is more soil water availability during the ET season to cover ET demands) but
also on the wtd long-term trend. This results will have important impacts on seasonal fore-
cast when using fully coupled groundwater-soil-atmosphere models (precipitation recycling,
summer temperature decrease).
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Summary

Motivation

Climate change can only be assessed with Earth System Models. It is essential to
understand how well the models represent the processes and feedbacks that take
part in the climate system that couples the atmosphere, the ocean and the land
surface. It is in this context, that this thesis attempts to contribute in the model
representation of climate.

Groundwater is 30.1% of the total fresh water on Earth [107]. In the global hydro-
logical cycle, water fluxes from soil storage to groundwater reservoir are estimated
to be 46,000 km3 yr—1, and from the groundwater reservoir to the rivers and lakes
43,800 km?3 yr—1 [34]. These figures reveal the importance of the groundwater
reservoir within the Earth fresh water. It is well known that groundwater interacts
with the soil above, with surface water and with the ocean. But, 1) how does
groundwater affect climate?, 2) is groundwater a player in land-atmosphere
coupling?, 3) can groundwater interactions with the land-atmosphere system be
represented in land surface models?, 4) in semiarid regions of the interior Iberian
Peninsula, for instance, where land-atmosphere coupling plays an important role in
precipitation recycling [93] and there are measured evidences of shallow water ta-
bles during dry years due to previous wet episodes [80], will a model representation
of the groundwater interactions with the land-atmosphere system make a difference
in climate simulations?

The working hypothesis is that YES answers Questions 2, 3 and 4. Testing the
hypothesis and seeking an answer to Question 1 motivate this thesis work in the
USC Non Linear Physics Group.

Thesis structure and brief resume

This thesis is understood as self contained modelling research experiment. It is or-
ganised in eight chapters. It begins with a general introduction of the problem: as-
sessing the groundwater influence on the land-atmosphere system over the Iberian
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Peninsula (Chapter 1), a description of the main modeling tool: LEAFHYDRO, a Land
Scheme and Groundwater Model (Chapter 2), and a description of the experimental
settings; simulations, initial conditions and forcings (Chapter 3). Then a validation
of the main simulation with observational water table depth and streamflow data
is performed to support the thesis findings (Chapter 4). The results are divided
in three different categories of the water table effects; water table effects on the
land-atmosphere system and their spatial and seasonal variability (Chapter 5), soil
moisture memory induced by the water table (Chapter 6) and water table integrated
effects over the main lIberian river basins (Chapter 7). Finally, the general conclu-
sions and future efforts in the line of research are presented (Chapter 8).

A brief resume of the thesis is presented next:

Chapter 1 presents a general introduction in order to contextualise this research.
Firstly, a brief description of the natural water cycle and its main reservoirs and pro-
cesses is given. The groundwater reservoir plays an important role in the natural
water cycle; a) interacting with the unsaturated zone of the soil through gravita-
tional drainage and capillary rise (groundwater recharge), b) transporting ground-
water within the saturated zone, driven by topography (lateral groundwater flow),
and c) interacting with the rivers and lakes, receiving infiltration and feeding the
baseflow (groundwater-streams exchange). Secondly, an Iberian Peninsula climate
variability description, including long-term precipitation analysis, introduces the
area of study. The need to be cautious investigating hydrological processes in the
peninsula is pointed out, dividing it into basins or hydrological zones and studying
long-term periods, since the pluviometric regimes differ greatly within the peninsula
and several-year long droughts occur all over it. Finally, an overview of recent ef-
forts in assessing the groundwater link to soil moisture, land-atmosphere fluxes and
surface streams concludes the chapter, focussing on the importance of considering
groundwater dynamics in Iberian Peninsula modeling research.

In Chapter 2, the main tool used in this thesis to assess the role of groundwater
dynamics in the Iberian Peninsula soil moisture and land-atmosphere fluxes is pre-
sented and described: the Land Surface and Groundwater Model LEAFHYDRO. The
model represents energy and water storages and vertical exchanges in the land sur-
face based on the original Land Surface Model LEAF (Land Ecosystem-Atmosphere
Feedback) [63, 64], and also represents the groundwater reservoir based on a dy-
namic groundwater scheme first presented by Miguez-Macho et al. (2007) [83],
that has been continuously developed and reviewed since then as part of an ongo-
ing collaborative work between the USC Non-Linear Physics Group and the Rutgers
University Department of Environmental Sciences.

The first section of the chapter introduces LEAFHYDRO methodology for the land
surface and the unsaturated soil layers (up to 4 m deep), consisting of the calcu-
lation of incoming and outgoing water and heat fluxes for each layer and surface
represented, and the prognosis of temperature and moisture values through water
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mass and energy balances once the fluxes are known. A review of these calcu-
lations is presented, starting by the unsaturated soil formulation and following up
through snowcover and temporary surface water, vegetation, bare ground, canopy
air, precipitation and radiation. The second section of the chapter is a complete pre-
sentation of the LEAFHYDRO dynamic groundwater scheme, where the groundwater
interactions and their model representation are detailed: two-way groundwater-soil
fluxes, groundwater lateral flow and two-way groundwater-streams exchange. The
chapter concludes with a description of the river flow scheme that closes the water
cycle in the model.

In Chapter 3, the main experiment carried out in this thesis is described first. The
experiment consists of two LEAFHYDRO 10-year period simulations with a 2.5 x
2.5 km grid; 1) the WT (Water-Table) run with the dynamic groundwater scheme
switched on, that closes the Iberian Peninsula long-term water cycle accounting
for the groundwater interactions with the soil and the land surface, and 2) the FD
(Free-Drain) run with the dynamic groundwater scheme switched off, that uses the
commonly adopted free-drain approach, where soil water is allowed to drain out
of the soil column at a rate set by the bottom soil layer hydraulic conductivity.
Comparing the WT and FD runs, the influence of groundwater can be isolated.

Then, the model initial topography, vegetation and soil parameters are shown. For
the water table and soil moisture initialization, an initial Iberian Peninsula Equilib-
rium Water Table Depth estimation by Gestal-Souto et al. (submitted) [47] is used,
based on a two-dimensional groundwater model [42] that finds a balance between
the atmospheric influence in the form of groundwater recharge and the topographic
influence in the form of gravity-driven lateral convergence. The process to obtain
a more realistic initial water table condition using the yearly groundwater recharge
from a LEAFHYDRO 10-year test run is described, as is the calculation of the ini-
tial soil moisture conditions using Richards’ Equation for soil water movement and
the water table initial position. The initial river parameters origin and processing,
as well as the use of surface atmospheric forcings from ERA-Interim reanalysis and
Iberian Peninsula precipitation analysis (0.2° spatial resolution), are detailed.

In Chapter 4, water table depth (wtd) and streamflow observational data are used
to validate the LEAFHYDRO simulations and hence support the results in following
chapters. The chapter is introduced with a discussion about the model parameter-
ization of local lateral groundwater flow, which resolves subgrid internal drainage
and results in a baseflow consistent with topography and climate, and not solely de-
pendant on vertical fluxes or the water table position. A realistic water table spatial
distribution and time evolution is essential to assess the groundwater-soil link, and
model performance validation with observational wtd data at 623 stations shows;
1) the model captures shallow water table positions (wtd < 8 m; greater connection
to the land surface), as 66.0% of the observational shallow points are also shal-
low in the model; 2) the model captures the mean water table positions, as 33.0%
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of the shallow water table stations present less than 2 m difference between simu-
lated and observed wtd means (14.0% when all stations are considered); and 3) the
seasonal cycle and long-term trends are realistically represented in the model, as
32.3% of the observed time series present a correlation coefficient greater than 0.5
with the simulated time series.

The representation of streamflow, as the last player in the water cycle discharg-
ing ultimately to the ocean, closes the water budget in the model. From validation
with observational streamflow data and comparison between the FD and WT runs,
the streamflow seasonal cycle is found to be differently represented by both runs;
winter higher and closer to observations streamflow in the FD run, better represen-
tation of summer baseflow in the WT run, and faster recovery of streamflow when
the autumn precipitation begins (September-October) following observations in the
WT run. Correlation coefficients between observed and simulated streamflow time
series indicate the better simulation of the seasonal cycle and interannual variabil-
ity by the WT run. Nevertheless, a clear underestimation of the wet season (espe-
cially by the WT run) constrains the model performance at simulating streamflow.
The chapter concludes with a discussion on future efforts to better represent the
model streamflow and therefore strengthen the line of research of this thesis; im-
provement of the deeper soil-groundwater linkage, improvement of surface runoff
triggered by heavy rainstorms or snowcover depletion, and improvement of subgrid
scale geological features representation.

In Chapter 5, a study of the groundwater effects on the land-atmosphere system
and their seasonal and spatial variability is carried out, using the WT and FD simu-
lations. Soil moisture shows that the water table makes the soil wetter over shallow
water table regions, introducing a new pattern in soil moisture fields different to the
climatic conditions and soil texture patterns. Analysing seasonal means, the wa-
ter table influence on soil moisture is found to reduce partly seasonality, since soil
wetness increase over the shallow water table regions is greater at water scarcity
seasons (24.4% in spring, when evapotranspiration — ET - reaches the maximum
rates, and 23.8% in summer, when soil moisture is at a minimum due to the lack
of precipitation and high ET rates), and lower in autumn and winter (~ 20%), when
the surface water balance (P — ET, precipitation minus evaporation) is higher. The
Long-Term Recharge is presented as the mean yearly water table flux, showing a
positive pattern (upward recharge via capillary flux), as a result of lateral ground-
water convergence and river infiltration, over extended shallow water table regions
and river valleys. Groundwater recharge seasonal variability is found to respond to
the surface precipitation and ET with two different cycles: 1) the negative recharge
(downward drainage) is stronger during winter and spring, responding to drainage
of infiltrated precipitation from the wet season, and weaker during summer and
autumn after the dry season; 2) the positive recharge is strong in spring and max-
imal in summer (ET season in the Iberian Peninsula), due to the gradual decrease
of the surface water balance, then during autumn it weakens significantly due to

Xiv



the decrease of ET demands, and finally it reaches the minimum in winter, when
precipitation presents the highest rates and ET the lowest.

The soil moisture increase by the water table presence via upward capillary fluxes
translate to the atmosphere as ET enhancement. The ET difference between the
WT and FD simulations present the spatial pattern induced in soil moisture by the
water table (reaching significant differences over river valleys and shallow water
table regions in the semiarid interior Iberia). The enhanced ET averaged over the
Iberian Peninsula is 0.54 mm day~! in summer, when precipitation is the lowest and
ET demands are high, 0.24 mm day~! in spring, when ET demands are the highest,
0.14 mm day~! in autumn and 0.05 mm day~1! in winter, when the ET demands are
very low. To conclude the chapter, convective precipitation enhancement and sum-
mer temperature decrease are discussed as potential effects of these water table
dynamics results on fully coupled groundwater-land-atmosphere modeling research.

The choice of a 10-year simulation period including dry and wet episodes allows
a deeper look into the water table influence on soil moisture, and in Chapter 6
the water table seasonal and interannual persistence and soil moisture memory
that it induces is studied over the peninsula. The time evolution of the water table
does not respond immediately to seasonal or yearly peaks and lows in precipitation,
but it responds to long-term climatic conditions with 1-2 years delay. When the
water table enters the soil-atmosphere system in the WT simulation, its persistence
passes to the soil as soil moisture memory, and the soil "remembers" past dry and
wet conditions, buffering drought effects on soil moisture and delaying the recovery
after the drought in spite of wetter conditions.

The soil moisture memory induced by water table persistence is stronger over shal-
low water table regions, where soil and groundwater are hydraulically connected.
Analysing hydrological year (September-August) anomalies for precipitation, soil
moisture and water table depth over a well known shallow water table region in
the upper Guadiana basin (La Mancha Humeda), the water table influence on soil
moisture memory is inferred. Moreover, soil moisture memory is passed to the
atmosphere as ET memory over this shallow water table region.

In Chapter 7, the groundwater effects on soil moisture and land-atmosphere fluxes,
analysed in previous chapters at seasonal and interannual timescales, are studied
as area average over the main lberian river basins, as the basins integrate the
groundwater influence through lateral flow convergence. This allows to investigate
the groundwater role in the land-atmosphere system under different climatic con-
ditions. At basin scale, the water table presence, through slow drainage and soil
moisture accumulation during the wet season and upward capillary rise during the
dry season, induces ET enhancement during spring and summer in the WT simu-
lation. This groundwater influence on ET is more significant in southern basins of
semiarid climates of water limited ET (yearly ET increases 28.4% in the Mediter-
ranean Segura basin and 21.4% in the Atlantic Guadalquivir basin), but as the ET is
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less water limited towards the northern basins, the groundwater is less influential
on ET fluxes (13.3% in the northern Mifio basin, where ET is energy limited).

The time evolution of ET increase (WT-FD) follows the long-term trends of the wtd
evolution, caused by consecutive dry and wet years. Hence, the water table persis-
tence is passed to the atmosphere as ET memory at basin scale, and the yearly ET
enhancement in the WT run depends not on only the previous wet season but also
on the long-term wtd evolution. This is observed clearly over the Atlantic basins.
Over the Mediterranean basins, that present moderate wet season and variable dry
season, the ET memory is constrained by the intensity of the dry season (less mem-
ory when the summer precipitation is especially low because the ET enhancement
is high, and when the dry season is especially high because the ET enhancement is
low, in both cases the intensity of the dry season takes over the wtd trend).

Finally, in Chapter 8, a summary of the main conclusions drawn through the inves-
tigation is presented, where an attempt to answer the initial Questions is produced.
A review of future efforts in this line of research concludes the thesis.

Early stage results of this investigation have been published in the article "The role
of groundwater on the Iberian climate, precipitation regime and land-atmosphere
interactions" [47]. However, the main results are in preparation to be submitted for
publication in the article "Groundwater influence on soil moisture memory and land-
atmosphere interactions over the Iberian Peninsula" [26]. A high resolution estima-
tion for the Iberian Peninsula Equilibrium Water Table Depth, from the a long-term
recharge estimation obtained from LEAFHYDRO simulations is also in preparation to
complete and submit the article "Water Table Depth and Potential Capillary Flux to
the Land Surface in the Iberian Peninsula" [48].
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Resumen

Motivacion

El cambio climatico sélo se puede evaluar con el uso de "Earth System Models". Por
tanto, es esencial conocer en que medida los modelos representan los procesos e
interacciones que tienen lugar en el sistema climatico, que conecta la atmdsfera con
los océanos y la superficie terrestre. En este contexto, esta tésis doctoral contribuye
a la representacién del clima en modelizacién.

Las aguas subterraneas constituyen un 30.1% del total de agua dulce en la Tierra
[107]. Dentro del ciclo hidrolégico global, los flujos de agua desde el suelo hacia
las aguas subterrdneas estd estimado en 46,000 km3 afio~1, y desde las aguas
subterrdneas hacia los rios y lagos en 43,800 km3 afo~! [34]. Estas cifras hablan
de la importancia de las aguas subterrdaneas dentro del sistema global de agua
dulce. Es bien sabido que las aguas subterraneas interactlian con las capas de
suelo sobre ellas, con las aguas superficiales y con los oceanos. Pero, 1) écoémo
afectan las aguas subterraneas al clima?, 2) {afectan las aguas subterrdneas
al acoplamiento tierra-atmésfera?, 3) ipueden los modelos de suelos representar
las interacciones de las aguas subterrdneas con el sistema tierra-atmdsfera?, 4) en
zonas de clima semiarido del interior de la Peninsula Ibérica, por ejemplo, donde
el acoplamiento tierra-atmdésfera desempefia un papel importante en el reciclaje
de precipitatcién [93] y existen evidencias observadas de capa fredtica cerca de la
superficie durante afios secos debido a previos episodios himedos [80], ésupondra
un valor afadido la representacién de las interacciones de las aguas subterrdneas
con el sistema tierra-atmésfera en simulaciones climaticas?

La hipdtesis de trabajo de esta tésis es que las Preguntas 2, 3 y 4 tienen SI como
respuesta. Probar la hipétesis y buscar una respuesta a la Pregunta 1 son las
motivaciones para el desarrollo de esta investigacién en el Grupo de Fisica No Lineal
de la Universidad de Santiago de Compostela.
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Estructura y breve resumen de la tésis

Este trabajo de tésis doctoral se entiende como una investigacién experimental
autocontenida. Se organiza en ocho capitulos, comenzando con una introduccién
del problema cientifico: evaluacién de la influencia de las aguas subterrdneas en
el sistema tierra-atmdsfera de la Peninsula Ibérica (Capitulo 1), una descripcién
de la herramienta de trabajo principal: el Modelo de Suelos y Aguas Subterrdneas
LEAFHYDRO (Capitulo 2), y una descripciéon del experimento; simulaciones, condi-
ciones iniciales y forzamientos (Capitulo 3). Después se lleva a cabo una validacién
de la simulacién principal con datos de observacién de profundidad de capa freatica
y caudal de rios, para apoyar los resultados de la investigacién (Capitulo 4). Los re-
sultados se dividen en tres tipos de efectos de las aguas subterrdneas analizadas;
efectos de la capa freatica en el sistema tierra-atmdésfera y su variabilidad espa-
cial y estacional (Capitulo 5), memoria de la humedad de suelo inducida por la
capa freatica (Capitulo 6) y efectos integrados de la capa freatica en las principales
cuencas ibéricas (Capitulo 7). Finalmente, se presentan las conclusiones generales
y planes futuros en esta linea de investigacién (Capitulo 8).

A continuacién se presenta un breve resumen de la tésis:

El Capitulo 1 presenta una introduccidn general con el objeto de contextualizar
este trabajo de investigacién. En primer lugar, se ofrece un breve descripcidon
del ciclo hidrolégico y sus principales componentes y procesos. Las aguas subter-
rdaneas desempefian una funcién importante en el ciclo hidrolégico; a) interaccién
con el suelo no saturado a través de drenaje por gravedad y flujo capilar ascen-
dente (recarga), b) transporte de agua dentro de la zona saturada, inducido por la
topografia (flujo lateral de aguas subterrdneas), y ¢) interacciéon con los rios y la-
gos, recibiendo infiltracién y manteniendo el caudal base (intercambio entre aguas
subterraneas y superficiales). En segundo lugar, se introduce la regién de estudio
(Peninsula Ibérica) con una descripcién de la variabilidad climatica, usando datos
de analisis de precipitaciéon. Se insiste en la necesidad de ser minuciosos cuando
se afronta investigacién hidrolégica en la Peninsula Ibérica, debido a la diversidad
de regimenes pluviométricos que presenta y la ocurrencia frecuente de sequias. En
Gltimo lugar, se realiza un repaso sobre esfuerzos recientes en la comunidad cien-
tifica para investigar el acoplamiento entre las aguas subterrdneas y la humedad
de suelo, los flujos tierra-atmésfera y las aguas superficiales. Finalmente, se cierra
el capitulo, centrdndose en la importancia de tener en cuenta las interacciones de
las aguas subterrdneas cuando se abordan trabajos de investigacién con modelos
hidroldgicos y atmosféricos en la Peninsula Ibérica.

En el Capitulo 2, se presenta y describe la herramienta principal que se va a usar
en la evaluacién del papel de las aguas subterrdneas, en la humedad de suelo y
los flujos tierra-atmdsfera en la Peninsula Ibérica: el Modelo de Suelos y Aguas
Subterraneas LEAFHYDRO. El modelo representa los principales componentes de la
superficie terrestre que almacenan energia y agua, y los flujos verticales entre ellos,
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basdndose en el Modelo de Suelos LEAF original [63, 64]. Pero ademas representa
las aguas subterrdneas basandose en una implementacién de dindmica de aguas
subterraneas presentada inicialmente por Miguez-Macho et al. (2007) [83], y que
ha sido desarrollada y revisada de forma continuada desde entonces, como parte
de un trabajo de colaboracién entre el Grupo de Fisica No Lineal de la Universidad
de Santiago de Compostela y el Departamento de Ciencias Ambientales de Rutgers
University (EEUU).

La primera seccién del capitulo describe la metodologia que usa LEAFHYDRO para
la superficie terrestre y la zona no saturada del suelo (entre la superficie y 4 m),
que consiste en el cdlculo de flujos de agua y calor entrantes y salientes en cada
superficie y capa de suelo representada, y el prondstico de temperatura y humedad
a través de balances de masa y energia una vez que los flujos son conocidos. Se
repasan las formulaciones para estos calculos, empezando por las capas de suelo y
siguiendo hacia arriba; nieve y aguas superficiales temporales, vegetacién, superfi-
cie no cubierta por vegetacién, canopia, precipitacién y radiacion. La segunda sec-
cién del capitulo es una presentacién completa de la implementacién de dindmica
de aguas subterrdneas de LEAFHYDRO, donde las interacciones y sus representa-
ciones en el modelo son detalladas: flujo bimodal entre las aguas subterrdneas y el
suelo, flujo lateral dentro de las aguas subterraneas y flujo bimodal entre las aguas
subterrdneas y superficiales (rios y lagos). El capitulo concluye con una descrip-
cién de la implementaciéon de caudeles de rios que cierra el ciclo hidrolégico en el
modelo.

En el Capitulo 3 se describe primero el experimento principal de la tésis, que con-
siste en dos simulaciones de un periodo de 10 afios con LEAFHYDRO en una malla
de 2.5 km de resolucién horizontal; 1) la simulacién WT (WaterTable) con la im-
plementacién de dinamica de aguas subterraneas conectada, que cierra el ciclo
hidroldgico a largo plazo en la Peninsula Ibérica considerando las interacciones en-
tre las aguas subterrdneas, el suelo y la superficie terrestre, y 2) la simulacién FD
(FreeDrain) con la implementacién de aguas subterrdneas desconectada, que usa la
técnica comunmente adoptada "free-drain", con la que el agua que llega a la Ultima
capa de suelo resuelta por el modelo drena fuera del sistema a una velocidad mar-
cada por la conductividad hidratlica de la Ultima capa. La influencia de las aguas
subterrdneas en el sistema tierra-atmdésfera se puede aislar y evaluar comparando
las simulaciones WT y FD.

Después se muestran los condiciones iniciales de topografia, vegetacién y pardmet-
ros del suelo. Para la inicializacién de profundidad de la capa fredtica y humedad
de suelo, se usa una estimacién de la Profundidad de Capa Freatica de Equilibrio,
elaborada por Gestal-Souto et al. (submitted) [47] mediante el uso de un mod-
elo bidimensional de aguas subterrdneas [42] que encuentra una profundidad de
equilibrio entre la influencia atmosférica en forma de recarga climatolégica y la in-
fluencia topografica en forma de convergencia lateral inducida por gravedad. El
proceso llevado a cabo para obtener una capa freatica inicial mas realista mediante
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el uso de recarga anual obtenida de una simulacién "test" con LEAFHYDRO es de-
scrito a continuacién, asi como el calculo de la humedad de suelo inicial mediante la
Ecuacién de Richards para el movimiento de agua y la profundidad de capa fredtica
inicial. Se describe el origen de los parametros de rios y el preprocesado para su
obtencién. Finalmente se describen los datos de forzamiento de la base de reanali-
sis ERA-Interim y una base de andlisis de precipitacién en la Peninsula Ibérica de
0.2° de resolucién espacial.

En el Capitulo 4 se usan datos de observacion de profundidad de capa freética
(wtd) y caudal de rios para validar las simulaciones y sustentar asi los resultados en
préximos capitulos. El capitulo comienza con una reflexién sobre la parametrizacién
de flujo lateral de aguas subterraneas a escala local del modelo, que resuelve im-
plicitamente el drenaje interno de las celdas y resulta en un caudal base consistente
con la topografia y el clima, y no exclusivamente dependiente de flujos verticales o
la posicitén de la capa freatica, como sucede en otros modelos. Para la evaluacién
del acoplamiento entre el suelo y las aguas subterraneas, son esenciales tanto una
distribucién espacial de capa fredtica como una evolucién temporal realistas, y la
validacién del modelo con 623 estaciones de observacién de profundidad de capa
freatica concluye que; 1) el modelo captura las zonas de capa freatica superficial
(wtd < 8 m; mayor conexién hidraulica con el suelo), ya que el 66.0% de los pun-
tos de observacién superficiales son indentificados como tales en el modelo; 2) el
modelo captura las posiciones medias de capa freética, ya que el 33.0% de las esta-
ciones de capa freatica superficial presentan una diferencia menor de 2 m entre las
wtd medias simuladas y observadas (14.0% si se consideran todas las estaciones);
y 3) el ciclo estacional y las tendencias a largo plazo son representadas de forma re-
alista en el modelo, ya que el 32.3% de las series temporales observadas presentan
una correlacién mayor de 0.5 con las series simuladas.

La representacion de los caudales como ultimo participante en el ciclo hidroldgico,
descargando hacia los ocednos, cierra el balance hidrolégico en el modelo. A partir
de la validacién con observaciones y comparacién entre los caudales simulados en
WT y FD, se concluye que el ciclo estacional representado por el modelo es muy
diferente en ambas simulaciones; caudal més alto y cercano a las observaciones en
invierno con la simulacién FD, mejor representacién del flujo base de verano con la
simulacién WT, y recuperacién mas rapida de caudal cuando comienzan las lluvias
de otofio (Septiembre-Octubre) en la simulacén WT, siguiendo a las observaciones.
Los coeficientes de correlacién entre series temporales de caudal observado y sim-
ulado indican la mejor simulacién del ciclo estacional y la variabilidad interanual en
la simulacién WT. Sin embargo, hay que apuntar una clara subestimacién del cau-
dal invernal (especialmente en la simulacién WT) que condiciona la actuaciéon del
modelo. El capitulo finaliza con una explicaciéon de posibles causas de la subesti-
macién de caudal invernal y planes para mejorar la representaciéon del caudal en
el modelo; mejora de la representacién de la conexién entre capas profundas de
suelo y las aguas subterraneas cuando la capa fredtica es profunda, mejora de la
escorrentia superficial amplificada por tormentas de lluvia o fundimiento de nieve
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en zonas montanosas, y mejora de la representacién de caracteristicas geolégicas
del suelo a mayor resolucién que la del modelo.

En el Capitulo 5 se estudian los efectos de las aguas subterrdneas en el sistema
tierra-atmésfera y su variabilidad espacial y estacional, usando las salidas de las
simulaciones WT y FD. La humedad del suelo revela un patrén mas himedo en
zonas de capa freatica superficial, que se suma a los patrones de tipo de suelo y
condiciones climaticas. Analizando medias estacionales, se observa que la influen-
cia de la capa fredtica en la humedad de suelo reduce parcialmente la estacionali-
dad, ya que el aumento humedad de suelo en las zonas de capa fredtica superficial
(wtd < 8 m) es mayor en estaciones de escasez de agua (24.4% en primavera,
cuando la evapotranspiracidon - ET — alcanza valores maximos, y 23.8% en verano,
cuando la humedad de suelo es minima debido a la ausencia de precipitaciéon y
alta ET, y menor en otofio e invierno (~ 20%), cuando el balance de agua en su-
perficie (P — ET, precipitacidn menos evapotranspiracién) es mas alto. Se presenta
la Recarga Climatoldgica, calculada como el flujo medio anual a través de la capa
freatica, que muestra un patrén de recarga positiva (flujo capilar ascendente), como
resultado de la convergencia lateral de aguas subterrédneas e infiltracién desde los
rios, extendido sobre regiones de capa freatica superficial y valles. La variabilidad
estacional de la recarga responde a la precipitaciéon y ET en la superficie con dos
ciclos diferenciados: 1) la recarga negativa (drenaje gravitacional) es mas fuerte du-
rante invierno y primavera, drenando precipitacién infiltranda durante la estacién
himeda, y més débil durante verano y otofio tras la estacién seca; 2) la recarga pos-
itiva es fuerte en primavera y maxima en verano (la temporada de mayor ET en la
Peninsula Ibérica), debido a un descenso gradual del balance de agua en superficie,
después en otoiio se debilita de forma significativa debido a la caida de demanda
de ET, y finalmente alcanza el minimo en invierno, cuando la precipitacién presenta
los valores mas altos y la ET los mas bajos.

El aumento de humedad de suelo inducido por la presencia de la capa freatica a
través de recarga positiva, repercute en la atmésfera en forma de aumento de ET.
Las diferencia en ET entre las simulaciones WT y FD presenta el patrén espacial
inducido en la humedad de suelo por la capa freatica (alcanzando valores signi-
ficativos en valles y regiones de capa freatica superficial en zonas semiaridas del
interior de la peninsula). El aumento en ET promediado sobre la peninsula es de
0.54 mm dia en verano, cuando la precipitacién es mas baja y la demanda de ET es
alta, 0.24 mm dia en primavera, cuando la demanda de ET es méas alta, 0.14 mm
dia en otofio y 0.05 mm dia en invierno, cuando la demanda de ET es muy baja. Al
final del capitulo, la posible potenciacién de precipitacién convectiva y el descenso
de la temperatura en verano son argumentados como efectos potenciales de la in-
troduccién de estos resultados de dindmica de aguas subterraneas en modelizacién
climatica totalmente acoplada con la superficie y las aguas subterraneas.

La eleccién de una simulacién de 10 afos incluyendo periodos secos y himedos
permite un estudio a largo plazo de la influencia de las aguas subterrdneas en la
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humedad de suelo. En el Capitulo 6 se evalla la persistencia estacional e interan-
ual de la capa fredtica, y la memoria que ésta induce en la humedad de suelo. La
evolucién temporal de la capa fredtica no responde inmediatamente a picos o bajas
estacionales o anuales de precipitacidén, sino que responde a la evolucién de las
condiciones climéaticas con un cierto retraso de 1-2 afos. Cuando la capa freética
entra en el sistema tierra-atmésfera en la simulacién WT, su persistencia pasa al
suelo como memoria en la humedad de suelo, y el suelo "recuerda" condiciones
secas y humedas de afos pasados, suavizando asi los efectos de las sequias en la
humedad de suelo pero también retrasando la recuperacién después de las sequias
a pesar de gue lleguen condiciones més himedas.

La memoria inducida en la humedad de suelo es mas fuerte en zonas de capa
freatica superficial, donde el suelo estd conectado hidradlicamente a las aguas
subterrdneas. Analizando anomalias en afios hidroldgicos (Septiembre-Agosto) de
precipitacién, humedad de suelo y profundidad de capa fredtica en una regién de
documentada capa freatica superficial en el Alto Guadiana (La Mancha Himeda),
la influencia de la capa freatica induciendo memoria en la humedad de suelo es
observada. Ademads, se observa cémo la memoria de la humedad de suelo pasa a
la atmdésfera como memoria de la ET en zonas de capa freatica superficial.

En el Capitulo 7, se estudian los efectos integrados (promediados) en las princi-
pales cuencas de la Peninsula Ibérica de las aguas subterrdneas en la humedad de
suelo y los flujos tierra-atmdsfera. Las cuencas integran la influencia de las aguas
subterraneas a través de convergencia de flujo lateral. Asi se puede investigar el pa-
pel de las aguas freéticas en el sistema tierra-atmdsfera bajo diferentes condiciones
climaticas. A escala de cuencas, la presencea de la capa fredtica causa aumento de
ET durante primavera y verano en la simulacién WT, a través de drenaje lento y acu-
mulacién de agua en el suelo durante la estacién himeda y flujo capilar ascendente
durante la estacién seca. Esta influencia de la capa freatica en el aumento de ET es
mas significativa en las cuencas del sur de climas semiaridos donde la ET estd muy
limitada por la existencia de agua (aumento anual de ET del 28.4% en la cuenca
mediterrdnea del Segura y del 21.4% en la cuenca atlantica del Guadalquivir), pero
a medida que la ET pasa a ser menos limitada por el agua en cuencas mas al norte,
la capa freatica tiene menor influencia (13.3% en la cuenca del Mifio donde la ET
esta mas limitada por la energia).

La evolucién temporal del aumento de ET (simulacién WT - simulacién FD) sigue las
tendencias a largo plazo de la evolucién de la capa freatica, que responde a su vez
a periodos de aflos secos y hUmedos consecutivos. Por tanto, la persistencea de la
capa freatica pasa a la atmdésfera como memoria de la ET a escala de cuencas, y el
aumento anual de ET en la simulacién WT no depende sélo de la estacién humeda
previa, sino que también depende de la tendencia a largo plazo de la profundidad
de la capa fredtica. En las cuencas mediterrdneas, que presentan estacién hiumeda
moderada y estacion seca variable, la memoria de la ET esta condicionada por la
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intensidad de la estacién seca (se pierde memoria cuando el verano es especial-
mente seco porque el aumento de ET es muy alto, imponiéndose a la evolucién de
la capa fredtica, y también cuando el verano es especialmente lluvioso y no hay
estacién seca, porque el aumento de ET es muy bajo, imponiéndose de nuevo a la
evolucién de la capa freética).

Finalmente, el Capitulo 8 repasa las conclusiones mas importantes de la investi-
gacion, intentando asi ofrecer respuestas a las preguntas planteadas inicialmente.
La tesis concluye con planes de trabajo futuro en esta linea de investigacion.

Algunos resultados de las primeras etapas de esta investigacién han sido publicados
en el articulo "The role of groundwater on the Iberian climate, precipitation regime
and land-atmosphere interactions" [47]. Sin embargo, los principales resultados
ofrecidos en esta tésis estan siendo preparados para ser publicados en el articulo
"Groundwater influence on soil moisture memory and land-atmosphere interactions
over the Iberian Peninsula" [26]. La estimacién de una Profundidad de la Capa
Fredtica de Equlibrio de alta resolucién para la Peninsula Ibérica, obtenida a partir
de recarga climatolégica resultante de simulaciones con LEAFHYDRO estd ademas
en preparacién para completar el articulo "Water Table Depth and Potential Capillary
Flux to the Land Surface in the Iberian Peninsula" [48].
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Chapter 1

Introduction

1.1 Natural Water Cycle

Water on Earth never stops; it is continuously and cyclically moving and transferring
between different reservoirs in the atmosphere, land and sea; and it is continuously
changing states between liquid, gas and ice. In space, these processes take place at
planetary, continental, regional and local scales. In time, they occur at timescales
of seconds, days, seasons, years and over millions of years. All these movements
and processes are energetically driven by the sun and the Earth gravitation, and
constitute the natural water cycle.

The main reservoirs and processes of the natural water cycle are illustrated in Figure
1.1. The basic processes of the cycle are: evapotranspiration, precipitation, infiltra-
tion, recharge and runoff. Evapotranspiration is the combination of two fluxes; evap-
oration of water at the surface of the sea, rivers, lakes and land, and transpiration
from living beings, especially plants, at the land surface.

The evapotranspirated water passes to the atmosphere as water vapour, then it
is transported by atmospheric circulation and, under appropriate circumstances, it
can condensate into liquid or solid water and fall back to the surface as precipita-
tion. Precipitated water over the oceans or surface water reservoirs can reinitialize
the cycle being evaporated back to the atmosphere, and precipitated water over
land can be transported by gravitational forces towards rivers as surface runoff or
infiltrate into the soil. Infiltrated water become then part of the soil moisture and
can be evapotranspirated back to the atmosphere or percolate through the soil and
into the groundwater reservoir as groundwater recharge.

The groundwater reservoir is the volume of water contained in the pores, fissures
and fractures of the water-saturated strata of the Earth’s crust. The water table is
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Introduction 3

the surface that limits the saturated and non-saturated zones of the soil. Groundwa-
ter near the water table plays an important role in the natural water cycle through
different interactions (see Figure 1.1):

e It can move up to the soil via capillary rise, or collect soil moisture drainage
provoking a water table rise.

e It can be transported as groundwater flow within the saturated zone, discharg-
ing ultimately to the oceans.

e It can receive lake and river infiltration (seepage), or feed the rivers as part of
the baseflow.

The water cycle is not a single mechanical circuit. It is necessary to understand
and evaluate it a as a compound of different interconnected processes and cycles
at different scales in time and space. The spatial scales for these interconnected
circuits is continental, like the come and go of water evaporating from an ocean
and falling back as rain, regional and local, like the circuits of water in river basins
that characterize the region giving it a distinctive biological composition. Water par-
ticipates in the different circuits and also can be transferred from one to another,
like for instance evaporated water from the Pacific Ocean can be transported east-
ward by atmospheric dynamics, fall as rain on the Rocky Mountains, be transported
eastward through the continent by the Mississippi River and end up in the Atlantic
Ocean.

The residence times of water in the different reservoirs vary very much. For exam-
ple, the period of renewal is 9700 years for polar ice, 2500 years for ocean water,
17 years for lake water, 1 year for soil moisture, 8 days for atmospheric moisture or
only hours for biological water [107]. The time variability of the natural water cycle
is introduced by its dependence on the atmospheric circulation and weather factors.
Such dependence on atmospheric dynamics makes it very important to understand
the behaviour, variability and connection with the climatic elements of the water
cycle reservoirs in climate modeling studies.

1.2 Climate variability in the Iberian Peninsula

The climate in the Iberian Peninsula is defined by its geographical situation (35N-
40N, 10W-4E), its continentality and the stratospherical circumpolar vortex dynam-
ics. The stratospherical circumpolar vortex is a large scale closed cyclical circulation
around the Arctic Pole whose seasonal, annual or decadal changes in form and in-
tensity influence the climate and weather in the Northern Hemisphere midlatitudes,
and therefore the Iberian climatology is linked to the circumpolar vortex dynamics.

Due to the Iberian Peninsula location at the gates of Europe, very different types of
air masses can reach it: cold and wet northern maritime Arctic (mA) masses from
the Greenland Sea; cold and wet northern or northwestern maritime Polar (mP)
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masses from the Islandic region; cold and dry continental Polar or Arctic (cP, cA)
masses from Escandinavia or the north of Russia; warmer but still wet sourthwest-
ern maritime Tropical (mT) masses from the Azores High; warm and dry southern
or southeastern continental Tropical (cT) masses from the north of Africa. This vari-
ability of air masses that can reach the Iberian Peninsula and the continentality that
the orography gives to most of the peninsula result in a high climate variability, as
the peninsula become a meeting point for different air masses.

Such climate variability is illustrated using the Koppen-Geiger climate classification.
This classification system uses series of monthly mean air temperature and precip-
itation, and defines distinct types of climate based on ranges of these values and
their influence on the distribution of vegetation and human activity [38]. The map in
Figure 1.2 was published by the AEMET (Spanish State Agency of Meteorology) and
the IPMA (Meteorology Institute of Portugal) [8] using the Koppen-Geiger classifica-
tion — with the only amendment being that the threshold temperature to separate
temperate C and cold D climates was 0°C instead of -3°C, used in the original clas-
sification — for the Iberian Peninsula and the Balearic Islands and up to 12 different
types of climate are found.
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Figure 1.2: Koppen-Geiger classification climates for the Iberian Peninsula and the
Balearic Islands.

Temperate climates (type C) are dominant in the peninsula. Csa climate means
dry and hot summer and occupies most of the centre and south of the peninsula,
as well as the central and northern Mediterranean coast regions and the Balearic
Islands. Csb also means dry summer but the hottest month temperature is below
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22°C; some mountain regions in the centre and most of the northwestern region
and the western Portuguese coast present this type. Cfb means no dry season and
temperate summer; it covers part of the northern central plateau and the northern
mountain ranges (Cantabrian Mountains, Iberian System and most of the Pyrenees).
When the hottest month is above 22°C but there is still no dry season the climate
is type Cfa; it appears surrounding the Pyrenees and the Iberian System (areas of
medium altitude).

Arid and semiarid climates (type B, defined by the not reaching of a threshold for
annual precipitation) also have an important presence in the peninsula, mainly in
the southeastern region. BSk and BSh (cold steppe and hot steppe) mean that the
annual rainfall reaches half the threshold established for the B climates; BSk cli-
mate spreads over the south-west of the peninsula and the Ebro river basin, and in
a lesser extent it is found in the Inner Plateau (southern subregion), Extremadura
(southwestern region of Spain), a small region in Baixo Alentejo (south of Portugal)
and the Balearic Islands, limiting BSh presence to small regions in the southeast-
ern coast and central Andalusia (vast southern region of Spain). BWk and BWh
(cold dessert and hot dessert) mean that the annual rainfall does not reach half the
threshold for B climates, and in the peninsula it is found over small regions in the
southeastern corner, where the minimum precipitation values are registered.

Cold climates (type D) are limited to high altitudes in the peninsula. Hence, in
the highest zones of the Pyrenees, Cantabrian Mountains, Central Ranges, Iberian
System and Sierra Nevada, 4 different type D climates (Dsb, Dsc, Dfb and Dfc) are
found, depending on whether summer is the dry season (second letter s) or there
is no dry season (second letter f), and whether the temperature is mild (third letter
b) or cold (third letter ¢). Finally, only in very small high locations of the Pyrenees
the polar type ET is found; ET means average monthly temperature below 10 C all
throughout the year.

1.2.1 Precipitation variability in the Iberian Peninsula

Precipitation variability in time and space is a revealing factor to understand climate
variability in the Iberian Peninsula.

About the seasonal regime, summer is the drier season and winter is the wetter, but
autumn and spring are also wet seasons depending on the region studied inside the
peninsula, and there is no dry season over the northern mountain ranges (type Cfb
climate, Figure 1.2). Using a complete and homogeneous 60-year series of observed
precipitation over Spanish territory stations, de Luis et al. (2010) [27] found that
winter was the dominant precipitation season in 51.1% of the Peninsula during the
period 1946-1975 and in 42.7% during the period 1976-2005, whereas the territory
percentage where autumn is the dominant season increased from 10.8% in the first
period to 41.4% during the second 30-year period and spring, on the other hand,
changed from being dominant in 36.1% to only 15.1% of the peninsula.
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About the atmospheric circulation systems that affect precipitation in Spain, itis well
known that over the west, centre and south, precipitation regimes in the Peninsula
are linked to the NAO (North Atlantic Oscillation) in early spring [90] and during the
wettest October-March period [74]. However, other low frequency patterns specific
to the Mediterranean region, like the WeMO (Western Mediterranean Oscillation),
are needed to explain precipitation in the eastern coast (far from the Atlantic influ-
ence) and the eastern half of the Cantabrian coast [74].

In order to analyse the spatial and interannual precipitation variability, the publicly
available analysis daily precipitation gridded dataset IB02 (~ 20 km spatial resolu-
tion) presented by Herrera et al. (2010) [54] and Belo-Pereira et al. (2011) [16] is
used here. Figure 1.3 shows the mean yearly precipitation (I m~2, hereafter mm)
for the period 1950-2007.
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Figure 1.3: Mean yearly precipitation (mm) for the period 1950-2007 in the Iberian
Peninsula. Division of 7 pluviometric regions with different precipitation regimes.

The spatial range of variation is very wide, from around 200 mm in the southeastern
corner (arid and semiarid type B climates) to values over 1500 mm in extended
areas of the north-west and in the Basque Country (region in the western Pyrenees
by the Cantabrian Sea, at the Spanish-French border). This spatial variability makes
it necessary to divide the Iberian Peninsula into different pluviometric regions (as
showed in the map) or river basins (as done in Chapter 7) when hydrological or
climatic studies are carried out.
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Using the highlighted division into pluviometric zones in Figure 1.3, a study of the
interannual variability and wet/dry trends is performed. The zones are:

The

West-North-West zone (WNWZz): 1187 mm mean annual precipitation
North zone (Nz): 990 mm mean annual precipitation

East-North-East zone (ENEZz): 1461 mm mean annual precipitation
Centre zone (Cz): 519 mm mean annual precipitation

South-West zone (SWz): 688 mm mean annual precipitation
South-Centre zone (5Cz): 523 mm mean annual precipitation
South-East zone (SEz): 301 mm mean annual precipitation

next set of plots in Figure 1.4 represent the five year centred rolling average

of the yearly precipitation unitary deviation for the 7 pluviometric zones, as well
as for the whole domain (lberian Peninsula and Balearic Islands) in the last plot.
These plots are very useful to visualize trends of increasing and decreasing annual
precipitation.
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Figure 1.4: Trends of the mean yearly precipitation at the 7 pluviometric zones high-
lighted in Figure 1.3 and for the whole domain (lberian Peninsula and Balearic Is-
lands), from the 5-year centred rolling average of the yearly unitary deviation.

Three main conclusions are drawn from Figure 1.4:

1.

Even though some cycles are repeated in most of the zones, like the increas-
ing trend from 1955 to 1960, the overall behaviour is different for the different
pluviometric zones. Using the correlations between the series, three main pat-
terns are found:

e The northern zone Nz by the Cantabrian Sea has an independent signal,
and its correlation with the rest is around or below 0.5.

e Mediterranean zones EWWz and SEz present a correlation of 0.7 but are
not significantly correlated with the rest.

e Zones WNWz, Cz, SWz and SCz are significantly correlated (values from
0.63 to 0.88) and reflect the main precipitation trends in the Peninsula.
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2. There are marked decreasing trends in every pluviometric zone. Sometimes
they can take as long as 10 years of continuous rainfall decrease, like the
1973-1983 period in the driest zone SEz. These periods may result in severe
droughts. Apart from the Nz, all zones coincide signalling a drought period in
the early 1990s followed by a quick recovery from the middle of the decade.
This makes it a very interesting period to be included in long-term coupled
land-atmosphere modeling studies.

3. The plot averaging data for the whole domain appears much more jagged than
the rest, not reflecting the real behaviour at located regions. This calls for
caution when analysing hydrological processes in the Iberian Peninsula, since
Iberian average data may lead to mistaken conclusions.

1.2.2 Droughts in the Iberian Peninsula

Vast regions of the Iberian Peninsula register yearly precipitation values under 500
mm (Figure 1.3). Moreover, as analysed in Section 1.2.1, the irregularity in time and
space is a main characteristic of the rainfall distribution in the peninsula. Therefore,
frequent drought periods occur. Over the cereal cultivated lands, like the basins
of the rivers Ebro, Tajo, Guadiana and Guadalquivir, droughts are of greater impor-
tance. In addition, when the lack of rainfall comes in hot years, the reductions in
river discharge and groundwater recharge are significantly more important due to
a reduction of the precipitation hydrological efficiency, as the evapotranspiration
from soil and plants increases with respect to temperate years.

A characterization of the Iberian Peninsula through the study of spatial and temporal
variabllity of drougths is important for a proper development of management plans
for risk mitigation. The need to divide the Peninsula into specific regions as well
as the asynchronicity in hydrological patterns between these regions was pointed
out by Vicente-Serrano (2006) and Lorenzo-Lacruz et al. (2013), when they studied
spatio-temporal variability of Iberian droughts using 1910-2000 precipitation series
[112] and 1945-2005 streamflow series [69], respectively.

As was pointed out in Section 1.2.1 and also according to the hydrological report
Libro Blanco del Agua (2010) [6], published by the Spanish Ministery of Natural En-
vironment, the most severe drought in the Iberian Peninsula during the last 60 years
took place in the period 1990/91-1994/95. This drought caused a very important
reduction in the interannual river discharge: 50-70% in the centre and southern
basins discharging to the Atlantic Ocean and 20-40% in the northern and western
Mediterranean basins [6].

The increase in water demands during the last decades, as a consecuence of an
increase in irrigated land, and urban and tourist growth have made the Iberian
Peninsula more vulnerable to droughts [84]. Furthermore, the Mediterranean region,
and especially the Iberian Peninsula, have been recently marked as a hotspot by
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Prudhomme et al. (2013) [92] when they analysed a likely increase in the global
severity of drought occurrence by the end of 21st century, using an ensemble of
global hydrological and climate models.

There is not a commonly accepted definition for droughts [62], but depending on the
system affected and the impacts timescale they can be classified into 4 categories
[116]: meteorological, agricultural, hydrological and socioeconomic. The criteria to
define a drought differ from one public administration to the next, depending on
local experiences. They take into consideration different thresholds of annual pre-
Cipitation registered, longer or shorter periods, relations between water demands
and resources or similarities with historical droughts. However, since groundwater
reservoirs are less affected by lack of precipitation than by river discharge, indi-
cators on the state of groundwater reservoirs are not normally accounted for. In
basins where the connection between the streamflow and the natural discharge
from aquifers (baseflow) is strong, it can be observed how lack of precipitation pe-
riods of 1-3 years (meteorological droughts) are not translated into hydrological
droughts when analysing volumes of water in rivers or wetlands connected to the
aquifers. A different problem altogether appears when the groundwater reservoirs
are used for irrigation of cultivated lands or town water supply due to bad public
planifications.

The groundwater reservoirs role as a mitigator of drought effects is one of the fac-
tors studied in this work (Chapter 6).

1.3 The groundwater link to the land-atmosphere
system

The groundwater interactions with the land-atmosphere system are factors to be
taken into consideration when climate and ecosystem modeling studies are per-
formed. Hence, the inclusion of a dynamic water table as the lower boundary con-
dition of the soil column constitutes an important step to improve the land surface
representation in climate models. There has been a growing interest in the scientific
community to represent goundwater-land-atmospher interactions in recent years at
different spatial and temporal scales. Some such efforts and the key aspects of the
problem are summarized in this section.

1.3.1 The soil moisture link to the atmosphere

Soil moisture is a key player in climate. Evapotranspiration is highly water-limited,
and hence the availability of soil moisture constrains evapotranspiration to the at-
mosphere [39]. Many efforts have been made in the community to address the
climate models sensitivity to land processes and the importance of a consistent
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soil moisture initialization given the lack of measurements [95]. Using the ECMWF
(European Centre for Medium-Range Weather Forecasts) GCM (General Circulation
Model) model, Betts (2004) [17] showed the link between soil moisture and surface
fluxes, running 2 seasonal simulations (wet and dry soil initialization) and obtain-
ing greater precipitation and evapotranspiration in the wet simulation. In a case
study long before that, Beeljars et al. (1996) [15] obtained greater (up to 4 mm
day~1) and closer to observations forecasted precipitation for the July 1993 Missis-
sippi flood with the ECMWF model when initialized with wet soil. Seneviratne et
al. (2006) [105] studied the land-atmosphere coupling in climate models and found
that the increase in interannual summer temperature variability expected over Eu-
rope [50, 100, 113] is mainly due to feedbacks between the land surface and the
atmosphere. Furthermore and affecting the region of interest for the present work,
in Seneviratne et al. (2006b) [104] they found, through analysis of different GCMs
simulations, that the Mediterranean region presents high land-atmosphere coupling.

Regional precipitation recycling constitutes a measurement of the soil moisture link
to the atmosphere and the controlling role of soil moisture and evapotranspiration
fluxes on regional rainfall regimes. Many studies show how a large portion of the
atmospheric moisture is supplied through recycling processes and comes from land
interactions [19-21, 36]. For instance, using Lagrangian back-trajectory methods,
Dirmeyer & Brubaker (2007) [35] obtained a 4.5% average annual precipitation
recycling ratio for all land areas of the globe. In a more recent regional study, also
using a back-trajectory method, Harding et al. (2013) [53] concluded that 60% of
summer evaporated water from irrigated areas in the Ganges basin comes back
through river flow after being recycled as Himalayan rainfall.

Analytical bulk recycling models [36, 99] have been used here in the USC Non-Linear
Physics Group by Rios-Entenza & Miguez-Macho (2013) [93] to analyse, based on
RCM (Regional Circulation Model) WRF (Weather Research and Forecasting) simu-
lations, the spring precipitation peak in the Iberian Peninsula. These authors found
recycling ratios over 20% in some interior areas.

Other studies point out a tendency of land surface models to dry out the soil and
the need of including artificial soil moisture nudging, as discussed by Roads & Betts
(1999) [94] when they compared the NCEP-NCAR (National Centers for Environ-
mental Prediction - National Center for Atmospheric Research, USA) and ECMWF
Reanalysis Surface Water and Energy Budgets for the Mississippi river basin.

This clear soil moisture coupling with atmosphere processes leaves the scientific
community the task of representing correctly land-atmosphere interactions and
storages in climate and climate change simulations.
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1.3.2 The groundwater link to soil moisture and
land-atmosphere fluxes

Soil moisture fields are linked to the groundwater reservoir where the water table
appears relatively shallow, and the water table depth is the main indicator of the
intensity of groundwater-soil coupling. The water table is linked to the unsaturated
zone above by two-way fluxes: the downward gravitational flux and the upward
capillary flux. The net flux is downward in the wet season and some time afterwards,
when groundwater receives recharge, but upward capillary fluxes can dominate in
the dry season if the water table is sufficiently shallow to provide water to meet
evapotranspiration demands.

The water table depth time variability is weak as compared to the surface hydrol-
ogy time variability [42], and hence it might explain partly soil moisture memory.
Soil moisture memory refers to the longer persistence of a dry or wet anomaly in
the soil, as compared to the atmosphere. In turn, if there is high land-atmosphere
coupling, that is, if the conditions of the soil can have a sizeable impact on atmo-
spheric dynamics; then soil moisture memory can translate to weather conditions
and have major implications for seasonal and long-term forecasting. As pointed out
in Section 1.3.1, Seneviratne et al. (2006b) [104] concluded that the Mediterranean
region, a transitional zone between yearlong wet and dry climates, presents high
soil moisture memory and high land-atmosphere coupling. This is mostly due to the
high seasonality of precipitation, with a pronouncedly dry and warm summer and
a wetter and colder winter. Focusing on the Iberian Peninsula, the question of how
much memory can the long timescales of variation of the groundwater induce in soil
moisture is one of the main objectives of research in this work.

Groundwater can be the main source for ecosystem evapotranspiration in water-
limited environments [71], and observational evidences for the groundwater-soil
link have been showed in recent years. Vincke et al. (2008) [114] found positive
feedback between water table fluctuations and soil water content with measure-
ments over a year in a shallow water table (0.8-2 m deep) Scots pine stand in Bel-
gium. More recently, Sutanudjaja et al. [109] (2013) used spaceborne microwave
based soil moisture products to predict groundwater heads in time and space over
Germany with transfer function-noise models, and they reproduced groundwater
head fluctuations reasonably well, especially in shallow water areas where soil mois-
ture dynamics are tightly connected to groundwater head positions. In the Iberian
Peninsula in particular, David et al. (2007) [25] found that during the summer
drought in a plot in southern Portugal, daily soil moisture fluctuations in the top
1 m related to transpiration could be attributed to groundwater via isotopic analy-
sis. These authors estimated that up to 70% of the evapotranspired water had its
origin in groundwater in that area.

Other studies have explicitly included groundwater processes in land and atmo-
sphere modeling during the last decade [9, 66, 67, 78, 82, 83, 88, 119]. Maxwell &
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Miller (2005) [78] obtained results closer to observations in soil moisture fields when
they coupled a groundwater model to the CLM (Community Land Model). Miguez-
Macho et al. (2007) [83] performed a simulation over North America using an initial
version of the coupled groundwater-land surface model LEAFHYDRO for the warm
season of 1997, they found a strong spatial correlation between the distribution of
shallow water table and wet soil and pointed out the double role of the ground-
water reservoir, shifting from being primarily a sink during the wet spring to being
primarily a source for the soil water above during the dry summer.

Following the latter (Miguez-Macho et al. (2007) [83]), a study was published by
Anyah et al. (2008) [9] coupling LEAFHYDRO to the RCM RAMS (Regional Atmo-
spheric Modeling System) where it was shown the link between the groundwa-
ter reservoir and the atmosphere (enhanced evapotranspiration and precipitation),
mostly over the arid west of North America. Yuan et al. (2008) [119] ran a sum-
mer simulation over Asia with the regional climate model RegCM3 that included
a groundwater dynamics implementation; in semiarid regions they found that the
soil got wetter and enhanced evapotranspiration, and that the recycling rate and
precipitation efficiency increased greatly. Leung et al (2010) [66] coupled the RCM
MM5 (Mesoscale Model 5) to a version of the VIC (Variable Infiltration Capacity)
LSM (Land Surface Model) that included groundwater dynamics in order to perform
climatic simulations over the US, and discussed how the change in soil water parti-
tioning between the land surface (0-0.5 m) and the subsurface (0.5-5 m) influence
the partitioning of surface sensible and latent heat, provoking higher evaporative
fraction in summer.

In a recent work by Miguez-Macho & Fan (2012) [82], they addressed the role of
groundwater in the Amazon water cycle using a continental-scale groundwater and
surface water coupled model (LEAF-Hydro-Flood) and found that the groundwater
buffered the dry season soil moisture stress, explaining the well-known observation-
model discrepancy in the Amazon dry season evapotranspiration over regions where
the seasonality is strong and the presence of shallow water table made a difference.

1.3.3 The groundwater link to streamflow

Streams and lakes are connected through two-way water fluxes: the discharge from
groundwater to the streams in gaining streams where the water table is above the
river bed (typical of humid regions), and the water flux infiltrating into the ground-
water from losing streams where the water table is below the river bed (typical of
arid regions) [44]. In gaining streams, the groundwater reservoir may maintain the
stream baseflow during dry seasons. Losing streams feed the groundwater reservoir
during wet seasons, contributing to the groundwater memory during the following
dry seasons. Hence, at a given location that presents a water table fluctuating
around the river bed depth, the local rivers may act as gaining and losing streams,
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depending on the season. A proper representation of such groundwater-streams
connection makes a difference in hydrological and climate studies.

In order to consider this groundwater-streams connection and close continental
hydrological cycles, river routing models are coupled with land surface models.
Decharme et al. (2010) [31] pointed out the potential significance of the groundwa-
ter storage as an uncertainty in simulating continental hydrological systems. Per-
forming global simulations at high (1/12 degrees) and low (1/2 degrees) resolutions
with the global TRIP (Total Runoff Integrated Pathways) river routing model that
includes a groundwater-streams exchanges scheme, Vergnes et al. (2012) [111]
improved the caption of the spatio-temporal variability of the observed discharges
and, particularly over the main rivers of France, the summer baseflow, as compared
to TRIP performances with the groundwater scheme turned off.

More recently, as part of an ongoing collaborative work between the USC Non-Linear
Physics Group and the Rutgers University Department of Environmental Sciences,
Miguez-Macho & Fan (2012b) [81] explicitly evaluated groundwater’s influence on
the Amazon water dynamics using LEAF-Hydro-Flood at 2 km horizontal resolution.
These authors found 4 important factors: 1) groundwater is the main source of
streamflow in the headwater catchments, 2) in the floodplains and depending on
water table depth, there are two-way exchanges between the floodwater and the
groundwater through infiltration in the wet season and groundwater seepage in the
dry season (as a result of lateral groundwater convergence), 3) groundwater sup-
ports wetlands in the Amazon lowlands and valley floors that present persistently
shallow water table, and 4) groundwater buffers surface waters through seasonal
climatic droughts due to its longer timescales.

1.3.4 The importance of a correct representation of ground-
water interactions in the Iberian Peninsula

This work is a contribution to the cited efforts studying the influence of groundwater
dynamics on the water cycle and the land-atmosphere fluxes over the Iberian Penin-
sula during a 10-year period. The Iberian Peninsula is a region of special interest for
a groundwater-land-atmosphere interactions study provided its climatic variability
detailed in Section 1.2. The groundwater’s role is investigated in following chapters
at 3 levels in the Iberian Peninsula:

1. Impact on soil moisture dynamics, spatial variability and long-term memory.

2. Effects on land-atmosphere fluxes through evapotranspiration to the atmo-
sphere.

3. Direct impact on surface waters through the groundwater-streams connection.
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To the USC Non-Linear Physics Group knowledge, there has not been a modeled
study linking groundwater to soil moisture and land-atmosphere interactions in the
Iberian Peninsula. However, the role of the Iberian Peninsula as a source itself for
atmospheric moisture in the warmer periods (and all throughout the year in the
eastern Mediterranean region) has been reported by Gimeno et al. (2010) [49].

Different efforts have addressed the importance of a proper representation of soil
moisture in Iberian regional atmospheric and hydrological modeling. Performing cli-
mate simulations, Jiménez et al. (2011) [57] found up to 20% differences in regional
wind speed in the Iberian Peninsula when changes in soil moisture availability are
considered; in a case study of the 2003 drought, a drier soil (=50% of soil mois-
ture availability), more concordant with real conditions, lead to higher wind speed,
more in agreement with observations. Sédnchez et al. (2010) [98] used in situ soil
moisture measurements (0-1 m deep) to validate a water balance model in a region
of shallow water table depth within the Duero river basin during 2002, finding that
their model (which did not include groundwater interactions) underestimated soil
moisture. The role of groundwater dynamics should be taking into account in this
kind of studies, and may change the soil moisture behaviour at shallow water table
regions.

The groundwater reservoir larger timescales with respect to the atmosphere fenom-
ena connected to it has been observed in the Iberian Peninsula. Groundwater mem-
ory of long past surface episodes was pointed out in the Dofiana National Park
(southwestern Spain, by the Gulf of Cadiz) by Serrano et al. (2008) [106]; they
found higher observed pond hydroperiod (wet phase duration) correlations with last
two years rainfall than with last one year rainfall. Over the upper Guadiana basin,
and according to the Spanish IGME (Spanish Geological and Mining Institute), Mejias
et al. (2012) [80] pointed out how during the hydrological years 2009-2010 and
2010-2011 with rainfall about 50% above the average, the water table recovered
4 m and 8 m, respectively, and during the 2011-2012 hydrologically dry year, the
water table still recovered 2.5 m up to the spring level. This water table level had
not been observed since 1983 in the location [75]. In fact, the recovering of the
several ponds in La Mancha Humeda (Biosphere Reserve in the upper Guadiana
basin) during last dry year 2012 has been reported in Spanish press. The evolution
of the water table levels as a slow response to climatic conditions, keeping memory
of wet periods even when the rainfall stops, shows the importance of groundwa-
ter memory in the Iberian Peninsula and the necessity of including it in modeled
land-atmosphere interaction studies.

Furthermore, understanding the processes and the water cycle behaviour becomes
of major importance for the integrated management of the hydric resources in the
Iberian Peninsula provided the high irrigation withdrawal from wells or directly from
rivers. There has been an spectacular increase over the last four decades in in-
tensive groundwater use for irrigation in most arid and semiarid regions of Spain,
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carried out mainly by modest individual farmers, often with little planning and con-
trol on the part of governmental water authorities [46]. According to the Spanish
Ministry of Natural Environment, 7% of the national territory is irrigated, 67.7% of
this irrigated land uses water that comes from surface runoff and 28.2% (942,244
ha) uses groundwater. Studies included in the report Libro Blanco del Agua (2010)
[6] estimated that the fraction of natural flow that actually runs through the Iberian
rivers after the anthropogenic extractions decreases from north to south, present-
ing significantly low values for the main southern rivers (52% for Guadiana river in
Badajoz, 44% for Guadalquivir river in Alcald del Rio), as illustrated on Figure 1.5.
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Figure 1.5: Percentage of natural flow that actually runs through the Iberian rivers
after human influence; near the river mouth (Guadalquivir, Segura, Jucar, Ebro and
Llobregat) and near the Portugal border (Duero, Tajo and Guadiana).

But the reduction of the natural streamflow is not the only consequence of an in-
tensive groundwater withdrawal. The water table in the upper Guadalentin river
basin aquifer (situated in southestern Spain; legally declared overexploited in 1987
[3]) has dropped by as much as 250 m since the 1960s as a result of the water
extraction through ~ 1000 wells [51]. Researching on the origin of the 2011 Lorca
earthquake that took 9 lives and seriously damaged numerous buildings, Gonzélez
et al. (2012) [51] correlated the elastic response of the crust to removal of this
amount of groundwater with a stress perturbation on the order of a few tens of
kilopascals on the shallow fault patch where the earthquake initiated, inferring that
the stress induced by the groundwater extraction helped trigger the earthquake
and also controlled the final magnitude. The stress released by the earthquake of
about 0.5 to 2 MPa cannot have been caused entirely by water extraction, but water
extraction may have affected how this stress was released [13].






Chapter 2

LEAFHYDRO Land Surface
and Groundwater Model
description

The atmosphere-ecosystem-ocean system acting as a whole in numerical modeling
is a concept that has grown over the decades in the atmospheric modeling com-
munity. Interactions and feedbacks between the atmosphere and underlying soil
and vegetated surfaces were thought once to play a minor role in atmospheric cir-
culations, but the SVAT (Soil-Vegetation-Atmosphere Transfer) schemes employed
in atmospheric models (RCMs and GCMs) have become increasingly more sophisti-
cated since the 1980s. Numerous field and modeling studies demonstrated their
importance in atmospheric circulation for both climate simulations and weather
forecasting in the 1990s [14, 23, 33, 91].

Similarly, in the last decade there has been a growing interest in the community to
include groundwater exchanges with the land-atmosphere system as explained in
Section 1.3. In this context, the LEAFHYDRO Land Surface and Groundwater Model
is presented and described.

The original LEAFHYDRO model was the result of the implementation of a ground-
water dynamics scheme, discussed by Miguez-Macho et al. (2007) [83], into the
SVAT scheme LEAF-2 (Land Ecosystem-Atmosphere Feedback 2). LEAF-2 was pre-
sented by Walko et al. (2000) [115] as the land surface component of the RCM
RAMS!(Regional Atmospheric Modeling System), developed at Colorado State Uni-
versity. LEAF-2 was versioned from the original LEAF model described by Lee (1992)
[63].

LEAFHYDRO is a modeled representation of energy and water storages and vertical
exchanges in the land surface. It includes prognostic equations for soil temperature

Lsee http://rams.atmos.colostate.edu/
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and moisture for multiple layers, vegetation temperature, surface water including
dew and intercepted rainfall, snowcover mass and thermal energy for multiple tem-
porary snow layers, temperature and water vapour mixing ratio of canopy air, water
table depth and river streamflow. Exchange terms in these prognostic equations in-
clude turbulent exchange, heat conduction, water diffusion and percolation in the
snowcover and soil, longwave and shortwave radiative transfer, transpiration, pre-
Cipitation, runoff, groundwater recharge, groundwater-river exchange and ground-
water lateral transport.

LEAFHYDRO can work as an offline land surface model forced by atmospheric fore-
casted, reanalysed or observed fields. However, its very conception as a SVAT
scheme makes it a tool to work coupled with atmospheric models, such as RCM
RAMS or RCM WRF - collaborative work between the NCAR and the USC Non-Linear
Physics Group is ongoing to carry out fully coupled dynamical groundwater-land-
atmosphere climate and weather simulations -. In this coupling with atmospheric
models, LEAFHYDRO offers the ability to represent fine-scale variations in surface
characteristics, since it is computationally inexpensive in comparison to the rep-
resentation of processes in atmospheric models and can work at a higher spatial
resolution [9, 115]. Characteristics such as vegetation type, terrain slope, land use,
bodies of water, soil moisture or water table depth vary considerably over the typi-
cal horizontal scales used in RCMs and GCMs, hence the finer resolution in the SVAT
scheme represent more realistically processes that occur at subgrid scale when us-
ing atmospheric models. Such processes are easily understood, like different veg-
etation responses to soil moisture or radiative fluxes, or accumulation of moisture
in valleys leading to relative drying in neighbour higher zones due to a shallower
water table in the valleys or a quick rainfall runoff from sloping areas.

The energy and water storages and exchanges that LEAFHYDRO resolves are rep-
resented schematically in Figure 2.1. The sketch shows two single model cells that
represent the different reservoirs and fluxes. The reservoirs are atmosphere (A),
canopy air (C), vegetation cover (V), river stream (R), snowcover layers (N), soil lay-
ers (S) and groundwater reservoir (G). In cell 1 there is no snowfall and cell 2 con-
tains no river-groundwater exchange in order to better understand different possible
situations in the model. The local importance of vegetated areas and its associated
fluxes in each cell is determined in the model by the vegetation fractional cover-
age. Fluxes are denoted by terms of the form Fi123, where F stands for flux, the
first subscript indicates whether the flux is water transfer (w), heat transfer (h; by
turbulent exchange, conduction or precipitation) or longwave radiative transfer (r),
and the second and third subscripts denote the source and receptor, respectively,
of the fluxed quantity (g for groundwater, s for soil, n for snow, v for vegetation, ¢
for canopy air, and a for free atmosphere). The flux Fyyc is the sum of water flux
by means of evaporation from surface vegetation moisture to the canopy air, such
as dew or intercepted rain, and water flux actually coming from soil to canopy air
via the vegetation in the form of transpiration. Fluxes are defined in the model as
positive in the direction of the arrows. Possible negative values imply transport in
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Figure 2.1: LEAFHYDRO storage reservoirs and water and energy fluxes sketch.

the opposite direction. Shortwave radiative transfer is represented as the net flux
received by each component of the system under the combined influence of all oth-
ers, rather than as fluxes exchanged between the components (not shown in Figure

2.1).
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In the next sections the main LEAFHYDRO formulation is described. Firstly, Section
2.1 summarizes the main processes resolved by the model as a SVAT scheme (some
calculations have changed since the original LEAF [63, 64] and LEAF-2 [115] formu-
lations), and then Section 2.2 is focussed on the groundwater dynamics scheme
implemented.

2.1 Land surface and soil layers formulation

In this section the methodology used in LEAFHYDRO for the resolved soil crust
and the land surface is summarized, starting from the soil layers and following up
through snow and temporary surface water, vegetation, bare ground, canopy air,
incoming precipitation and radiation.

The methodology used by LEAFHYDRO is simple. First, incoming and outgoing water
and heat fluxes in Figure 2.1 are calculated for each layer and surface represented
by the model. Then, water mass and energy balances after such fluxes are per-
formed in order to prognosticate temperature and moisture values for each layer
and surface.

2.1.1 Soil formulation

LEAFHYDRO resolves the top 4 m of the soil. This 4 m column is divided into 14
layers and the layer thickness increases gradually from 5 cm for the top layer to
50 cm for the deepest layers. The layer configuration in a soil column is showed
in Figure 2.2, where moisture fluxes are upward or downward capillary flux (C) and
downward gravity drain (G).

The parameterization to calculate moisture fluxes within the soil is based on a mul-
tilayer soil model described by Tremback & Kessler (1985) [110], which was itself a
modification of the scheme described by Mahrer & Pileke (1977) [73] and McCumber
& Pielke (1981) [79]. Thus, the water vertical flux between adjacent unsaturated
soil layers Fyss (kg m~2 s~1) combines gravitational drain and capillary flux, and is
given by the Richards’ Equation,

(VW +2)
Fwss = —pwKn——, (2.1)

0z
where py (kg m~3) is the density of liquid water, Kn (m s~1) is the hydraulic con-
ductivity at a given volumetric water content n, ¥ (m) is the soil capillary potential
and z (m) is height.
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Figure 2.2: LEAFHYDRO soil column layers sketch.

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 & Hornberger (1978)
[24] formulation:

2b+3 b
Kn = K¢ (i) W=Us (z) , (2.2)
n

where b is the soil pore-size index and subscript f denotes quantity at saturation.

From a simple water mass balance between incoming and outgoing water fluxes
within each layer, LEAFHYDRO prognosticates the soil water content n of the given
layer.

The soil heat flux between layers Fhss (] m~2 s~1) is then due to the temperature
gradient and the internal energy carried with the moisture flux, and it is given by

oTs
Fhss = —)\; + Fwss (C(Ts + Lig), (2.3)

where A () m~1 s—1 K=1) is the thermal conductivity, Ts (K) is soil temperature, C
() kg=1 K~1) is the specific heat of liquid water and L; () kg~!) is the latent heat
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of fusion. The soil thermal conductivity is calculated using the Johansen’s method
[58]:

A= (Ar—Ad)Ae = Ad, (2.4)

where Ay is the thermal conductivity in saturated state, Aq is the thermal conductiv-
ity in dry state (its value depends on the soil type) and A is a function representing
the influence of the degree of saturation on A: Ae =1+ 0.7log10(n/nys). For frozen
and unfrozen soils, Af is calculated as:

1- - 1-
()\f)frozen = )‘d nf)\;]f fm)\][‘m ()\f)unfrozen = )‘d nf)\{m, (2.5)
where f; is the liquid water mass fraction, A; is the thermal conductivity of liquid
water (A\;=0.57 ] m~1 s71 K=1) and A; is the thermal conductivity of ice (A\; = 2.2 |
m~1s-1 K-1),

Once the heat fluxes between layers have been calculated, an energy balance prog-
nosticates internal energy Qs (] m~3) of moist soil for each soil layer, relative to a
reference state of soil and completely frozen moisture both at 0°C. It is defined by

Qs = st[ClTs + st[ (C[TSC + L([) + CsmsTSC, (2.6)

where Ts. (°C) is soil temperature, f; and f; are the ice and liquid water mass frac-
tions relative to the total water mass in the soil, ms and W¢ are the mass of dry
soil and water, respectively, in kilograms per cubic meter of total volume (including
water, soil and air), C;, C; and Cs () kg~ K=1) are the specific heats of ice, liquid, and
dry soil particles, and Ly () kg~1) is the latent heat of fusion. The use of Qs provides
more information than temperature, as it represents the energy associated not only
with temperature but also with latent heat of fusion. Temperature and liquid versus
ice fraction are diagnosed from Qs, with knowledge of Ws and ms. An increase of
the ice fraction reduces the water flux within the soil provided that the frozen soil
has zero percolation.

2.1.2 Snow and temporary surface water formulation

Snowcover, snow melt, rainwater and temporary streams are included in the defini-
tion of temporary surface water. That is, water that had reached the ground surface
as precipitation but has not yet percolated into the soil or run off to permanent
water bodies, like oceans or rivers.

LEAFHYDRO divides the snowcover into vertical layers depending on the depth of
snow present, up to 3 layers. For each snow layer, the mass W, (kg m~2) and
internal energy Q, (] kg~1) are prognosticated via energy and mass balances.
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In analogy with Equation 2.6, the internal energy of snowcover relative to a refer-
ence state of ice at 0°C is defined by

Qn =fiCiTnc + fi(CiTnc +Lu), (2.7)

where Ty (°C) is the snow layer temperature, f; and f; are the ice and liquid water
mass fractions relative to the total mass of the layer, C; and C; () kg~ K~1) are the
specific heats of ice and liquid water and L; () kg~1) is the latent heat of fusion.

Qn values between zero and L do imply a mixture of ice and liquid at 0°C in the
snowcover, hence f is diagnosed as Qn/Ly. The snowcover layer temperature T, is
also diagnosed from Qp.

The water fluxes between snowcover layers Fwnn (kg m~—2 s~1) and from the bottom
snowcover layer to the soil Fysn (kg m=2 s~1), and their associated heat fluxes Fhnn
() m=2 s71) and Fhsn (] m~2 s~1) are calculated in the model by percolation of liquid
water, as an excess over the layer liquid water holding capacity, and heat diffusion:

e First, the incoming fluxes from the atmosphere to the top snowcover layer are
added to the layer mass and internal energy, and hence the fractional liquid
water content is diagnosed from the internal energy.

e Then, the liquid water exceeding 10% of the ice mass in the layer is percolated
as Fwnn to the next snowcover layer.

e To calculate the heat flux to the next layer LEAFHYDRO uses a downgradient
diffusion relation following Adams & Brown (1973) [7], combination of the sen-
sible heat in the presence of a temperature gradient and the latent heat carried
by the vapour flux from warmer to cooler layers - note that the vapour flux is
neglected because it is typically weak [7] —. The combined diffusion coefficient
Kn () m~1 s~1 K-1) is given by

Kn = (1.093 x 1073)exp(0.028T)fo,, (2.8)

where T, (K) is the snow layer temperature, p, (kg m~3) is the density of the
snowcover layer, and the last factor fp, is a pp dependent function given by
fon =0.03+0.303(ppx1073)=0.177(prx 1073)?+2.25(p, x 1073)3. Additional
heat flux carried by the percolating water must be taken into account, hence
the net heat flux Fupn is given by

oTh
Fhnn = —Kn
0z

- FwnnOn, (2.9)
where Q, is the internal energy of the upper snowcover layer carried with the
moisture flux.

e The mass and energy values are then updated in the layer and the process is
repeated for the layer below.
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e For the lowest snowcover layer, the percolating liquid water into the soil Fysn
is limited by the top soil layer capacity to accept surface water before reaching
saturation, and water exceeding this limit flows surface runoff. The net heat
flux Fhsn is calculated as

oT
Fhsn = —0.5(Kn +)\)E - FwsnOn. (2.10)

After the snowcover fluxes have been calculated and mass and energy layer values
have been updated, the temporary surface water parameterization follows and ad-
justment procedure described by Walko et al. (2000) [115] to keep the total snow-
cover layers number and individual snowcover layer thickness within prescribed
bounds. This adjustment assures that no snowcover layer is to become too thin
for stable numerical computation and, in order to well resolve the snowcover, the
total number of snowcover layers is to increase when mass is added to snowcover
if allowed by numerical computation stability up to 3 snowcover layers. Only if the
snowcover contains some ice, multiple snowcover layers will be used. If so little
snowcover exists that prognosis of its internal energy by explicit time differenc-
ing may be computationally unstable (in which case snowcover resides in a single
layer), an implicit computation is done instead in which the snowcover and top soil
layer are brought into thermal equilibrium.

2.1.3 Surface vegetation formulation

When there is vegetation on the surface and it is not cover by snow, the water and
heat exchanges between vegetation and the surrounding canopy air parameteriza-
tion is based on Avissar et al. (1985) [11].

The specific humidity at the leaf-surface interface gvc (kg kg™1) is calculated as

IveQvs +rstqc
Que=——""7"—"7"—, (2.11)
Ive + Ist

where g (kg kg~1) is the saturated specific humidity at the vegetation surface and
gc (kg kg~1) is the specific humidity of the canopy air surrounding vegetation. The
vegetation-canopy resistance ryc (s m~1) is calculated as a function of the vegeta-
tion leaf area index (LAI) and the friction velocity ux by

1+ 0.55LAI
I’VC = ’ (212)
0.014/116.6u«
whereas the stomatal resistance rst (s m~1) is defined as
Cet .
Fot Stmin (2.13)

" fafrfvfcfe’
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where rst,,,, is the minimal stomatal resistance for a given vegetation type and
occurs when the stomata are completely opened. Each f; function quantifies the
influence of a specific environmental factor upon the resistance (R stands for solar
global radiation, T for leaf temperature, V for vapour pressure difference between
leaf and the surrounding air, C for ambient atmospheric carbon dioxide concentra-
tion and W for soil water potential in the root zone), and is given by

1

i = , 2.14
d 1+ exp[—=Si(Xi— Xbi)] ( )

where the subscript i refers to the environmental factor, X; is the intensity of the
factor i, Xp; is the value of X; at f; = 0.5, and S; is the slope of the curve at this point
[12]. This stomatal resistance rs; is limited by a variable lower threshold that cor-
responds to the maximum possible transpiration given the present atmospherical
conditions.

The heat flux from vegetation to canopy air Fhve () m=2 s~1) is calculated from the
temperature difference and the resistance ry, as

2.2LAIC,pa(Tc — Tv)

Fhve=— (2.15)

I've

where LAI is again the dimensionless vegetation leaf area index, Cp () kg=1K=1) is
the specific heat capacity of air, pq (kg m~3) is the density of the air, and T¢ and Ty
(K) are the canopy air and vegetation temperatures, respectively.

Similarly, the water flux between vegetation and canopy air Fyvc (kg m=2 s71) is

calculated from the humidity difference as

2.2LAIopq(qc — qvf)

Ive

(2.16)

Fwve=—

where g (kg kg~1) is the canopy air specific humidity, qvr (kg kg~1) is the vegeta-
tion specific humidity at saturation. o is a factor of the exchanged water that comes
from the vegetated surface, depending on the available water at the leaf surface,
as

wy \2/3
o= (—) , (2.17)
0.22LAI

where wy is the vegetated surface water content. w, has an upper threshold of
0.22LAIfy due to the shedding of moisture excess, and therefore o is limited be-
tween 0 and f5/3, where fy is the vegetation fractional coverage.

The moisture exchange that transpirates through vegetation is given by
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2.2LAI(1 - 0)pa(qc — qvf)
I've + I'st .

(2.18)

FWVCtransp =-

The transpiration is taken from the moistest level in the root zone. Transpiration is
limited between zero, when the canopy air is moister than the vegetation specific
humidity at saturation, and the water available in the root zone.

2.1.4 Surface bare ground formulation

For the ground-canopy fluxes calculation, the formulation that LEAFHYDRO uses
has been adopted from CLM (Community Land Model), which is the SVAT scheme
developed by the NCAR Earth System Laboratory.

The formulation, similar to the described canopy-vegetation methodology, makes
use of aerodynamic resistances to sensible heat transfer ,rgn, and to water vapour
transfer, rqw, between the soil and the surrounding air, given by

6q — 69 qa— Qg
Faw = ,
OxUsx qxUx

Fah = (2.19)

where 6 (K) is potential temperature, g (kg kg~1) is specific humidity, the subscripts
a and g stand for atmosphere and ground surface, respectively, ux (m s~1) is the
friction velocity, 6« (K) is temperature scale and g« (kg kg~1) is humidity scale. The
profile terms (64 — 64)/6« and (ga — gg¢)/q« are calculated using the Monin-Obukov
similarity theory [121].

The heat flux between the soil surface and the surrounding air Fpsc (] m=2 s71) is
then calculated as

Co(Tc—T,
Fhsc = —w, (2.20)
rah

where T4 (K) is the temperature at the soil/snow surface (taken as the top soil/snow
layer temperature).

The water flux between the soil surface and the surrounding air Fysc (kg m=2 s~1)
is given by

Pa(qc — gsre)
Fwsc = —M, (2.21)
Faw + I'sc

where gsfe (kg kg~1) is the effective saturation specific humidity of the soil surface
and rsc (m s~1) is the soil-canopy water flux resistance.
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Following Lee & Pielke (1992) [55], gsfe is computed from the specific humidity of
the soil surface at saturation gsf (kg kg~1) and the specific humidity of the canopy
air gc (kg kg=1), as

9% ) Bass + (1 —PB)qc (2.22)
RwTy '

Qsfe = €Xp (

where g (m s~2) is acceleration due to gravity, Wy (m) is the soil water potential at
the ground surface, Ry, (J kg~! K=1) is the gas constant for water vapour and 8 is a
surface wetness function, given by

1 2
—|1-cos E11 Nns<n
B=1 4 Nfe <= e, (2.23)
1 Ns 2 Nfc

where ns (m3 m~3) is the volumetric soil water content and ng (m® m=3) is the
volumetric soil water content at field capacity.

The soil-canopy resistance rsc in Equation 2.21 calculation is based on Sellers et al.
(1986) [102], as

rsc = (1 —fn)exp(8.206 — 4.255ws), (2.24)

where f, is the snow fraction in the cell and ws is the dimensionless surface soil
wetness defined as ws = (wi/p(+ wi/p)/(Zs-topNsf). Here, w (kg m~2) is the water
content, p (kg m~3) is density, the subscripts [ and i stand for liquid water and ice,
respectively, zs_top (M) is the depth of the top soil layer, and ns¢ (m3 m~3) is the
volumetric soil water content at saturation.

The ground dew/frost formation Fgew (kg m~2 s~1) is based on the saturation value

of specific humidity at the soil surface temperature qs¢, as

Pa(qc —Qgsf)
Faw + I'sc .

2.1.5 Canopy-atmosphere fluxes

LEAFHYDRO calculates the sensible heat H (| m~2 s~1) and evapotranspiration ET
(kg m~2 s~1) to the atmosphere as:
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Here, the temperature scale 6«, humidity scale g« and friction velocity ux are com-
puted from the surface layer similarity theory as Louis et al. (1981) [70, 115], using
the canopy air values of humidity and temperature (calculated from surface bal-
ances as detailed further on in Section 2.1.8) and atmospheric values of humidity,
temperature and wind. The atmospheric variables may come from an atmospheric
model if LEAFHYDRO works as the land surface scheme coupled to an atmospheric
model, or from the forcing data variables if LEAFHYDRO works offline (see Section
3.3 for a description of the atmospheric forcing).

Note that the H and E fluxes are referred to in Figure 2.1 as Fpeq and Fycq, respec-
tively.

2.1.6 Precipitation fluxes

LEAFHYDRO recieves moisture and energy fluxes from precipitation of hydromete-
ors, either produced by the physical parameterizations in the coupled atmospheric
model or introduced as precipitation forcing when it works offline.

The precipitation fluxes are then partitioned between vegetation and surface water
components with use of the vegetation fractional coverage. Vegetation intercepted
precipitation may then exceed the maximum water content that the vegetation
can hold, in this case the exceeded water is brought to thermal equilibrium with
vegetation by heat transfer and then shed from vegetation to be treated as surface
water.

The surface water then may form temporary surface snowcover layers, when the
atmospheric conditions allow it, or percolate into the soil if the top soil layer water
content has not reached the soil capacity. If after percolation there is still precipi-
tated water on the surface, it flows as surface runoff.

2.1.7 Radiative fluxes

As explained for precipitation fluxes, longwave and shortwave radiation fluxes that
reach the surface are introduced into the LEAFHYDRO system either from the atmo-
spheric model coupled to it or as external forcing when working offline.

Longwave radiation is emitted to the atmosphere or to the next reaching surface,
absorbed, and reflected by vegetation, snowcover, soil and permanent water bod-
ies. Snowcover, even when shallow, acts nearly as a blackbody to longwave ra-
diation. Hence, when snowcover is present, the top snow layer replaces the top
soil layer as a radiating and absorbing surface. Soil and vegetation likewise have
high emissivities and low reflectivities, and LEAFHYDRO hence makes the assump-
tion that multiple longwave reflections do not occur; once-reflected radiation is as-
sumed to be fully absorbed by the receiving surface. Then, defining R;j () m=2 s71)
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as downward longwave radiation flux at the bottom of the atmosphere, the long-
wave radiation emitted by vegetation R, and by the top soil layer Ry, (J m~2 s~1),
and the absorbed radiation L (] m~2 s~1) by vegetation, the top soil layer and the
atmosphere are given, respectively, by

Ri, =€voT, Ry, = €s0T? (2.27)
Lav =Ry Flay+ (1 -T)(1 -as)] (2.28)
Lsy =Ri,Tay (2.29)

Las =Ry} (1 —Nas (2.30)

Lvs =R, las (2.31)
Lva=R.,T(2-as—T+Tes) (2.32)
Lsa =R (1-T), (2.33)

where € is emissivity, o (] m=2 K4 s~1) is the Stefan-Boltzmann constant, T (K)
is temperature, I is the non-covered by snow vegetation fractional coverage, a is
absorptivity and the subscripts v, s and a refer to vegetation, soil top layer and
atmosphere, respectively. For the longwave absorbed radiation L, the first subscript
indicates the emitting body and the second subscript indicates the receiving sur-
face.

Shortwave solar radiation can penetrate to considerable depths into snowcover, and
hence LEAFHYDRO considers the transmissivity of each snow layer. However, veg-
etation is assumed to be opaque. Defining Rs; () m~2 s~!) as downward shortwave
radiation flux at the bottom of the atmosphere, the net shortwave radiation S () m—2
s~1) received by vegetation v, snowcover layer n; and the top soil layer s are given,
respectively, by

Spni=Rs1 (1 =TM)(1-0an)(1—Tnh+ Thas)fi (2.35)
Ss=Rsi(1-T)(1-an)ta(l—as), (2.36)

where ay, an and as are vegetation albedo, net albedo from all snow layers and
soil albedo, respectively, I' is again the non-covered by snow vegetation fractional
coverage, Tp is net transmissivity of all snow layers and f; is the fraction of total
radiation absorbed by snow that is absorbed by layer i.

The profile f; is evaluated from the profile of transmissivities T, of each snowcover
layer, which is a function of many factors including snow layer depth, density, snow
grain size, and liquid water content. For simplicity, LEAFHYDRO parameterizes the
snhow layer ( transmissivity as
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Tn; = exp(—€Dp,), (2.37)

where Dp; (m) is snowcover depth of layer i and € (m~1) is an extinction coefficient.
€ is set to 20 m~1, based on an average value given in de Quervain (1973) [28].

2.1.8 Surface balances

After all surface water and heat fluxes have been calculated as explained in previous
sections, LEAFHYDRO prognosticates surface values of temperature and humidity
from heat and water mass balances.

The vegetation temperature Ty is prognosticated from the heat balance at the veg-
etation surface between incoming and outgoing radiative, heat and moisture fluxes,
given by

aTy
va =Sv+Lav+Lsv —Lvs —Lva — Fhve — (Fwvce + vactmnsp)le, (2.38)

where Cy () m—2 K~1) is the effective heat capacity of vegetation, Ly () kg~1) is the
water latent heat of vaporization and the rest of terms are heat and water fluxes
from Sections 2.1.3 and 2.1.7.

The prognosis of canopy air temperature T, (K) is carried out through a heat balance
in the canopy air between the outgoing sensible heat to the atmosphere and the
incoming fluxes from the ground surface and vegetation, as

oT¢
C5¥=Fhsc+Fhvc—H, (239)

where C¢ () m=2 K~1) is the effective heat capacity of canopy air and the rest of
terms are heat fluxes from Sections 2.1.3, 2.1.4 and 2.1.5.

And similarly, the water mass balance in the canopy air that LEAFHYDRO carries out
to prognosticate the canopy air specific humidity g¢ (kg kg=1), is given by

9qc
ch = Fwgc — Fdew + Fwvc + Fwvciransy — ET, (2.40)

where W, (kg m~2) is the moisture capacity of canopy air and the rest of terms are
water fluxes from Sections 2.1.3, 2.1.4 and 2.1.5.
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2.2 Dynamic groundwater scheme

The LEAFHYDRO dynamic groundwater scheme was first presented by Miguez-Macho
et al. (2007) [83]. The concepts that the scheme is based on are the dynamical be-
haviour of the groundwater reservoir and its interactions with the land-atmosphere
system. There are three main interactions represented by the model:

1. Groundwater recharge: Water flux between the groundwater reservoir and
the soil. Depending on the soil wetness and the atmosphere demands, the
recharge can be downwards, causing the water table to rise, or upwards, caus-
ing the water table to deepen.

2. Lateral groundwater flow: Water flux to or from neighbour cells within the sat-
urated groundwater reservoir. This flux is governed by topography and the
water table head elevation in the cells.

3. Groundwater-streams exchange: It can occur as groundwater discharge (sub-
surface runoff) into the streams when the water table head is above the river
bed, maintaining the streams baseflow, or as river infiltration to the ground-
water reservoir when the water table head is below the river bed, leaving the
streams baseflow to be maintained by surface runoff and upstream inflow.

cell elevation 2

cell elevation 1
WVwth2
cell elevation 3
Wwth1 RTQI

Wwth3 / Q,

Q

s
CELL 3 CELL 1 CELL 2

MEAN SEA LEVEL

Figure 2.3: LEAFHYDRO groundwater balance in a model cell (cell 1).

Hence, the mass balance of the dynamic groundwater reservoir in a LEAFHYDRO
cell is given by
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dSg 8
—— = AxAyR + -0, 241
i YR+ . 0n—0; (2.41)

n=1

where Sg (m3) is the groundwater storage in a model column, AxAy (m2) is the
horizontal resolution of the model, R (m s~1) is the groundwater recharge, Q, (m3
s~1) is the lateral flow from or to the nth neighbour model cell, and Q, (m3 s1)
is the groundwater-streams exchange. Fluxes in Equation 2.41 are assumed to be
positive when incoming the groundwater reservoir and negative when outgoing.

Figure 2.3 represent the groundwater balance in a model cell (cell 1). All water
fluxes represented by arrows in Figure 2.3 are referred to cell 1, the flux Q3 is an
incoming flux from the neighbour cell 2 with a higher water table head (wth2), and
the flux Qs is an outgoing flux towards the neighbour cell 3, which presents a lower
water table head (wth3).

2.2.1 Groundwater recharge formulation

The range of water table depths in extended regions with significant topographic
and climatic variabilities (as in the case of the Iberian Peninsula) is very wide.
Hence, a numerical column soil-groundwater model has to find a balance between
the need to resolve the upper most dynamic portion of the soil column and the con-
venience of resolving the column down as deep as the water table marks for the
calculation of the groundwater recharge. Since resolving Equation 2.1 to calculate
the moisture flux within the soil over as many layers as the water table may re-
quire could be computationally unfeasible, LEAFHYDRO calculates the groundwater
recharge in two different ways, depending on whether the water table is within the
top-4 metres of the soil column (scenario A in Figure 2.4) or below the resolved top-4
metres (scenario B in Figure 2.4), as discussed in Miguez-Macho et al. (2007) [83].

Under scenario A conditions (left graph in Figure 2.4), the model first diagnoses the
water table position, assuming that it is contained within the same soil layer where
it was in the previous timestep. To do so, the soil water content in the unsaturated
portion of the layer containing the water table (layer 1) is obtained assuming that
there is equilibrium (no vertical water flux) between two saturated layers. Hence,
the flux between layer 1 and the layer below (layer 2) is zero, and then setting Fy/ss
to 0 in Equation 2.1 leads to

oV +2) B

o, or U, —Yy =2, — 75, (2.42)
0z

where W (m) is soil capillary potential and z (m) is height, evaluated in the layers
referred to by subscripts 1 and 2. Applying the relationship between W and n in
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SCENARIO A SCENARIO B
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Figure 2.4: LEAFHYDRO double scenario to calculate groundwater recharge.

Equation 2.2 to Equation 2.42, and provided that layer 2 is saturated, the equilib-
rium water content in the unsaturated portion of layer 1 neq, (m3 m~3) is obtained
as

LIJ l/bl
f ) . (2.43)

Neq1 = 1f (m

Then, assuming even distribution of total soil water in the layer, the layer 1 soil
water content n; that the model calculated in the soil fluxes routine as described in
Section 2.1.1, can be expressed as



34 Chapter 2

hi1 — wtd wtd — hy (2.44)
= — |+ — . :
N1 =nNeq; h1— hs nn h1 - hy

where wtd (m) is the water table depth, h1 (m) is the head of layer 1 height and h;
(m) is the head of layer 2 height. Now, from Equation 2.44, the water table depth is
diagnosed as

hy — hi + hi1—h
Wtd:nfl 2 —Negyh1 +n1(h1 = h2) (2.45)

N — Neq:

And finally, knowing the water table fall or rise Awt (m s~1) as the difference be-
tween the new wtd calculated in Equation 2.45 and the previous depth, the model
calculates the groundwater recharge R (m s~1) as the water amount necessary to fill
or drain the pore space between saturation and present equilibrium water content
in the unsaturated portion of the layer after the water table movement, as

R = Awt(ng — Neq,)- (2.46)

This approach to diagnose the water table depth allows a smooth evolution, since
the water table may appear in between the model soil layers. If the soil water con-
tent n1 from the soil fluxes routine is the saturation value ng, layer 1 is already
saturated, hence the water table is taken up to the layer above, where the calcula-
tions just described for the diagnosis of its depth wtd and the groundwater recharge
R are carried out. On the other hand, if n; is lower than the equilibrium value neq,,
the water table is taken down to layer 2, where the water table depth and recharge
calculations are done.

Under scenario B conditions (right graph in Figure 2.4), the water table depth ap-
pears below the 4 metres soil crust resolved by the model. A bottom layer (darker
brown layer in Figure 2.4) is added that extends from 4 m deep to the water table
position, centred in point C. This is a virtual layer, of variable thickness in space
and time. Since it can be much thicker than the layer above (problematic for finite
difference schemes), an auxiliary layer is added which contains point B (defined by
a dashed line in Figure 2.4). This auxiliary layer has equal thickness as the layer
above which contains point A (deepest layer resolved by the model).

The water content of point B is initially obtained by linear interpolation between A
and C (water content in the virtual layer containing C is part of the model initializa-
tion). Given water content at A and B, the flux between the two can be calculated.
In the same manner, an auxiliary layer is added below the water table, containing
point D and with equal thickness as the layer containing C. The water content gradi-
ent between C and D (layer containing D is saturated) determines the flux between
the two, which is the groundwater recharge R. Knowing the fluxes above and be-
low, the new water content n¢ of the layer containing C can be determined by mass
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balance. The change in water content in the virtual layer is added to or taken away
from the groundwater reservoir as Awt, calculated similarly to Equation 2.46 from
the groundwater recharge as

R
Awt= ——, (2.47)
nfdeep —nNc

where Nfyee, (m3 m~3) is the saturation soil water content for the soil at the water
table position depth.

2.2.2 Groundwater lateral flow formulation

The methodology for the calculation of the lateral flow within the saturated ground-
water reservoir carried out in LEAFHYDRO was discussed by Fan et al. (2007) [42].
Applying Darcy’s Law, the water flux from the nth neighbour into a model cell (pos-
itive), or from a model cell into the nth neighbour (negative), is given by

wtd, — wtd
Qn=cT — ) (2.48)

where ¢ (m) is the flow cross-section connecting the cells, T (m2 s~1) is the flow
transmissivity between the cells, wtd and wtd, (m) are the water table depths or
positions for the centre cell and the nth neighbour cell, respectively, and [ (m) is
the distance between cells, which is taken as [ = Ax along x and y directions or as
[ = v/2Ax along the diagonal (note that Ax = Ay).

Under the assumption of equal width of flow for all 8 directions, and provided that
Ax = Ay in the model, the flow cross-section c is taken as ¢ = Ax\/W(n/S),
which is the length of the sides of a regular octagon of the same area of a model
cell (see Figure 6b-c in Fan et al. (2007) [42]).

The flow transmisivity T is calculated as

[o0)
T=J K.,dz’, (2.49)
—wtd

where K, (m s~1) is the lateral hydraulic conductivity at saturation and z’ (m) is
vertical downwards direction.

Given the lack of observations for this lateral hydraulic conductivity at saturation,
the model uses the anisotropy ratio a, that relates K;; with the hydraulic vertical
conductivity at saturation Kv; as a = Ki/Ky;. The values taken for the anisotropy
ratio a are well within the range observed in nature and based on the clay content
of the soil [42]. But available data for vertical hydraulic conductivity only covers the
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top soil metres, hence continental and regional scale groundwater modeling needs
to make assumptions on the vertical distribution of hydraulic conductivity. Expo-
nential decrease with depth is commonly assumed for hydrological model over the
scales of metres, Decharme et al. (2006) [32] found Ky, to improve its performance
using an exponential profile for discharge simulations over the Rhéne Basin with the
LSM ISBA (Interaction Soil-Biosphere-Atmosphere). LEAFHYDRO uses available data
for Ky, up to 1.5 m deep and assumes exponential decrease downwards, in the form

Kv; = Koexp (_ZF) (2.50)

where Ko (m s71) is the known value at 1.5 m deep, z’ (m) is the depht below 1.5
m and f (m) is the e-folding depth, discussed later.

Hence, using the anisotropy ratio and the vertical profile for hydraulic conductivity,
the flow transmissivity T has to be calculated from Equation 2.49 under the two
possible scenarios showed in Figure 2.5.

SCENARIO A SCENARIO B
LAND SURFACE Ky PROFILE LAND SURFACE
ra
'V WATER TABLE ; _“x ;
_ g g 3
=
=}
_________ | ¥ ______________"KO I .

dz' T
Kve =K, exp (-z/f)

'V WATER TABLE

Figure 2.5: LEAFHYDRO double scenario to calculate groundwater lateral flow.

Under scenario A, the water table appears above 1.5 deep, and the flow transmis-
sivity is calculated from Equation 2.49 as
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[o2] /

z
Ta = aKoAz+J aKpexp (—F) dz’ = aKoAz + aKof, (2.51)

0

where Az (m) is the distance between the water table and 1.5 m deep, and the
origin of coordinates for the z’ direction is situated at 1.5 m deep.

Under scenario B, the water table appears below 1.5 m deep, thus T is given by

(o) / d
T = f aKoexp (—Z?) dz’ = aKofexp (—J;) , (2.52)

d

where d (m) is the positive distance between the water table position and 1.5 m
deep, as d = —wtd — 1.5.

The e-folding depth f (m) reflects the sediment-bedrock profile at a location. Itis a
complex function of climate, geology and biota, but the balance depends strongly
on terrain slope. As a first order approximation to capture features of the water
table depth distribution along an area as large as the Iberian Peninsula, LEAFHYDRO
calculates f as a function of the terrain slope. Thorough calibration of f was carried
out by Fan et al. (2007) [42] to best reproduce more than 567,000 water table depth
observations across North America. For this work, LEAFHYDRO uses a function for f
that depends on terrain slope 8 as

75

I= 11508

(2.53)

The f depth value is limited to 4 m when 8> 0.118.

In order to ensure that flow from the considered cell to the neighbour is the same
as from the neighbour to the considered cell under the same hydraulic potential,
LEAFHYDRO calculates T for both cells involved and uses the average of the two.

2.2.3 Groundwater-streams exchange formulation: Gaining
and losing streams

For the calculation of the groundwater-streams flux, LEAFHYDRO distinguishes be-
tween gaining streams, when the water table is above the riverbed elevation and
feeds the streams, and losing streams, when the water table is below the river ele-
vation and the streams drain water towards the groundwater reservoir. The sketch
in Figure 2.6 shows the two possible modes in nature (left) and its modeled rep-
resentation in LEAFHYDRO (right). Given the dynamic nature of the water table,
the same cell can work as a losing or as a gaining stream under different climatic
conditions, depending on the water table position.
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Figure 2.6: Gaining and losing streams sketch. Representation of the cases in nature
(left) and in LEAFHYDRO (right).

For gaining streams, the groundwater flux into the stream in a given area depends
on the positive elevation difference between the water table and the river stage,
the hydraulic connection between the river and the groundwater reservoir through
the river bed, and the contact area. Since the LEAFHYDRO resolution is too coarse
for explicitly represent the individual channels in the domain (as is typically the res-
olution atmospheric models hydraulic schemes), the channels in a cell are treated
as an individual stream of averaged parameters. Hence, applying Darcy‘s Law for
each cell, the groundwater-streams flow Q, (m3 s~1) is given by

-
Qr = (b—';) (vir Y) (wth - 7p), (2.54)

where Krp (m s~1) is the mean river bed hydraulic conductivity in the cell, brp (M)
is the mean thickness of river bed sediments in the cell, w, (m) is the mean river

NI

-N|
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width within the cell, L, (m) is the length of individual channels in the cell (the river
depth is neglected for the calculation of contact area), wth (m) is the water table
head in the cell (as wth = z+ wtd, where z (m) is the cell elevation and wtd (m) is
the water table depth), and z; (m) is the mean river elevation in the cell.

Combining the first to parenthesis in the right side of Equation 2.54, the river con-
ductance RC (m? s~1) is obtained. RC is a parameter commonly referred to in
groundwater modeling literature, defined as

_ K_rb Wr Z Ly
brp

RC (2.55)

However, given the lack of observations in the Iberian Peninsula for detailed river
bed sediments data, RC needs to be parameterized. Such parameterization consists
in a two parts representation of RC; an equilibrium part, and a dynamic part that
depends on the water table deviation from equilibrium at the time, as

RC =ERC: F(wtd — ewtd), (2.56)

where ERC (m2 s~1) is the equilibrium river conductance, F is a function discussed
later, wtd (m) is again water table depth and ewtd (m) is equilibrium water table
depth (wtd initialization). The use of a dynamic river conductance was proposed in
Miguez-Macho et al. (2007) [83] and is justified by the dynamics of the groundwater-
streams contact area [29, 30].

The equilibrium part of the river conductance, ERC, represents the hydraulic con-
nection between the streams in a cell and the groundwater reservoir in the long-
term river channel evolution. Hence, ERC is linked to the equilibrium water table,
calculated for the Iberian Peninsula, following Fan et al.(2007) [42] methodology, by
Gestal-Souto et al. (2010) [47], and the long-term recharge. Both these long-term
fields are discussed in more detail in following Chapter 3 (Section 3.2.2). Setting an
equilibrium long-term hydraulic situation, the left side of Equation 2.41 vanishes,
leaving the groundwater-streams exchange to balance recharge and lateral ground-
water convergence, as

8
Qr=AxAyR+ ) Qn. (2.57)
n=1

Applying Equations 2.54 and 2.55, and replacing RC, wtd and R with the long-term
equilibrium values in Equation 2.57, ERC (m? s~1) is calculated as

8
AXAyRe+38 . 0
ERC = YTl 2”_—1 " (2.58)
ewtd — z,
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where R (m s~1) is the climatic long-term groundwater recharge, ewtd (m) is the
equilibrium water table depth, and the lateral flow to or from the neighbours Q, (m3
s~1) is calculated from ewtd as discussed in previous Section 2.2.2.

The dynamic par of the river conductance, F(wtd — ewtd), represents the RC devi-
ation from equilibrium as a response to the channels expansions and contractions
caused by seasonal hydrological changes. Based on an observational study in llli-
nois (USA) on the connection between the different water cycle factors, such as
groundwater reservoir and river flow, by Eltahir & Yeh (1999) [37], and on the need
to include a function of the river valley morphology given the river channel dynam-
ics dependence on valley profiles [29, 30], Miguez-Macho et al. (2007) [83] hypoth-
esized an exponential function dependant on terrain slope for the RC response to
water table deviations from equilibrium. These authors found that it reproduced
reasonably well observed river flow over North America. Hence, the dynamic part
of the river conductance is given by

F(wtd — ewtd) = exp[a(wtd — ewtd)], (2.59)

where a = 0 in steep terrain, since the channels have little room to grow and the
dynamic part of RC vanishes, and a =1 where the terrain slope B satisfies 8 < 0.2.

For losing streams, the groundwater-streams flow Q, (m3 s~1) is downwards, feed-
ing the groundwater storage. Applying Darcy’s Law, the distance of flow (river bed
thickness for the case of gaining streams in Equation 2.54) is the same as the water
table - riverbed elevation difference (third parenthesis in Equation 2.54, only for los-
ing streams such difference have negative sign provided that wth < z;), and hence
these factors cancel out one another, leaving the flux calculation to be given by

Qr = —KrbWir L. (2.60)

Therefore, the losing stream flux Q, in the model is not dependant on the water table
position, but on the groundwater-streams hydraulic connection. Again river bed
sediments data are not available. However, Ky is approximated by the hydraulic
conductivity for the loamy sand soil class: Krp ~ 1.563 x 10~* ms~1, and the river
stream parameters W, and Y.L, used here, as well as the mean riverbed elevation
in the cell Zz, in Equations 2.54 and 2.58, are calculated in the domain cells for
initialization as detailed in following Chapter 3 (Section 3.2.4).

2.3 River flow scheme

LEAFHYDRO closes the water cycle resolving the streamflow discharging through the
river channels in the model domain and ultimately to the ocean. The streamflow g
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(m3 s~1) is calculated as

Ss

=22 2.61
K ( )

q

where Ss (m3) is the surface water storage and Ks (s) is the residence time for the
surface water in the cell.

The surface water storage is calculated from a mass balance every river scheme
timestep, as

dSs

m
E=oh+or+os+n§1on—oo, (2.62)

where Qn (m3 s71) is the hillslope overland runoff given from the temporary surface
water routine, Q, (m3 s~1) is the groundwater-streams exchange flux, Qs (m3 s—1)
is water springing out when the water table reaches the surface, Q, (m3 s™1) is the
river inflow from the nth neighbour cell, m is the number of neighbour cells sloping
down to the given cell, and Qg (m3 s~1) is the river outflow from the given cell to
the neighbour cell where it flows to.

Figure 2.7 shows a typical river or stream in nature (left) and the schematic repre-
sentation in the model (right). In the model representation, all water fluxes repre-
sented by arrows are referred to cell 1, which has two neighbour cells, one to the
right driving the streamflow Q, towards it, and the other to the left receiving the
streamflow Qg from it once the surface water have been updated by the rest of
fluxes in Equation 2.62.

— Qn
E—
Q,
V wth
CELL1
IEERiver

Figure 2.7: Typical river in nature (left) and its representation with the surface water
balance fluxes in LEAFHYDRO (right).
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The residence time Ks (s) for the surface water is calculated as

L
Ks = v’ (2.63)
where L (m) is the stream length in the cell and V (m s~1) is the velocity of flow in
the cell. LEAFHYDRO calculates V using the Gauckler-Manning formula [22]:

1.
v=_RrR,3/s, (2.64)
n

where n is the dimensionless roughness Gauckler-Manning coefficient (set to the
typical value n = 0.03), Ry (m) is the mean hydraulic radius of the cell, and s;
(dimensionless) is the mean river channel slope in the cell. The mean hydraulic
radius Rp is a measure of the channel flow efficiency, defined as Ry, = An/Ph, where
Ap (m?2) is the mean cross sectional area of flow and P, (m) is the mean wetted
perimeter of the cross sectional area of flow.

LEAFHYDRO assumes rectangular channel cross section, therefore A, is given by
Ap = wpdp and Pj is given by P, = 2dn + Wh, where wp (m) is the mean river
channel width in the cell and dh (m) is the mean river channel depth in the cell.

Geometry stream parameters at the model resolution, such as stream length, mean
river channel width, mean river channel slope and flow direction, necessary to de-
termine the neighbour cell the stream is flowing to, are determined from a public
higher resolution database as detailed in Section 3.2.4. The mean river depth dj, is
dynamically calculated as

dp = —. (2.65)
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LEAFHYDRO simulation
settings. Initial conditions
and forcings

3.1 10-year simulations

LEAFHYDRO is used to investigate the role of groundwater dynamics in the Iberian
Peninsula soil moisture fields and land-atmosphere fluxes over a 10-year period sim-
ulation. The simulation will be referred to hereafter as WT (Water-Table) simulation.
In addition, to help isolate the role of the groundwater, another simulation is per-
formed with the groundwater scheme switched off. This second simulation will be
referred to hereafter as FD (Free-Drain) simulation.

The FD simulation uses the commonly adopted free-drain approach, where soil wa-
ter is allowed to drain out of the soil column at a rate set by the hydraulic con-
ductivity at the water content of the bottom soil layer. The potential drawback of
this approach is that the escaped water is no longer available for subsequent dry
period evapotranspiration. 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 soil is clay-rich,
it may underestimate the soil water storage and overlook water persistence. This
may be one of the reasons that recent climate reanalysis must rely on significant
soil water nudging where water is added to or removed from the soil column to meet
atmospheric demands [94].

The work domain is a polar-stereographic grid centred in the Iberian Peninsula. It ex-
tends 1500 km in south-north and west-east directions, covering the entire Iberian
Peninsula, as well as some regions in the north of Africa and the south of France.
The horizontal spatial resolution is 2.5 km. The spatial resolution needs to be con-
sistent with typical climatic studies horizontal resolutions, since the final objective

43
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in this line of research is to run fully coupled land-atmosphere simulations, where
the land grid can be tiled into the atmospheric grid.

The simulated time is a 10-year period from January 1989 to December 1998. The
period was chosen long enough to include wet and dry years in order to study the
soil moisture and water table memory. It includes the 1991-1995 drought, reported
as the most severe drought in the Iberian Peninsula during the last 60 years [6],
as well as other dry and wet spells over different pluviometric Iberian regions that
allow a study of the groundwater effects under different climatic conditions.

The time resolution for resolving heat and water fluxes in the soil and at the land
surface is 60 s, with the exception of the heat and water fluxes associated with the
canopy, calculated every 15 s. The timestep for groundwater-streams exchange,
groundwater mass balance and water table adjustment is 900 s.

3.2 Initial conditions

3.2.1 Land, vegetation and soil parameters
3.2.1.1 Topography
The topography used by the LEAFHYDRO simulations and by other preprocessing

algorithms in this work is the NASA (National Aeronautics and Space Administration,
USA) SRTM (Shuttle Radar Topography Mission) digital elevation data.
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Figure 3.1: Topography (m) used in the LEAFHYDRO simulations.
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The original data was obtained with a DEM (Digital Elevation Model) at 3 arc sec-
ond resolution (approximately 90 m), processed for void filling by the CGIAR-CSI
(Consultative Group for International Agricultural Research - Consortium for Spa-
tial Information) by Jarvis et al. (2008) [56], and made publicly available. For the
LEAFHYDRO 2.5 km horizontal resolution, the elevation data is aggregated. Figure
3.1 shows the resultant model domain topography used in the LEAFHYDRO simula-
tions.

3.2.1.2 Vegetation parameters

The vegetation type or land cover field for the work domain is shown in Figure 3.2
(left). The categories in the Figure 3.2 coloured table (right) are the 30 categories
used in the original LEAF model [63]. The data was originally extracted from the
CORINE (COoRdination of INformation on the Environment) Land Cover project [1]
database, developed by the EEA (European Environment Agency). For this work,
the vegetation data is adapted from the 44 CORINE land use categories to the 30
categories used in LEAFHYDRO and aggregated from the original 125 m horizontal
resolution to the 2.5 km grid used here.

Ve ge tation ty pe Category Vegetation type
— _ 0 Ocean
B 1 Inland water (lakes, rivers, streams)
&0 o 2 Ice cap/glacier
451 Bias B 45 3 [Evergreen needleleaf tree
-3 4 Decidious needleleaf tree
; 5 Decidious Broadleaf tree
. ~Avi 6 Evergreen broadleaf tree
421 Z = 3 42 9 Dessert
S 10 Semi-dessert
¥ p’ 1" |Tundra
= e 12 Evergreen shrub
13 Decidious shrub
304 % ' 5 i | 50 14 Mixed woodland
B s T 15 Crop/mixed farming
* g 16 Irrigated crop
17 Bog or marsh
18 Evergreen needleleaf forest
pe Proo | 19 |Evergreen broadleaf forest
164 R e e T | 20 Decidious needleleaf forest
g - 21 \Decidious broadleaf forest
22 Mixed cover
23 Woodland
3 24 Wooded grassland
o i, 25 Closed shrubland
=F o 26 Open shrubland
331 ] : 33 | 27 (Grassland
9 6 3 0 3 28 Cropland

29 Bare iround

Figure 3.2: Vegetation type. Left: Vegetation type field for the simulation domain.
Right: Coloured table listing the vegetation categories and their mapping colour, in
black the most common in the Iberian Peninsula.

As an improvement from the original LEAF model, a climatological 0.15° resolution
monthly satellite-derived green vegetation fraction dataset [52] is used dynami-
cally. The LAI (Leaf Area Index) is then derived from the vegetation fraction. Other
vegetation type dependent parameters required by the model, such as roughness
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length, albedo or longwave vegetation emissivity, are extracted from the original
LEAF initialization tables.

3.2.1.3 Soil parameters

The soil textural classes used in LEAFHYDRO are defined by the USDA (United States
Department of Agriculture) as fractions of silt, clay and sand!. LEAFHYDRO uses two
soil classes for each column, one for the top layers (from surface to 0.30 m deep)
and another one for the bottom layers (from 0.30 m to 4 m deep). The data for
both top and bottom layers comes originally from the FAO (Food and Agricultural
Organization of the United Nations) 30 arc second world soil database?.

Table 3.1 lists the soil classes and the soil dependent parameters in Equation 2.2
used in LEAFHYDRO (from original LEAF initialization tables).

Soil class nF(mM3m=3) W (m) Ke(mm=t) b | Cqg(m3K1
Sand 0.395 -0.121 1.760 x 104 4.05 1.465 x 10°
Loamy sand 0.410 -0.090 | 1.563 x 104 4.38 1.407 x 10°
Sandy loam 0.435 -0.218 | 0.347 x 104 4.90 1.344 x 10°
Silt loam 0.485 -0.786 | 0.072 x10* | 5.30 1.273 x 10°
Loam 0.395 -0.451 | 0.070x 10% | 5.39 1.214 x 10°
Sandy clay loam 0.420 -0.299 | 0.063x10% 7.12 1.177 x 108
Silty clay loam 0.477 -0.356 | 0.017 x10% | 7.75 1.319 x 10°
Clay loam 0.476 -0.630 | 0.025x 104 | 8.52 1.227 x 10°
Sandy clay 0.426 -0.153 | 0.022 x 104 | 10.40 1.177 x 10°
Silty clay 0.492 -0.490 | 0.010x 104 | 10.40 1.151 x 10°
Clay 0.482 -0.405 | 0.013x 104 | 11.40 1.088 x 10°
Peat 0.863 -0.356 | 0.080 x 10% | 7.75 0.874 x 10°

Table 3.1: Soil parameter for the USDA textural classes used in LEAFHYDRO. Pa-

rameters are, from left to right: volumetric soil water content at saturation ny, soil

capillarity potential at saturation Wr, conductivity at saturation K¢, pore-size index b
and volumetric specific heat of dry soil Cy.

3.2.2 Equilibrium Water Table Depth

The climatic equilibrium water table position is a balance between the atmospheric
influence in the form of climatic groundwater recharge (R = P— ET — Qp, recharge
R equals precipitation P minus evapotranspiration ET minus surface runoff Q) and
the topographic influence in the form of gravity-driven lateral convergence [42]. A
recent effort by Fan et al. (2013) [40] produced a world water table depth map,
setting global water table depth patterns. These authors compiled observations
available from government agencies or published in literature, and filled in the gaps

Lhttp://nrcs.usda.gov/wps/portal/nrcs/main/soils/edu/
2http://fao.org/soils-portal/soil-survey/
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with a simple two-dimensional groundwater model presented by Fan et al. (2007)
[42].

As initial condition for this work, the climatic EWTD (Equilibrium Water Table Depth)
for the Iberian Peninsula in Figure 3.3 is used. This field is a first guess to introduce
and understand patterns in the peninsula water table depth distribution.

Figure 3.3: Initial Iberian Peninsula Equilibrium Water Table Depth (m) at 9 arc sec-
ond spatial resolution.

The initial Iberian Peninsula EWTD was calculated using the aforementioned ground-
water model [42] at 9 arc second spatial resolution (213x278 m cells at 40° N) and
validated with 2,601 observation points along the Iberian Peninsula by Gestal-Souto
et al. (2010) [47]. The groundwater model assumes equilibrium, therefore balances
the recharge R with lateral divergence (as the sum of the 8 neighbours contributions
Q) to the lower neighbours at hillslope cells, as

8
R= 0 (3.1)
i=1

And at valley cells balances the lateral convergence (as the sum of the 8 neighbours
contributions Q;) with runoff Qp into rivers and wetlands, as
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8
> 0i=0n (3.2)
i=1

The lateral flux Q; is calculated as explained in Section 2.2.2. The climatic recharge
R used for this Iberian Peninsula EWTD calculation was obtained at 1° spatial reso-
lution from the Mosaic LSM, participant in NASA’s GLDAS (Global Land Data Assimi-
lation System) [96], and is shown in Figure 3.4 (left).

The result in Figure 3.3 is an equilibrium between the atmospheric recharge input
and the topography characteristics of the Iberian Peninsula. The water table is sug-
gested to be shallow under large areas. In the Inner Plateau (northern and south-
ern subregions) the lateral groundwater flow from surrounding mountains results in
very shallow water table depth (wtd) zones in spite of the semiarid climate. Low
elevation coastal plains and river valleys also present shallow wtd. The west-east
pattern, with shallower wtd in the west and deeper wtd in the east, result from the
atmospheric recharge pattern.

Mosaic Yearly Recharge (mm/yr) LEAFHYDRO Yearly Recharge
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Figure 3.4: Iberian Peninsula groundwater recharge (mm yr—1). Left: calculated with
a LEAFHYDRO 10-year run at 2.5 km spatial resolution. Right: from the Mosaic LSM
(GLDAS) at 1° spatial resolution.

The high spatial resolution in the EWTD calculation is necessary to catch the topog-
raphy variability. However, the 1° spatial resolution of the climatic recharge (left
plot in Figure 3.4) cannot represent the spatial variability in the LEAFHYDRO do-
main used in the WT simulation (2.5 km horizontal resolution). In order to overcome
this limitation, a 10-year test LEAFHYDRO run (1989-1998) was carried out, using
the high resolution EWTD aggregated to the model resolution as initial water ta-
ble position condition and 0.2° spatial resolution analysis precipitation forcing (see
next Section 3.3). The yearly water table flux or groundwater recharge (see Section
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2.2.1) obtained with the test run responds to the spatial resolution of the water cy-
cle processes in the model domain and to the climatic conditions during the 10-year
period. This yearly water table flux is shown in Figure 3.4 (right), and was used as
recharge R to recalculate the Iberian Peninsula EWTD with the groundwater model,
obtaining a more realistic initial water table.

The result is the Iberian Peninsula EWTD in Figure 3.5, used as initial condition in the
WT simulation. Comparing this EWTD to the initial EWTD (Figure 3.3) calculated with
the Mosaic 1° recharge, the shallow water table regions (blue and turquoise colours)
are equally captured, but overall the water table is not as deep since the test run
recharge is higher (Figure 3.4). Over the western half of the Peninsula the higher
recharge produces a less deep water table, as a result of higher water availability
in the groundwater model from the Pyrenees, the Iberian System and the western
coast by the Gulf of Valencia, where the Mosaic recharge is very low.

Figure 3.5: lberian Peninsula Equilibrium Water Table Depth (m) at 9 arc second
spatial resolution, calculated with a LEAFHYDRO 10-year test run recharge.

3.2.3 Soil moisture initialization

For the soil moisture LEAFHYDRO initialization, the soil water content is calculated
in preprocessing from bottom to top, parting from the knowledge of the equilibrium
water table position;
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e Firstly, knowing the initial water table position (EWTD), the equilibrium soil
water content at the virtual layer between the water table and the last layer
resolved by the model (neq, or nc in Figure 2.4, depending on the water table
appearing in the soil crust resolved or below) is calculated resolving Richards’
Equation (Equation 2.1) at the water table position, where the flux Fyss is taken
to be the groundwater recharge R used in the initial EWTD calculation and the
soil water content in the layer below the water table is known since the layer
is saturated (Table 3.1).

e Then, the soil water content for the rest of layers from bottom to top is calcu-
lated similarly, resolving Richards’ Equation at every surface between layers.

3.2.4 River parameters

The model requires an estimation of the riverbed mean elevation in the cell z; in
order to calculate the equilibrium river conductance and the groundwater-streams
flux in gaining streams (Section 2.2.3, Equations 2.54 and 2.58). However, Zz; is
a scale-dependent quantity and requires detailed data on mean river stage for all
orders of streams in the domain. Such data are yet to be compiled, and hence the
elevation of the river cells that naturally appeared in the calculation of the initial
high resolution EWTD is taken as the riverbed elevation estimation. When no river
cells are found within a 2.5 km cell, the minimum high resolution land elevation in
the cell is used.

The river flow scheme included in LEAFHYDRO (see Section 2.3) needs a series of
initial parameters: flow direction, river width, river length and river slope. Also, the
calculation of the groundwater-streams flux in losing streams (Section 2.2.3, Equa-
tion 2.60) requires the mean river width in the cell w, and the length of individual
channels > L,. For the calculation of such parameters in the domain grid, the USGS
(United States Geological Survey) HydroSHEDS (Hydrological data and maps based
on SHuttle Elevation Derivatives at multiple Scales) 15 arc second resolution data
[65] are used. The variables extracted from the HydroSHEDS database are: fd (flow
direction), acc (accumulated drainage area) and dem (void filled elevation).

Using the HydroSHEDS variables and the Mosaic LSM recharge, the following method-
ology is applied in preprocessing for the calculation of river parameters in the model
2.5 km grid domain (see Figure 3.6):

e First, the high resolution (15 arc second) cell with the largest acc within a low
resolution cell (2.5 km grid) is spotted.

e The fd of this cell (black arrows in Figure 3.6), together with the location of
the low resolution cell containing the high resolution cell where it flows to,
determines the flow direction of the low resolution cell (blue arrows in Figure
3.6).
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\ -

High resolution cells D Low resolution cells

High resolution fd == Low resolution fd

Figure 3.6: Sketch for the methodology to calculate river parameters from the Hy-
droSHEDS high resolution database to the 2.5 km grid domain in LEAFHYDRO.

e The flow of the main high resolution stream within every low resolution cell is
then followed, highlighting the stream (red streams in Figure 3.6).

e The distance made by this high resolution main stream is taken as the low
resolution river length L.

e 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.

e The low resolution drainage area Ag is calculated 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.

¢ Finally, the width w;, is calculated using the recharge R and the drainage area
Ag in each low resolution cell, as discussed by Lucas-Picher et al. (2003) [72],

w, = (0.00013Qy, + 6.0)Q2, (3.3)

where Qn, is the annual mean discharge passing through a river section, ap-
proximated for this calculation by the accumulation of flow Q = RA4 for the
cells along the low resolution stream.
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3.3 Atmospheric forcings

The atmospheric forcing data fields at the surface, needed for the LEAFHYDRO simu-
lations, were extracted from the ECMWF ERA-Interim3 reanalysis database [2, 4, 5].
A processing scheme has been introduced into the LEAFHYDRO forcing routines
that transfer the ERA-Interim fields from the original GRIB (GRIdded Binary) format
and then bilinearly interpolates them from the original N128 gaussian grid (approx-
imately 0.7° latitude resolution and varying in longitude resolution from 0.75° at
the bottom of the domain to 1.58° at the top) to the model 2.5 km resolution polar-
stereographic grid.

Surface pressure, 2 m temperature and surface wind speed data are reanalysis
fields and are input in LEAFHYDRO every 6 hours of simulation time. The incom-
ing surface radiation (shortwave and longwave) and precipitation (convective and
large-scale) data are forecasted fields from reanalysis datasets and are input in
LEAFHYDRO every 3 hours of simulation time. Once these forcings are read, they
are interpolated in time for the 60 s model timestep.

However, given the importance for the water cycle of the incoming water in the
system through precipitation, the regional higher resolution analysis of daily pre-
cipitation dataset over Spain and Portugal (IB02) introduced in Section 1.2.1 is also
used. Such dataset was presented by Herrera et al. (2010) [54] and Belo-Pereira et
al. (2011) [16]. It was built using all stations from the climatic monitoring network
of both Iberian meteorological public agencies; the AEMET in Spain and the IPMA in
Portugal. This gridded dataset has a horizontal resolution of 0.2°, much higher than
the ERA-Interim precipitation data resolution, and therefore represent the Iberian
precipitation variability at a higher degree.

Once this daily precipitation analysis is read and bilinearly interpolated to the 2.5
km resolution model grid, the model redistribute the data in time along the day
using the time distribution of the 3-hourly ERA-Interim precipitation data. Hence,
the model uses the daily IB02 data for the precipitation quantity and the 3-hourly
ERA-Interim data for the precipitation distribution along the day. However, the daily
precipitation only covers Spanish and Portuguese territory, and for the regions of the
model domain not covered (France and Africa) the ERA-Interim 3-hourly precipitation
is used.

3http://ecmwf.int/research/era/do/get/era-interim
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LEAFHYDRO 10-year
simulation validation

A realistic water table depth estimation is essential to couple groundwater with
soil moisture. Moreover, a modeled dynamic water table is expected to oscillate
around its equilibrium position (EWTD) at different timescales in response to rainfall
events, soil hydrology demands and multi-year dry or wet spells, as it does in nature
[25, 42, 114]. Hence, a validation of the WT simulation water table depth and its
evolution in time across the studied region is necessary to support the findings of
this work. Only with a realistic water table the importance of the groundwater-soil
interactions for climate can be reliably assessed in the large scale.

One of the strengths of the otherwise simple model LEAFHYDRO presented in Chap-
ter 2 is the representation of the lateral gravitational groundwater flow, which is
precisely the main driver of the water table distribution across the landscape (Fan
& Miguez-Macho, 2010 [41]).

Lateral groundwater flow depends on the slope of the water table surface, and
occurs at local and regional scales. Only regional lateral flow can be resolved with
the grid spacing of the order of several kilometres typical of current large scale
modeling studies, but this is for the most part slow comparing to the duration of the
simulations, ranging from several months to a few years. On the other hand, local
groundwater flow is much faster, occurring at smaller scales from hilltops to valleys.
For a grid cell of larger size in a land surface model like the 2.5 km cells in this work,
local groundwater flow results in its internal drainage or baseflow and needs to be
parameterized.

The net lateral groundwater flow and the net recharge balance determine the water
table depth, and hence, the same water table depth value can correspond to a high
or low baseflow depending on what the net recharge of the area and the converging
lateral flow are. For example there can be shallow water tables in a region of dry
climate with poor drainage and converging groundwater flow, and on the other

53
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hand the same shallow water tables can be found in a wet climate with a much
higher drainage. And there can be deep water tables with high drainage rate when
the river network is well carved in, like for example in a mountainous area with
humid climate, and the same deep water tables can exist in a desert with gentler
slopes and scarce rivers. Therefore, the relationship between water table depth and
baseflow is not equal for all settings, which should be considered when the baseflow
is parameterized.

LEAFHYDRO considers the lateral groundwater flow explicitly (as described in Sec-
tion 2.2.2) and implicitly. The local groundwater flow intended to represent is pa-
rameterized by being implicitly considered. The high resolution EWTD, calculated
first with climatology recharge (as described in Section 3.2.2), resolves explicitly
the local drainage, and then it is used to initialize the water table in the low resolu-
tion runs and to calculate the river conductance RC that parameterizes the internal
drainage (as described in Section 2.2.3). The result is a baseflow consistent with the
topography and climate of the given cell and that keeps the water table balancing
around its equilibrium value as it does in nature.

Treating the evolution of the water table in land surface models as a process mainly
dependent on vertical fluxes, as is done with soil moisture, and ignoring or misrep-
resenting the lateral gravitational groundwater flow, might explain why most mod-
eling schemes that do explicitly include groundwater processes in recent studies
[66, 67, 88, 119] fail to produce a realistic water table spatial distribution, compro-
mising the generality of their results (see section 1.3.2).

Some of these models consider the baseflow in a manner largely uncorrelated to the
process it is intended to quantify, like for example making it solely dependent on the
moisture content of the lowest soil layer [119] or the water table depth [88, 117].
Even when in the model, through calibration or any other strategy, the baseflow
amount is accurate and the water table does not have a spurious interannual tem-
poral trend, it can still be either too shallow or too deep, depending on the initial
condition imposed, and hence the interaction between groundwater and the top soil
moisture be exaggerated or neglected entirely. Long spin-up times will not help if
the parameterized baseflow of the cell is inconsistent with its internal drainage to
the river network driven by local lateral groundwater flow, and the ending result will
be a water table pattern that reflects mostly climate, which is the ultimate responsi-
ble for vertical fluxes, instead of topography, with deeper water table under hilltops
and shallower in valleys, and that dynamically does not respond as in nature.

The water table pattern and baseflow representation in this work come from the
high resolution EWTD, where local drainage is resolved, reflecting topography and
internal drainage of the cells realistically. And therefore, the validation with actual
water table depth and streamflow observational data in this chapter is intended to
support the results in next chapters, based on water table position and evolution in
time.
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4.1 Water table depth and time evolution: valida-
tion with observations

Actual water table depth (wtd) observational data is used in this section to validate
the model performance in terms of capturing the water table position and its time
evolution.

Time series graphs in Figure 4.1 represent the wtd (m) time evolution at 16 se-
lected observation sites, corresponding to the 16 numbered points on the map (top
left corner of Figure 4.1). On each graph are plotted; the observed wtd at the avail-
able times (red dots connected with red line), the simulated wtd in the model cell
containing the observation site at the same times (blue dots connected with blue
line), and the simulated wtd daily series (dashed blue line).

4.1.1 Observational wtd data

The observational wtd data were provided by the IGME (Institute of Geology and
Mining of Spain), several Confederaciones Hidrolégicas (Spanish agencies manag-
ing the main watersheds within the country) and the SNIRH (National Information
System for Hydrological Resources of Portugal).

The time and space resolutions of these datasets are very irregular. For validation,
stations with a water table deeper than 100 m were eliminated in order to rule out
measurements in confined aquifers as much as possible, since confined aquifers are
not hydrologically connected to land surface and the atmosphere. Stations with a
slope steeper than 0.05 m month~1 (very likely caused by pumping) were also ruled
out. After these eliminations, only observation stations with at least 3 years of data
within the 10-year simulation period (1989-1998) are used, leaving 623 stations
suitable for wtd time evolution validation.

The map in Figure 4.1 highlights the 623 water table stations analysed, using a
colour code in function of validation results (detailed below the map).

The spatial resolution of LEAFHYDRO needs to be consistent with the resolution of
climatic and meteorological models for fully coupled studies, hence the water table
behaviour of one grid cell in the model must be understood as an approximation
of the different possible behaviours of the natural water table within the cell. This
situation is a handicap for the wtd validation, since the 2.5 km resolution of the
simulation is very low compared to the scale of the topography and wtd variabilities.
Out of the 623 observation sites analysed, 136 do not correspond uniquely to one
model cell and are contained in only 60 cells (2 or 3 stations per cell, orange points
on the map). These different observation sites belonging to one model cell do not
always present the same depth or evolution in time, as it can be seen in the orange
points graphs in Figure 4.1:



56 Chapter 4

e Inside the Point 15 grid cell in the Duero river basin there are 3 different ob-
servation stations that present very different (up to 20 m difference) depth
values along the simulation period (red, green and purple series), making it
very difficult for the model to reach the right depth. However, in this case the
3 observation sites wtd series average (orange) is clearly the closest to the
simulation series (blue).

e Inside the Point 16 grid cell in the southeast there are 2 observation sites, the
model underestimate the depth of both but reflect accurately the annual cycle
and the long-term trends, deepening from 1992 to 1996 and reaching shallow
positions from 1996 to 1998.

4.1.2 Model performance

Some studies incorporating explicitly groundwater dynamics in land surface model-
ing find the water table effects to be negligible at depths below 5 m [66, 77], but
the potential contribution by upward capillary flux to evapotranspiration of water
table depths below 5 m have been found considerably important at localized sites
over the Amazonia by Fan & Miguez-Macho (2010) [41], covering large fractions of
the observed evapotranspiration at depths around 10 m. In a compromise to work
close to these studies, water table depths below 8 m are considered to be shallow
in this Iberian Peninsula study. A total of 31.4% of the Iberian Peninsula territory
is found in the model WT simulation to have shallow mean water table (light blue
shaded on the map in Figure 4.1), giving an estimation of the potential influence
of the groundwater dynamics in the peninsula that will be addressed in following
chapters.

The main validation results found are (see Figure 4.1):

1. 203 of the studied stations present a shallow mean water table (wtd < 8 m)
along the simulation period, and the model performs well at capturing them,
finding 66.0% of the grid cells containing those shallow observational points to
be also shallow in the simulation.

2. In terms of the error in the mean wtd:

e 14.0% of the stations present less than 2 m difference between the mean
wtd simulated and observed for the times available at the observational
datasets (red points on the map).

e The ratio increases up to 33.0% when analysing only shallow wtd points
(wtd < 8 m).

e Points 1 to 12 graphs correspond to red stations (all shallow wtd stations
except point 2), as some examples of the model performance at capturing
the mean water table position.
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* Points of correlation over 0.5 between observed and simulated wtd series
* Points with steep wtd slope catched by the model

* Cells containing more than one observation point

Figure 4.1: Top left map: Shallow water table zones (light blue shade) and Iberian
Peninsula water table depth stations highlighted using the detailed colour code (un-
der the map). Top right and bottom graphs: Water table depth (m) time series at the
stations numbered (1 to 16); observed values in red and simulated values in blue.
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3. Focusing not on the mean wtd values but on their time evolution:

e 32.3% of the observation sites time series present a correlation coefficient
over 0.5 with the simulated series (green points in the map).

e All the red points graphs plus Points 13 and 14 graphs correspond to green
stations, selected at different shallow water table zones over the penin-
sula, and show how the model is accurate in representing the seasonal
fluctuations and the long-term deepening and rising trends.

e Point 12 near the Duero river mouth in Portugal is an example on catching
the seasonal cycle and a slightly upward trend of the wtd through the
simulation.

4. A total of 94 stations present a steep wtd long-term trend (slope > 0.035 m
month~1) within the prescribed limits to avoid artificial trends (slope < 0.05 m
month~1), and 26.6% of them are captured in the simulation (purple points in
the map, mean slope difference between the observation and simulation series
lower than 0.02 m month~1).

For the purpose of this work, and provided the increase of the groundwater hydro-
logical linkage to the land surface as the water table appears closer to the shallow
soil layers, the accuracy of LEAFHYDRO at representing the shallow water table
regions is an encouraging factor. Also, the model performs well at capturing the
mean water table positions, the seasonal cycle and the long-term trends, resulting
in a realistic water table.

4.2 Modeled streamflow: validation with stream-
flow observations

In this section the LEAFHYDRO streamflow that results from the simulated water
cycle in the WT and FD simulations is analysed and the model is validated over the
Iberian Peninsula using observational streamflow data.

Streamflow is a suitable parameter to validate land surface-hydrology models, since
streamflow time cycles result from the models interactions between the different
reservoirs represented, and there is access to observational data. However, it is im-
portant to mention that the goal of LEAFHYDRO is not to simulate the surface water
flow and use these results for hydrological purposes, but to carry out simulations of
the complete water cycle inland and the land-atmosphere interactions.

The initial version of LEAFHYDRO that first included the dynamic water table imple-
mentation was validated over North America by Miguez-Macho et al. (2007) [83].
They found that the groundwater-rivers linking scheme did not perform equally well
in all river basins, and used daily streamflow data at five stream gauges in the Mis-
sissippi drainage to adjust the model aerodynamic resistance parameters, linking
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the evaporative flux with the observed streamflow. For this work the model evap-
orative flux formulation has not been adjusted using streamflow observations from
any Iberian basin. No model calibration has been carried out, all calculations and
parameterizations are physically-based as described in Chapter 2, as the intention
is to work with a model capable of capturing the water cycle balance as accurately
as possible, independently of the region studied.

The simulated river network obtained with LEAFHYDRO compares well with the ob-
served river network in Libro Blanco del Agua (2010) [6], published by the Span-
ish Ministry of Natural Environment. This is expected since the river parameters
that determine the river network and streamflow in the model (flow direction, river
width, river length, river slope) were derived from the high resolution HydroSHEDS
database as detailed in Section 3.2.4.

The natural water cycle is intensely affected by anthropogenic actions in the Iberian
Peninsula. Such actions modify the real measurable streamflow through regulation
reservoirs, wells, power generation plants or irrigation withdrawals. As pointed out
in Section 1.3.4, and according to Libro Blanco del Agua (2010) [6], the fraction of
natural streamflow that actually flows under this affected regime is high in north-
ern rivers (Duero, Miho, Llobregat), but lower in southern rivers: 52% in Guadiana
(Badajoz station, near the Portuguese border), 44% in Guadalquivir (Alcald del Rio
station) or 4% in Segura (Guardamar station, by the river mouth). Hence, it is nec-
essary to be fully aware of the limitations introduced in a model validation with
observed streamflow by these anthropogenic actions.

4.2.1 River flow scheme in the FD simulation

The river flow scheme used by LEAFHYDRO was described in Section 2.3. The sur-
face water storage is calculated every timestep by means of the mass balance in
Equation 2.62. In order to highlight the groundwater influence on the streamflow
results, for the FD simulation the surface water storage (Ss)rp (m3) is calculated
substituting the water table fluxes Q, and Qs in Equation 2.62 for the free-drain
recharge Rrp, as

m
M=oh+Rm+Zon—oo, (4.1)
dt n=1
where Qn (m3 s~1) is the hillslope overland runoff given from the temporary surface
water routine, Rep (m3 s~1) is the free-drain recharge, understood as the water
drained downwards at the bottom of the layers resolved by the model, Q, (m3 s~1)
is the river inflow from the nth neighbour cell, m is the number of neighbour cells
sloping down to the given cell, and Qg (m?3 s~1) is the river outflow from the given
cell to neighbour cell where it flows to.
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With this approach the water budget in the FD simulation is closed as it is in the WT
simulation, but the water draining through the bottom model soil layer goes directly
to the rivers, and therefore it is no longer available for the soil or land-atmosphere
interactions.

4.2.2 Observational streamflow data

A monthly streamflow observation dataset has been compiled for validation. The
original data were provided by the CEH (Hydrographic Studies Center, Spanish Min-
istry of Natural Environment). However, the data availability and time resolution
for the studied period is variable, and 20 discharge stations were selected covering
the main river basins in the Iberian Peninsula where monthly streamflow data was
available.

The next Figure 4.2 shows a map of the simulated river network in the model domain
and the main Iberian basins colour shaded, highlighting with numbered points the
stations used to validate the model streamflow. The table on the right (Figure 4.2)
refers to the numbered stations and lists the name of the stations, the main Iberian
river basin the stations belong to, the drainage area at the station and the number
of months with available data within the validation period. The validation period
considered goes from October 1989, in order to leave the model a 9 months spin-up
period, to the end of the simulation, hence 111 is the maximum possible number of
months available for validation.

Discharge Stations Station no. Station - Basin Drainage Area (km?) Number of Months

Y 1 Lugo - MINO 2,303 104
sil - MINO 7,899 a8

8 Foz de Mouro - MINO 15,407 111
4 Carrascal - DUERO 46,700 922
5 Puentepino - DUERO 63,160 72
6 Toledo - TAJO 24,788 111
7 Tramagal - TAJO 62,148 111
8 Almourol - TAJO 67,482 109
9 Don Benito - GUADIANA 26,125 109
10 Monte de Vinha - GUADIANA 49,865 111
1 Ponte Mourao -GUADIANA 52,294 66
12 Pulo do Lobo - GUADIANA 61,885 102
13 El Carpio - GUADALQUIVIR 23,372 99
14 Cordoba - GUADALQUIVIR 25,450 84
15 Cantillana - GUADALQUIVIR 44,871 60
16 Alcalé del Rio - GUADALQUIVIR 47,000 59
17 Castejon - EBRO 25,194 72
18 Zaragoza - EBRO 40,434 72
19 Sastago - EBRO 48,974 111
20 Tortosa - EBRO 84,230 111

Figure 4.2: River Streamflow Stations. Left: Station locations on simulated river

network; main lberian river basins shaded on light colours. Right: Table listing the

stations number, name, main basin they belong to, drainage area at the station
(km?2) and number of months with available data.

The southern Guadalquivir basin has the lesser streamflow data availability for vali-
dation, with the number of available months decreasing towards the Atlantic Ocean
and with the added handicap that the non available data refers to the last and
wettest years of simulation, leaving only dry year data available. Moreover, previ-
ous analysis of the observed data revealed the difficulty of this southern basin for
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validation, since the observed streamflow hardly reflects the precipitation regime.
Under such difficulties, a different set of streamflow data is used as true data for
the Guadalquivir basin validation: the natural streamflow. The natural stream-
flow dataset used here was calculated using the hydrological SIMPA (Simulation
Precipitation-Discharge) model [97] forced with precipitation observations, and pro-
vided by the Spanish Ministry of Natural Environment.

The next plots on Figure 4.3 show how the observed streamflow (light green lines)
and the natural streamflow (dark green lines) behave very differently for both the
monthly time series (left) and the monthly mean time series (right) at the Alcalé del
Rio station (point 16 on Figure 4.2). The natural streamflow resembles the precip-
itation regime (blue columns) from the model forcing data, whereas the observed
streamflow is very low or null along the whole available period with the only ex-
ception of the wet seasons 1989/1990 and 1990/1991, when the streamflow is still
very low in comparison to the natural streamflow. The correlation values between
the precipitation and the streamflow in both time series point out the disconnection
between the hydrology annual and interannual cycles and the observed streamflow
data.
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Figure 4.3: Forcing precipitation (mm) (blue columns), observed streamflow (m3

s~ 1) (light green lines) and natural streamflow (m3 s~1) (dark green lines) at the

Alcald del Rio Station for the period with observed data availability (Jan/1989-

Sep/1995). Left: Monthly time series. Right: Monthly mean time series. Inside

the graphs: Correlation indexes between streamflow and precipitation time series
(red).

The disconnection of the observed streamflow with the natural streamflow in the
Guadalquivir basin responds to anthropogenic influence.

4.2.3 Validation and WT-FD streamflow comparison

To illustrate the behaviour of both the WT and FD simulated streamflow in compar-
ison to observations, one station was selected from each Atlantic basin and two
from the Ebro river basin discharging to the Mediterranean Sea. The selected sta-
tions were those closer to the river mouth (with the exception of the Cantillana
station) and are highlighted in red on Figure 4.2. The next set of plots on Figure
4.4 shows two graphs for each one of the 7 selected stations. The graphs on the
left show monthly mean streamflow (m3 s~1; blue for the WT simulation, red for
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Figure 4.4: River streamflow plots at the 7 stations highlighted in red on Figure 4.2.

Left: Monthly mean streamflow (m3 s~1) (blue for the WT simulation, red for the FD

simulation and green for observations) along the simulation period. Right: Monthly

streamflow (m3 s~1). The drainage area at the station (km?) is indicated on top of

the left graphs. Persian green series in the Cantillana Station plots represent natural
modeled streamflow.



LEAFHYDRO 10-year simulation validation 63

the FD simulation and green for the observations) for the validation period. The
graphs on the right show monthly streamflow (m3 s~1) for the whole simulation pe-
riod (Puentepino station data availability ends in September 1995). The drainage
area (km2) at the station is indicated on the top of each graph on the left.

Three main facts are observed from Figure 4.4:

1. There is a clear underestimation of the winter streamflow in the WT simulation,
due in part to the lack of precipitation in the forcing data and in part to model
deficiencies in the representation of the soil-groundwater linkage when the
water table is deep, as it will be discussed in the next section.

2. The summer baseflow representation in the WT simulation (blue) improves in
comparison to the FD simulation (red):

e From the graphs on the left; the WT streamflow during the dry season is
closer to observations (green) for all basins, even though it results overes-
timated in the southern Guadiana and Guadalquivir basins.

e From the graphs on the right; the rivers dry out in summer practically
every year in the FD run, whereas in the WT run the groundwater reser-
voir feeds the rivers during the dry season using accumulated wet season
recharge, and keeping the summer baseflow higher and closer to observa-
tions. This is clearly observed in the Mifio, Tajo and Ebro stations.

3. The seasonal cycle is differently represented by the WT and FD simulations:

e The FD simulation reaches higher and closer to observations streamflow
values in the winter months.

e As the dry season starts, the rivers get drier below the observed values in
the FD run, while the WT run maintains higher summer baseflow.

e After summer, the WT simulation follows the observation trends, recov-
ering streamflow with the autumn precipitation from September/October.
However, in the FD simulation it takes longer to recover from the dry sum-
mer, since there is no former wet periods recharge accumulated and the
precipitated water needs flow through the whole soil column before flow-
ing to the streams.

The Tortosa station near the Ebro river mouth, with the highest drainage area of
the available stations (84,230 km?), shows the best model performance by the WT
simulation. On the other hand, the Mifo station in the North Atlantic coast and
the southern Tajo, Guadiana and Guadalquivir stations performances are very much
constrained by the wet season streamflow underestimation. The Duero basin model
performance is the most difficult to evaluate since the streamflow data available do
not complete the last particularly wet 3 years of simulation and belong to stations
very far from the Duero river mouth in Portugal.
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The correlation coefficients for both monthly and monthly mean streamflow time
series and the Nash-Sutcliffe coefficient are used as skill scores to evaluate the
LEAFHYDRO accuracy at simulating streamflow. It is recognized that correlation
coefficients between forecasts and observations suffer from deficiencies as model
validation measures and may give misleading high values due to seasonal variations
while being insensitive to any bias or scale error [18]. Here, correlation coefficients
are used not to point out the model accuracy at simulating the streamflow values,
but to show the model representation of seasonal and interannual variability and
to compare this representation between the WT and the FD simulations. The Nash-
Sutcliffe model efficiency coefficient E [87] is used to assess the predictive power
of hydrological models, E can range from —oo to 1, whereas E = 1 corresponds to a
perfect match of modeled streamflow to the observed data and E = 0 indicates that
the model predictions are not useful, as accurate as the mean of the observed data.
E is defined as

T

Z;l(Of,bs - (jobs)2 ,

where T is the number of times in the time series, Qups is the observed streamflow
and Qmog is the modeled streamflow. In general hydrology model simulation, E val-
ues between 0.0 and 1.0 are generally viewed as acceptable levels of performance.
For basin scale models, Moriasi et al. (2007) [85] estimated that E > 0.50 values in
streamflow simulation can be judged as satisfactory.

Figure 4.5 shows, at the 20 stations from Figure 4.2, column graphs with the skill
scores for the WT and FD simulations (top) and the annual mean streamflow (Hm3
yr~1) for both simulations and observations (bottom). The stations are placed in
order from upriver to downriver and from northern to southern basins in the At-
lantic watershed, ending with the Mediterraean Ebro basin. This way the model
performance can be visually evaluated for different drainage areas and climatic
conditions.

From Figure 4.5, a series of features are outlined:

e The overall underestimation of the winter flow pointed out in Figure 4.4 results
in annual streamflow underestimation all over the peninsula, as can be seen
from the larger green columns in the bottom graph.

e Looking at the skill scores colour columns (upper graph), the correlation in-
dexes show numerical evidence of a better representation of the seasonal cy-
cle and interannual variability by the WT simulation (blue and light blue), in
comparison to the FD simulation (red and orange), as it was visually inferred
from the time series plotted on Figure 4.4.

e The E coefficients (green columns for WT and yellow columns for FD) are very
conditioned by the aforementioned winter underestimation, resulting in only
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stations 6 (Toledo in the Tajo basin) and 20 (Tortosa station in the Ebro basin)
close to 0.50 in the WT simulation.

e The FD simulation gets better E scores than the WT simulation at the Atlantic
Mifio, Tajo and Guadiana basins, where the winter WT underestimation con-
trasts with a good performance at reaching the winter peaks by the FD simu-
lation, but still the correlation scores are improved by the WT simulation.

e At the Atlantic southern Guadalquivir basin and the Mediterranean Ebro basin
the WT E scores improve the FD E scores, due to the better simulation of the
dry season baseflow and the better timing at both dry and wet seasons.
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Figure 4.5: LEAFHYDRO streamflow simulation skill scores for the 20 stations
higlighted on Figure 4.2. Top: Correlation coefficient r for the WT simulation monthly
streamflow (dark blue), correlation coefficient rmm for the WT simulation monthly
mean streamflow (light blue), correlation coefficient r for the FD simulation monthly
streamflow (red), correlation coefficient rmm for the FD simulation monthly mean
streamflow (orange), Nash-Sutcliffe coefficient E for the WT simulation monthly
streamflow (green) and Nash-Sutcliffe coefficient E for the FD simulation monthly
streamflow (yellow). Bottom: Annual mean streamflow (Hm3 yr~1) in the WT simu-
lation (blue), FD simulation (red) and observed (green).

4.2.4 Winter streamflow underestimation

The clear underestimation of the flow during the wet season in the WT simulation
observed in Figure 4.4 is attributed to two different factors: the precipitation input
and the model itself.

1. The first factor is a low input precipitation in high mountainous areas. The
density of observations used to build the analysis precipitation dataset, 1B02
[16, 54], that forces the LEAFHYDRO simulations correspond to that of the
AEMET and IPMA monitoring network, and after the quality selection criteria
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the mean distance between pairs of stations was 7 km in Spain and 11.7 km
in Portugal, with 28 km and 41.6 km as maximum distance, respectively. Such
density might not be enough to capture the high winter precipitation peaks
over elevated zones or very wet areas, where heavy rainstorms trigger surface
runoff.

Figure 4.6 shows the differences between daily precipitation observed at 4 sta-
tions in northwestern Spain from the MeteoGalicia observation network (green
lines) and the IB02 daily precipitation analysis for the model grid containing
each station (blue lines). MeteoGalicia is a regional meteorological service, its
observation network spreads over the Galicia region (Spanish territory in the
northwestern corner of the Iberian Peninsula) and is independent to the AEMET
network used to build the IB02 dataset. The stations precipitation data are al-
ways much higher than the analysis, sometimes 2-3 times higher in the most
rainy episodes. Hence, the streamflow representation in a model forced with
analysis data is expected to be underestimated in the rainy season, where the
analysis precipitation over elevated and wet areas is underestimated.
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Lousame Station Daily precipitation (mm) % ‘ |at=42.628, lon=-6.92%, Alttude=1134 m
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Figure 4.6: Observed daily precipitation (mm, blue lines) at 4 stations from the

MeteoGalicia observation network (independent to the AEMET network used in the

IBO2 analysis) and IB02 analysis precipitation (mm, green lines) used to force the

model at the grid cell containing each station. The two stations to the left are wet

stations at about 500 m altitude near the Atlantic coast and the two right stations
are elevated inland stations, at over 1000 m altitude.

2. The second factor affecting the winter streamflow underestimation by the WT

simulation (in comparison to the FD simulation) is related to the simplicity of
the model in representing the groundwater-soil connection when the water
table appears very deep below the resolved soil layers. Given the lack of data
for deep soil, the soil properties used to calculate drainage in the deeper soil
before reaching the water table are those of the bottom resolved layers (0.30-4
m deep), and this brings to an excess of soil water accumulation in the deeper
soil in winter that is used to drive up the water table at a slow velocity.

This situation is not what occurs in nature when the water table is deep. The
soil properties (porosity, conductivity, capillary potential) change with depth.
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At some locations the soil changes to less permeable rocks or even the ground-
water might be trapped in confined aquifers, in which case the infiltrated wa-
ter does not reach as deep as the water table and is available for the soil
quicker. At other locations, the porosity might increase due to rock crevices in
the deeper soil, in which case the connection between the groundwater and
the land surface is quicker than the model representation.

The deeper soil-groundwater linking representation needs to be improved in
LEAFHYDRO, but it is out of the scope of this work. In any case, the results in
following chapters based on the groundwater-land surface connection might be
conservative, since a better representation of the deeper soil hydraulic prop-
erties is expected to increase the groundwater linkage to the land surface as
suggested by the winter streamflow underestimation.

Subgrid scale surface geological features, like rocks less permeable than the grid
cell soil type representation, also may strengthen these problems. A better rep-
resentation of subgrid scale surface runoff processes and deep soil properties is
considered for future work in this line of research.

4.3 Discussion

This chapter objective is to validate the 10-year LEAFHYDRO WT simulation with
water table depth and streamflow observational data, and hence support the thesis
findings in following chapters. The water table pattern and baseflow representation
in the WT simulation both come from a high resolution EWTD (see Section 3.2.2),
where local drainage at subgrid model scale is resolved. Hence, wtd and streamflow
reflect topography and internal drainage, and their time evolution reflect climate
through vertical fluxes, regional lateral groundwater flow and surface runoff.

A realistic water table spatial distribution and time evolution is essential to assess
the groundwater-land surface link. Validation with observational wtd data (623 sta-
tions) shows a good model performance at capturing shallow water table positions
(wtd < 8 m); 66.0% of the observational shallow points are also shallow in the
model. This is an important result on the potential groundwater influence assess-
ment because 31.4% of the Iberian Peninsula territory presents shallow water table
in the simulation and the groundwater-soil connection is stronger at shallow wa-
ter table regions [41, 48, 77]. The model captures the mean water table position
(less than 2 m difference between simulated and observed wtd means) at 33.0%
of the shallow water table stations (14.0% when all stations are considered) . The
seasonal cycle and long-term trends are also realistically represented in the model
(Figure 4.1); 32.3% of the observed time series present a correlation coefficient
greater than 0.5 with the simulated time series.
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The observational streamflow dataset compiled for validation is not ideal, since the
simulation period is not completely covered at all stations, the stations are located
far from the river mouth (particularly Duero stations), and the observed streamflow
is affected by anthropogenic influence (especially Guadalquivir stations). However,
from validation and WT-FD comparison, three main conclusion are drawn:

1. Winter streamflow is clearly understimated. In the FD run this is due to lack of
precipitation in the forcing data. On top of the lack of precipitation, deficiencies
in the model representation of soil-groundwater linkage when the water table
is deep strengthen the WT winter streamflow, since the deep soil accumulates
too much water from the wet season.

2. The dry season baseflow is better represented in the WT run, since the ground-
water reservoir feeds gaining streams where the water table is above the
riverbed elevation, whereas the FD simulation dries out the streams when
there is no precipitation.

3. The seasonal cycle is differently represented by the WT and FD runs; win-
ter higher and closer to observations streamflow in the FD run, better repre-
sentation of summer baseflow in the WT run, faster recovery of streamflow
when the autumn precipitation begins (September-October) following observa-
tions in the WT run. Correlation coefficients between observed and simulated
streamflow time series indicate the better simulation of the seasonal cycle and
interannual variability by the WT run.

The validation results encourage the work in this thesis. The findings in follow-
ing chapters regarding water table influence on soil moisture and land-atmosphere
fluxes in the Iberian Peninsula are based on a realistic water table. Also, the stream-
flow in the WT run that closes the water cycle presents realistic seasonal and inter-
annual variability that improves the FD run representation, even though the wet
season streamflow is understimated.

A better modeled streamflow will strengthen the line of research of this thesis.
Hence, future work in the development of LEAFHYDRO should be addressed towards
a) improvement of the deeper soil-groundwater linkage, since deep soil (4 m-wtd)
properties (porosity, conductivity, capillary potential) might be misrepresented by
the bottom soil layer (0.30-4 m) properties, leading to slow drainage and accumu-
lation of water in the deep soil, b) improvement of surface runoff representation,
triggered by heavy rainstorms or snowcover depletion from high mountainous ar-
eas, and c¢) improvement of subgrid scale geological features representation, since
rocks less permeable than the cell soil type in localized zones also trigger surface
runoff.



Chapter 5

Water table effects on the
land-atmosphere system.
Spatial and seasonal
variability

The water table presence, due to its longer timescale of variation in comparison
to the atmospheric forcings, induces changes in soil wetness via capillary upward
fluxes and drainage control, and those changes translate to the surface through
evapotranspiration fluxes. A study of such effects and their seasonal and spatial
variability in the Iberian Peninsula is carried out in this chapter.

5.1 Water table control on soil moisture

The experiment in this work consists of long-term simulations using the LEAFHY-
DRO LSM to assess the role of groundwater dynamics in the Iberian Peninsula soil
moisture and land-atmosphere fluxes (WT simulation with dynamic water table in-
teractions switched on, and FD simulation with dynamic water table interactions
switched off, see Section 3.1). Because of the 2-way fluxes linking soil moisture
to the water table, the long-term soil moisture spatial structures are expected to
respond somehow to the groundwater reservoir presence below.

As a first result in the simulations, the water table induces a new pattern in soil
moisture fields. In order to highlight this pattern, the plots in Figure 5.1 show the
difference between the mean top-2 m (root zone) soil moisture fields that result
in the WT and FD simulations (left) and the water table depth (wtd) along the WT
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simulation (right). The soil moisture differences show the new pattern induced by
groundwater interactions.

The soil moisture differences in Figure 5.1 reach higher values (green and bluish
colours in the left plot) where the water table is shallower (turquoise and bluish
colours in the right plot), and are minimum or null in the regions with deeper wtd
values (yellow and orange colours in both plots). The similarity between the pat-
terns on both plots illustrates the controlling role of the water table position on the
soil moisture spatial variability, mostly over river valleys and different regions of
shallow water table:

a) Coastal plains and vast regions like the low Guadalquivir basin, due to low
elevation.

b) The Inner Plateau (northern and southern subregions) and northern areas be-
tween the Pyrenees and the Iberian System, due to lateral groundwater flow
convergence from the surrounding mountain ranges.

C) Zones in the north-west of the peninsula (Galicia and northern Portugal), due
to high recharge rates.
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Figure 5.1: Soil soisture difference (WT-FD) and water table depth patterns. Left:

Mean top-2 m soil moisture difference (m3 m~3) between the 2 simulations (WT-FD)

along the 10-years simulation period. Right: Mean wtd (m) in the WT simulation
along the 10-year simulation period.

However, given the Iberian Peninsula climatic variability analysed in Section 1.2,
a deeper look into the water table controlling role on the soil moisture fields is
required. The influence of groundwater dynamics on soil moisture is not equally
strong in all regions or seasons.

The groundwater influence on soil moisture under different climatic situations is
evaluated here using seasonal means. Figure 5.2 shows a series of plots for the
four seasons in order to help in such evaluation. From top to bottom; the top row
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Figure 5.2: Seasonal means along the simulation. Left to right: Mean daily precipi-

tation (mm) input, mean top-2 m soil moisture (m3 m~3) in the FD simulation, mean

top-2 m soil moisture (m3 m~3) in the WT simulation and mean wtd (m) after each
season. From top to bottom: winter, spring, summer and autumn.

plots are for winter (December-January-February), which is the wettest season in
the peninsula overall; the second row from the top plots are for spring (March-April-
May); the third row from the top plots are for summmer (June-jJuly-August), the drier
season; and the bottom row plots are for autumn (September-October-November).
These seasonal plots are averaged for the 10 years simulated and represent, from
left to right; mean daily precipitation forcing, mean top-2 m soil moisture in the FD
simulation, mean top-2 m soil moisture in the WT simulation and mean water table
depth that results immediately after each season.
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From Figure 5.2, three different patterns are observed in soil moisture fields:

1. Soil texture pattern. The different soil textures in the domain impose a first
non season-dependent pattern in soil moisture fields that can be spotted in
all 8 seasonal soil moisture plots. It is a response to disparate water-holding
capacities, making drier conditions at localized sandy regions of low water-
holding capacities and high hydraulic conductivity due to the larger size of the
sand particles, like the Dofiana National Park by the Gulf of Cadiz between
the Guadiana and Guadalquivir river mouths, the Tierra de Pinares inland sand
dunes in the Northern Sub-Plateau [45], or the Les Landes coastal region in
south-western France. On the other hand, conditions invariably wetter appear
at clay regions of lower hydraulic conductivity and higher water holding ca-
pacity due to the smaller size of the clay particles, like the southern coast of
Portugal, some parts of the Guadalquivir downriver basin or the Sebou river
valley in the north of Morocco.

2. Climatic pattern. The seasonal differences in the FD simulation soil moisture
plots (second column) follow the different climatic conditions, represented by
the seasonal precipitation plots (first column). Starting from wet conditions
in winter, the soil wetness decreases gradually through spring and summer
due to the weakening of the precipitation patterns and the rising of the evap-
otranspiration season, then in autumn the decreasing trend stop and the soil
recovers some wetness because the precipitation increases, and finally in win-
ter the maximum soil wetness is reached again after the two high precipitation
seasons of autumn and winter and the end of the evapotranspiration season in
autumn.

3. Water table pattern. In addition to the patterns of soil texture and climatic
conditions, the WT simulation soil moisture plots (third column) present an
overall wetter soil and a more defined soil moisture spatial structure, that re-
sponds to the shallow water table depth patterns (fourth column). The sea-
sonal variability in the wtd plots is not as strong as the seasonal differences in
the precipitation and FD soil moisture plots, and hence the water table presents
significant seasonal persistence that is translated to the WT soil moisture plots.

The seasonal soil moisture differences between the WT and FD simulations account
for the influence of the water table over the different seasons. Averaged for the
Iberian Peninsula, the soil moisture differences (An = nwr—nfp) are; 1.85 x 1072 m3
m~3 in winter, 2.14 x 1072 m3 m~3 in spring, 1.82 x 1072 m3 m~3 in autumn and
1.66 x 1072 m3 m~3 in summer. Therefore, the water table makes the soil wetter
and the influence in absolute terms is stronger in spring, then similarly strong in
winter and summer, and finally weaker in autumn.

However, in relative terms (as the percentage change 100An/nep), the influence
becomes a bigger issue at water scarcity times, as the surface balance P—ET (pre-
cipitation minus evapotranspiration) is lower:
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e 7.7% wetness increase in spring, when the evapotranspiration demands are
the highest (P — ET = —0.55 mm day™1)

e 7.4% wetness increase in summer, when the precipitation rates are the lowest
(P—ET =-0.80 mm day~1)

e 6.5% wetness increase in autumn, when the evapotranspiration season fin-
ishes and the precipitation rates are high (P — ET =1.24 mm day~1)

e 6.2% wetness increase in winter, when the precipitation rates are the highest
(P—ET =1.50 mm day~1)

The Iberian Peninsula shallow water table zones, defined in Chapter 4 as regions
with a mean wtd above 8 m deep, represent the 31.4% of the territory and account
for all the soil moisture difference figures detailed above (the rest of the domain
present negligible differences). Figure 5.3 shows the seasonal soil moisture differ-
ences between the WT and FD runs for the shallow water table cells, in both absolute
and relative terms.
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Figure 5.3: Seasonal soil moisture difference between the WT and FD runs, aver-

aged over the shallow water table zones (wtd < 8 m) in the Iberian Peninsula. Soil

wetness increase (%, blue columns) and top-2 m soil moisture WT-FD difference (m3
m~3, purple line).

In relative terms (blue columns), the water table greater influence on soil moisture
at water scarcity seasons (24.4% wetness increase in spring and 23.9% in summer)
is appreciated, reducing partly soil moisture seasonality. Note that the data repre-
sented in Figure 5.3 are ~ 3.2 times the given data averaged for the whole Iberian
Peninsula.

To summarize, the soil moisture fields are not only a direct response to the soil
water holding capacity and the seasonal climatic different conditions; the water
table induces a new pattern in soil moisture that keeps the soil wetter in all seasons,
mainly over shallow water table regions. Due to the water table persistence, the
influence is greater at water scarcity seasons; in spring, when evapotranspiration
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reaches the maximum rates, and summer, when the soil moisture is at a minimum
due to the lack of precipitation and high evapotranspiration rates.

5.2 Water flux across the water table: Recharge

The introduction of the groundwater interactions with the unsaturated soil as the
model lower boundary condition changes the nature of the water flux across the
water table or recharge. The study of this variable gives an understanding of the
connection between the groundwater reservoir and the soil.

The recharge is the water flux directly responsible for the soil moisture differences
between the WT and FD simulations analysed in Section 5.1. The connection be-
tween the unsaturaded soil and the groundwater reservoir through the recharge
flux is bimodal, depending on the soil wetness conditions:

e Negative recharge appears when the groundwater reservoir acts as a sink to
infiltrated water that comes from precipitation and exceeds evapotranspiration
to the atmosphere at the surface.

e Positive recharge appears when the groundwater reservoir takes the role of
water source to soil moisture via upward capillary flux as atmosphere evapo-
transpiration demands exceed the water input from precipitation.

In this section, the Long-Term Recharge obtained as the yearly mean water table
flux along the WT simulation is presented and analysed first, and the recharge sea-
sonal variability is studied later.

5.2.1 Long-Term Recharge

In methods commonly used, groundwater recharge is inferred by tracer studies from
streams flow (limited to river basins spatial scale) [10] or indirectly diagnosed from
other variables, as R = P — ET — Qp, where the evapotranspiration ET and surface
runoff Qp are calculated using LSMs without groundwater dynamics, and precipita-
tion P usually comes from analysis datasets [47].

In this work, the methodology is different, the water table flux for a large region
as the lberian Peninsula is explicitly calculated every timestep (900 s) in the WT
simulation. Hence, the Long-Term Recharge, understood as the yearly mean water
table flux along the WT 10-year simulation, has been obtained considering explicitly
long-term feedbacks between the groundwater reservoir, soil moisture, evapotran-
spiration and stream baseflow, as the result of a long-term land surface and hy-
drology model simulation that incorporates groundwater dynamics. The Long-Term
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Long—Term Recharge (mm/year) Yearly Rainfall (mm/year)
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Figure 5.4: Left: Long-Term Recharge (mm yr—1). Right: Mean precipitation forcing
(mm yr‘l) along the WT simulation.

Recharge is presented in Figure 5.4 (left), together with the mean yearly precipita-
tion forcing (right).

In Figure 5.4 (left), red colours mean negative (downwards) recharge and blue
colours mean positive recharge (upward flux). Precipitation and evapotranspiration
in Mediterranean climates are typically in opposite phases, and hence the long-term
recharge red negative patterns respond to high precipitation patterns - dark blue
shadows in Figure 5.4 (right) -, although the amount is diminished by surface runoff
and evapotranspiration.

The upward flux appears as a result of groundwater lateral flow from surrounding
higher water table cells and river infiltration when the water table is below the river
bed (see Section 2.2). These fluxes represent a water source to the groundwater
reservoir from surrounding areas, different to the vertical drainage through the wa-
ter table, allowing upward capillary flux to meet evapotranspiration demands. The
long-term blue (upward) recharge presents two different patterns:

1. Light blue shadows over extended shallow water table regions affected by in-
sufficient rainfall input to meet evapotranspiration demands, like in the Inner
Plateau (northern and southern subregions).

2. Marked blue streams following the main river valleys all over the domain, since
the river valleys are zones of strong lateral groundwater flow convergence.

A proper estimation of the recharge is of major importance for water management
systems, mainly in high irrigation areas such as the arid and semiarid regions of
the Iberian Peninsula, helping understand where unconfined aquifers are at risk of
being overexploited. Furthermore, a long-term recharge estimation that results from
a long-term LSM simulation with a fully dynamic water table, where the net yearly
upward flux is allowed, can be of great value for research purposes.
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5.2.2 Seasonal variability

The groundwater recharge presents a strong seasonal variability. Figure 5.5 shows
the mean daily recharge plots obtained in the WT simulation for spring (top left),
winter (top right), summer (bottom left) and autumn (bottom right). Again as in
Figure 5.4, red colours mean downward recharge and blue colours mean upward
flux.

Daily Recharge (mm) DJF Daily Recharge (mm) MAM

G|

Figure 5.5: Mean seasonal recharge (mm day~1) along the 10-year simulation pe-
riod. From top left to bottom right: winter (DJF), spring (MAM), summer (JJA) and
autumn (SON).

A clear seasonal evolution in the recharge can be appreciated from Figure 5.5 plots:

e The winter plot is mostly red and resembles the structure of the autumn and
winter precipitation plots in Figure 5.2, therefore the groundwater reservoir is
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a sink to the wet season precipitation water that infiltrates through the soil
layers.

e In spring the winter rainfall keeps flowing down through the soil layers and
to the groundwater reservoir, maintaining the negative recharge pattern as
strong as it was in winter, but spring precipitation is not as high and the evap-
otranspiration demands start to rise, so there begin to appear important blue
upward flux patterns over valleys and shallow water table regions.

e The summer plot shows a maximum in recharge all over the peninsula. The
precipitation input is minimal during summer, weakening the red negative pat-
tern, and the evapotranspiration demands from the atmosphere keep forcing
the groundwater reservoir to act as a water source, strengthening the blue
upward patterns that already appeared in spring.

e In the autumn plot the role of the groundwater reservoir as a water source
starts to weaken since autumn precipitation is enough to cover autumn evap-
otranspitation demands, and drainage through the water table is not as strong
as it was in spring, even though the precipitation input is similar or even
stronger for the wetter regions in autumn (Figure 5.2), since the infiltrated
water takes time to reach deeper water tables.

In conclusion, the groundwater recharge presents a clear seasonal cycle following
the precipitation and evapotranspiration cycles. Downward recharge is strong dur-
ing winter and spring, responding to drainage of infiltrated precipitation from the
wet season, and weaker during summer and autumn after the dry season. Upward
flux is appreciated over shallow water table regions; it presents significant values
in spring, when the evapotranspiration season starts, and reach the maximum in
summer when the surface balance is minimal (P — ET = —0.80 mm day~1), then
during autumn it decreases significantly due to the decrease of evapotranspiration
demands, and finally it reaches the minimum in winter when precipitation presents
the highest rates and evapotranspiration the lowest.

5.3 Enhanced Evapotranspiration (ET)

The fluxes across the water table result in water table depth fluctuations (see Sec-
tion 4.1) and changes in soil moisture as seen in Section 5.1. But the effects on
land-atmosphere fluxes are also significant.

Fan & Miguez-Macho (2010) [41] calculated the potential groundwater contribution
to the atmosphere via upward capillary flux and found that it reaches high values
of 50.86 mm day~! for clay loam soil type and 14.95 mm day~! for clay, when
the water table position is very shallow (1 m deep), and decrease rapidly as the
water table position deepens. These authors used a simple method resolving the
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Richards equation (Equation 2.1) numerically through the unsaturated soil (divided
into 0.05 m thick layers) for different water table positions, under imposed boundary
conditions of wilting point in the top layer (constant maximum water demand) and
saturation in the layer containing the water table.

More recently, Gestal-Souto et al. (submitted) [48] applied the same method to the
Iberian Peninsula using the EWTD applied here as initial condition (Section 3.2.2),
and they found upward capillary flux patterns with maximum values in the main
river valleys and the main shallow water table regions. With a coupled dynamic
groundwater-land surface simulation such as the WT simulation in this work, such
patterns of upward capillary flux translate into upward groundwater recharge during
dry periods (summer upward flux patterns in Figure 5.5), and the potential ground-
water contribution to the land surface ET can be ascertained.

The Iberian Peninsula seasonal ET fields obtained with LEAFHYDRO are shown in
Figure 5.6. The plots represent the mean daily ET in the FD simulation for, from
left to right; winter, spring, summer and autumn. The seasonal character of the ET
induced by the water availability and the incoming radiation is clear, showing maxi-
mum values and higher spatial variability in spring and summer and then minimum
values and variability in autumn and winter, when the incoming radiation is lower
and the leaf area index decreases. The higher values are reached over the more
vegetated areas of the north and west of the peninsula, where the surface temper-
atures are lower. These ET patterns are in agreement with ET seasonal patterns
obtained by Sobrino et al. (2007) [108] using NOAA satellite images for the Iberian
Peninsula.

Daily FD ET (mm) MAM

Figure 5.6: Mean seasonal evapotranspiration (ET, mm day~1) along the 10-year
simulation period (FD run). From left to right: winter (DJF), spring (MAM), summer
(JJA) and autumn (SON).

The WT simulation reveals an enhancement of the ET towards the atmosphere,
mainly in dry seasons and shallow water table regions. In comparison to the FD
run, the ET flux is higher in the WT run over the most part of the peninsula. The
averaged Iberian Peninsula ET in the WT run results 17.4% higher (0.24 mm day~!
difference).

The Iberian Peninsula averaged enhanced ET presents strong seasonal variability,
reaching its maximum in summer (34.9%, 0.54 mm day~1!), with WT-FD ET values
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over 2 mm day~! at some shallow water table points. In spring and autumn the
difference is similarly important in relative terms (10.8% and 13.4% respectively),
but considerably higher in absolute terms in spring (0.24 mm day~! and 0.14 day~1,
respectively), since it is in spring when ET fields reach maximum values as shown in
Figure 5.6. The low ET values in winter lead to very small and practically insignificant
ET differences between the WT and FD simulations (6.8%, 0.05 mm day~1).

lily WT—F

0.05 mm/day

Daily WT—=FD ET difference (mm) JJA
n le n‘_{%“ o Y 7

Daily WT—FD ET difference (mm) MAM 42 1
0.24 mm/day
v 394
7
~h
Daily WT—FD ET difference (mm) SO 36 4
0.14 mm/day

334

Figure 5.7: Mean seasonal evapotranspiration (ET) difference (mm day~1) between

the WT and FD runs (WT-FD) along the 10-year simulation period, and mean daily

difference averaged over the Iberian Peninsula (black text). Left, from top to bottom:
winter (DJF), spring (MAM) and autumn (SON). Right: summer (JJA).

From Figure 5.7, that shows the enhanced ET fields for the four seasons as the mean
daily ET differences between the WT and the FD simulations, a series of features are
outlined:

e The spatial pattern is the same in all seasons, but considerably stronger in the
summer season (larger plot), when the incoming precipitation is the lowest,
the atmosphere demands are high (see Figure 5.6), and in the WT simulation
there is more soil water availability due to the presence of the water table
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and the soil moisture memory from previous wetter periods that it induces
(following Chapter 6 will focus on the water table persistence and the seasonal
and long-term soil moisture memory induced by it).

e The ET differences pattern clearly resembles the mean water table position
(Figure 5.1, right plot), and reaches the highest values over the main river
valleys, where groundwater flow convergence leads to strong upward flux.

e The main vast shallow water table regions in the Northern Sub-Plateau, the up-
per Guadiana basin (Southern Sub-Plateau) or the Dorfiana National Park region
by the Guadalquivir river mouth, are spotted as enhanced ET zones all year.

e Over high regions like the Pyrenees or the Cantabrian Mountains, the deep
position of the water table translates into less or none enhanced ET.

The extra water that flows to the atmosphere as enhanced ET is not available in
the soil in the FD simulation. This is an important result that confirms the poten-
tial groundwater contribution to land ET over the Iberian Peninsula anticipated by
Gestal-Souto et al. (submitted) [48] — work also carried out in the USC Non-Linear
Physics Group.

5.4 Discussion

The objective of this chapter is to study the seasonal and spatial variability of the
water table effects on the land-atmosphere system. To do so, the long-term results
(soil moisture, groundwater recharge and evapotranspiration fluxes) of two 10-year
simulations with the coupled groundwater-land surface model LEAFHYDRO over the
Iberian Peninsula are studied. The simulations are referred to as WT (Water-Table),
in which the water table interactions are switched on, and FD (Free-Drain), in which
the water table interactions are switched off.

Results on long-term soil moisture show that the water table makes the soil wetter
over shallow water table regions, introducing a new pattern in soil moisture fields
different to the climatic conditions and soil texture patterns. Analysing seasonal
means, the water table influence on soil moisture is found to reduce partly season-
ality, since the soil wetness increase over the shallow water table regions is greater
at water scarcity seasons (24.4% in spring, when evapotranspiration reaches the
maximum rates, and 23.8% in summer, when the soil moisture is at a minimum due
to the lack of precipitation and high evapotranspiration rates), and lower in autumn
and winter (~ 20%), when the surface water balance P — ET is higher.

The soil moisture effects are induced by the groundwater recharge or water flux
across the water table, that can be positive (upwards via capillary flux) in the
WT simulation due to lateral groundwater convergence and river infiltration, acting
as a source to soil moisture to meet evapotranspiration demands. The Long-Term
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Recharge is presented, showing an upward flux pattern over extended shallow wa-
ter table regions and river valleys. The seasonal variability of groundwater recharge
responds to the surface precipitation and evapotranspiration cycles:

e The negative recharge is stronger during winter and spring, responding to
drainage of infiltrated precipitation from the wet season, and weaker during
summer and autumn after the dry season.

e The upward flux is strong in spring, due to the beginning of the evapotranspi-
ration season, and maximal in summer, when the surface balance is minimal.
Then, during autumn the upward flux decreases significantly due to the de-
crease of evapotranspiration demands, and finally it reaches the minimum in
winter, when precipitation presents the highest rates and evapotranspiration
the lowest.

The water table effects on soil moisture translate to the atmosphere via evapo-
transpiration enhancement. The evapotranspiration differences between the sim-
ulations with and without groundwater dynamics present again the spatial pattern
induced by the water table (reaching significant differences over river valleys and
shallow water table regions in the Inner Plateau and coastal plains). The enhanced
evapotranspiration averaged over the Iberian Peninsula is 0.54 mm day~1! in sum-
mer, when the precipitation is the lowest and evapotranspiration demands are high,
0.24 mm day~! in spring, when evapotranspiration demands are the highest, 0.14
mm day~! in autumn and 0.05 mm day~! in winter, when the evapotranspiration
demands are very low.

These results of wetter soil and enhanced evapotranspiration over shallow water
table regions lead to hypothesise that the introduction of the groundwater dynamics
in fully coupled land surface and climate simulations over the Iberian Peninsula will
result in:

e Convective precipitation enhancement through recycling of local water
vapour over the semiarid interior regions, that present a peak of precipitation
in early spring and shallow topographically-driven water table zones in spite of
low rainfall [9, 93].

e Summer temperature decrease due to lower sensible fluxes and higher
cloudiness. This is an interesting line of research, since the Iberian Peninsula is
a region of high land-atmosphere coupling (mainly over interior regions insu-
lated from the maritime moisture source by the Iberian mountains ranges), and
the summer temperature increase and interannual variability are hot topics in
climate change studies.






Chapter 6

Soil moisture memory
induced by the water table

The soil moisture link to the atmosphere is of major importance for weather and
climate forecasting as discussed in Section 1.3.1. Soil moisture memory refers to
dry or wet anomalies of longer persistence in time, as compared to the atmosphere.
The soil can "remember" atypically dry or wet conditions long after such conditions
have been "forgotten" by the atmosphere (Koster & Suarez, 2001 [61]).

The influence of soil moisture memory on seasonal forecasting has been an impor-
tant research issue for the scientific community in recent years [60, 68, 101, 120].
Different authors have worked on the identification of strong land-atmosphere cou-
pling regions (e.g. Koster et al., 2004 [59], Seneviratne et al., 2006 [105]), and on
setting a framework to assess soil moisture memory from climate data (e.g. Koster
& Suarez, 2001 [61], Seneviratne & Koster, 2012 [103]). Using ten different model-
ing systems experiments, participant in GLACE-2 (Global Land-Atmosphere Coupling
Experiment) project!, Koster et al. (2010) [60] related temperature and precipita-
tion predictabilities to higher soil moisture initial anomalies, hence the importance
of soil moisture memory in forecasting.

The integrative nature of soil moisture memory as water storage has been pointed
out by Orth et al. (2013) [89] by inferring soil moisture memory from streamflow ob-
servations at small catchment scales. Here, LEAFHYDRO introduces water table dy-
namics as a new player into the soil-atmosphere system. Therefore, the timescales
of water table dynamics, which can range form days to years in the Iberian Penin-
sula [80, 106], are accounted for by the soil and expected to enhance soil moisture
memory. In this chapter, such water table longer timescale and its influence on the
soil moisture memory over the Iberian Peninsula and over a localized shallow water
table region are studied.

Lhttp://gmao.gsfc.nasa.gov/research/GLACE-2/
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6.1 Water table seasonal and interannual persis-
tence

An important water table seasonal persistence, as compared to that of precipitation,
was observed in the previous chapter while analysing the seasonal mean water
table depth plots (Figure 5.2, Section 5.1). The choice of a 10-year simulation period
allows a deeper look into this water table persistence. In this section, the 9 complete
hydrological years (September 1989 - August 1998) simulated are used in order to
extract information about the seasonal and interannual water table behaviour.

The Iberian Peninsula presents, as noted from the precipitation plots in Figure 5.2,
an overall maximum of precipitation in winter months (2.3 mm day~! for the sim-
ulation period) and a minimum in summer months (0.7 mm day~1). A collection
of anomaly plots for both extreme seasons and for the 9 hydrological years simu-
lated is presented in Figure 6.1. Each column corresponds to each hydrological year,
chronologically from left to right (hyl to hy9). The four rows represent, from top to
bottom; winter precipitation anomalies, end of winter (March 15t) wtd anomalies,
summer precipitation anomalies, and end of summer (September 15t) wtd anoma-
lies. The colour bars below each row average the anomaly values of each plot for
the Iberian Peninsula, in order to give a quick idea of the anomaly evolution along
the simulation.

The precipitation plots show high interannual variability in summer (first row) and
also in winter (third row). However, the peaks and lows in precipitation anomalies
are independent for both seasons; the main winter drought starting in hy2 over the
south and centre of the peninsula that lasts until hy7 is not reproduced in sum-
mer, since hy3 summer anomalies are positive all over the domain and other years
present very different patterns (hy4 and hy6).

Looking at the end of season wtd plots (second and bottom row), the interannual
variability is not as marked; the changes are slow along the simulation, showing
a longer timescale of evolution in comparison to the precipitation plots. Hence the
water table position persists, in spite of different precipitation regimes at the surface
every year. This water table persistence is not only interannual but also seasonal,
as can be concluded from the similarity between wtd end of winter anomaly plots
(second row) and wtd end of summer anomaly plots (bottom row).

From Figure 6.1 it is concluded that the water table evolution responds mostly to
long-term climatic conditions and not so much to seasonal or annual peaks and
lows.
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Figure 6.1: Seasonal anomaly plots for precipitation and wtd. Each column represents a whole hydrological year (hyl to hy9) simulated. Rows
from top to bottom: winter precipitation anomaly (mm), end of winter (March 15t) wtd anomaly (m), summer precipitation anomaly (mm) and
end of summer (September 15t) wtd anomaly (m). Colour bars below each row represent the averaged anomaly value for the Iberian Peninsula.
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6.2 The effects of water table persistence on soil
moisture memory

The water table persistence and its connection to the soil through upward capillary
fluxes are expected to induce certain memory of past atmospheric conditions into
the soil. Over regions where the water table is shallow, the groundwater-soil link is
more important as seen in Section 5.1, and the longer timescale of variation of the
water table position affects soil moisture.

6.2.1 Analysis over the Iberian Peninsula

The plots in Figure 6.2 show, over the Iberian Peninsula and chronologically along
the 9 complete hydrological years simulated; total yearly precipitation anomalies
(top row), wtd anomalies at the end of the hydrological year (m; middle row), and
top-2 m soil moisture difference between the WT and the FD simulations anoma-
lies (bottom row). From the top and middle rows the water table persistence is
made clear, and the bottom row of soil moisture difference between the WT and FD
runs patterns can be understood as a measure of the water table influence on soil
moisture and its spatial and time variabilities.

The soil moisture difference between the WT and FD runs is always positive along
the experiment, since the soil is wetter in the WT run (see Section 5.1), but the
anomaly plots in the bottom row Figure 6.2 tell how positive it is during the dif-
ferent hydrological years in comparison to the mean, and therefore how important
the water table influence is under different climatic conditions and how such im-
portance follows yearly changes in precipitation (top row) and water table position
(middle row). Blue positive anomalies indicate stronger water table influence on soil
moisture and red negative anomalies indicate weaker influence.

From Figure 6.2 the following is noted:

e Intense climate events at the surface (positive anomalies in blue or negative
anomalies in red in the precipitation plots) cause responses in the water table
position (shallower anomalies in blue and deeper anomalies in red)that are not
immediate, and may last up to 1 or 2 years in time. For instance:

- High precipitation in the Northern Sub-Plateau and the southern half of
the peninsula during hyl keeps the water table shallower than the mean
during the next year at numerous zones in spite of clearly negative pre-
Cipitation anomalies during hy2.

- On the eastern coast, the hyl positive precipitation anomaly is especially
high, and the water table appears shallower than the mean during the
next 3 years, even though the precipitation anomalies in the region keep
changing.



Hydrological year Precipitation anomaly (mm)

Surface wetness

hy6

End of hydrological year Water Table Depth anomaly (m)
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Water table influence on soil moisture
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Figure 6.2: Hydrological year anomaly plots. Each column represents a whole hydrological year (hyl to hy9) simulated. Rows from top to
bottom: total yearly precipitation anomalies (mm), end of hydrological year (September 15t) wtd anomalies (m) and top-2 m soil moisture
difference (WT-FD) anomalies (m3 m~=3). Colour bars below each row represent the averaged anomaly value for the Iberian Peninsula.
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- Over the northern Cantabric coast, the very positive precipitation anomaly
during hy4 translates into positive wtd anomalies in the region in hy4 and
hy5 plots, in spite of negative precipitation anomalies during hy5 over
large zones of the coast.

- On the other hand, the positive precipitation anomaly during hy5 in the
northwestern part of the peninsula is not enough to be reflected in the
wtd plots as positive anomaly, since the region comes from 2 consecutive
very dry years (hy3 and hy4), and therefore the water table stays deeper
than the mean over most of the region after hy5.

e Following an initial overall wet year (wetter than the mean in the centre and
south but drier in the north), the precipitation anomalies averaged for the
Iberian Peninsula are clearly negative from hy2 to hy6, and then clearly positive
during the last 3 years. However, this surface wetness regime is followed with
1-2 years delay in the water table position, that deepens slowly from a shallow
initial position up to hy6 and then starts to rise up from the very wet hy7, but
it never reaches the positive anomaly position. This water table delayed be-
haviour is made very visible by the colour bars below each row, showing the
anomalies averaged for the whole peninsula.

e Looking at the bottom row, the very positive anomaly during hyl can respond
to a shallow initial water table position. Later on, the positive anomalies indi-
cating stronger water table influence on soil moisture appear during dry years
and regions where water table position "remembers" former wet events. The
regions of more intense anomalies (positive and negative) are the shallow wa-
ter table regions, where the mean soil moisture differences are greater.

e The overall wetter year at the surface, hy7, is the year with less water table
influence on soil moisture, as expected, since the evapotranspiration demands
are covered by precipitation.

e The colour bar (average for the Iberian Peninsula) in the bottom row follows
with a 1-year delay the colour bar in the middle row, indicating how the water
table depth memory is induced into the soil moisture.

A deeper understanding of the degree of the water table persistence influence on
the soil can be reached analysing the time correlation indexes between the yearly
soil moisture and the two players affecting its time evolution: precipitation and
water table depth (Figure 6.3).

The time series of the hydrological year soil moisture anomalies in the FD simulation
and the hydrological year precipitation anomalies are positively correlated at every
point of the domain (left plot in Figure 6.3), with lower indexes over high northern
regions where topography takes over. However, when the same time correlation
is evaluated using the WT simulation soil moisture anomalies, the positive index
decreases at shallow water table regions all over the Iberian Peninsula (middle plot
in Figure 6.3), indicating that the soil moisture dependence on precipitation has
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diminished. The averaged correlation index between yearly precipitation and soil
moisture anomalies series over the Peninsula decreases from 0.81 to 0.72, and from
0.82 to 0.60 when averaging only over shallow water table regions (wtd < 8m).

Anomalies Time Correlation PP vs SMOI-FD Anomalies Time Correlation PP vs SMOI-WT Anomalies Time Correlation WTD vs SMOI-WT

44
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Figure 6.3: Yearly anomalies time series correlations for the Iberian Peninsula (along

the 9 complete hydrological years simulated). Left: Precipitation (mm) vs. soil

moisture in the WT simulation. Centre: Precipitation (mm) vs. soil moisture in the
FD simulation. Right: Water table depth vs. soil moisture in the WT simulation.

Patterns of higher positive time correlation (over 0.5) in the Iberian Peninsula be-
tween the wtd anomalies and the soil moisture anomalies in the WT simulation
(right plot in Figure 6.3) appear over many shallow water table regions in the south-
ern half of the peninsula, the Northern Sub-Plateau or Galicia, precisely where the
soil moisture anomalies correlation with the precipitation anomalies (middle plot)
decrease. The averaged correlation index between yearly water table and WT soil
moisture anomalies series is 0.43 over the whole peninsula, and 0.93 when averag-
ing over shallow water table regions. Hence, the water table persistence enters into
the system as a factor to explain partly the soil moisture anomalies.

To further understand how the precipitation influence on soil moisture decreases and
the water table persistence influence increases, Figure 6.4 shows the time series
along the 9 hydrological years of the spatial correlation indexes between the Iberian
Peninsula fields of precipitation and soil moisture anomalies (left), and between wa-
ter table depth and soil moisture anomalies over shallow water table points (right).
The light blue columns represent the mean Iberian Peninsula precipitation for each
hydrological year.

Figure 6.4 (left) illustrates how precipitation anomalies explain soil moisture anoma-
lies in the FD simulation (dark blue line) to a higher degree that in the WT simulation
(dark green line), mostly during wetter years.

Figure 6.4 (right) shows how the wtd anomalies explain to some degree the soil
moisture anomalies in the WT simulation (dark orange line); the spatial correla-
tion index increases during the early years as precipitation decreases, marking the
greater influence of the wtd on soil moisture during droughts, then it decreases in
hy5 with an increase of precipitation and goes up again in the wettest hy7, when
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Anomalies Spatial Correlations PP vs SMOI Anomalies Spatial Correlations WTD vs SMOI (WTD<8m)
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Figure 6.4: Anomalies spatial correlations for the Iberian Peninsula along the 9 com-
plete hydrological years simulated and total yearly precipitation (mm; light blue
columns). Left: Precipitation vs. soil moisture in the FD simulation (dark blue line)
and precipitation vs. soil moisture in the WT simulation (dark green line). Right:
wtd vs. soil moisture in the WT simulation (dark orange line), mean last 2 years
wtd vs. soil moisture in the WT simulation (orange line), and mean last 3 years wtd
vs. soil moisture in the WT simulation (dark yellow line). Only points with mean wtd
above 8 m are considered for the spatial correlations between wtd and soil moisture
anomalies.

precipitation anomalies do not explain soil moisture anomalies in the WT simulation
as strongly as in the FD simulation (left).

The orange line in Figure 6.4 (right) represents the spatial correlation between the
wtd anomalies for the past 2 years (hy;, hy;_1) and soil moisture anomalies at hyy,
whereas the dark yellow line represents the spatial correlation between the wtd
anomalies for the past 3 years (hy;, hy;_1, hy;_>) and soil moisture anomalies at
hy;. Their high value and their upper trend during the dry middle years and the last
2 years can be explained as soil moisture memory of water table positions during
former years while precipitation follows a decreasing trend (hy2-hy4, hy7-hy9).

6.2.2 A closer look: La Mancha Humeda

La Mancha Himeda is a Biosphere Reserve situated in the upper Guadiana Basin. It
comprises the Tablas de Daimiel National Park, which corresponds to the core area,
the Alcdzar Lake and the Lagunas de Ruidera National Park. The Equilibrium Water
Table is found very shallow at this region (see Section 3.2.2), and therefore it is a
marked wet spot that helps understand the water table influence on soil moisture
memory at a finer scale.

6.2.2.1 Soil moisture memory induced over the localized shallow water
table zone

In Figure 6.5 a series of plots represent a 250 x 225 km?2 area containing La Man-
cha Himeda. The zoomed area is highlighted with a green contour in Figure 6.2
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(middle row, first plot). The plots show, chronologically for the 9 hydrological years
simulated; total yearly precipitation anomalies (top row, simple zoom of top row in
Figure 6.2), soil moisture anomalies in the FD simulation (second row), soil mois-
ture anomalies in the WT simulation (third row), and end of hydrological year wtd
anomalies (bottom row, simple zoom of the middle row in Figure 6.2).

From Figure 6.5, the following is noted:

e Soil moisture anomalies in the FD simulation (second row) are a clear response
to precipitation anomalies (top row).

e From hyl the water table appears very shallow in the central wet area (bottom
row), then the lack of precipitation (in this region the precipitation anomalies
are negative or very slightly positive up to hy6) causes the water table to
descend. However, the wtd anomalies persist positive and do not become
negative until hy4.

e In the WT simulation soil moisture anomaly plots (third row), the central wet
area follows wtd anomalies, with very positive anomaly in hyl and then with a
wetter soil wetter than the mean during the dry hy2 and hy3.

e From hy5, the negative wtd anomaly started in hy4 intensifies. In spite of
higher precipitation during the last 3 years, the water table never recovers
and the wtd anomalies in the central wet area are negative up to the end of
the simulation.

e Soil moisture anomalies are negative in the central area from hy4 as a direct
response to the wtd anomalies, and the soil also never recovers in the sim-
ulation, even though it can be clearly observed how in the last 3 years high
precipitation causes positive soil moisture anomalies around the central area.

e The averaged soil moisture anomalies (colour bars below second and third row)
change when considering the water table influence. For instance, the mean soil
moisture anomaly over the zoomed area in hy7 results positive due to positive
precipitation anomaly, whereas in the WT simulation it is negative due to water
table persistence.

From Figure 6.5 it is concluded that soil moisture patterns in the FD simulation follow
directly the evolution of precipitation patterns, whereas in the WT simulation soil
moisture patterns reflect a combination of precipitation and wtd patterns. The FD
approach, without groundwater representation, lacks the memory induced in the WT
simulation by the groundwater implementation, which is very apparent over shallow
water table areas. This memory is bimodal, since the water table persistence makes
the soil "remember" dry and wet periods, and therefore drought effects are buffered
but also last longer.
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Figure 6.5: Zoomed hydrological year anomaly plots in the region highlighted with a green contour in Figure 6.2 (middle row, first plot). Each
column represents a whole hydrological year (hyl to hy9) simulated. Rows from top to bottom:: total yearly precipitation anomalies (mm),
top-2 m soil moisture anomalies (m3 m~3) in the FD simulation, top-2 m year soil moisture anomalies (m3 m~3) in the WT simulation and end
of hydrological year (September 15t) wtd anomalies (m). Colour bars below each row represent the averaged anomaly value for zoomed area.
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6.2.2.2 The effects of soil moisture memory on evapotranspiration (ET)

In Section 5.3, it was discussed an enhancement of ET fluxes to the atmosphere
in the WT simulation. It was more significant over shallow water table regions and
water scarcity periods, when analysing the seasonal means over the Iberian Penin-
sula. But, how will the increased soil moisture memory in the WT simulation affect
land-atmosphere fluxes evolution in time?

The next set of plots in Figure 6.6 attempts to answer this question over the zoomed
region, and focussing on summer ET, when the effects are clearer. The plots show,
chronologically for the 9 hydrological years simulated; total yearly precipitation
anomalies (top row), summer daily ET anomalies in the FD simulation (middle row),
and summer daily ET anomalies in the WT simulation (bottom row).

From Figure 6.6, the following is pointed out:

e Summer ET anomalies in the FD simulation (middle row) reflect clearly the
precipitation anomalies pattern for each year (top row), as do the soil moisture
anomalies in the FD simulation in Figure 6.5.

e In the WT simulation, however, a new pattern of enhanced ET areas is super-
imposed to the precipitation induced pattern (bottom row). These enhanced
ET areas correspond to shallow water table areas.

e Positive ET anomaly points (green and blue colours) are spotted in the central
area during hyl and hy2 in the WT plots, whereas the FD plots do not present
these positive ET anomalies due to low precipitation rates in the area. This
positive anomalies correspond to the initial shallow water table position and
the soil moisture memory induced by the water table persistence.

e Other less significant positive summer ET anomalies are found in the WT plots
following the Guadiana stream in the especially dry hy5, that are not observed
in the FD simulation.

e The memory from the central dry years showed for soil moisture in Figure 6.5
is transferred to summer ET more clearly than the memory form the wet ini-
tialization, as the wet central area presents negative anomalies (yellow and
brown colors) during the wet hy7, hy8 and hy9 in the WT simulation, whereas
in the FD simulation the wet central area does not stand out and summer ET
anomalies follow the precipitation anomalies pattern, being positive in nearly
the whole region for the last 2 years.

From Figure 6.6 it is concluded that the increased soil moisture memory by the water
persistence over the region of La Mancha Humeda shown in the previous section is
passed to the atmosphere in the form of ET memory from past wet or dry periods.
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Figure 6.6: Zoomed hydrological year anomaly plots in the region highlighted with a green contour in Figure 6.2 (middle row, first plot). Each
column represents a whole hydrological year (hyl to hy9) simulated. Rows from top to bottom: total yearly precipitation anomalies (mm),
summer ET anomalies (mm day‘l) in the FD simulation and summer ET anomalies (mm day‘l) in the WT simulation.
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6.3 Discussion

Soil moisture memory refers to dry or wet anomalies of longer persistence in time,
as compared to atmosphere conditions. The objective of this chapter is to study the
water table persistence in the Iberian Peninsula and the soil moisture memory that
it induces. In order to do so, hydrological year (September-August) anomalies from
the 10-year WT and FD LEAFHYDRO simulations for water table depth, soil moisture,
evapotranspiration and precipitation are used.

The water table shows seasonal and interannual persistence, the time evolution
responds to long-term climatic conditions but not immediately to seasonal or annual
peaks and lows in precipitation. The water table response to intense precipitation
events and intense droughts is slow, keeping a 1-2 years delay from surface events.

The water table persistence has significant influence on soil moisture time evolution
(0.43 correlation index between wtd and soil moisture anomalies time series, av-
eraged for the whole peninsula), while precipitation influence decreases when the
water table is considered (from 0.81 correlation between precipitation and soil mois-
ture anomalies in the FD run to 0.72 in the WT run). But the higher influence on soil
moisture is found over shallow water table regions (wtd < 8 m; groundwater and
soil are hydraulically connected), where the averaged time correlation indexes with
soil moisture anomalies in the WT run are 0.60 for precipitation and 0.93 for wtd.
A closer look over the well known shallow water table region La Mancha Himeda
provides clearer evidences on the water table persistence influence on soil moisture
and evapotranspiration fluxes memory:

e In the FD run, soil moisture patterns follow directly the time evolution of pre-
cipitation patterns.

e In the WT run, soil moisture patterns follow a combination of precipitation and
wtd evolution patterns, reflecting the interannual water table persistence.

e The memory induced is bimodal; 1) soil moisture "remembers" past wet condi-
tions through the water table persistence at shallow positions, buffering
drought effects, and 2) soil moisture "remembers" past dry conditions through
the water table persistence at deep positions, causing a delay in drought re-
covery.

e The soil moisture memory is passed to the atmosphere, as evapotranspiration
time evolution patterns follow the soil moisture patterns in the WT run.

The water table persistence translates into soil moisture memory from past dry or
wet periods over shallow water table regions. Then, the soil moisture memory is
passed to the atmosphere as evapotranspiration memory.






Chapter 7

Water table integrated
effects over the main Iberian
river basins

The LEAFHYDRO WT simulation links the time evolution of the groundwater reser-
voir to soil moisture and water fluxes at the surface. Miguez-Macho et al. (2007)
[83] analysed this linked behaviour using a 1-year simulation over 2 points where
the water table was shallow for different reasons (lateral transport from surround-
ing mountains in a California site and high precipitation rate in a Mississippi site),
in order to study the response of the initial version of LEAFHYDRO under different
climate conditions. They found that shallow water tables can have different roles in
the water cycle when the climate and topographic conditions are different; sustain-
ing evapotranspiration (ET) during the dry season in the California site by lateral
groundwater flow convergence, and delivering precipitation surplus to the rivers to
maintain a steady streamflow in the Mississippi site.

The Iberian Peninsula presents different precipitation regimes. One of the goals in
this work is to understand the effects of groundwater-soil interactions over different
climatic regions and periods. In order to do so, the LEAFHYDRO simulations (WT and
FD) results are integrated over the main Iberian basins and analysed in this chap-
ter. River basins can be considered as independent topographically-driven regions
integrating the hydrological system behaviour.

7.1 Main lberian basins

The identification of the basins is performed using a routing scheme that follows
the main rivers and all their tributaries upwards from the mouth to the sources. For
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this scheme the river parameters Ay (m?; accumulated drainage area) and fd (flow
direction), calculated as detailed on Section 3.2.4, are used.

Figure 7.1 shows the river basins studied inside the Iberian Peninsula (left) and the
seasonal distribution of the mean yearly precipitation over each basin for the 9
complete hydrological years simulated (right). Five basins discharge to the Atlantic
Ocean; Mifio, Duero, Tajo, Guadiana and Guadalquivir, and three basins discharge
to the Mediterranean Sea; Ebro, Jlcar and Segura.

Main Iberian Basins

Mean Seasonal Basin Precipitation (mm)

—Mifio
—Duero
—Tajo
—Guadiana

Guadalquivir
—Ebro

Jucar
N Segura

N

T T T
SON DJF MAM JIA

Figure 7.1: Left: Main river basins in the Iberian Peninsula, isolated using a routing
scheme. Right: Mean seasonal precipitation (mm) distribution over the main Iberian
basin for the 9 complete hydrological years simulated.

From Figure 7.1 (right) two distinctive precipitation regimes for the selected Iberian
basins are observed:

1. The open Atlantic basins present a clear seasonal precipitation regime, with
the wettest season in winter and the driest in summer. The total yearly pre-
cipitation decreases from north to south; the northern Mifio basin reaches the
maximum in the Peninsula (1088 mm yr~1), then the Duero and Tajo basins
in the north-centre reach similar values (628 and 640 mm yr~1, respectively),
and finally the southern Guadiana and Guadalquivir basins reach the minimum
values (503 and 526 mm yr~1, respectively).

2. The Mediterranean basins are drier and present a different and more mod-
erate seasonal regime, with autumn as the wettest season and summer as
the driest. However, the Ebro basin shows practically no dry season; 515 mm
yr~1 evenly distributed through the year (only ~ 50 mm difference between
autumn and summer, due to high precipitation rates all throughout the year in
the Pyrenees, see Figure 5.2). The Jlcar and Segura basins show a clearer dry
season in summer, accumulating only ~ 10% of the yearly precipitation (441
and 345 mm yr—1, respectively).
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Based on these different precipitation regimes, in the next section an analysis of the
effects of the groundwater-soil interactions and their time evolution under different
climatic conditions is carried out.

7.2 Seasonal and long-term time evolution

The seasonal, annual and long-term behaviour of the groundwater-soil-atmosphere
system is studied next over the main Iberian rivers basins (Figure 7.1).

The most significant influence on soil moisture and land-atmosphere fluxes within a
basin takes place over shallow water tables regions (wtd < 8m), where groundwater
is hydraulically connected to the upper soil crust through vertical fluxes. The shallow
water table cells accumulate groundwater from the rest of the basin through lateral
groundwater flux convergence and integrate its effects on soil moisture and land-
atmosphere fluxes. The fraction 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 Mifo basin —, and one fourth in the Mediterranean basins - 24.3%
in the Ebro basin, 27.5% in the Jucar basin and 28.1% in the Segura basin —, as the
eastern half of the peninsula presents an overall deeper water table (see Section
3.2.2). Therefore, to clearly show the impacts of groundwater, the time evolution
of wtd, soil moisture and ET enhancement (ET difference between the WT and FD
simulations) in this section is evaluated over shallow water table cells only.

7.2.1 Atlantic basins

Figures 7.2 and 7.3 show for each Atlantic basin two graphs; 1) on the left, seasonal
precipitation (blue bars) and the time series of area averaged wtd for the shallow
water table cells (red line), WT-FD top-2 m soil moisture difference (orange line at
the bottom) and WT-FD ET difference (turquoise bars at the bottom); and 2) on the
right, the power spectrum analyses for the time series of soil moisture (WT run in
blue and FD run in red) and wtd (inside box), where again only shallow water table
cells are used. Power spectrum graphs illustrate the water table effects on soil
moisture for longer periods.

From Figures 7.2 and 7.3, the time evolution of the water table and its influence
on soil moisture and ET under the Atlantic basins climatic conditions is evaluated,
outlining the following points:

1. About wtd time evolution;

e The wtd series (red lines in left graphs) presents a very clear annual
cycle in all basins, following precipitation (blue bars in left graphs) and
ET; upward trend during autumn and winter, since the surface balance
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Figure 7.2: Atlantic basins time evolution, from top to bottom: Mifio, Duero and

Tajo. Left: Seasonal precipitation (mm day~1; blue bars), and time series averaged

over the shallow water table cells of wtd (m; red line), WT-FD top-2 m soil moisture

difference (m3 m~3; orange line) and WT-FD ET difference (mm day~1; turquoise

bars). Right: Power spectrum analyses for top-2 m soil moisture (WT simulation in

blue and FD simulation in red) and wtd (inside box), only shallow water table cells
are used.
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Figure 7.3: Atlantic basins time evolution (continuation from Figure 7.2): Guadiana

(top) and Guadalquivir (bottom).

(P — ET, precipitation minus evapotranspiration) is the highest, and deep-
ening trend from late spring until the maximum depth is reached after
summer, since precipitation decreases and ET demands groundwater re-
sources through capillary rise.

e The reach of the wtd annual peaks and lows reflects the intensity of the

rainy season.

e The long drought starting in summer 1990 and lasting until 1995/1996 is

clear in the central and southern basins (a peak in autumn 1993 rainfall
buffers somehow the drought in the Duero and Tajo basins). The water
table follows these surface events, showing a long-term downward trend
all along the drought and an upward trend after 1996, when precipitation
increases significantly.

e The long-term wtd trends show the water table persistence. During the

central drier years the deepening is slow, keeping the water table at rel-
atively shallow positions that allow groundwater-soil interactions. Then it
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takes 3 very wet rainy seasons from autumn 1996 for the water table to
recover to shallower positions close to the depth it had before the drought.

2. The WT-FD soil moisture difference time series (orange lines at the bottom in
left graphs) shows the water table influence on soil moisture;

e Groundwater makes always the soil wetter in the WT run, as discussed in
Chapters 5 and 6.

e The difference in soil moisture presents lows during precipitation peaks
because the soil is wet in both the FD and WT runs, and hence the water
table presence is not as influential.

e On top of the latter lows, there is a clear annual cycle in the soil moisture
difference; increasing gradually from autumn towards spring since the wa-
ter table presence slows down drainage during the rain season in the WT
run, and then decreasing drastically in late spring or early summer.

3. The latter drastic decrease in soil moisture difference is explained by the an-
nual peak of enhanced ET in the WT run (WT-FD ET difference; turquoise bars
at the bottom in left graphs);

e In spring ET demands are maximal and therefore ET enhancement reaches
a peak; a) in the WT run, the water accumulated in the top soil during the
rainy season due to slow drainage, plus the dominance of the upward cap-
illarity flux later during the dry season, cover ET demands, whereas b) in
the FD run, the top soil accumulated less water during the rainy season
and there is no upward capillarity flux, resulting is less water availability
to cover ET demands.

e The timing of the enhanced ET is different for the different basins, de-
pending on the soil water availability from precipitation. In the Mifio basin
the period of intense enhanced ET is short, only during summer. As wa-
ter availability decreases towards the central and southern basins due to
less intense and shorter rainy season, the ET enhancement period starts
earlier, in early spring or even late winter (like during the central years of
simulation in the Guadiana and Guadalquivir basins), and lasts longer if
the dry season has been especially dry (like in 1995).

e The amount of total yearly enhanced ET is similar for all Atlantic basins.
However, the enhanced ET is more significant in relative terms as the
basins are drier towards the south (see Figure 7.4), ranging from 13.3%
in the Mifio basin to 21.4% in the Guadalquivir basin.

Note that data in Figure 7.4 is averaged for the whole basins (not only
shallow water table cells)

e ET is mostly energy limited in the Mifio basin. In the rest of the basins ET
is water limited, therefore the groundwater influence on ET enhancement
over the shallow water table regions is stronger.
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Figure 7.4: Mean yearly enhanced ET (mm yr—1; turquoise line) and ET increase in
the WT simulation (%) in the Atlantic basins.

4. About soil moisture memory;

e The power spectrum (right graphs in Figures 7.2 and 7.3) show higher am-
plitude in the WT simulations for soil moisture at one year and longer pe-
riods, and this difference is explained by the wtd power spectrum (inside
box), which shows most energy in the several years long fluctuations.

e The left graphs in Figures 7.2 and 7.3 show the latter, more clearly towards
the south (Guadiana and Guadalquivir basins). The soil moisture difference
(orange lines) show long-term trends following the long-term wtd trends
(red lines), and therefore the soil water availability and its potential con-
tribution to ET keep memory from past dry or wet years. For instance, in
the Guadiana basin, the WT-FD ET fluxes (turquoise bars) during the year
1996 are clearly lower than during the year 1990, even though there is
higher precipitation in the previous wet season. This is explained by the
soil moisture memory, showing less soil moisture difference during 1996
due to a long-term trend induced by the water table persistence.
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Figure 7.5: Time series for yearly Enhanced ET (WT-FD ET difference; mm) along the
9 hydrological years for the Atlantic basins.

e The total enhanced ET yearly evolution in Figure 7.5 gives a measure
of this memory for the five Atlantic basins, reflecting the long-term wtd
trends. Hence, the ET enhancement during the dry season depends not
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only on the previous wet season precipitation but also on the water table
position.

7.2.2 Mediterranean basins

A different precipitation regime is observed for the Mediterranean basins (Figure
7.1); moderate with precipitation all year in the Ebro basin, and moderate wet sea-
son with a marked dry summer in the JUcar and Segura basins. The total rainfall
amount decreases significantly towards the south.

Figure 7.6 shows the time evolution of the water table and its influence on soail
moisture and ET under the Mediterranean basins climatic conditions. The following
is noted:

1. About wtd time evolution;

e The wtd annual cycle and the reach of its peaks and lows follow the rain
and ET seasons as described for the Atlantic basins, but the intensity of
the cycle is lower due to the lower accumulated precipitation during the
wet season.

e The severity of the drought (growing from north to south) is as intense
as seen in the southern Atlantic basins, but its effects on the long-term
water table evolution are intensified by the moderate precipitation during
the last 3 years, which stops the depression of the water table during the
drought but it is not enough to rise the water table position to shallower
depths as seen in the Atlantic basins.

2. The annual cycle of the WT-FD soil moisture difference is lees intense than in
the Atlantic basins because the wet season is more moderate. In the Ebro
basins where summer is nearly as wet as winter, the cycle is harder to detect.

3. About ET enhancement in the WT run;

e The annual cycle of the WT-FD ET is the same as seen for the Atlantic
basins. However, the differences between basins are not so strong; the
reach of the maximum ET enhancement is very similar every year and the
intense enhancement period starts slightly earlier in the basins with less
intense rainy season.

e As observed for the Atlantic basins, the enhanced ET is more significant in
relative terms as the basins are drier towards the south: 14.1% in the Ebro
basin, 20.3% in the Jlcar basin and 28.4% in the Segura basin.

4. About soil moisture memory;

e The power spectrum (right graphs in Figure 7.6) shows the increase of
soil moisture memory as the WT simulation present higher amplitudes for
longer periods. The memory grows from north to south.
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Figure 7.6: Mediterranean Basins Time Evolution, from top to bottom: Ebro, Jucar
and Segura. As Figure 7.2.

e The soil moisture difference presents a long-term deepening trend during
the drought and then a steady position during the last 3 years, translating
the water table persistence into soil moisture memory, since the water
table never recovers initial depths after the drought.
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e The total enhanced ET yearly evolution in Figure 7.7, however, do not re-
flect the wtd and soil moisture difference long-term trends as clearly as
seen in Figure 7.5 for the Atlantic basins. On top of the long-term trend
imposed by the soil moisture difference, it reflects a different cycle im-
posed by summer precipitation; ET enhancement peaks during the years
of lower summer precipitation (1994 in the 3 basins or 1990 in the Segura
basin), and ET enhancement lows during the years of higher summer pre-
Cipitation (1997 in the 3 basins or 1992 in the Ebro basin), when the dry
season is absent or less clear. Hence, the ET fluxes memory is constrained
in the Mediterranean basins by the intensity of the dry season, more still
in the northern Ebro basin that presents less marked dry season.
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Figure 7.7: Time series for yearly Enhanced ET (mm) along the 9 hydrological years
for the Mediterranean basins.

7.3 Discussion

The strength of the groundwater-soil coupling depends on the water table depth, but
the effects of the coupling differ under different climatic conditions. In this chap-
ter, the effects of the water table on soil moisture and land-atmosphere fluxes are
evaluated as area averages over the main Iberian basins. Lateral flow convergence,
driven by topography, distributes groundwater resources within a basin, and there-
fore the groundwater role in the hydrological cycle integrates the climatic conditions
over the whole basin.

The Atlantic basins (Mifio, Duero, Tajo, Guadiana and Guadalquivir) and the Mediter-
ranean basins (Ebro, JUcar and Segura) present distinctive precipitation regimes;
a) in the Atlantic, marked wet season (winter) and marked dry season (summer);
b) in the Mediterranean, moderate wet season (autumn) with practically no dry sea-
son in the Ebro basin, and moderate wet season (autumn) and marked dry season
(summer) in the Jucar and Segura basins.

During the wet season (autumn-winter) the water table rises due to drainage of
precipitation, but its presence (WT run) slows down the drainage as compared to the
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FD run, and therefore the soil moisture difference between both runs also follows
an upward trend. Then, when the ET season begins in spring, the soil moisture
difference is maximal and there is more soil water availability to meet ET demands
in the WT run, causing a marked peak in the ET difference (WT-FD; ET enhancement)
evolution. During spring and 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 ET enhancement is more significant in the
drier southern basins, where ET is more water limited (21.4% ET enhancement in
the Atlantic Guadalquivir basin and 28.4% in the Mediterranean Segura basin). In
the northern Mifio basin where ET is not so much water limited as energy limited,
the ET enhancement is less significant (13.3%).

The 10-year period of simulation presents a long drought from 1990 to 1995/1996 in
all basins except the Mifio basin. The water table follows the long-term precipitation
trend with a slow wtd depression along the drought, and then gradually recovering
to shallower a position during the last 3 years when precipitation is high. This
long-term wtd trend is passed to the soil moisture difference time evolution, and
therefore the soil moisture potential contribution to ET "remembers" past dry and
wet years. In the Atlantic basins, the soil moisture memory induces ET memory,
more clearly in the southern drier basins, where the water table influence on the
land-atmosphere fluxes depends not only on the previous wet season intensity but
also on the long-term wtd evolution. In the Mediterranean basins, this ET memory
is constrained by the intensity of the dry season, since during years of especially
dry summer ET enhancement increases above the wtd trend, and during years of
especially wet summer ET enhancement decreases below the wtd trend.






Chapter 8

Conclusions

Land-atmosphere coupling is a key factor in climate modeling research. In this con-
text, it is essential for the scientific community to achieve a correct representation
of the processes and storages that affect land-atmosphere interactions in GCM and
RCM land surface schemes. Groundwater plays an important role in the water cycle,
interacting with the land surface via vertical fluxes through the water table surface
and distributing water resources spatially via lateral transport, driven by topogra-
phy. This thesis is intended as a step forward in the model representation of ground-
water dynamics and their influence on the land-atmosphere system. To carry out the
task, the Land Surface and Groundwater Model LEAFHYDRO is presented and evalu-
ated. The model represents groundwater dynamics through 3 different interactions;
1) two-way groundwater-soil fluxes, 2) groundwater lateral flow, and 3) two-way
groundwater-streams exchange. 10-year simulations (WT run, with the groundwa-
ter scheme switched on, and FD run, with the groundwater scheme switched off)
are performed over the Iberian Peninsula in order to study the influence of ground-
water dynamics on soil moisture and evapotranspiration (ET) fluxes at seasonal and
interannual timescales. The model is forced with daily analysis precipitation (0.2°
spatial resolution). The water table initial condition is a high resolution Equilibrium
Water Table Depth, obtained in the USC Non-Linear Physics Group [47] with a sim-
ple groundwater model [42], as a balance between the atmospheric influence in the
form of climatic groundwater recharge (R = P — ET — Qp, recharge R equals precipi-
tation P minus evapotranspiration ET minus surface runoff Q) and the topographic
influence in the form of gravity-driven lateral convergence. The main findings and
conclusions of this research work are summarized next:

1. LEAFHYDRO is a solid tool to asses the groundwater-land surface link. Vali-
dation with observational water table depth (wtd) data shows that the model
simulates a realistic water table position and time evolution; a) 66.0% of the
observations with shallow mean water table (wtd < 8 m), which are hydrauli-
cally connected to the soil, are well represented in the model, b) the model
captures the mean water table position along the simulated period (less than
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2 m difference between observed and simulated mean wtd in 14.0% of the
observation sites, 33.0% if only shallow observation sites are considered), and
c) the model represents realistically the seasonal cycle and interannual trends
in the wtd observations (32.3% of the observation sites present a correlation
greater than 0.5 between observed and simulated time series).

2. The representation of streamflow closes the water budget in LEAFHYDRO, dis-
charging ultimately to the ocean. The simulated dry season stream baseflow is
maintained by groundwater, that accumulates recharge during the wet season
and feeds the streams during the dry season where the water table is above the
riverbed. Then, when the rainy season begins again in autumn, the streamflow
recovers quickly due to surface runoff and groundwater flux. When comparing
to streamflow observations, this seasonal behaviour improves the free-drain
approach (represented by the FD run, where the water draining through the
deeper soil layer in the model flows directly to the streams), that dries out the
streams in summer and then takes longer to recover when the rainy season
begins, since there is no gruoundwater flux.

3. Groundwater-soil exchange fluxes can be positive (upward capillary flux) to
meet ET demands, since topographically-driven lateral groundwater flow and
river infiltration (when the water table is below the riverbed) represent a ground-
water source different to vertical fluxes. A yearly Long-Term Recharge estima-
tion is presented that localizes zones of strong groundwater-soil coupling, as
positive recharge regions, over a) extended interior semiarid regions of shal-
low water table and insufficient precipitation to meet ET demands, and b) river
valleys of strong lateral groundwater convergence. The positive groundwater
recharge, and therefore the groundwater-soil coupling, follows seasonal cycle
of the surface water balance (P—ET, precipitation minus evapotranspiration); it
is strong in spring, when ET demands are the highest in the peninsula, maximal
in summer, when ET demands are lower than in spring but the precipitation is
at a minimum, moderate in autumn, when precipitation is enough to cover ET
demands, and minimal in winter, the season of highest precipitation and lowest
ET demands.

4. The groundwater-soil coupling over shallow water table regions results in soil
moisture increase with respect to the FD run. Hence, the soil moisture fields
present a new wet pattern of shallow water table regions superimposed to the
soil texture and climatic conditions patterns. Groundwater interactions reduce
soil moisture seasonality, since the soil moisture increase (100An/nep, where
A = nwrt —nrp) is greater at water scarcity seasons (spring and summer; nega-
tive P—ET balance, due mostly to high ET demands in spring and minimum pre-
Cipitation in summer). On average over shallow water table regions (wtd < 8
m; 31.4% of the Iberian Peninsula territory), the soil moisture increase is 24.4%
in spring and 23.9% in summer, whereas in winter and autumn it is 19.3% and
20.9%, respectively.
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5. The soil moisture increase translates to the atmosphere as ET enhancement
(positive ET difference between the WT and FD runs). The spatial patterns of ET
enhancement over the peninsula resemble the shallow water table and strong
groundwater-soil coupling patterns. On average over the peninsula and com-
paring to the FD run, ET results 17.4% higher in the WT run (0.24 mm day~1!).
ET reaches the maximum enhancement in summer (34.9%, 0.54 mm day™1).
Analysing this ET enhancement over different river basins in the peninsula, the
greater values and therefore greater groundwater-soil coupling are found over
the southern drier basins, where the ET is water limited (21.4% yearly ET en-
hancement in the Atlantic Guadalquivir basin and 28.4% in the Mediterranean
Segura basin), whereas the northern Mifio basin presents the weakest coupling
(13.3% yearly ET enhancement), since the ET there is less water limited and
more energy limited. This ET enhancement will have an important impact on
precipitation recycling and seasonal forecasting in fully coupled groundwater-
land-atmosphere modeling studies.

6. The water table shows strong seasonal and interannual persistence, respond-
ing to long-term climatic conditions but not immediately to seasonal or yearly
peaks and lows in precipitation. Over shallow water table regions, this water
table persistence induces a new pattern in soil moisture long-term evolution.
Analysing yearly soil moisture anomalies over the 10-year period simulated,
the new pattern of soil moisture evolution reflecting the water table pattern
is captured as induced soil moisture memory. This soil moisture memory is
bimodal; 1) soil moisture "remembers" past wet conditions through the water
table persistence at shallow positions, buffering drought effects, and 2) soil
moisture "remembers" past dry conditions through the water table persistence
at deep positions, causing a delay in drought recovery.

7. The soil moisture memory is passed to the atmosphere as ET enhancement
memory in the WT run. Analysing the integrated water table effects on the
land-atmosphere system and their long-term evolution over the Iberian river
basins, the wtd long-term evolution is reflected by the soil moisture difference
(WT-FD) evolution, or in other words, the water table persistence is reflected
by the long-term evolution of the soil moisture potential contribution to ET en-
hancement in the WT run. Hence, ET enhancement "remembers" past dry and
wet years. This ET memory is strong in the Atlantic basins, but in the Mediter-
ranean basins it is constrained by the intensity of the dry season; in years of
especially dry summer ET enhancement increases above the wtd trend, and
in years of no dry season (summer nearly as wet as winter) ET enhancement
decreases below the wtd trend.



112

Future work

The line of research followed in the USC Non Linear Physics Group during recent
years, producing initial conditions for the water table depth in the Iberian Peninsula
[47], the Amazon [41], or even global patterns [40], in order to later evaluate the
groundwater influence on LSM simulations as done in this thesis, has a very clear
final goal: to perform fully coupled land surface and climate simulations where a dy-
namic water table scheme accounts for the groundwater influence on climate. Work
is ongoing in this direction coupling the groundwater scheme in LEAFHYDRO to the
RCM WRF. Results in convective precipitation enhancement through recycling of lo-
cal water vapour evapotranspirated as enhanced ET, higher cloudiness, summer
surface cooling and overall improvement of seasonal forecast are expected, con-
tributing to the growing efforts in the scientific community to improve the model
representation of the land-atmosphere system (see Section 1.3).

The LEAFHYDRO Land Surface and Groundwater Model has demonstrated to be a
simple but robust tool for groundwater hydrology research, and its continuous de-
velopment is planned in the USC Non Linear Physics Group. Some of the lines of
development are; a) representation of the deep soil-groundwater linkage, below the
soil crust resolved by the model, since deep soil properties (porosity, conductivity,
capillary potential) might be misrepresented by the bottom soil layer properties,
leading to slow drainage and accumulation of water in the deep soil, b) representa-
tion of surface runoff, triggered by heavy rainstorms or snowcover depletion from
high mountainous areas, c¢) subgrid scale geological features representation, since
rocks less permeable than the cell soil type in localized zones also trigger surface
runoff, or d) dynamic vegetation representation.

Work is ongoing to elaborate a high resolution Equilibrium Water Table Depth for the
Iberian Peninsula, which will reproduce the spatial distribution of the water table in
the peninsula more realistically than the one used as initialization in this thesis [47],
since the atmospheric influence in the form of climatic groundwater recharge will
be a long-term estimation from LEAFHYDRO several decades simulation.
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