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Summary

Infiltration and recharge processes play an important role in the hydrological cycle.
Robust estimation of recharge is critical for sustainable water resource management, especially
in arid and semi-arid regions where surface water is limited and groundwater constitutes the
main source of water throughout the year. However, the estimation of recharge remains a
challenge as many of the controlling factors are difficult to measure. For example, evaporation
and transpiration processes strongly influence recharge dynamics but are difficult to quantify.
Moreover, transpiration and evaporation rates are also influenced by the depth to groundwater.
The presence of vegetation influences the interception of rainfall, further affecting recharge
dynamics, and this influence is difficult to quantify.

The goal of this thesis is to increase the robustness of recharge estimation, with a focus
on semi-arid regions. The thesis is based on a combination of lysimeter experiments in
Guanzhong Basin and Mu Us Sandy Land with numerical models.

In the first contribution, a systematic assessment of the reliability of four commonly used
methods for estimating bare soil evaporation is carried out under consideration of variable
depth to groundwater. The results show that the maximum entropy production method
performed best for all water table depths. The extinction depth is an important indicator for
considering methods for estimating evaporation.

Subsequently, the influence of shrub (Salix psammophila) on the infiltration process is
investigated under both shallow and deep water table conditions. Salix psammophila is a
phreatophyte which can absorb water from both groundwater and the vadose zone. In particular,
the distribution of root density in response to shallow and deep water table depths was
systematically analyzed. We focus our research on this specific species, as in the current, large
reforestation projects in Mu Us Sandy Land, China is using this species. The results show that
Salix psammophila afforestation can cause a decline of the water table, prevent groundwater
recharge, and reduce effective infiltration.

In the third contribution, the thesis focuses on investigating whether actual recharge can
be uniquely extracted from variably saturated subsurface flow models. As variably saturated
subsurface flow models conceptualize and simulate water flow in both the unsaturated and
saturated zones, recharge is expected to be reliably extracted from such kinds of models. The
results show that actual recharge cannot be uniquely extracted from variably saturated
subsurface flow models, as opposed to the potential recharge.

Finally, we evaluated the performances of different methods to estimate specific yield for



estimating recharge under different water table conditions. In particular, the depth-dependency
of specific yields was examined for estimating recharge. The results indicate that the estimation
of recharge can be enhanced through the utilization of depth-dependent specific yield,
contingent upon the acquisition of reliable parameters.

From a methodological point of view, the combination of lysimeter experiments with
different water table depths and variably-saturated subsurface flow models constituted a
powerful approach for exploring infiltration and recharge processes under natural conditions.
Keywords
Infiltration; Groundwater recharge; Evaporation; Evapotranspiration; Variably-saturated
subsurface flow model; Water table fluctuation method; Specific yield; Vegetation;

Afforestation; Water table depth; Water resources management; Arid and semi-arid regions
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Résumé

Les processus d'infiltration et de recharge jouent un rdle important dans le cycle
hydrologique. Une estimation robuste de la recharge est essentielle pour une gestion durable
des ressources en eau, en particulier dans les régions arides et semi-arides ou I'eau de surface
est limitée et les eaux souterraines constituent la principale source d'eau tout au long de l'année.
Cependant, I'estimation de la recharge reste un défi, car de nombreux processus importants sont
difficiles a mesurer. Par exemple, les processus d'évaporation et de transpiration influencent
fortement la dynamique de la recharge, mais sont difficiles a quantifier. De plus, les taux de
transpiration et d'évaporation sont également influencés par la profondeur de la nappe
phréatique. La présence de végétation influence 1'interception des précipitations, affectant ainsi
la dynamique de la recharge, et cette influence est difficile a quantifier.

L'objectif de cette these est d'accroitre la robustesse de I'estimation de la recharge, en se
concentrant sur les régions semi-arides. La thése s'appuie sur une combinaison de mesures
lysimétriques dans le bassin du Guanzhong et dans le désert de Mu Us avec des mod¢les
numériques.

Dans la premiére contribution, une évaluation systématique de la fiabilit¢ de quatre
méthodes couramment utilisées pour estimer 1'évaporation du sol nu est réalisée en tenant
compte de la profondeur variable de la nappe phréatique. Les résultats montrent que la méthode
de la production maximale d'entropie a donné les meilleurs résultats pour toutes les profondeurs
de nappe phréatique. La profondeur d'extinction (profondeur maximale d’évapotranspiration)
est un indicateur important a considérer pour les méthodes d'estimation de I'évaporation.

Ensuite, l'influence de l'arbuste, Salix psammophila, sur le processus d'infiltration est
¢tudi¢e dans des conditions de nappe phréatique peu profonde et profonde. Salix psammophila
est une phréatophyte capable d'absorber de 1'eau a la fois de la nappe phréatique et de la zone
vadose. En particulier, la répartition de la densité des racines en réponse a des profondeurs de
nappe phréatique peu profondes et profondes a été systématiquement analysée. Nous
concentrons notre recherche sur cette espece spécifique, car dans les projets de reforestation a
grande échelle en cours dans le désert de Mu Us, la Chine utilise cette espece. Les résultats
montrent que le reboisement de Salix psammophila peut provoquer une baisse de la nappe
phréatique, empécher la recharge des eaux souterraines et réduire l'infiltration effective.

Dans la troisiéme contribution, la thése se concentre sur l'investigation de la possibilité
d'extraire de manicre unique la recharge réelle a partir de modéles de flux souterrain

variablement saturé. Etant donné que les modéles de flux souterrain variablement saturé



conceptualisent et simulent le mouvement de I'eau a la fois dans les zones non saturées et
saturées, il est attendu que la recharge puisse étre extraite de maniére fiable a partir de ce type
de modeles. Les résultats montrent que la recharge réelle ne peut pas étre extraite de maniere
unique des modéles de flux souterrain variablement saturé, contrairement a la recharge
potentielle.

Enfin, nous avons évalué les performances de différentes méthodes pour estimer la
porosité efficace lors de l'estimation de la recharge sous différentes conditions de nappe
phréatique. Les résultats indiquent que l'estimation de la recharge peut étre améliorée par
l'utilisation de porosités efficaces dépendantes de la profondeur, sous réserve de l'acquisition
de parametres fiables.

D'un point de vue méthodologique, la combinaison de mesures lysimétriques avec
différentes profondeurs de nappe phréatique et de modeles de flux souterrain variablement
saturé constitue une approche puissante pour explorer les processus d'infiltration et de recharge

dans des conditions naturelles.
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Chapter 1 General Introduction

1.1 Context and Motivation

Groundwater constitutes the largest freshwater resource in the world, which is vitally
important for drinking water production, irrigated agricultural water consumption, industrial
water use, as well as water consumed by ecosystems (Aeschbach-Hertig and Gleeson, 2012;
Taylor et al., 2012). In arid and semi-arid regions, groundwater is often the only available
perennial water resource (Aeschbach-Hertig and Gleeson, 2012; de Vries and Simmers, 2002;
Kinzelbach et al., 2010; Wang et al., 2021). In the context of climate change, the surface area
of arid and semi-arid regions is expanding globally (Huang et al., 2015). The demand for
groundwater resources continues to increase (Scanlon et al., 2023; Scanlon et al., 2006). The
concomitant growth in population and climate change-induced increases in water usage, further
increase the need for sustainable groundwater management.

The sustainable management of groundwater resources necessitates the maintenance of a
sustainable yield, which is contingent upon achieving a long-term equilibrium between the
volume of groundwater extracted and the rate at which it is naturally replenished. This is
different from the concept of safe yield, which only considers the maximum amount of
groundwater that can be extracted without causing significant depletion or adverse
environmental impacts in the short term (Alley and Leake, 2004). The implementation of
sustainable yield and management practices can ensure the long-term ecological health and
resource availability of groundwater resources. Groundwater recharge is an important
consideration for sustainable groundwater management (Healy, 2010; Healy and Cook, 2002;
Nimmo et al., 2006; Scanlon et al., 2006; Sophocleous, 2005). Estimation of groundwater
recharge rates accurately is not only considered to be vital for the sustainable development of
groundwater resources management and protection of ecosystems, but also provides essential
information for contaminant transport (Dassargues, 2018; Healy and Cook, 2002). In addition,
recharge is often used as an input parameter in groundwater modeling approaches (Sanford,
2002).

Precipitation and the subsequent infiltration is one of the main contributions to
groundwater recharge. Despite the large number of studies focusing on recharge, the relation
between infiltration and recharge remains uncertain, as it is influenced by evapotranspiration,
intensity and duration of precipitation, land use and cover, the thickness of the vadose zone, as
well as soil properties (Scanlon et al., 2002; Scanlon et al., 2005; Wang et al., 2015; Zhang et

al., 2021). Moreover, climate change affects groundwater recharge through changes in



precipitation patterns, the occurrence of droughts, and the frequency of such events.
Additionally, an increase in temperature results in increasing evaporation rates, which
subsequently reduce groundwater recharge. Furthermore, elevated evaporation rates can impact
the quantity and quality (including an increase in salinity) of groundwater (IPCC, 2014).
Meanwhile, the impact of climate change on vegetation growth and physiological states, such
as leaf area index (LAI), can indirectly influence groundwater recharge through alterations in
evapotranspiration (Anurag et al., 2021; Chen et al., 2010). As a consequence of all these
complexities, recharge varies greatly in both time and space (Healy, 2010). In addition,
recharge is difficult to measure directly (Scanlon et al., 2002). Therefore, recharge is still one
of the least understood hydrological processes (Healy, 2010).

1.2 Qualitative description of infiltration and groundwater recharge processes

Infiltration is the water transport from the surface to the subsurface (Figure 1.1). Factors
such as soil properties, land use and land cover, initial soil water content, water table depths as
well as climatic conditions can influence the infiltration and recharge rates (Zhang et al., 2023)
as above mentioned. If the ground is covered by vegetation, the canopy also intercepts water
and reduces infiltration. Meanwhile, plant roots can uptake infiltrating water and transpirate
through stems and leaves. However, the presence of roots may facilitate the preferential flow
of water through the unsaturated zone to the water table, particularly in low-permeability soils.
This can lead to an increase in recharge (Le Maitre et al., 1999).

In arid and semi-arid regions, groundwater-dependent vegetation plays an important role
in water, soil, and land management. For example, to prevent desertification and increase
carbon sequestration, large-scale afforestation programs have been implemented in Mu Us
Sandy Land, China (Zhao et al., 2020). Vegetation cover prevents desertification by reducing
wind erosion and soil hardness. An increase in vegetation cover can increase the roughness and
friction of the surface and thus reduce the wind speeds and erosion close to the soil surface (Li
et al., 2003). However, Zhao et al. (2020) pointed out that the total terrestrial water storage
significantly declined after the land restoration in Mu Us Sandy Land, China. Huang et al.
(2020) highlighted that large-scale land use and cover change can influence infiltration, and
they concluded that the estimation of recharge rates decreased under vegetated conditions.
However, several important aspects remain poorly understood in this context, and the
uncertainties of the previously employed methods are significant, thus undermining efficient
and sustainable water and land management. For example, how the vegetation reacts to
declining water tables remains unclear.

During the infiltration process, water can also be lost to the atmosphere through

2



evaporation. If, however, water infiltrates below the so-called zero flux plane, it can no longer
be lost to the atmosphere through evaporation or be taken up by plants, and thus eventually
will contribute to the groundwater system. The infiltrated water below the root zone or
extinction depth is called potential recharge. Potential recharge passes through the vadose zone
and arrives at the saturated zone. There is a time lag between potential recharge and
groundwater reaching the saturated zone. Especially in arid and semi-arid regions, the lag time
can be quite long due to the thick vadose zone (Nazarieh et al., 2018; Rossman et al., 2014).
However, the lag effects arising from the vadose zone are often neglected in evaluating the

groundwater resources (Wang et al., 2021).
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Figure 1.1 Schematic diagram of infiltration and groundwater recharge processes

1.3 Definitions of infiltration and recharge

Infiltration is defined as “the entry of water into the soil surface and its subsequent vertical
motion through the soil profile” (Brutsaert, 2005). As opposed to the clear definition of
infiltration, recharge has not been defined uniquely. For example, Healy (2010) defined
groundwater recharge as “the downward flow of water reaching the water table, adding to
groundwater storage”, which referred to actual recharge. Freeze and Cherry (1979) defined
recharge as “the entry of water to the saturated zone”. However, Delleur (2006) claimed that
“Deep soil water percolation, often referred to as groundwater recharge by soil scientists, is
the water that has moved past the evaporative and root zones in the vadose zone and is no
longer available to plants.” Scanlon et al. (2002) pointed out that water movement below the
zero flux plane or root zone cannot evaporate or transpire is referred to as percolation, drainage,
or net infiltration, corresponding to potential recharge. In addition, other definitions of recharge

are implicit in approaches that quantify recharge through the response of the system to
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infiltration and drainage. For example, the water table fluctuation (WTF) method relates a rise
in the water table to groundwater recharge (Healy and Cook, 2002). In the context of
sustainable water management, obtaining an accurate and unique recharge value is necessary.
Although the above-mentioned recharge definitions have been proposed, it is still not clear
whether a reliable recharge value can be obtained based on the existing definitions.

1.4 Methods for Estimating Groundwater Recharge

Many methods have been proposed for estimating groundwater recharge, such as
numerical models, the water table fluctuation method, the water budget method, tracer methods,
as well as the use of lysimeters.

1.4.1 Water budget method

The water budget method quantifies recharge as a residual of precipitation and runoff as
well as evapotranspiration (ET) (Healy, 2010). In arid and semi-arid regions, ET plays an
important role in the hydrological cycle (Figure 1.1), as the rate of ET is nearly equal to
precipitation (Dassargues, 2018; Kurc and Small, 2004). Brandes and Wilcox (2000) pointed
out that ET accounts for around 95% of annual precipitation in arid and semi-arid regions.
Dassargues (2018) highlighted that the uncertainty of the estimation of ET can affect decision-
making. Therefore, the estimation of ET accurately is critical for evaluating recharge (Van
Camp et al., 2016).

Bare soil evaporation is an important component of ET. Although there are many methods
available for estimating soil evaporation, such as the water level fluctuation method (Cheng et
al., 2013), Darcy’s law method (Chen et al., 2018), maximum entropy production (Wang and
Bras, 2011), and numerical modeling methods (Jefferson and Maxwell, 2015) or soil moisture
balance methods (Zhang et al., 2018), quantifying soil evaporation remains challenging as it is
concurrently influenced by climatic conditions, surface temperature, soil properties, water table
depth, to mention just a few (Allen et al., 1998; Hellwig, 1973; Zhang et al., 2018). While
laboratory studies and numerical tests indicated that the water table depth is important for the
estimation of soil evaporation (Ma et al., 2019; Hellwig, 1973), the water table position is rarely
considered in approaches employed in the field. In fact, the performance of different methods
for estimation of bare soil evaporation under different water table conditions still needs to be
explored.

Transpiration is the other component of ET. Canopy can intercept precipitation and reduce
infiltration (Figure 1.1). Moreover, the roots of vegetation can uptake infiltrating water and
transpire through stems and leaves. Costa et al. (2023) pointed out that groundwater is tightly

associated with soil water content through the water table depth. The soil water status is critical
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for the plant water uptake and its growth (Vanderborght et al., 2023). O'Connor et al. (2019)
also highlighted that the water table depth strongly influenced the ET in vegetated areas, and
that shallow water table depths can promote water uptake compared to deep water table depths.
Therefore, considering the water table depth is critical for quantifying ET (Soylu et al., 2011).
1.4.2 Numerical modeling approaches

Groundwater models can simulate the movement of groundwater. “Classical”
groundwater models such as MODFLOW (Harbaugh, 2005) can simulate saturated
groundwater flow only, and do not explicitly take the vadose zone into account (Sanford, 2002).
For such a conceptualization, recharge is required as an input boundary condition. On the other
hand, variably-saturated subsurface flow models such as HydroGeoSphere (Aquanty, 2018)
simulate water movement in both the unsaturated and saturated zones. One might expect that
recharge can be easily extracted using such models. In fact, there are some studies which have
used such models to estimate potential recharge, such as Hu et al. (2019) and Hou et al. (2016)
simulating lysimeter settings. Few studies have used variably saturated subsurface flow models
to estimate actual recharge, and there is no generally accepted methodology for extracting
groundwater recharge from such models.
1.4.3 Water level fluctuation method

A simple and commonly used method to estimate actual recharge is the water level
fluctuation method (Crosbie et al., 2005; Cuthbert, 2010; Sophocleous, 1991). It only needs
data about the change in the water table and a parameter of specific yield. A difficulty in using
this method is estimating the specific yield. The specific yield is influenced by many factors,
such as water table depth, soil properties, time, and vegetation (Logsdon et al., 2010; Lv et al.,
2021), resulting in high uncertainty (Crosbie et al., 2019). Depending on the water table depth
and time, the specific yield can be classified into three types, which are the so-called ultimate
specific yield, the apparent specific yield (depth-dependent specific yield), and the transient
specific yield (time-dependent specific yield) (Lv et al., 2021). The ultimate specific yield is a
constant, representing situations in which a static equilibrium is achieved and the soil is fully
drained by gravity. Zhang et al. (2020) and Crosbie et al. (2005) point out that recharge was
overestimated based on the ultimate specific yield. Estimation of recharge rates based on depth-
dependent specific yield has been used, such as Crosbie et al. (2019) and Fan et al. (2014).
However, few studies have compared the estimated results to actual recharge, and the
performances of the depth-dependent specific yield for estimation recharge remain unclear.
1.4.4 Lysimeters method

Lysimeters are a useful tool for quantifying recharge for different soil types and
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landcovers under natural climatic conditions (Healy, 2010; Piitz et al., 2018). There are
different types of lysimeters. Zhang et al. (2023) used the weighing lysimeter to explore the
dynamics of potential recharge under bare ground conditions in Mu Us Sandy Land, China.
The weighing lysimeter is supported on a load cell or a scale that can continuously measure the
total weight of the soil, water, and any vegetation present. The weighing system is of critical
importance for the calculation of water loss. A drainage system may be included at the bottom
of the lysimeter, allowing excess water to escape. By measuring the drainage flux at the bottom
of the lysimeter (representing potential recharge), allows to estimate evapotranspiration using
a water balance approach. The advantage of weighing lysimeter is that the discharge can be
directly observed and the soil in the lysimeter remains undisturbed. However, the cost of
purchasing and installing a weighing lysimeter is considerable. Furthermore, the cost
associated with maintaining this equipment over time is also not cheap. Alternatively, non-
weighing lysimeters can be used to study recharge. For example, Zhang et al. (2020)
investigated the influence of temperature on groundwater recharge in a semi-arid region in
China using a large non-weighing lysimeter. The bottom of the non-weighing lysimeter is
sealed, and there is a sensor inside the lysimeter which can measure the dynamics of the water
table depth in response to rainfall and evaporation. Non-weighing lysimeters are cheaper than
weighing lysimeters. The disadvantage of non-weighing lysimeters is that recharge cannot be
measured, but is determined indirectly through soil moisture and groundwater dynamics.
1.5 Research gaps and Objectives
1.5.1 Research gaps

Based on the above literature review, several interesting research gaps can be identified.
Firstly, there are many methods for estimating bare soil evaporation, but the performances of
different methods to estimate evaporation under dynamic water table depths remain unexplored.
This is a major shortcoming, given that the depth of groundwater can vary significantly over
time. Secondly, quantifying the influence of the plants, in particular phreatophytes, on
infiltration and recharge processes remains unclear and challenging. These questions are of
particular importance for afforestation projects. Finally, the applicability of variably-saturated
subsurface flow models to estimate recharge remains largely unexplored and should be
investigated. Further study is required to gain a deeper understanding of the performance of
different determination methods for specific yield based on the water level fluctuation method
to estimate recharge under different water table depths.
1.5.2 Objectives

The main objectives of this thesis are as follows:
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(1) Evaluate the performances of four commonly used methods, including the FAO-56
method with skin evaporation enhancement, maximum entropy production method,
groundwater level fluctuation method, and Darcy’s law method, for estimating bare soil
evaporation under different water table depths conditions in a semi-arid region.

(2) Quantify the influence of plants on infiltration and recharge processes under different
hydrological conditions. The threshold of minimum precipitation for increasing the soil water
content on the surface ground will be quantified. How the plant grows adaptively under deep
and shallow water table depths will be systematically analysed.

(3) Explore whether a unique value of actual recharge can be extracted based on the
variably-saturated subsurface flow models.

(4) Assess the performances of estimation of recharge obtained from different methods
for calculating the specific yield under different water table depth conditions. In particular, we
evaluate recharge results based on depth-dependent specific yield in contrast with actual
recharge under different water table depths.

1.6 Research area

To accomplish the objectives of this thesis, we carried out field experiments in the
Guanzhong Basin and Mu Us Sandy Land, China, which are semi-arid regions (Figure 1.2).
Mu Us Sandy Land is one of the four main sandy lands in China where large-scale afforestation
programs were implemented with a view to addressing ecological and environmental concerns
(Huang et al., 2020). The geomorphic features of the Mu Us Sandy Land include fixed dunes,
semi-fixed dunes, and well-vegetated inter-dune wetlands, and the topography of the sandy
land is slightly undulating from southwest to northeast (Liang and Yang, 2016). The
Guanzhong Basin is characterized by a northwest-oriented valley between the Qinling
Mountain Range in the south and the Beishan Mountain Range in the north. The basin
transitions from a pluvial plain to a loess tableland and valley terrace on both the north and
south sides of the valley (Wang et al., 2018). Since the water table depth is an important
influencing factor for the infiltration process and recharge, it is necessary to explore the
infiltration and recharge process under different water table depth conditions. Taking the cost
of the instruments and the cost of installation and maintenance into account, the non-weighing
lysimeters with different water table depths were designed and used in this thesis. In the two
field experimental sites, four lysimeters were built at each site. In the Guanzhong Basin, the
four lysimeters represent bare soil with different water table depths, and in Mu Us Sandy Land,
the four lysimeters are two pairs, and one pair being bare ground, and the other pair being

vegetated ground. The thesis is focused on Salix psammophila, the dominant vegetation type
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in Mu Us Sandy Land. Salix psammophila is a phreatophyte, which can absorb water from both
groundwater and the vadose zone (Huang et al., 2016). A detailed description of the field

experiments will be introduced in the following chapters.
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Figure 1.2 Location of field experimental sites, (a) the location of two field experimental sites in
Northwest China; (b) lysimeter experiments in the Guanzhong Basin; (¢) lysimeter experiments in the
Mu Us Sandy Land.

1.7 Structure of the Thesis

Chapter 1 provides the general introduction and clarifies the objectives and structure of
the thesis.

Chapter 2 evaluates the performance of four commonly used methods for estimating bare
soil evaporation under different water table depths systematically in the Guanzhong Basin. The
estimation of evaporation rates is compared to the actual evaporation. The results will provide
references for choosing methods to estimate evaporation and improve the accuracy of
calculating potential recharge. (This chapter was published in the Journal of Hydrology)

Chapter 3 focuses on exploring how the salix psammophila influences the infiltration and
recharge processes. We systematically analyze the root adaptability of salix psammophila under
shallow and deep water table condition, and propose the conceptual model of salix
psammophila rooting density. Quantify the influence of salix psammophila on the groundwater
and soil water based on the lysimeter data in Mu Us Sandy Land. In addition, the minimum

precipitation for increasing the soil water content on the surface ground is quantified. (This



chapter was published in Science of the Total Environment)

Chapter 4 explores whether the actual recharge can be uniquely extracted based on the
variably-saturated subsurface flow models. We set up the simplest one-dimensional models to
simulate the infiltration process. The cases used in this chapter covered all possible lower
boundary conditions. We deliberately use simple models is that if the extraction of recharge
cannot be obtained reliably from these simplest models, it will also be impossible to do so in
more sophisticated conditions. (This chapter was published in Water Resources Research)

Chapter 5 evaluates the performances of different methods to calculate the specific yield
for estimating recharge in contrast with actual recharge using lysimeter data in the Guanzhong
Basin. In particular, we used depth-dependent specific yield to estimate recharge, and the
estimation of recharge from depth-dependent specific yield is contrasted with actual recharge.
(This chapter was published in Science of the Total Environment)

Chapter 6 summarizes the main findings of the thesis and the outlook for future studies.
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Chapter 2 Comparison of field methods for estimating evaporation from

bare soil using lysimeters in a semi-arid area

Chapter 2 has been published as Gong C, Wang W, Zhang Z, Wang H, Luo J, Brunner P.

Comparison of field methods for estimating evaporation from bare soil using lysimeters in a
semi-arid  area[J].  Journal = of  Hydrology, 2020, 590: 125334. DOI
10.1016/j.jhydrol.2020.125334.
Abstract

Evaporation from bare soil is an important component of a catchment water balance.
However, it is arguably one of the most challenging hydrological processes to estimate and
measure accurately. Several approaches to estimate soil evaporation exist, but their
performance for specific water table conditions remains unclear. This study investigated the
performance of four commonly used approaches and several ways on how to implement them:
the energy-balanced based FAO-56 method with the skin evaporation enhancement (FAO-56
skin), hydraulic methods based on groundwater level fluctuation (GLF), Darcy’s law, and the
maximum entropy production (MEP) method based on non-equilibrium thermodynamics
theory. Three lysimeters with different water table depths were used at a research site in the
Guanzhong Basin of China. The lysimeters were equipped with soil moisture probes. Water
table fluctuations were also measured. The data allow us to accurately estimate evaporation
rates using a water balance approach and are used to assess the performance of the analysed
methods. The results show that: (1) The MEP method performed best for all water table
conditions, but tends to overestimate evaporation if the water table is below the extinction depth.
The extinction depth is the depth of the water table were there the contribution of groundwater
to bare-soil evaporation is zero. In our case, the extinction depth was 78 cm. (2) The FAO-56
skin method underestimated evaporation where the water table was above the extinction depth,
and vice versa. (3) The groundwater level fluctuation method significantly overestimated the
evaporation if the specific yield was estimated using hydraulic methods. The groundwater level
fluctuation method should be combined with a soil water balance, independent of water table
conditions. The method can only be applied if the water table is above the extinction depth. (4)
Conceptually, Darcy’s law was suitable for estimating evaporation. However, the estimation of
the required parameters is challenging. A good fit could only be obtained through calibration
to measured evaporation rates.
Keywords: Bare soil evaporation, FAO-56 skin method, Groundwater level fluctuation method,

Maximum entropy production, Phreatic evaporation, Semi-arid
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2.1 Introduction

Evapotranspiration is one of the dominant processes in the soil-vegetation-atmosphere
continuum (Lawrence et al. 2007). Brandes and Wilcox (2000) found that evapotranspiration
could account for 95% of the total annual rainfall in arid regions. Despite the importance of
evaporation from bare soil, Davarzani et al. (2014) reported that “Even though decades of
research have improved our understanding of bare soil evaporation, many knowledge gaps still
exist in the current science on how the soil water in the shallow subsurface close to the land
surface interacts with the air in the atmosphere.”

Reliable information on evapotranspiration is critical for irrigation scheduling, weather
forecasting, and water resources management (Liu et al. 2017). Evapotranspiration also plays
an important role in groundwater management. Worldwide, groundwater contributes to about
20% of freshwater consumption (Kinzelbach et al. 2003). In China, groundwater accounts for
more than 60% of freshwater consumption (Ministry of Water Resources of China, 2010), and
agricultural irrigation relies heavily on groundwater, especially in Northwest China (Yang et
al. 2010).

Phreatic evaporation from groundwater causes soil salinity, especially in arid and semi-
arid regions (Brunner et al. 2007; Brunner et al. 2008) and diminishes water resources
unproductively (Li et al. 2009; Zhang et al. 2018). Phreatic evaporation rates depend on the
soil type and the depth to groundwater (Wang et al. 2017; Zhang et al. 2019) and therefore are

difficult to determine for large spatial scales (Henderson - Sellers et al. 2003).

Many laboratory studies to estimate evaporation were conducted (Smits et al. 2012; Tran
et al. 2015; Trautz et al. 2015; Wang et al. 2011). Early laboratory experiments included
Veihmeyer and Brooks (1954), Gardner and Fireman (1958), Shih (1983). Hellwig (1973a,
1973b) investigated the influences of the weather forcing, the depth of the water table, and the
particle size distribution on the soil evaporation. He found that if the groundwater level was
kept at the surface ground, the coarseness of the sand did not affect evaporation. However, he
also pointed out that the water table depth and coarseness of the sand had a significant effect
on the evaporation once the water table drops below the surface. More recent laboratory
experiments mainly focused on the effect of the atmospheric conditions on actual evaporation
(Lehmann et al. 2008; Shahraeeni et al. 2012; Shokri et al. 2008; Smits et al. 2012; Tran et al.
2015). However, a majority of these laboratory studies only tested one water table depth. These
results are therefore difficult to apply to field conditions where the water table depth varies in

space and time.
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Complementary to these laboratory experiments, several field methods to estimate actual
bare soil evaporation were proposed. The Bowen ratio-energy balance (BREB) is a widely
applied method for estimating evaporation in the field (Bonan 2008; Shanafield et al. 2015).
BREB has the advantage of being applicable to almost any type of terrain. The BREB method
is based on an energy balance and requires data such as vapor pressure gradient and temperature
profiles. However, the application of the method is challenging in arid and semi-arid regions,
because the gradient of vapor pressure is typically small (Shanafield et al. 2015). Isotopic
profiles in the unsaturated zone have also been used to investigate evaporation, e.g. Brunner et
al. (2008). Extracting isotopic profiles from the unsaturated zone are very laborious and yields
point values only. In addition, numerical models are also employed to simulate evaporation
from the bare soil (Bittelli et al. 2008; Li et al. 2008; Saito et al. 2006). However, the models
are often based on conceptual assumptions such as homogeneity of the soil, and are therefore
associated with major uncertainties.

The FAO-56 method is widely used to estimate evapotranspiration due to its
straightforward implementation (Liu et al. 2017; Mutziger et al. 2005; Valipour et al. 2017). It
can be applied for estimating bare soil evaporation using a crop coefficient and reference
evapotranspiration (Allen et al. 1998). Rianna et al. (2018) used the FAO-56 method to estimate
actual and potential bare soil evaporation over silty pyroclastic soils. Their result showed that
the literature-based parameter values led to poor predictions of estimated evaporation rates.
Quinn et al. (2018) evaluated the suitability of the FAO-56 method for bare sand evaporation
under falling water table conditions. They found a satisfactory agreement between the field
experiments and the water balance model based on the FAO-56 method. However, the
experiments lasted for about 20 days only and the lysimeters were 60 cm deep. The results
therefore cannot represent deep water table conditions, nor seasonal changes of atmospheric
forcing.

Mutziger et al. (2005) applied a three-stage application of the FAO-56 method developed
by Allen et al. (1998) to predict bare soil evaporation. The results showed that the FAO-56
approach could yield reliable results provided that site-specific information on soil parameters
is available. However, Allen (2011) pointed out that the FAO-56 method underestimated
evaporation when light rainfall events (less than 5 mm) occurred.

Given the practical difficulties and uncertainties of the above-mentioned approaches,
alternative methods or improvement to existing approaches have been developed: (1) the semi-
empirical FAO-56 method with the skin evaporation enhancement (FAO-56 skin). (2) the

groundwater level fluctuation method (GLF), (3) the maximum entropy production method
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(MEP), and (4) Darcy’s law method. The focus of this paper is on these four methods and
variations of their implementation.

To overcome the issues described above with the classic FAO-56 method, a ‘skin’ layer
enhancement to the FAO-56 evaporation method (FAO-56 skin method) was proposed by Allen
(2011). FAO-56 skin method differs from the original FAO-56 method. It accommodates for
wetting events which increase the soil water content near the surface. He found that the FAO-
56 skin method could obtain satisfactory results compared to numerical and experimental data.

The groundwater level fluctuation method is also widely used to calculate
evapotranspiration. The diurnal dynamics in evaporation rates can cause a sinusoidal response
in the groundwater level. In addition to estimating evaporation rates, these variations have been
used to estimate the transpiration rates of phreatophytes (Lautz 2008). It only requires data on
the fluctuation of the water table, as well as an estimation of the specific yield. However, it is
very sensitive to the specific yield, which is hard to accurately obtain (Chinnasamy et al. 2018;
Crosbie et al. 2005). Moreover, the specific yield can be influenced by hysteresis (Nachabe
2002), plant activity (Logsdon et al. 2010), and antecedent soil moisture (Loheide 2008;
Loheide et al. 2005).

An approach based on the theory of maximum entropy production (MEP) was proposed
by Wang and Bras (2011) and is increasingly being used (Kornejady et al. 2017). The MEP
method is an unconventional, dynamic-statistical model built on non-equilibrium
thermodynamics theory and the maximum entropy postulates (Dewar 2005). The MEP has
similar advantages to the BREB, for example, its robstuness and the ease of implementation
almost everywhere. The MEP method requires few input data, such as soil temperature of the
surface ground and net radiation, and doesn’t require observations of air temperature and vapor
gradients. It is therefore easier to apply than the BREB approach. As for all field-based methods,
a disadvantage of the MEP is the point-scale nature of its assessment.

Finally, Darcy’s law is an additional method to estimate evaporation using hydraulic
conductivity and the hydraulic head gradient in the soil (Qiao and Wang 2014). Many analytical
solutions based on Darcy’s law have been developed for estimating steady-state evaporation,
for example, Gardner (1958) proposed steady-state analytical solutions to quantify the
influence of the water table on evaporation. Salvucci (1993) derived an analytic equation to
calculate evaporation rates based on pressure gradients in the soil profile. However, Shokri and
Salvucci (2011) pointed out that analytical solutions did not consider the discontinuity of
capillary force at the drying front, thus inducing bias in the estimates. The application of

Darcy’s law to estimate bare soil evaporation requires high-quality data of pressure head and
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soil water content (Cooper et al. 1990). To the best of our knowledge, the reliability of Darcy’s
law to estimate evaporation has so far not been assessed outside of laboratory settings.

Comparative studies of different methods for estimating bare soil evaporation are rare.
Shanafield et al. (2015) found that land surface energy balance methods, such as MEP, are
especially suitable for shallow water table depths. Rianna et al. (2018) assessed the abilities of
several simplified models (for example Penman method, Penman-Monteith method, and
Penman-Shuttleworth method) in estimating potential and actual evaporation for silty
pyroclastic soils. They concluded that the methods performed well, provided the model
parameters were calibrated using lysimeter data. The application of literature-based parameters
produced biased estimates of actual evaporation.

The above mentioned comparative studies did not systematically assess the performance
of the methods under different water table conditions. Given that the water table can
significantly influence evaporation rates, this is an important unexplored factor. Also, few field
studies integrated measurements of actual evaporation, a prerequisite to assess the performance
of the different methods in absolute terms. In this study, we used data from lysimeters installed
in the Guanzhong Basin of China to evaluate the performance of four approaches: the FAO-56
skin method, the groundwater level fluctuation method, MEP and Darcy’s law. The novelty of
the study lies in the different water table depths considered. Our study includes conditions
where the water table is above- as well as below the extinction depth. The extinction depth is
an important factor for soil evaporation: if the water table falls under the extinction depth, no
contribution from groundwater to bare soil evaporation takes place. The study also goes beyond
the previous inter-comparisons studies as accurate data of evaporation rates are available
through the lysimeters.

2.2 Materials and methods

A field experiment was carried out in the Guanzhong Basin, Shaanxi Province, China with
a latitude of 34°22'14"N and a longitude of 108°54'11"E (Figure 2.1). The climate is
characterized by large seasonal dynamics. The mean annual air temperature was between 12
and 16 °C during the period of 56 years from 1951 to 2006 (Gao et al. 2009), the average
annual actual precipitation was about 590 mm during the period of 60 years from 1951 to 2010
(Wang et al. 2018), and average potential annual evaporation was 961 mm based on 50 years
of data from 1959 to 2008 (Zuo et al. 2011). Integrated cylinder-shaped lysimeters with the
same surface area (1.0 m?) and diameter (1.128 m) were installed. These lysimeters were made
from glass fiber reinforced plastics with 1.2, 2.2, 3.2 m depth (Figure 2.2) which prevent

leakage and reduce lateral soil heat fluxes. It is very important to test different water table
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conditions to account for the wide range of water table depths that occur in the field.

Identical, homogenous material (sand) was used in all lysimeters. The sand was
obtained from the Mu Us Desert in the northwest of China. To ensure homogenous packing,
the lysimeters were filled by adding 10cm of material at a time until the lysimeter was fully
packed (Zhang et al. 2018). The initial water table depths (from the surface ground to the water
table) were at approximately 0.6 m (lysimeter 1), 1.5 m (lysimeter 2), and 2.5 m (lysimeter 3)
on November 1, 2016. The lower ends were sealed to prevent water leakage and infiltration
from the underlying aquifer.

Soil water content and temperature were measured at 3, 10, 20, 40 and 80 cm, 3, 10, 20,
40, 80, 130 and 180 cm, and 3, 10, 20, 40, 80, 130, 180, 230 and 280 cm below the surface for
lysimeter 1, lysimeter 2 and lysimeter 3 using ECH,O-5TM (Decagon Inc, Washington State,
USA), and data were automatically recorded by the EM50 (Decagon Inc, Washington State,
USA). The sensors were calibrated before installation, following the protocol of Cobos and
Chambers (2010). The heat fluxes were measured with heat-flux plates (Hukesflux Inc., Delft,
Netherlands, Figure 2.2) at the depth of 3 and 10 cm in lysimeter 1 and lysimeter 3. The data
were automatically recorded by a data logger (CR-1000, Campbell Scientific, Utah, USA).
Groundwater levels were recorded with a DI271 CTD-Diver (Van Essen Instruments, Delft,
Netherlands). Another Diver DIS00 (Van Essen Instruments, Delft, Netherlands) sensor was
installed to log the air pressure for correcting the groundwater levels for atmospheric changes.
A standard meteorological station was installed, and air temperature, relative humidity,
precipitation, net radiation, atmospheric pressure, wind speed/direction were measured. The
meteorological parameters were collected by a CR-3000 logger (Campbell Scientific, Utah,
USA). All data were automatically recorded and averaged every five minutes. The lysimeters
were installed in August, 2014. The experiment took place from November 1, 2016 to October
31, 2017.

To obtain the soil-water characteristic curve (the relationship between soil water content
and pressure head) of the soil in the lysimeter, an undisturbed soil sample was obtained at the
surface of one lysimeter (lysimeter 1) using a ring knife. The soil-water characteristic curve
was measured using the Ku-pF apparatus (Germany, UGT) in the laboratory. We used the van

Genuchten (1980) model to fit the experimental data.
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Where 6, [cm’/cm®] and 6, [cm?/cm?] are saturated and residual soil water content,
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respectively. ¢ [cm]ispressure head. @ [cm']and n [-]are two parameters, m [-]is equal

to 1-1/n (Mualem 1976).
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Figure 2.1 Location of the field experiment in the Guanzhong Basin, China.
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Figure 2.2 Schematic diagram of the lysimeters with different water table depths.
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2.2.1 Water balance method
This study used non-weighing lysimeters to determine evaporation using the water

balance method:

as

Eq=P—R—-%

(2.2)
Where E, [cm/d] is the actual evaporation rate, P, [cm/d] is the effective rainfall, R [cm/d]
is the surface runoff, % [cm/d] is the total water storage change in the lysimeter. Total water

storage change is composed of change in both the saturated (S;) and the unsaturated zone (S,,),

which can be calculated according to equation 2.3 (see also Figure 2.3 for an illustration).

ds _ dSy , dSs
- a Tt (2.3)

Depth

-

Figure 2.3 Schematic diagram of water balance method to calculate evaporation. The water

Y

storage change and evaporation can be estimated by comparing the soil moisture profiles and

the groundwater levels between two periods in time (five days, in this case). To calculate the

water content on a specific day, the average values between two sensors (indicated with X; in

the diagram) were weighted by the distance between sensors (h,).

2.2.2 FAO-56 method with the skin evaporation enhancement (FAO-56 Skin method)
Stage 1 evaporation (energy limited stage). In this stage, the evaporation rate is
controlled by the availabile energy:
Ey = Ke maxETrer (2.4)
where E; [cm/day] is the evaporation rate during stage 1. ET,.r [cm/day] is the

reference evapotranspiration, typically equated to the grass reference evapotranspiration (ETy).
ET, was calculated by the FAO-56 Penman-Monteith equation (Allen et al. 1998). A

value K, ;a0 [-] 0f 1.2 is recommended for estimating evaporation from bare soil. The duration
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of stage 1 and the beginning of stage 2 can range from one to several days, depending on the
amount of water that infiltrated and soil properties such as the albedo, porosity, and the
hydraulic conductivity.

Stage 2 evaporation (falling rate stage or soil limited stage). The rate of evaporation is
controlled by the moisture content in the upper soil layer. Evaporation is thus limited by both

soil hydraulics and K, 1qxETrer (Allen 2011). The original FAO-56 model for E, was:

Ey= K ETef (2.5)
where K, [-] is the evaporation coefficient.
Ke = Kr (K max — KsKep) (2.6)
such that
Ke S f;?WKC max (27)
where the dual K, model estimates ET as:
ET = (KsKcp + Ke)ETyef (2.8)

where K, [-] is the soil evaporation coefficient, K., [-] is the basal crop coefficient, K. ,qx
is the maximum value of K, [-] depending on the amount of rain or irrigation per wetting event,
K, [-]is a reduction coefficient to account for reduced transpiration under soil water shortage
(0 for bare soil) and K, [-] is a dimensionless evaporation reduction coefficient [0-1]. The
parameter f,,, [-] represents the fraction of soil surface from which most of the evaporation
occurs. With the skin evaporation enhancement K, [-] is reformulated for bare soil only, i.e.

in the absence of vegetation:

K. = fwlFe + (1 = F)K]1Ke max (2.9)
_ . REW—DREWi_l
F; = min [—KemaxETref ,1.0] (2.10)

where Dgpgw, , [cm] is the depletion of the skin layer at the end of the previous time step (day

or hour), REW [cm] is readily evaporable water, which is the maximum depth of water that can
be evaporated from the topsoil layer without restriction during stage 1 (Allen et al. 1998). f,,

[-] is the fraction of the wetted surface.

0.0 < Drew; = Drew,_, — [(1 — fv) (Pi —RO; + ;—‘;) + 1o (Pi+1 — RO, + Iﬁ)] Cerr

fw
+-L < REW @.11)
REW = min (2 + —=, 0.8TEW) (2.12)
TEW = 1000(05¢ — 0.560,,p)Z0 (2.13)

Where TEW [mm)] is the total amount of evaporated water, which is equal to the
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maximum depth of water which can be evaporated from the surface soil layer when the layer
has been initially completely wetted. f; [-] is the fraction of the precipitation and irrigation
during a time step [hour or day] that contributes to evaporation during that same timestep. Opc
[cm?/cm?] is field capacity, 8,p [cm’/cm’]is the wilting point. z, [cm] is the effective depth
of soil, with a recommended value of 0.10-0.15m by FAO-56. P; [cm] is precipitation and
RO;;1 [cm] is runoff during timestep i. I; [cm] is the irrigation depth in timestep i that
infiltrates the soil. C,rr [-] is a spatial infiltration efficiency factor that represents the
effectiveness of the skin layer in capturing precipitation and irrigation additions. Cey is

estimated as

De,
Cepy = min (Co + C; (1 — —=2),1.0) (2.14)

TEW

Cesy 1s expressed as a fraction (0-1), D, , [cm] is the depletion depth through the total
evaporation, C, and C; are the fitted offset and slope of the function (Allen 2011).

Mutziger et al. (2005) evaluated three different methods to obtain the soil parameters: (1)
general soil parameters from FAO-56 (see Table 7 in (Mutziger et al. 2005)); (2) the application
of literature values obtained in case studies and (3) the calibrated soil parameters to obtain the
best fit between the measured and estimated rates of evaporation. This requires, however,
observations of evaporation, which in most cases are not available. Therefore, we used the most
commonly used approach and based our estimates on reported literature values, specifically
Suleiman et al. (2007) who suggested a TEW of 15 mm, REW of 6 mm, z, of 15 cm, Op¢
of 0.12 cm®/cm?, and 6y,p of 0.04 cm?/cm? for sandy soils, as is the case for our study.
2.2.3 Maximum entropy production model of evaporation

The MEP method proposed by Wang and Bras (2011) only requires net radiation R,
[W/m?], surface temperature T [K], and specific humidity g, [kg/kg] to obtain the sensible
heat flux H [W/m?], the ground heat flux G [W/m?], and evaporation rates E [W/m?]

simultaneously.
E+H+G=R, (2.15)
1
¢ =295 1|5 (2.16)
0'10
E =B(o)H (2.17)

where I [Jm2K's"?] and I, [Jm?K's"?] are the thermal and apparent thermal inertia of

the soil and air respectively. B(o) [-] is the reciprocal of the Bowen ratio:
B(o) = (6 /1+§a—1) (2.18)
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The dimensionless parameter o [-] is characterizing the phase-change related state of the

evaporating surface and can be calculated using the following equation:

o(Ts, qs) = (e%)ﬁ s (2.19)

CpRyT#
¢y [Jkg' K']is the specific heat of the air under constant pressure (1004 Jkg'K™), 1 [J/kg]
is the vaporization heat of liquid water (2500 J/kg), R, [Jkg'K']is the gas constant for water
vapor (461.5 J kg'K™"). 8 [cm?/cm?] is the soil moisture content near the surface ground, 6
[cm3/cm?] is the saturated soil moisture content. T, [K] is the near-surface ground temperature
(below surface ground 3cm). S [-] is an empirical parameter dependent on soil texture.
Deardorft (1977) suggested a value of 1.0. Alternatively,  [-] also can be obtained using
equation (2.19) by fitting the results of MEP to the observed heat or evaporation fluxes (Huang
and Wang, 2016; Li et al., 2020). This requires either measurements of the heat flux or
measurements of evaporation from e.g. a lysimeter. g5 [kg/kg] is the specific humidity. In this
study, the specific humidity was approximated as the air specific humidity near the soil surface,
which was calculated using the surface temperature and relative humidity measured near the

soil surface (Buck 1996):

E; = 6.1121 * exp ((18.678 — (52 5)) % (T,/(257.14 + T,))) (2.20)
Eqem = (RH % E5)/100.0 (2.21)

if Egpm < Es,
g, = 0.622*Egtm (222)

T P—Equm*(1-0.622)

If Egm > E;

_ 0.622+E
s = P—Eg*(1-0.622)

(2.23)
In this equation, P [kpa] is the air pressure, T, [°C] is the air temperature, RH [%] is the
relative humidity, E [hpa] is the saturation water vapor pressure, and E,;,,, [hpa] is the water
vapor pressure.
2.2.4 Groundwater level fluctuation

Evaporation can be estimated using diurnal patterns of groundwater level change at low
cost (Cheng et al. 2013). Groundwater level fluctuations result from changing evaporation rates
during the course of the day. The groundwater fluctuation method is a daily water balance, with
recharge by rainfall and discharge by the evaporative flux (Shanafield et al. 2015). This is well

suited to our lysimeters, as the daily groundwater level variations are controlled only by rainfall

and evaporation. The following formula to calculate the evaporation £ [cm/day] was used:
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E=Sdh

y= (2.24)

where S, [-]is the specific yield, and % [cm/day] is the decline rate of the groundwater table.

The specific yield is an important parameter for the calculation of groundwater recharge or
evaporation using the water table fluctuation method (Chinnasamy et al. 2018; Hill and
Durchholz 2015; Shah and Ross 2009). The specific yield is defined as the volume of water
that can be released from storage per unit surface area of porous material per unit decline of
the water table (Freeze and Cherry 1979). It can be expressed with the following equation
(2.25).

W
S =
y AAz

(2.25)
In this equation, V,, [cm?] is the volume of water that can be released from storage, A [cm?]
is the surface area of the lysimeter, Az [cm] is the decline of the water table. To obtain an
estimation of the specific yield, we used two methods: a pumping test, and a water balance
method (Sophocleous 1991) considering soil moisture changes in the unsaturated zone- as
opposed to the pump test which simply considers changes of the vertical extent of the saturated
zone. Pump tests were carried out using a peristaltic pump to extract water at a constant rate
(2000 ml/min) in all three lysimeters. The pump inlet was placed at the bottom of the lysimeters.
Moreover, we measured the volume of the water at the outlet in order to get an accurate
measurement of volume of abstracted water. The test was carried during the period from April
28, 2018 to May 12, 2018. To avoid the influence of precipitation and evaporation during the
pump tests, the surface of the lysimeters were covered by plastic. The specific yield based on
the pumping is subs2.uently called GLF-G1 method.

An alternative approach to estimating the specific yield was proposed by Sophocleous
(1991). This “hybrid water-fluctuation method” combines observations of soil water content
along the profile to estimate recharge. By combining groundwater level rises with precipitation
and by associating the estimation of recharge using soil water balance with the subsequent
water table rise, a specific yield can be estimated. We associated the evaporation using water
balance with water table declining to estimate a specific yield and subsequently called it GLF-
G2 method.

2.2.5 Darcy’s law method

Darcy’s law (downward positive) can be expressed by equation (2.26):

q=-K (<p)2—f (2.26)
H=¢+z (2.27)
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K(@) = K;(1 = (@lpD™ ' [1 + (alpD™™?2[1 + (alpD™ T (2.28)
where g [cm/day] is the volumetric water flux through the soil-atmosphere interface
(corresponding to evaporation if the flux is upward-moving), K(¢) [cm/day] is the hydraulic
conductivity for unsaturated conditions according to e.g. the van Genuchten model (1980), K
[cm/day] is the saturated hydraulic conductivity, z [cm] is the axis of coordinates and
coordinate origin is on the surface, and H [cm] is the total head. ¢ [cm] is the pressure head
which can be calculated based on soil moisture measurements and the soil water retention
(equation (2.1)).

The vertical upward flux close to the soil represents evaporation (Stephens and Knowlton
1986). We used a numerical approach to solve Darcy’s law. This required a vertical
discretization. There are many methods to calculate the effective hydraulic conductivity
between two nodes, for example, a harmonic average, arithmetic average, geometric average
or a weighted average. A commonly used approach employing the geometric average (e.g.
Chen et al. (2018)). We applied the geometric average to calculate the unsaturated hydraulic
conductivity. In a discretized scheme, the vertical flux between two nodes was thus calculated

as follows:
Hy—1—Hp
qz; =+ KnKn—l(ﬁ) (2.29)

where K, and K,_, are the unsaturated hydraulic conductivities below and above the
node z;, respectively. H, and H,_; are the hydraulic heads below and above the node z;,
respectively.

Two different implementations were tested. We first used the soil parameters based on the
laboratory analysis (see Table 2.2). To further explore the conceptual suitability of this
approach, to reproduce evaporation dynamics, we calibrated the van Genuchten parameters by
minimizing the root-mean-square error between the cumulative evaporation of Darcy’s law and
actual cumulative evaporation.

2.3 Results
2.3.1 Soil properties and parameters

The particle size distribution is shown in Table 2.1, and the estimated van Genuchten

parameters in Table 2.2. The saturated hydraulic conductivity, obtained using a permeameter,

was 450 cm/day.
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Table 2.1 Particle size of the soil in the lysimeter

Particle size [mm]  0.075 0.075-0.25  0.25-0.5 0.5-1

Composition [%] 2.5 73.6 23.4 0.5

Table 2.2 The van-Genuchten parameters

0 [ cm*/cm®] 6, [ cm®/cm?] o [em™] n RMSE R?
0.32 0.022 0.022 4.14 8.2E-12 0.999

2.3.2 Air temperature, rainfall and water table depth

The daily averaged values of air temperature, rainfall and water table depth are displayed
in Figure 2.4. A total of 96 rainfall events with an average value of 0.65 cm occurred during
the experimental period. Daily rainfall rates less than 2 cm are common. Rainfall mainly
occurred in April, August, September, and October (Figure 2.4). The average daily air
temperature can be seen in Figure 2.4 during the experimental period.

The fluctuations of the water table depth for every lysimeter are shown in Figure 2.4b.
The extinction depth can be graphically identified in Figure 2.4b, which was 78 cm. The water
table cannot drop below this level, despite the evaporative forcing at the soil surface. In this
case, evaporation is depleting storage from the unsaturated zone. The water table in lysimeter
1 is above the extinction depth throughout the experiment. Water table depths in lysimeter 2
and 3 are below the extinction depth before June 4, 2017 and before October 9, 2017 in
lysimeter 3 respectively. The dynamics of the groundwater level were quite different for each
lysimeter. The distributions of the water table depth could be divided into two periods: the first
period from November 1, 2016 to March 11, 2017 with little change of the water table and a
second period from March 12 to October 31 where the water table increased rapidly, except for
lysimeter 1. The water table depth of lysimeter 2 and 3 increased rapidly with rates of 0.48 and
0.76 cm/day in this second period. Because the vadose zone was shallow in lysimeter 1, a large
portion of infiltration was lost to evaporation.

Net radiation kept stable from November to January 2017. It subsequently increased from
February to June and decreased from July to October (Figure 2.4c). Reference evaporation

(ET,) is shown in Figure 2.4d. The variations were similar to net radiation.
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Figure 2.4 (a) Rainfall and air temperature; (b) water table depth in each lysimeter. (The dashed
line represents the extinction depth. If the water table depth falls below this depth, evaporation
from the water table is no longer occurring); (c) net radiation and (d) Reference evaporation
(ET,) estimated using the Penman-Monteith equation.
2.3.3 Calculation of actual evaporation and intercomparison of different methods

The cumulative monthly evaporation rates are presented in Figure 2.5 for all methods. The
water balance method provides actual soil evaporation rates. The cumulative actual evaporation
during the experimental period was 44.1 cm for lysimeter 1, 35.8 cm for lysimeter 2, 22.7 cm
for lysimeter 3. Besides relative humidity, wind speed, radiation, the actual evaporation rates
can, to a certain extent, be explained with air temperature, too. For example, evaporation rates
were low during winter and as the air temperature increased, evaporation rates increased, too.
Clearly, air temperature alone cannot explain the evaporation dynamics, the influence of the

water table (Figure 2.4b) on actual evaporation needs to be examined, too.
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Figure 2.5 Comparison of monthly evaporation rates for the methods. GLF stands for the
groundwater level fluctuation method. In GLF-G1, the specific yield was obtained by a
pumping test, GLF-G2 uses an estimate of the specific yield based on the approach of
Sophocleous (1991). During the experimental period, the groundwater levels in lysimeter 2 and
3 increased, therefore the GLF method can only be applied to lysimeter 1. Evaporation based

on Darcy’s law method is not shown in this graph (see section 2.3.7).
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Evaporation rates in lysimeter 2 and 3 were basically the same from November 2016 to
May 2017, while evaporation in lysimeter 1 and 2 were almost identical from June to October,
2017 (Figure 2.5). A reasonable suggestion is to relate these different dynamics to the water
table. The position of the water table has a large influence to what extent the evaporation is
controlled by the available energy (atmosphere-controlled) or the soil properties. In this context,
evaporation can be divided into two distinct stages for bare soil (Allen et al. 2005; Ritchie and
Johson 1990), see section 2.2. The first stage is an “energy limited” stage, and the second stage
is a “falling rate” or “soil stage” (Allen et al. 2005). A comparison between potential and actual
evaporation can indicate at which stage the system is. This is illustrated with an example in
Figure 2.6 covering a period of 20 days. Initially, after a strong rainfall event, the actual and
potential evapotranspiration were nearly identical, indicating atmospherically controlled
conditions (stage 1). As the water evaporates, the soil properties and the soil water content
began to control the evaporation processes. Flammini et al. (2018) proposed a simple procedure
to identify the first two stages of the evaporation process which we employed here, too. If the
soil water content drops below the field capacity, the system is considered to be in stage 2. This
analysis was carried out for all lysimeters over the entire period. We found that for the
conditions analyzed here, only for 17 % of the time for lysimeter 1, 10% for lysimeter 2, and
0% for lysimeter 3 the systems were controlled by the atmosphere. For the remaining time, the

water availability and the soil properties controlled the evaporation rates.
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Figure 2.6 Example of the identification of the different stages of evaporation. In Stage 1,
energy limits the evaporation rates. The boundary between stage 1 and 2 can be identified
through the soil water content in the topsoil (measured at 3 cm in our case). Once stage 2 is
reached, the evaporation rate rapidly declines in comparison to the potential evaporation rate.
2.3.4 Comparison of actual evaporation with the FAO-56 skin method

The values of monthly, cumulative evaporation are compared in Figure 2.7 with the FAO-
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Figure 2.7 Comparison of monthly evaporation rates based on the FAO-56 skin method with
actual evaporation in lysimeter 1, lysimeter 2 and lysimeter 3. The extinction depth is 78 cm.
The water table in lysimeter 1 was consistently above the extinction depth. In lysimeter 2,
extinction depth was exceeded in the month of June. In lysimeter 3 the water table is above the
extinction depth for a period of only 23 days (from October 9 to October 31, 2017).

The cumulative amount of evaporation during the experimental period using the FAO-56
skin method was 34.6 cm. On the annual scale, the FAO-56 skin method underestimated 21%
of cumulative evaporation in lysimeter 1 (44.1 cm), and underestimated around 3% of
cumulative evaporation in lysimeter 2 (35.8 cm), while overestimated 52% of cumulative
evaporation in lysimeter 3 (22.7 cm). From November, 2016 to May, 2017, the FAO-56 skin
method overestimated 36% of actual evaporation in lysimeter 2, and underestimated 19 %
evaporation after May. A more detailed overview of this comparison is compiled in Table 2.3.
The cumulative evaporation rates over the entire period, as well as the number of months where
evaporation was either over- over underestimated, as well as the % of under- and

overestimation during these periods is shown.
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Table 2.3 Comparison of FAO-56 skin method with actual evaporation. Efcyy, is the
cumulative evaporation from the FAO-56 skin method, E,.,,, is the cumulative actual
evaporation. Nyyer, Nynder indicate how many months the method over- or underestimated
evaporation. We also indicate by how many % evaporation was over (%,yer) — OF

underestimated (%y,nq4er) during these periods.

Lysimeter 1 Lysimeter 2 Lysimeter 3

Efcum/Eacum %] 79 97 152
Nover [-] 5 6 10
(%over) 9 42 64

Nyndger [-] 7 6 2
(Younder) 40 29 28

2.3.5 Comparison with the actual evaporation and the results of the MEP method

The comparison between MEP with actual evaporation for lysimeter 1, lysimeter 2 and 3
are shown in Figure 2.8. As opposed to the FAO-56 skin method (Figure 2.7), the MEP results
were closer to the actual evaporation for all lysimeters. On an annual scale, the result of MEP
(41.5 cm) was close to the actual evaporation (44.1 cm) in lysimeter 1. MEP underestimated
the annual actual evaporation by 6%. The cumulative evaporation of MEP was 35.5 cm in
lysimeter 2, which is 99.2% of the actual evaporation (Table 2.4). The cumulative evaporation
of MEP for lysimeter 3 was 26.1 cm, which was larger than the actual value of 22.7 cm. MEP
overestimated the annual actual evaporation in lysimeter 3 by 14.8%. The very good
performance on an annual basis is, however, related to the fact that some months are over-
while other months are underestimated. Table 2.4 provides a detailed analysis of the monthly

performance.

33



Table 2.4 Comparison of the MEP method with actual evaporation. Eycuyn is the cumulative
evaporation from the MEP method, E,.,, is the cumulative actual evaporation. N,,er
Nynder indicate how many months the method over- or underestimated evaporation. We also
indicate by how many % evaporation was over (%,yer) — Or underestimated (%yn4er) during

these periods.

Lysimeter 1  Lysimeter 2 Lysimeter 3

Emcum/ Eacum %] 94 99.2 114.8
Nover [-] S 4 6
Yoover 26 33.8 82.71
Nunger[-] 7 8 6
Younder 32.7 25.8 48.1

On a monthly scale, MEP overestimated evaporation for all lysimeters from April to July,
especially during June and July. Besides that, MEP overestimated evaporation during August
for lysimeter 3. Soil moisture content near the surface ground was still low in lysimeter 3 in
August (the mean soil water content at 3cm of the surface ground in August is 0.068 cm?/cm?).
From November to January, March, and August to October, MEP underestimated evaporation
for all lysimeters (except for August in lysimeter 3). In addition, our result showed that MEP

underestimated evaporation when R, was lowest from November to January.
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Figure 2.8 Comparison between monthly evaporation rates based on MEP with actual
evaporation in lysimeter 1 (a), lysimeter 2 (b) and lysimeter 3 (c). During the period from
August to October, the amount of rainfall was 29.6 cm, which accounted for 47.6% of the
annual rainfall during the experimental period.
2.3.6 Comparison of actual evaporation with the groundwater level fluctuation method
According to the pumping tests, the specific yields of the three lysimeters were 0.30, 0.31
and 0.30, the average value is 0.30. The second approach to estimate specific yield was based
on Sophocleous (1991). The approach from Sophocleous results in estimates of the specific
yield equaled to 0.12. The significant differences in the estimation of this crucial parameter are
further discussed in section 4. The application of the GLF method requires declining water

tables. As lysimeters 2 and 3 are, most of the time, below the extinction depth, the analysis
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must be limited to lysimeter 1.

Figure 2.9 shows the results of the GLF. The GLF-G1 approach significantly
overestimated actual evaporation every month, especially from March to October 2017 (Figure
2.9). The cumulative evaporation based on the GLF-G1 was 140.6 cm. This implies that the
GLF-G1 method significantly overestimated evaporation, by 227.0% for one year. Table 2.5
provides a detailed analysis of the monthly performance.

Table 2.5 Comparison of GLF method with actual evaporation in lysimeter 1. Egcyp 1S the

cumulative evaporation from the GLF method, E,.,, is the cumulative actual evaporation.
Nover> Nunder indicate how many months the method over- or underestimated evaporation.

We also indicate by how many % evaporation was over (%) — Or underestimated

(% yunder) during these periods.

GLF-G1 GLF-G2
Egeum/ Eacum [%] 318.61 127.44
Nover [-] 12 9
Yoover 218.61 44.18
Nynder![-] 0 3
Younder 0 11.06

Compared with the GLF-G1 method, the GLF-G2 method yields more accurate results.
On a monthly scale, the results of GLF-G2 were consistent with the actual evaporation, except
for July and October, 2017. The cumulative evaporation of GLF-G2 was 56.3 cm, as compared
to 44.1 cm of actual evaporation. This implies that the GLF-G2 method was a reliable method

for estimating evaporation from shallow water table depth.
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Figure 2.9 Comparison of monthly evaporation rate using GLF-G1 and GLF-G2 in lysimeter
1. GLF-Gl(specific yield obtained by pumping test) and GLF-G2 (specific yield obtained by

the soil water balance).
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2.3.7 Comparison of the actual evaporation with Darcy’s law

The laboratory-based van Genuchten parameters do adequately represent the real field
conditions. This could, for example, be related to hysteresis. The results (not shown) were not
satisfactory as the fluxes are often negative, even during periods where no precipitation
occurred. To explore to what extent this method can reproduce evaporation dynamics, we
calibrated the soil parameters by minimizing the difference between the observed and
calculated evaporation rates. The calibrated parameters are shown in Table 2.6. The values of
cumulative evaporation were 43.5, 34.6 and 24.1 cm for lysimeters 1, 2 and 3, respectively.
The cumulative evaporation was very good for all three lysimeters. However, as opposed to
lysimeter 1 and 2, lysimeter 3 had periods of over-and underestimation. Figure 2.10 displays
the cumulative evaporation based on Darcy’s law.

Table 2.6 Calibrated parameters for Darcy’s law. See table 2.2 for a comparison with the

laboratory-based values. The largest changes to the laboratory data are for a.

Lysimeter 6, [ cm’/cm’®] 6,.[cm’/cm’®]  a[ecm™] n[-] K[cm/d]
1 0.32 0.02 0.092 1.43 450
2 0.32 0.01 0.06 2.22 450
3 0.32 0.01 0.01 1.66 450
g 50 g 50 E 50
= (a) Lysimcter 1 1 (b} Lysimcter 2 = () Lysimeter 3
£ 40 A = 40 £ 40
=] 3 =
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Figure 2.10 Comparison of monthly evaporation rate using Darcy’s law method in lysimeter
1(a), lysimeter 2 (b) and lysimeter 3 (c). Calibrated means that the cumulative evaporation from
Darcy’s law method using calibrated parameters in Table 2.6, and actual means that actual
cumulative evaporation.
2.4 Discussion

Multiple methods to estimate evaporation were compared and different implementations
of several of these methods were tested. While several studies comparing different methods to
estimate bare soil evaporation exist, we are not aware of a study comparing the different
methods to accurate, lysimeter based measurements of actual evaporation.

An initial analysis of the meteorological and soil conditions showed that most of the time

our system was not controlled by the atmosphere, but rather by soil water availability and the
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soil properties. This is a typical situation for arid-and semi-arid regions. Nevertheless, the
experimental setup we chose allowed us to explore significantly different hydrological
conditions: owing to the instrumentation and different initial conditions of our lysimeters, our
study could systematically explore the performance of the different methods in relation to the
water table depth. The extinction depth could be graphically identified, in this case it was 78
cm. If the water table is below this depth, no evaporation from groundwater takes place and all
evaporation originates from rainfall. Lysimeter 1 was above the extinction depth throughout
the experiment, therefore groundwater contributed to evaporation. In lysimeter 3, on the other
hand, groundwater contributed only for the last 23 days of the experiment. Lysimeter 2 was
between the two extremes, with 5 months below the extinction depth. As our lysimeters are
disconnected from the regional groundwater table, the water table in these lysimeters cannot
fall below this level. Lysimeters are therefore very well suited to identify the extinction depth
for a given soil. However, a clear separation between the contribution of groundwater and
rainfall to the total evaporation requires a more detailed analysis and it not the focus of this
study.

Our data suggest that across one year and for all lysimeters, MEP performed significantly
better than all other methods. Nevertheless, a monthly analysis suggests that MEP can over- or
underestimate the evaporation significantly. Alves et al. (2019) pointed out that MEP tends to
overestimate evaporation for dry soil conditions. In our study, the largest overestimation was
observed for lysimeter 3 (306%) in June, a period coincides with very dry conditions. As
opposed to the other two lysimeters, no capillary rise can contribute to evaporation. Our results
confirm that MEP overestimates evaporation for dry conditions. The problem is accentuated if
the water table is below the extinction depth: During the dry period of June and July, the
overestimation of evaporation using MEP is less important in lysimeter 1 and 2 as compared
to lysimeter 3. In lysimeters 1 and 2 the water table is above the extinction depth and thus can
contribute to maintaining a certain level of soil moisture. This is an important insight as it
allows us to identify periods where MEP overestimates evaporation rates. A way to improve
the performance of MEP during dry conditions could be the direct measurement of specific
humidity (gs). In our study, we estimated the specific humidity using equation (2.22) and (2.23),
but a direct measurement (for example using iButton Hydrochron sensors) might increase the
reliability of the results.

For certain periods, MEP underestimates the evaporation rates. We could not identify a
systematic relation between the water table being above or below the extinction depth and the

underestimation of the evaporation rates. As a first-order indication, MEP underestimated
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evaporation rates during precipitation events.

In terms of overall performance, the FAO-56 skin method closely followed the MEP
approach. As with the MEP method, the performance of the FAO-56 skin method is dependant
on the water table concerning the extinction depth. If the water table is above the extinction
depth (as is the case for lysimeter 1 throughout the experiment period), the FAO-56 skin method
tends to underestimate the evaporation rate. This is consistent with previous findings: Allen
(2011) pointed out that the FAO-56 skin method underestimated the evaporation because of
capillary rise is not taken into account. On the other hand, we found that if the water table is
consistently below the extinction depth (as is the case for lysimeter 3), the FAO-56 method
systematically overestimated the evaporation rate (except for 2 months which do not
significantly affect the trend to overestimate evaporation). The good overall, cumulative
performance of lysimeter 2 is related to the fact that the periods of over- and underestimation
compensate each other. As pointed out by Allen et al. (2005), critical parameters in the
application of the FAO-56 method are the REW, TEWand K,p,4,. The implementation of
this method was based on the parameter values found in the literature. It is possible that
adaption of the parameters to field-specific conditions could further improve the performance
(Mutziger et al. 2005).

Although the method of groundwater level fluctuation is relatively simple to implement,
falling water tables are required. This can be a limiting factor in arid-and semi-arid regions,
where the water table is often below the extinction depth. Another issue is related to the
estimation of the specific yield. The estimation of evaporation based on the specific yield
obtained through a pump test was not satisfactory as evaporation rates were overestimated
significantly. However, the performance of this method increased significantly with our second
estimate of the specific yield. The second method considered storage changes in the unsaturated
zone, too, and is thus better suited for this kind of application. The estimation of specific yield
will remain a problem for the application for this method. Estimating the specific yield is
further complicated by effects such as plant growth (Logsdon et al. 2010), hysteresis (Nachabe
2002), and initial water table depth (Cheng et al. 2020).

Darcy’s law is a method to estimate evaporation using field observations of soil moisture.
Conceptually, the application of Darcy’s law is straightforward. However, the problem is
related to the parametrization of the soil-water characteristic curve. The application of the
parameters obtained in the laboratory did not allow a sound estimation of the evaporation rates,
even though a very good fit between pressure-head and soil moisture could be obtained. After

the application of Darcy’s law based on the laboratory parameters, we modified the soil
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retention parameters to reduce the mismatch between observed and calculated evaporation rates.
For all lysimeters, a very good fit could be obtained with one set of parameters. This clearly
suggests that conceptually Darcy’s law remains a very interesting approach, provided the soil-
water characteristic curve is known. This, however, will not be the case in most situations.

2.5 Conclusions

The study explored the performance of four commonly used methods to estimate
evaporation in semi-arid conditions. Different implementations of the methods were analysed.
We used experimental data of three lysimeters with different water table depths. Based on the
experimental data from sandy soil under the semi-arid climate condition, the following
conclusions/recommendations can be drawn:

(1) The MEP method provided the best results in all lysimeters. MEP overestimated
evaporation for dry conditions. If the water table is below the extinction depth, the largest
biases are expected.

(2) The FAO-56 skin method could generally obtain good results. The method tended to
underestimate the evaporation when the water table was above the extinction depth and
overestimated the evaporation when the water table depth was larger than the extinction depth.
We recommend to determine the extinction depth and measure the water table for a first-order
indication of the performance of this method.

(3) Two approaches for the water table fluctuations were employed: GLF-G1 significantly
overestimated the evaporation, due to uncertainties of the specific yield obtained from the
pumping test. GLF-G2, which used a soil water balance for a better estimation of the specific
yield could reproduce the bare soil evaporation across all groundwater depths. However, the
water balance method requires falling water tables, which is only the case if the groundwater
level is above the extinction depth. If the water table is below the extinction depth, a falling
water table cannot be associated with evaporation.

(4) We could show that Darcy’s law is in principle capable of reproducing evaporation
dynamics very well. The issue, however, is that the required parameters for the soil-water
characteristic curve at often not known. The parameters obtained in the laboratory resulted in
a significant mismatch between observed and estimated evaporation rates. This is a serious
limitation of the method which will undermine its applicability in most of the cases.

(5) Given the importance of the extinction depth in many of these methods, we suggest
that the extinction depth is analyzed and the water table is measured as an integral part of

evaporation studies. It provides a useful point of reference for the performance of the MEP and

FAO-56 Skin method.
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(6) Lysimeters were very well suited for this comparative analysis. We recommend the
installation of lysimeters for areas where soil evaporation needs to be quantified. Ideally,
weighing lysimeters are employed. Given the significant cost of such lysimeters, the soil-
moisture balance based on soil moisture sensors is a pragmatic and useful alternative.
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Chapter 3 Salix psammophila afforestations can cause a decline of the water

table, prevent groundwater recharge and reduce effective infiltration

Chapter 3 has been published as: Zhang Z, Wang W, Gong C, Zhao M, Franssen H. J. H,

Brunner P. Salix psammophila afforestations can cause a decline of the water table, prevent
groundwater recharge and reduce effective infiltration[J]. Science of the Total Environment,
2021, 780: 146336.
Abstract

Afforestation can reduce desertification and soil erosion. However, the hydrologic
implications of afforestation are not well investigated, especially in arid and semi-arid regions.
China has the largest area of afforestation in the world, with one-third of the world’s total
plantation forests. How the shrubs affect evapotranspiration, soil moisture dynamics, and
groundwater recharge remains unclear. We designed two pairs of lysimeters, one being 1.2 m
deep and the other one 4.2 m deep. Each pair consists of one lysimeter with bare soil, while on
the other one a shrub is planted. The different water table depths were implemented to
understand how depth to groundwater affects soil moisture and water table dynamics under
different hydrological conditions. Soil moisture, water table depth, sap flow, and rainfall were
measured concurrently. Our study confirms that for the current meteorological conditions in
the Ordos plateau recharge is reduced or even prohibited through the large-scale plantation
Salix psammophila. Shrubs also raise the threshold of precipitation required to increase soil
moisture of the surface ground. For the conditions we analyzed, a minimum of 6 mm of
precipitation was required for infiltration processes to commence. In addition to the
hydrological analysis, the density of root distribution is assessed outside of the lysimeters for
different water table depths. The results suggest that the root-density distribution is strongly
affected by water table depth. Our results have important implications for the determination of
the optimal shrub-density in future plantations, as well as for the conceptualization of plant
roots in upcoming numerical models.
Keywords: Salix psammophila, Lysimeter, Groundwater recharge, Root distribution,

Ecohydrology, Evapotranspiration; Soil moisture
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3.1 Introduction

The Ordos plateau is a complex and sensitive ecotone in the semiarid zone of northern
China (Chen et al., 2002). The Ordos Plateau is facing major environmental problems. One of
the most important environmental problems is desertification. About 10,000 ha/year of land
have become desert since the 1960s (Kamichika et al., 1989). To control and prevent
desertification effectively, the Chinese government started a reforestation project called the
“Three North Forest Shelterbelts” at the beginning of the 1980s (Zhang et al., 2016). In the
year 2000, a policy called “Returning Farmland to Forest and Grassland” has been
implemented in the Ordos plateau (Wang et al., 2010). In addition to combatting desertification,
trees constitute carbon sinks (Baral and Guha 2004; Piao et al. 2009; Xu et al. 2007a). Salix
psammophila is an important carbon pool. He et al. (2021) pointed out the total carbon
sequestration (including the plant components, soil, and litter) of Salix psammophila reached
9.53 t hm™ per year in alpine sandy land. The stand density for Salix psammophila was 355 ha
in the 1970s (Li et al. 2016), and 1600 ha™! according to local farmers around 20 years ago
(Zhao et al. 2021) in Southern Mu Us desert. Salix psammophila has been planted not only to
halt shifting dunes (Heshmati et al., 2011), but also to provide fuel, and timber in the Mu-Us
desert region (Ohte et al., 2003). Salix psammophila is a phreatophyte. Phreatophytes can take
up water from the vadose zone as well as from the saturated zone and thus exert a significant
influence on the hydrologic system (Naumburg et al., 2005; Le Maitre et al., 1999; Lubczynski,
2009; Banks et al., 2011; Schilling et al. 2014).

Since the 1990s water tables in the Ordos plateau have been dropping significantly, albeit
not at the same rate throughout the basin. While the decline of water tables reduces non-
productive phreatic evaporation rates (Brunner et al., 2008; Li et al., 2008) and therefore
reduces the risk of salinization (Brunner et al. 2007), this decline caused several groundwater-
dependent ecosystems to dry up, and the remaining lake-systems are in danger (Xu et al., 2007).
With climate change, these problems could be accentuated (Yin et al. 2017). The decline of the
water table also limits the development of the economy. Abundant mineral resources such as
coal, petroleum, and natural gas have been found in the Mu Us desert. It is one of the largest
regions for energy and chemical production in China (Yin et al., 2011). Mining these resources
requires a significant amount of water. Concurrently, there is an increased push to expand the
afforested areas in the project area by planting Salix psammophila, potentially increasing the
pressure on groundwater resources.

A quantitative approach on how Salix psammophila affect groundwater is therefore

required to develop water resources plans that consider desertification, ecological water use as
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well as the requirements for the energy sector. Huang et al. (2016) calibrated a Hydrus-1D
model taking into account the root water uptake of Salix psammophila. They found that the
ratio of actual transpiration to potential transpiration decreased as a function of water table
depth. Their study was based on a specific level of the groundwater table, fluctuations of the
groundwater level were not considered. Groundwater level fluctuations can, however, be an
important control of root development and growth (Rodriguez-Iturbe et al. 2007). Some studies
have analyzed the influence of fluctuating water tables on the development of phreatophytes in
this region. Yin et al. (2018) employed field and modeling approaches to study how native
phreatophytes react to short-term pumping by carrying out a 23-day pumping test. They
showed that the phreatophytes can recover from the stress induced by groundwater pumping
as they can adapt to short periods of water stress using physiological and morphological traits.
The rooting depth of trees is a basic tree functional trait determining resilience (Maeght et al.,
2013) toward drought and changing groundwater conditions, However, rooting depth is
difficult to measure. Fan et al. (2017) analyzed a global synthesis of 2,200 root observations.
The results indicated a strong sensitivity and plasticity of root distribution to local soil water
profiles. The depth to groundwater might be one of the most important environmental factors.
Nevertheless, the current understanding of the growth of different types of roots and their role
in taking up water in variable climatic conditions is still limited.

Precipitation is a major driver of biological processes in arid ecosystems (Zhao and Liu,
2010). When shrubs take up water from large rainfall events, the transpiration and respiration
of the trees will increase (Schwinning and Sala, 2004). Consequently, the trees affect the water
balance of the soil-groundwater (Huxman et al., 2004). Huang et al. (2020) showed that the
reduction in recharge rates due to dense plantations was more than 90% below the surface
ground 3 m in contrast with bare sandy soil, as deduced from chloride mass balance data in the
Mu Us desert. Note that the application of the chloride mass balance is based on several
assumptions, including that the system is in a steady-state. Assessing the influence on
groundwater dynamics through e.g. lysimeters is a highly complementary approach to assess
the conclusions of this previous study. Additionally, the influence on interception was, however,
not quantified. Because of interception, small rainfall events might not necessarily lead to a
significant increase in soil moisture or groundwater recharge. To fully understand the
implications of Salix psammophila on the water cycle, the critical (i.e. the minimal) rainfall
intensity and duration which leads to infiltration needs to be explored for the climatic
conditions of the Ordos Basin.

Accurate experimental data are needed to quantify how the presence of Salix psammophila
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affects infiltration and soil moisture as well as groundwater level dynamics. Therefore, a set of
four lysimeters (two bare ground and two vegetated ground) was designed to study the
relationship between evapotranspiration (ET), soil moisture- and groundwater dynamics in
response to rainfall. Lysimeters constitute a powerful instrumental approach to carry out
controlled experiments outside of the laboratory and under realistic conditions (Piitz et al.
2018). For areas where no surface runoff occurs, lysimeters account for all the relevant
processes across the land-atmosphere interface. In our project area, the infiltration capacity
of the sand is around 300 mm/h (Yair. 2001), while the most intense precipitation rates around
34.9 mm/h during the experiment period. Given that no surface runoff can occur, lysimeters
constitute a holistic approach to observe infiltration, storage, and evaporation processes for this
particular project area. The lysimeters were specifically designed to explore the role of
groundwater levels in this context. Zhao et al. (2020) investigated the water use of Salix
psammophila based on the two vegetated lysimeters. They used Darcy’s law to estimate the
soil evaporation based on data from April to November 2016. Their results showed that Salix
psammophila can consume groundwater by extending the root length during the dry period.
Additionally, they indicated that the infiltration of rainfall can be intercepted by the uptake of
Salix psammophila root zone, and reduce groundwater recharge. To what extent interception
will reduce the minimal amount of rainfall to increase soil moisture was not quantified,
however. As discussed in Zhao et al. (2020), their approach had several shortcomings. A source
of uncertainty is the application of Darcy’s law. Hysteresis was not considered, and the soil
water retention function is not well known. Besides, the data they used was only from the two
vegetated lysimeters. However, to understand the relative importance on how Salix
psammophila aftects soil water and groundwater dynamics could thus not be fully established.
The length of data in their research was from one growing season (April to November, 2016).
The influence of Salix psammophila at the initial stage on the soil water and groundwater was
also not analyzed.

This paper builds on this previous research and closes several important knowledge gaps.
As opposed to the previous study by Zhao et al. (2020) this study makes use of two additional,
non-vegetated lysimeters. This is important because it provides the information required on
how planting Salix psammophila will change the soil water balance. This paper also considers
two growing seasons (2015 and 2016), as opposed to only one by Zhao et al. (2020). Based on
these important differences and expansions, the following questions are analysed: (1) the
influence of Salix psammophila on groundwater recharge and water table dynamics under

consideration of interception, (2) the influence of Salix psammophila on the soil water balance,
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(3) the root adaptability to different water table depths. In addition to the previous study by
Zhao et al. (2020), we also integrate root observations of two shrubs that were growing outside
of the lysimeters.

From a methodological and data analysis point of view, our study differs significantly
from the previous study by Zhao et al. (2020). The focus of Zhao et al. (2020) was on
quantifying fluxes across the water table and the vadose zone to identify the relative
contributions of groundwater and soil moisture to evaporation. Here we base our analysis on a
mass balance approach, without the need of quantifying fluxes. Assumptions concerning the
soil-water retention curve or the effects of hysteresis thus have not to be made.

3.2 Materials and methods
3.2.1 Study site description

The experimental site is located in the Mu Us Desert, Northwestern China. The climate is
continental and semiarid. A hydrological station is located at the Henan town national weather
station (Figure 3.1) and meteorological data were obtained from this station. There are 50 years
of meteorological data (from 1957-2006), the long-term average annual air temperature is
8.0°C, and the observed extreme temperatures are -34.3 and 36.7°C in January 1958 and July
1959, respectively. The mean annual precipitation (1985-2008) is 340 mm, of which 70% falls
as rain between July and September (Zhang et al., 2019). The mean annual potential
evapotranspiration (PET) from 1985 to 2008 is 2266 mm. The growing season is from May to
October and the dryness index (Potential ET divided by precipitation) is 6.7. The typical soil is
sand, and highly susceptible to wind erosion. The landscape includes fixed, semi-fixed, and
semi-mobile dunes, as well as inter-fixed dunes. The dominant vegetation type is Salix

psammophila.
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Figure 3.1 Location of the field site. (a) Location map of Mu Us desert in Northwest China; (b)
Location map of the experimental site within Mu Us desert; (¢) experimental site (there are
four lysimeters built up with the same diameter of 200 cm). The boundary of Mu Us desert is
from Liang and Yang (2016).

3.2.2 Field experiments with bare- and vegetated soil for two groundwater levels

To investigate how Salix psammophila responds to different water table depths, we
designed two pairs of lysimeters filled with the soil material found locally with a bulk density
of 1.55 g/cm’. The results from a particle size analysis revealed that the sandy particles in the
lysimeters account for more than 88% of the total particles. According to the United States
Department of Agriculture textural soil classification, the soil can be classified as sand.

One pair of lysimeters is 1.2 m deep (subsequently labelled with the abbreviation shal )
and the other is 4.2 m deep (subsequently labelled with the abbreviation deep ). Water tables
are monitored in all lysimeters. For each pair, one lysimeter features Salix psammophila and
the other one is bare soil. We refer to these lysimeters as shal veg and shal bare, as well as
deep veg and deep bare. The young Salix psammophila were dug out near the experimental
site and planted for both vegetated lysimeters. They initially had the same rooting depths (30
cm). The two different groundwater depths for these pairs were implemented to assess the

influence of the water table depth on the shrub behavior, soil water dynamics, and
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evapotranspiration. The lysimeters are sealed at the lower end. In Mu Us desert, shallow water
table depths are common (Chen et al. 2018; Li et al. 2012). Growing Salix psammophila at
locations of shallow water table depths are also common practice (Huang et al. 2016; Cheng et
al. 2013). Therefore, we set two initial water table depths: one pair equal to 1 m which is less
than the extinction depth of this soil type (equal to 1.05 m (Ma et al., 2019)); and the other pair

(about 2.5 m): one equal to about 2.5 m and the other equal to 2.8 m.
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Figure 3.2 Two pairs of lysimeters with different water-table depths. (a) shal bare has no
vegetation and an initial water-table depth of about 1 m; (b) shal veg has a Salix psammophila
with an initial water-table depth of about 1 m; (c) deep_bare has no vegetation with a water-

table depth of about 2.5 m; (d) deep_veg also has a Salix psammophila plant with water table
depth about 2.8 m.

3.2.3 Data collection

We measured volumetric soil moisture content in the shal_lysimeters at the depths of 3,
10, 20, 30, 50, and 80 cm using ECH>O-5TM probe (Decagon Inc., USA, 1 ~ 2 %), and in
the deep lysimeters at the depths of 3, 10, 20, 30, 50, 80, 150, 190, 250 and 350 cm (Figure
3.2). Following the protocol of Cobos and Chambers (2010), we calibrated the sensors before
installation. The data were logged with an interval of 5 min. At the Henan town national
weather station, precipitation, wind speed and direction (around 10 m height), air pressure,
relative humidity, and air temperature were measured and logged hourly. We also measured

groundwater levels with an interval of 5 minutes for the two growing seasons from 1 July 2015
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to 13 Oct 2015 (the first growing season) and from 23 April 2016 to 30 November 2016 (the
second growing season) using CTD-diver installed at the bottom of the lysimeters. At the same
time, we used another diver sensor Baro-Diver installed to measure the air pressure for
correcting the measured groundwater level. Also, sap flow sensors EMS 62 (EMS Brno) with
stem heat balance method (Lindroth et al. 1995) were installed in deep veg to measure sap
flow velocity from April to November 2016.

The root distributions under the different water table depths were measured at two nearby
locations: one was from a dune depression with a low depth to groundwater, and the other was
on a sand dune with a high depth to groundwater. The shrubs were dug out and the roots were
sieved and washed at the sampling day. The cleaned roots of each sample were weighed.

3.2.4 Soil water balance and interception threshold
We estimated the water budgets for all the four lysimeters (Gong et al. 2020) using the

following water balance equation:

S =P-ET-R (3.1)
where dS/dt is the total water storage change in the lysimeters (cm/d), P is the total
precipitation (cm/d), ET is the actual evapotranspiration (cm/d), and R is the surface runoff
(cm/d). The surface runoff during the experiment can be neglected because no runoff occurs in
the lysimeters, which is also the case in the project area (Wu et al. 2012; Zhang et al. 2018).
The daily average soil moisture at the different depths was interpolated between the

measurement points using linear interpolation (Figure 3.3). The total water storage in the

lysimeter can be estimated as follows:

2 = AS, + A, (3.2)

where S, is the water storage in the unsaturated zone, and S, is the water storage in the

saturated zone. We can calculate S, and S; according to Figure 3.3.
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Figure 3.3 Schematic diagram of the sensors in the saturated and unsaturated zone and an
example of soil water content profile (Gong et al. 2020). The change of storage and thus
evapotranspiration can be estimated by comparing the soil moisture profiles and the
groundwater levels between two periods in time (Daily, in this case). To calculate the water
content on a specific day, the average values between two sensors (indicated with x; in the
diagram) were weighted by the distance between sensors (h;).

Another aspect we can explore with our experimental setup is the identification of the
critical threshold of precipitation required for infiltration to occur. The critical threshold
corresponds to the interception capacity of the shrubs. By continuously comparing the changes
of moisture content in the topmost soil zone with the measured precipitation rates, this
threshold can be readily identified.

3.3 Results
3.3.1 Precipitation, potential evapotranspiration, and air temperature

During the two growing seasons (1 July, 2015 to 13 Oct, 2015 and from 1 April, 2016 to
30 November, 2016), there 93 rainfall events occurred, which resulted in a total of 508.1 mm.
The average precipitation per event was 5.5 mm, with individual events ranging from 0.1 to
58.1 mm. In summary, light rainfall events (< 10.0 mm) were the most frequent, whereas heavy
events (> 10.0 mm) were infrequent but constitute a major contribution to the total precipitation.

We used the Penman-Monteith equation (Allen et al., 1998) to calculate potential
evapotranspiration (ETo). The potential ET provides general information on the climatic
forcing conditions in the project area. Note, however, that actual evapotranspiration rates were

calculated using our lysimeter data (See section 3.2.4). Figure 3.4b depicts potential
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evapotranspiration from July 1, 2015 to July 31, 2016. Potential evapotranspiration is closely
following air temperature. The mean potential evapotranspiration was 3.4 mm/day with a

standard deviation of 2.5 mm/day.
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Figure 3.4 Rainfall and air temperature at the field site (a), potential evapotranspiration (ETo),

and rainfall (b).

3.3.2 Water Table Dynamics

The water table of the shal bare and shal veg showed a much more rapid response to
rainfall and ET than that of the deep  bare and deep veg. The thicknesses of the vadose zone
of deep bare and deep veg were much larger than the extinction depth, and therefore the water
table depth did not respond so rapidly as shal . The water table of deep bare and deep veg
showed a gradual rise in the first growing season (same amount of rainfall as shall _lysimeters),
because ET was less than for shal bare and shal veg and there was a net recharge from the
unsaturated zone.

In the first growing season (2015), groundwater levels in shal bare and shal veg declined
due to ET (Figure 3.5a). From July 1 to August 31, the downward trends were basically the
same for the two shal _lysimeters because transpiration was relatively small in the first growing
season. After September 23, the water table depth in shal veg was deeper than for shal bare.
This indicates that shrubs began to take up groundwater resources as a result of roots growing
vertically. On the other hand, rainfall events smaller than 5 mm/day did not affect groundwater
levels in the two shal lysimeters. Rainfall events larger than 5 mm/day resulted in a response
of the groundwater table. Its magnitude depended on rainfall amount and soil water content.
Note that the shrubs were very small at this stage, so the effect of interception was not important.

In the second growing season (2016), groundwater levels for shal veg and shal bare
started to deviate significantly as the shrubs grew larger with an increasing effect of root water
uptake in shal veg. The Diver sensor was placed 1 m below the ground surface to measure
groundwater level (Figure 3.2b), and the recorded water table depth remained constant at 1 m

depth in shal veg after June 6, 2016, indicating that the water table depth was below 1 m
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(Figure 3.5b). There was almost no groundwater in shal veg as indicated by in-situ
groundwater level measurements in the middle of June, 2016 and soil moisture measurements
(Figure 3.6¢). Besides, the water table depth decreased with ~0.63 cm/day in shal bare after
middle August 2016. In this case, evaporation from the bare ground caused the groundwater
level to decrease (Figure 3.5b).

The initial water table depth of the deep bare lysimeter was around 2.5 m, and the
deep veg lysimeter was about 2.8 m, respectively. Due to technical reasons, the water table
depths could not be set to an equal level at the beginning of the experiment. The groundwater
levels in deep veg and deep bare show similar dynamics during the first growing season
(Figure 3.5¢). The groundwater levels increased with 0.38 and 0.3 cm/day in deep veg and
deep bare, respectively. It implies that root water uptake did not prevent groundwater recharge
from occurring.

In the second growing season (2016), groundwater levels continuously decreased with
~0.70 cm/day in deep veg from June 1 to November 30 (Figure 3.5d). The difference in
groundwater levels of deep veg compared to deep bare is indicative of the rate of Salix
psammophila to uptake soil moisture and groundwater. The groundwater level decline (0.95
cm/day) was larger in the dry period (from June 1 to August 11, 2016) than in the wet period
(from August 12 to November 30, 2016) (0.53 cm/day). This indicates that heavy rainfall would
slow down Salix psammophila consumption of groundwater. Groundwater levels still increased
during the second growing season at a rate of ~0.13 cm/day for deep bare.

Overall, our results show that the presence of vegetation affects the groundwater table in
the following way: (1) in the first growing season (2015.7.1-2015.10.13), Salix psammophila
had no effect on the water table depth of deep veg, and a small effect (after September 23) on
the shal veg. (2) After the beginning of the second growing season (starting around May 2016
and finishing around November), Salix psammophila affected the groundwater levels. Firstly,
Salix psammophila affected the shallow groundwater in shal veg from May 1 (Figure 3.5b).
While Salix psammophila influenced significantly the deep groundwater level in deep veg
from June 11 (Figure 3.5d). (3) Although heavy rainfall events occurred from August 12 to
August 20, 2016 (the amount of rainfall was 150 mm), groundwater levels did not increase in
shal veg (Figure 3.5b) and deep veg (Figure 3.5d). However, the groundwater level increased
by 42.5 cm in deep bare. This suggests that Salix psammophila absorbed the infiltrating water
in shal veg and deep veg. While analyzing groundwater level dynamics provides insights into
groundwater recharge, little can be said about soil moisture storage dynamics. The soil moisture

loggers provide additional information on this aspect.
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Figure 3.5 The fluctuation of water table depths during the experimental periods (2015.7.1-
2015.10.13 and 2016.4.23-2016.11.30) for the four different lysimeters. (a) and (b) represent
water table depth changes with time in the two growing seasons for the two shal lysimeters
(green and red lines indicate shal veg and shal bare, respectively); (c) and (d) show water
table depth changes with time in two growing seasons for the two deep lysimeters (green and
red dotted lines are for deep veg and deep bare, respectively). The blue bar indicates that
rainfall events occurred. Note, there is no groundwater in shal veg lysimeter after the middle
of June, 2016.
3.3.3 Soil Water Dynamics and critical precipitation threshold for infiltration

Figure 3.6 shows a comparison of soil moisture variations in the lysimeters with shrubs
and without shrubs, illustrating the impact of soil water uptake by the Salix psammophila
shrubs. Soil moisture kept relatively stable within the profile during the first growing season in
shal veg (Figure 3.6a). Compared to Figure 3.6b, Salix psammophila significantly affects the
distribution of soil moisture content from the ground surface to 50 cm depth. In the spring of
the second growing season of 2016, soil moisture at different depths slightly decreased in
response to the transpiration demand. With the further growth of Salix psammophila and large
transpiration demand in summer (from July to September 2016), soil moisture content
significantly decreased from the ground surface to 80 cm depth. The soil moisture content at
deeper depths did not directly respond to rainfall events during the experimental periods, except
for a few heavy precipitation events (e.g., 13 August 2016). It can be seen that infiltrated water

firstly increased soil moisture, which is subsequently consumed by Salix psammophila.
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In shal bare, the effects of soil surface evaporation only extend down to 20 cm depth (the
left panel of Figure 3.6b). Below 20 cm depth in shal bare in 2015, soil moisture content shows
only very small fluctuations, while soil moisture content in the upper 20 cm falls and rises
quickly in response to evaporation and infiltration of rainfall. During the second growing
season (Figure 3.6f), evaporation could cause soil moisture to decrease until 70cm depth.
However, when heavy rainfall events occurred (e.g., 13 August 2016), soil moisture content

rapidly increased between the ground surface and a depth of 70 cm.
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Figure 3.6 Variation of soil moisture content. (a) and (b), (c) and (d), (e) and (f), and (g) and
(h) represent soil moisture changes in space and time in two growing seasons (2015.7.1-
2015.11.30 and 2016.4.1-2016.11.30) in shal veg, shal bare, deep veg, and deep bare,
respectively.

Unlike the shal veg and shal bare, the deep veg features a relatively extended vadose
zone (~ 2.8 m). Soil moisture content in the 0-60 cm soil layer was significantly lower than that
for shal veg from July, 2015 onwards. This is related to the deeper water table depth, thus
capillary rise has a limited influence on the soil water content of the upper soil layer of 0-60
cm. Compared to the first growing season, the main difference was that from August 2016
onwards soil moisture decreased for the 160-350 cm layer. The abrupt decrease in soil moisture
content by the end of the second growing season is consistent with a decrease in the
groundwater level (Figure 3.5d).

Soil moisture content for the 0-10 cm soil layer (in deep bare) was relatively low because

of high atmospheric evaporative demand and limited or no capillary rise from the groundwater
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during the experimental period (Figure 3.5d). Soil moisture content for the 150-250 cm layer
showed an increasing trend as a result of the infiltration water during the period (Figure 3.6h).
This demonstrates that groundwater recharge took place under bare soil conditions.

To identify how the presence of vegetation affects the critical threshold of precipitation for
infiltration to occur, the precipitation data can be juxtaposed with soil moisture data. Only for
rainfall events exceeding 6.0 mm, an increase of soil moisture was observed for vegetated
conditions. Under vegetated conditions, smaller precipitation events did not change the soil
moisture in an observable way. For precipitation events exceeding this critical threshold,
vegetation still exerts a major influence on soil moisture dynamics. For example, around August
12, 2016, soil moisture at a depth of 50 cm in the shallow, vegetated system was around 0.035
cm®/ cm?, while for non-vegetated conditions soil moisture was 0.246 cm?®/ cm?®. The increase
of soil moisture in response to a heavy precipitation event is also significantly affected by the
presence of mature shrubs. For example, the change of soil moisture storage for non-vegetated
conditions (5.98 cm) is larger than that of vegetated conditions (4.91 cm) during the same period.
3.3.4 Estimation of actual evapotranspiration (ET)

The cumulative ET estimation using the water balance equation for each lysimeter is
shown in Figure 3.7 for the two growing seasons. Assuming that the shrubs do not significantly
affect the soil surface energy budgets, the differences in ET between the shal veg and shal_bare,
and between the deep veg and deep bare are indicative of differences in transpiration for the
two different water table depths. Without shrubs, deep bare shows a net water gain as indicated

by the rise of groundwater level at the end of the second growing season (see Figure 3.5d).
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Figure 3.7 The cumulative evapotranspiration in shal veg (red circle line), shal bare (red
square line), deep veg (blue circle line), and deep bare (blue square line) for the years 2015
(left) and 2016 (right)

It was found that the cumulative evapotranspiration in deep veg was smaller than that in
deep bare in 2015. The reasons for this apparently surprising result might be: (1) Water table
depth was deeper in deep veg than that in deep bare. That means that soil moisture along the
profile in deep bare was higher than that in deep veg (Figure 3.6¢c and 3.6d); (2) Salix
psammophila was small, it could not absorb much water from dry soil, and (3) surface ground
obtained less water as a result of vegetation interception, for example, the change of soil
moisture content at 3 cm depth in deep veg and deep_bare were 0.019 cm*/cm® and 0.038
cm®/cm’ respectively after a rainfall event (6.0 mm).

The sap velocity for one branch of Salix psammophila in deep was 0.015 kg/h with a
standard deviation of 0.028 kg/h (Figure 3.8). The value of sap velocity was highest in summer,
followed by autumn, and the lowest in spring. It can be seen that heavy rainfall events caused
sap flow to decrease even though heavy rainfall events effectively increased soil moisture for
deep soil layers. That is because heavy rainfall is associated with less incoming radiation, higher

relative air humidity and lower air temperature. Zhao and Liu (2010) obtained similar results.
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Figure 3.8 Sap velocity (Kg/h) in response to rainfall event in deep veg
3.3.5 Root distribution

To understand how different water table depth conditions affect the development of the
root system, we analyzed the root distribution of two Salix psammophila taken from places near
the field site with different water table depths (one from a sand dune, and the other one from a
dune depression). The root distributions are different as a function of the water table depth
(Figure 3.9). The Salix psammophila in the dune depression has mainly roots between 0 and 60
cm depth. The root length density decreases with depth in this case, which is in correspondence
to the findings of Zhu et al. (2016). When the Salix psammophila is located on the sand dune,
the maxima of the root densities are located between 0-20 cm and 80-120 cm depth. The root
length density decreases with depth going downwards to 20-60 cm depth, but increases again
for the layer between 60 and 120 cm depth and decreases below 120 cm depth. The root
distribution indicates that Salix psammophila may not only absorb shallow soil water but also

consume deep soil water when the groundwater level is relatively deep.
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Figure 3.9 Mean root length density as a function of depth for Salix psammophila (red box and
green box represent root length density for dune depression and sand dune, respectively. Water
table depth of sand dune was larger than that of dune depression).
3.4 Discussion

The three questions raised in the introduction are discussed in the following sections.
3.4.1 Influence of vegetation on groundwater recharge and water table dynamics

In our experimental setup with the lysimeters, groundwater recharge can easily be
identified through a rising water table. Whether or not groundwater recharge occurs in response
to precipitation depends on the intensity and duration of precipitation (Owor et al., 2009), the
depth to groundwater (Nazarieh et al., 2018), the hydraulic properties of the unsaturated zone
(Wang et al., 2009) as well as the antecedent soil moisture conditions (Manfreda et al., 2005)
which themselves are influenced by the presence of vegetation (see upcoming section 3.4.2).
Many of these factors vary in time and it is thus not possible to define a “critical” precipitation
amount that leads to groundwater recharge. However, our study clearly shows that the presence
of mature shrubs greatly affects the potential groundwater recharge. In Figure 3.5a (shallow
conditions and at that time where the shrubs are still very small and their influence thus less
important) even small rainfall events result in groundwater recharge for both vegetated and non-
vegetated conditions. However, later during the year (2016) when the shrubs have grown

considerably, groundwater recharge exclusively occurs for the non-vegetated conditions (see
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e.g. period after June 6, 2016). Not even the large precipitation event from August 15, 2016 of
58 mm resulted in groundwater recharge for the shallow, vegetated conditions.

During periods where no groundwater recharge occurs, the decline of the water table
indicates a capillary rise, uptake through shrubs or phreatic (direct) evaporation. While the
shrubs are still small (Figure 3.5a) no significant difference in the decline of the water table
between vegetated and non-vegetated lysimeters can be observed. However, as the shrubs grow,
their consumption of groundwater is evident in the increased rate of decline of the water table
for both shallow and deep groundwater table conditions. For shal veg the average decline rate
was 1.5 cm/day between May 23 and June 3, 2016, but only 0.8 cm/day for shal bare. For
deep veg and deep bare, the decline rates were 0.5 cm/day for the vegetated and 0.1 cm/day
for the non-vegetated conditions for the period between August 21 and November 26, 2016,
respectively. These results suggest that Salix psammophila consumes groundwater by extracting
groundwater from the capillary fringe. This is consistent with Ohte et al. (2003) who observed
that Salix psammophila used both soil water and groundwater. Our results confirm this
observation, as the vegetated conditions can result both in a decline of the water table as well
as a reduction of soil moisture.

3.4.2 The influence of the presence of shrubs (versus bare soil) on the soil water balance

The presence of shrubs can influence if and how soil moisture increases in response to
precipitation events. Interception, for example, can prevent soil moisture in the upper soil layers
to increase in response to precipitation. Our data clearly indicate that the presence of shrubs
reduces and sometimes prevents an increase in soil moisture. The presence of vegetation thus
reduces the potential for groundwater recharge. For precipitation events exceeding the minimal
threshold of 6 mm, vegetation still exerts a major influence on soil moisture dynamics - not
unexpectedly so. This indicates that for soil water dynamics, the annual cumulative
precipitation rates are not informative. Only precipitation events exceeding this threshold
should be considered. For the meteorological conditions prevailing in the project area, this is of
significant importance because of 23% the annual precipitation (for the year 2016, for example)

1s composed of events smaller than this critical threshold. The interception loss is likely to
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increase with the growth of the shrubs.
3.4.3 Root growth and evapotranspiration under different water table conditions

Our previous analysis of soil moisture and water table dynamics suggests that Salix
psammophila can consume groundwater (either directly or indirectly within the capillary zone
above the water table), as well as soil water stored close to the surface. This requires an
adaptation of the root system in response to the hydraulic conditions present. Based on the
analysis of two shrub root densities, the root length density of Salix psammophila has two
maxima if the depth to groundwater is large: one between 0 and 20 cm depth, and another
between 80 and 120 cm depth. Similar results have been found in other studies. For example,
Huang et al. (2016) also observed two maxima of the root length density of Salix psammophila.
Fan et al. (2017) pointed out that the presence of a water table can draw roots deeper to tap its
capillary rise. They also found that the dimorphic roots or deep roots are frequently observed
in upland shrubs in season-dry climates when groundwater becomes accessible.

The field analysis of root densities where the water table is much closer to the surface
indicated that there was only one maximum of root density. There are two possible reasons for
this: Either, the precipitation and subsequent increase of soil moisture in the upper soil layer is
sufficient to provide all water required by the shrub. It is also possible that the capillary rise of
groundwater provides a sufficient supply of water (or a combination of both). The shrubs thus
do not need to increase their root density additionally in the capillary zone. Figure 3.10 shows

a conceptual model of root distributions for two different water table conditions.
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Figure 3.10 Conceptual model of shrub rooting density for two different depths to groundwater.
(a) The uppermost soil layers are supplied with water through precipitation, as well as capillary
rise. Only one maximum of root density can be observed. (b) deep water table depth conditions
with two maxima: roots develop in the uppermost soil layers to efficiently uptake soil moisture
originating from precipitation. A second maximum is observed in the capillary zone above the
water table. Between the two maxima, soil moisture is consistently low and therefore the shrubs
do not invest a lot of energy to grow their roots in this area.

To fully understand these adaptations of shrub roots in response to the hydraulic regime,
more research is required. However, our results indicate that the distribution of roots
significantly varies as a function of the hydraulic conditions. This is of outstanding importance
and should be considered explicitly in any modeling attempt.

In this experimental setup, the total evapotranspiration rate of Salix psammophila under
deep conditions was 6.0% higher than for the shallow one. This might be related to the fact that
with a developed dimorphic root system water uptake is increasingly efficient. The roots in the
upper layer absorb the incoming precipitation, while the roots close to the capillary fringe above
the water table continuously tap the upward flux sustained through the capillary rise.

3.4.4 Implications for management

Our findings have important implications for the management of the Salix psammophila
plantations in the Ordos plateau. To effectively control and prevent desertification, Salix
psammophila has been planted in large areas. However, our results indicate that the presence of

vegetation reduces or even prohibits groundwater recharge. Groundwater was consumed by
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Salix psammophila. However, Salix psammophila plantations are indeed suitable for
afforestation due to their low cost and the ease with which they are established under extremely
desertified conditions (An et al., 2007). Besides, Salix psammophila is increasing carbon
fixation (He et al. 2021). We recommend that the density of the planted Salix psammophila is
carefully evaluated in the Mu Us desert region. Areas of bare ground between two Salix
psammophila constitute an important area for recharge. If the shrub density is not too high,
groundwater recharge is given for current climate conditions. Further studies regarding the role
of optimal water table depth and distance between two Salix psammophila shrubs are needed.
Numerical modeling approaches considering the influence of root distribution on both
groundwater and soil water would be an efficient approach to identify the optimal planting
density of Salix psammophila in the future.

Although there are some limitations for lysimeter installations, e.g. concerning monitoring
lateral flow (Singh et al. 2018), lysimeters allow us to explore the complicated hydrological
processes under realistic conditions in an excellent way. Two potential limitations regarding the
application of lysimeters need to be discussed: (1) To a certain extent, lysimeters may limit root
growth. It was thus important to analyze the root growth of plants outside of the lysimeter. The
results were consistent. However, if the plants develop more roots, the limitation of the
lysimeter could possibly become an issue. We thus recommend considering always the root
structure of plants outside of the controlled setting of the lysimeter. (2) We have non-weighing
lysimeters. Establishing the water balance is thus based on soil-moisture sensors, which have a
certain measurement uncertainty. Moreover, soil moisture content needs to be estimated for the
locations between the installed sensors. We used a simple linear interpolation approach because
it is the most straightforward way to interpolate between the measurement points. As our sensor
density was relatively high, this assumption is not expected to have any major implications for
the results in contrast with other interpolation methods.

3.5 Conclusions
Four lysimeters were installed at the study site in the Mu Us desert of northwest China.

Two of them were kept at a shallow water table depth and the other two at a relatively deep

67



water table depth. Each of the pairs had one lysimeter with bare soil (shal bare and deep bare)
and one lysimeter vegetated by Salix psammophila (shal veg and deep veg). Key atmospheric
and vegetation variables and soil conditions (i.e. air temperature, precipitation, sap velocity,
soil moisture content and groundwater level) were measured throughout the experiments from
July 1 to December 1, 2015, and April 1 to November 30, 2016. The following conclusions can
be drawn:

(1) The presence of shrubs increases the critical threshold of precipitation required to
increase soil moisture due to interception. In our study, we have quantified this amount.
Precipitation events smaller than 6 mm did not lead to an increase of soil moisture on the surface
ground. For the annual water balance, this means that precipitation rates are effectively reduced
by around 23%. This critical threshold is dependent on the canopy, and more mature shrubs will
likely increase this number.

(2) For the current climate conditions in the project area, the presence of Salix
psammophila reduces groundwater recharge through the increase of interception and
transpiration. This is in agreement with two previous studies (Huang et al. 2020; Zhao et al.
2020). Our experiments showed this reduction is independent of the depth to groundwater.

(3) Plants develop dimorphic systems to increase water uptake in the upper soil zone as
well as from the capillary zone above the water table. The efficiency of water uptake and thus
evapotranspiration rates are increased if dimorphic roots develop. Given that the lysimeters
could potentially influence root growth, the additional observations of roots outside of the
lysimeters were of critical importance.

(4) From a methodological point of view, the lysimeters allowed for controlled
experiments outside of the laboratory. Our study is an example of how lysimeters provided
quantitative insights and valuable information into complex processes, such as infiltration and
soil moisture dynamics under vegetation and different water table conditions.
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Chapter 4 On groundwater recharge in variably-saturated subsurface flow
models

Chapter 4 has been published as: Gong C, Cook P G, Therrien R, Wang W, Brunner P. On

groundwater recharge in variably saturated subsurface flow models[J]. Water Resources
Research, 2023, 59(9): e2023WR034920.
Abstract

Groundwater models that simulate only saturated flow use groundwater recharge as an
input parameter. In contrast, variably-saturated subsurface flow models, including integrated
surface and subsurface hydrologic models, can jointly simulate the movement of water in the
saturated and unsaturated zones. Instead of recharge, they require climate data such as
precipitation and potential evapotranspiration. Given that the latter models represent
hydrological processes operating throughout the unsaturated zone and at the water table, one
might expect that recharge can be readily extracted from them. In this paper, we demonstrate
that it is not the case. When the commonly used definitions of groundwater recharge are
implemented in variably-saturated subsurface flow models, they do not yield meaningful results.
Above all, the problems occur because of the storage dynamics in the capillary fringe above the
water table. Despite this difficulty, variably-saturated subsurface flow models can provide the
information required for water resources management directly.
Keywords: Capillary fringe; Groundwater recharge; Variably-saturated subsurface flow

models; Water resources
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4.1 Introduction

Groundwater recharge has long been of interest to water resources managers (Hund et al.
2018; Kinzelbach et al. 2010) as quantification of recharge is often considered essential for
sustainable aquifer management (Healy 2010; Healy and Cook 2002; Scanlon et al. 2002).
Numerous methods for estimating recharge exist (Healy 2010; Scanlon et al. 2002). As recharge
is an important component of groundwater in the groundwater budget, hydrogeologists embed
the concept of recharge in the way they think about groundwater systems. Understanding
recharge dynamics is required to predict the impacts of land use/cover change and climate
change on groundwater resources and to determine the risk of groundwater resource
contamination by human activities. Groundwater managers often consider recharge rates to
evaluate the sustainable level of extraction for a groundwater system.

Groundwater recharge is used in many analytical (Cuthbert 2010; Haitjema 1995; Lerner
et al. 1990) and numerical solutions of groundwater flow equations (Rubin and Dagan, 1987),
including numerical models. However, different types of models handle recharge in different
ways. Groundwater models like MODFLOW (Harbaugh 2005; Harbaugh et al. 2000) simulate
groundwater flow and require recharge as an input parameter (Sanford, 2002). They predict
groundwater movement in response to recharge and groundwater pumping. In some cases,
MODFLOW has been used to determine recharge using data such as hydraulic head, hydraulic
conductivity and/or groundwater age (Baalousha, 2016; Knowling and Werner, 2016; Sanford
et al., 2004; Zhu, 2000).

Variably-saturated subsurface flow models can simulate vadose zone processes by solving
the Richards equation. Hydrus-1D (Simének et al., 2005), a commonly-used variably saturated
flow model, has been applied to estimate groundwater recharge (e.g., Hu et al., 2019, Hou et
al., 2016, Batalha et al., 2018, Tonkul et al., 2019, Assefa and Woodbury, 2013). Typically, such
models are set up as one-dimensional, essentially representing a lysimeter. The values extracted
represent potential recharge (Healy 2010; Rushton 1997), as they focus on the unsaturated zone
only and do not consider the position of the water table.

More holistic variably-saturated subsurface flow models which solve the three-
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dimensional Richards equation in combination with Darcy’s law for the saturated zone include
HydroGeoSphere (Brunner and Simmons 2011; Aquanty 2018; Simmons et al. 2020), Parflow
(Maxwell and Miller 2005), CATHY (Paniconi and Putti, 1994; Paniconi and Wood, 1993), and
Hydrus-3D (Siminek et al., 2006). These models simulate infiltration processes through the
unsaturated zone of the soil as well as saturated groundwater flow processes and the interactions
and feedback mechanisms between the saturated and unsaturated zone. They, therefore, do not
require recharge as an input, unlike fully saturated groundwater models such as MODFLOW.
In fact, variably saturated subsurface flow models do not explicitly compute recharge internally.
Instead, precipitation and evaporative forcing are used as input for simulations. As this type of
model incorporates key hydrological processes, one might expect that groundwater recharge
can be readily extracted from them. For example, Frei et al. (2009) explored recharge patterns
and dynamics along rivers using Parflow. They calculated groundwater recharge as the
difference between the infiltrating water flux and the vadose zone storage. Brandhorst et al.
(2021) estimated recharge from Parflow based on the water table fluctuation method.
Waldowski et al. (2023) estimated groundwater recharge by considering the water balance over
the vertical extent of the water table fluctuations. Guay et al. (2013) referred to recharge in
CATHY as the sum of vertical fluxes that cross a dynamically changing water table.

This paper explores to what extent variably-saturated subsurface flow models can be used
to extract groundwater recharge. To extract recharge from variably-saturated subsurface flow
models, a definition of groundwater recharge must be implemented in the postprocessing of the
simulations and, to be scientifically sound, the results need to be unique, meaningful, and
unambiguous. In this paper, we explore how different definitions of groundwater recharge can
be implemented in variably-saturated subsurface flow models, and if they yield unique and
meaningful results. We first briefly review the available definitions of groundwater recharge,
and subsequently implement them in variably-saturated subsurface flow models and
demonstrate that in fact these models cannot be used to estimate groundwater recharge in a

unique way.
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4.2 Definitions of recharge

Many definitions of groundwater recharge have been proposed. Healy (2010) defined
groundwater recharge as “the downward flow of water reaching the water table, adding to
groundwater storage”. Several definitions along similar lines also have been proposed, for
example by Schmoll et al. (2006), Delleur (2006), Sen (2008), de Vries and Simmers (2002),
Sophocleous (1991), Singhal and Gupta (2010), Hillel (1998), Sophocleous and Perry (1985),
Shamsudduha et al. (2011), Doble and Crosbie (2016), Carrera-Hernandez et al. (2012), and
Meixner et al. (2016). Given that the water table is defined as the surface where the pressure
head is equal to zero, this type of definition can be implemented in physically based models, as
the position of the water table can be tracked throughout the simulations, and the fluxes to and
across it can be extracted through postprocessing the simulation results. Because the surface
typically is not static, determining the flux across the surface can sometimes be non-trivial,
especially if the water table is inclined. For the upcoming implementation of recharge
definitions in numerical models, we label this approach Recharge Definition I (water crossing
the pressure head equal to zero plane).

Others define groundwater recharge as “the entry of water to the saturated zone” (Freeze
and Cherry, 1979). Note that the boundary between the saturated and unsaturated zones is the
top of the capillary fringe, which is above the pressure head equal to zero plane. Definitions
similar to that of Freeze and Cherry (1979) have been provided, for example by Nimmo et al.
(2006), Toth (2009), Simmers (2013), Sophocleous (2004), Fitts (2013), Lerner (1996), Poehls
and Smith (2011), Haitjema (1995), Kresic and Stevanovic (2009), Sharp (2003), Xu and
Beekman (2018), Gemitzi et al. (2017), and Dingman (2015). The boundary between fully
saturated and unsaturated zones can in principle be tracked throughout the simulation and the
fluxes to and across this boundary can be monitored. Likewise, fluxes at any other height above
the water table can be monitored, no matter if it is a fixed or a dynamic height (such as the
height of the capillary fringe). We label these definitions as Recharge Definition II (the entry of
water to the saturated zone, crossing the boundary defined through the plane separating fully

saturated and unsaturated conditions).
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The definitions above are based on tracking a flux across a boundary. Other definitions
of recharge are implicit in approaches that quantify recharge through the response of the system
to infiltration and drainage. For example, the water table fluctuation (WTF) method relates a
rise in the water table to groundwater recharge (Healy and Cook, 2002). Note that in some
applications of the WTF method, a drainage term is also included to account for the discharge
of the aquifer (Cuthbert 2010). This method therefore implicitly defines recharge using a mass
balance approach as the change in an aquifer’s saturated volume minus groundwater discharge.
We label this approach as Recharge Definition III (recharge obtained from joint observations of
the water table and groundwater discharge)

Some authors have defined recharge as net infiltration. For example, Dassargues (2018)
defines recharge as “The water that penetrates the soil flows deep underground (groundwater
recharge) if it is not consumed by plants or humans”. Delleur (20006) refers to recharge as “Deep
soil water percolation, often referred to as groundwater recharge by soil scientists, is the water
that has moved past the evaporative and root zones in the vadose zone and is no longer
available to plants.” Scanlon et al. (2002) pointed out that net infiltration, drainage, or
percolation below the root zone are often equated to recharge in many vadose zone studies.
Similarly, de Vries and Simmers (2002) state that “all water that passes the root zone is assumed
to have escaped evapotranspiration and could recharge the groundwater reservoir”. Cech
(2009) defines groundwater recharge as “Downward movement of water from the land surface
into and through upper soil layers”. 1f recharge is defined as the net infiltration as proposed by
these authors, in principle, one should also be able to extract this potential recharge by keeping
track of the fluxes at a depth below the surface at which water can no longer be lost to the
atmosphere (below the root extinction depth), provided the water table is below this extinction
depth. Note, however, that net infiltration can significantly differ from recharge defined at or
close to the water table, especially in systems with a large unsaturated zone. For the subsequent
discussion, we label this approach as Recharge Definition IV (net infiltration below the
extinction depth) This is also called potential recharge.

The four definitions of recharge are subsequently implemented in the numerical models
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described in the following sections.
4.3 Methods
4.3.1 Numerical Model

Given that the formulation of vadose zone processes is essentially the same in all variably-
saturated subsurface flow codes, the choice of a numerical code is not critical for this study as
long as variably-saturated infiltration processes are represented. Therefore, we use
HydroGeoSphere (Aquanty, 2018), a variably-saturated numerical model that uses the control
volume finite-element method to solve 2D overland flow fully coupled with 3D subsurface flow
described by Richards’ equation. We simulate infiltration and drainage processes through
simple 1D vertical columns.

We deliberately use simple models for the following reason: if the estimation of recharge
cannot be obtained reliably from these simplest models, it will also be impossible to do so in
more complicated models where, for example, the water table is inclined or complex catchment-
scale processes are simulated.

We simulate one-dimensional vertical soil columns of 5 m in height. The surface area of
the soil columns is 1 m?. The soil columns are vertically discretized into 1000 finite element
layers. The very fine vertical discretization ensures that there is no influence of grid
discretization on the simulation results. The soil is assumed to be homogeneous for any given
simulation. Different soil types (sand, loam, sandy loam, and loamy sand) are considered for
some simulations and their soil water retention characteristics are described by the van
Genuchten functions (van Genuchten 1980). Soil properties are presented in Table 4.1, where
0; is the saturated water content, 6, is the residual water content, K, is the saturated

hydraulic conductivity, and a and S are fitting parameters of the van Genuchten functions.
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Table 4.1 The soil water retention characteristic parameters based on Carsel and Parrish

(1988)

Soil type 0 (cm*/cm?®) 0, (cm?/cm?) a (m) B () K, (m/d)
Sand 0.43 0.045 14.5 2.68 7.13
Loam 0.43 0.078 3.6 1.56 0.25

Sandy loam 0.41 0.065 3.7 1.89 1.06
Loamy sand 0.41 0.057 12.4 2.28 3.50

Initially, all models are in a hydrostatic equilibrium. A constant specified flux q;,; equal

to 0.02 m/d is then applied to the upper boundary. Evapotranspiration is not simulated and so

the specified flux represents a net infiltration rate. Depending on the simulation, the lower

boundary is either a no-flow boundary or a drainage boundary. The water table is within the

model domain. All models are run in a transient mode and model results are analyzed after a

dynamic steady state is reached, for example, when the increase or decrease of the elevation of

the water table has reached a constant rate. The specified flux at the upper boundary (q;f) is

applied from the 5™ day and the total simulation time is 45 days. The bottom drainage boundary

used for some models is shown by q, in Figure 4.1. The initial and maximum time steps are

0.01 days and an adaptive time-stepping scheme is employed. Simulation results are written out

daily and are post-processed with the Tecplot 360 2020 software (Tecplot, Inc, Bellevue, WA,

USA).
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Figure 4.1 Schematic diagram of the imposed infiltration and drainage rates. The red line
corresponds to the soil moisture profile above the water table. q;,r is the specified flux
infiltrating the soil column, g is the flux across the water table, and q, is the drainage flux.
Several cases are simulated: In case 1, qinf= qq;in case 2, q4=0 while g;,r > 0; and in case
3, qq can either exceed or be smaller than q;;.

Different cases are simulated: (1) a steady water table where the assigned infiltration flux
at the top and drainage flux at the bottom are equal, which corresponds to a dynamic steady-
state flow, (2) a rising water table due to infiltration but without drainage (q; = 0) and therefore
all the infiltrating water contributes to increasing the water table, and (3) constant but differing
infiltration and drainage fluxes where, depending on the relative magnitudes of these fluxes,
the water table rises or falls. Cases 1 and 2 are special cases of the more general case 3.

Case 1: The 1D dynamic steady-state system under infiltration conditions

We consider first a special case for steady-state flow where the specified infiltration flux
is equal to the drainage flux (Figure 4.1). The constant drainage flux q, is assigned as 0.02
m/d. Once the dynamic steady state is reached, the inflow flux is equal to the outflow, the water
storage in the column does not change and therefore the water table remains at the same location.

Case 2: All infiltration contributes to the rise of the water table

Here, we focus on a one-dimensional column with a no-flow boundary at the bottom,

which is equivalent to a closed lysimeter. Initially, the water table is below the surface,
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infiltration is zero and the system is at a steady state (Figure 4.2(a)). Recharge is then triggered
by infiltrating water, which leads to a rise in the water table (Figure 4.2 (b)). Because the bottom
is impermeable, there is no groundwater flow below the water table and all infiltrating water
contributes to raising the water table. Four different homogeneous soil columns, with properties
described previously (sand, loam, sandy loam, and loamy sand) are employed in this case. The

initial heads throughout the columns for the four soil columns are 1 m.
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Figure 4.2 Schematic diagram of groundwater recharge (corresponding to case 2). (a) before
infiltration (b) during infiltration. The infiltration causes a rise of the water table equal to Ah.
The water content is shown on the x-axis and the height above the water table is on the y- axis.
The red lines show the soil moisture profile above the water table. q;,s is the specified flux
infiltrating the soil column, and g is the flux across the water table.

Case 3: Infiltration partially contributes to groundwater fluxes

In case 2, we examined a column equivalent to a closed lysimeter without any groundwater
flow below the water table and towards the lower boundary, and therefore with all infiltrating
water contributing to rising the water table. In case 3, we consider a more general case with
drainage at the bottom boundary and where infiltrating water can contribute to raising the water
table and also to vertical groundwater flow below the water table. Two soil columns were
employed in this case and the material specified corresponds to sand. The initial heads

throughout the columns are 2 m for both columns. Constant drainage fluxes g, are assigned
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to the lower boundary from the 5" day (Figure 4.1) with values equal to 0.01 and 0.025 m/d for
the two columns, respectively. As before, a constant specified flux of 0.02 m/d is assigned to
the top boundary. The special case where the drainage flux corresponds to the infiltration flux
(and the system thus remains in a dynamic steady state) corresponds to case 1 and has already
been discussed previously.

Based on the imposed drainage flux, the following situations will develop: (a) for g4z =
0.01 m/d, the water elevation increases in the soil column; (b) for g4 = 0.025 m/d, the water
table decreases in the soil column.
4.3.2 Assessing the implementation of recharge definitions and the extraction of recharge

For the hydraulic configurations, the different definitions of recharge are implemented in
the following way.

(1) Implementation of Definition I and recharge extraction

In Definition I, recharge is defined as the flux that crosses the water table vertically (with
the water table defined as the iso-surface with pressure head h,, equal to zero). One can extract
these fluxes by post-processing the output from the variably-saturated subsurface flow models
by keeping track of the position of the h,= 0 plane as a function of time and integrating fluxes
across this plane. This definition of recharge is based on Healy (2010).

(2) Implementation of Definition II and recharge extraction

In Definition II, recharge is defined as the flux across the boundary between the saturated
and the unsaturated zones (e.g. Freeze and Cherry 1979). Technically, the extraction plane is
defined through the degree of saturation equal to 1 and is tracked throughout the simulation
while the fluxes through this plane are extracted. Other boundaries, be it a fixed height above
the water table or a fixed saturation, can be dynamically monitored in the same way.

(3) Implementation of Definition III and recharge extraction

In Definition III, recharge is defined through the response of the system to infiltration and
drainage. To implement Definition III, we focus on the variations of the water table, but in some
cases also consider the deep drainage as proposed by Cuthbert (2010). The water table

fluctuation approach is a widely used field method to estimate groundwater recharge (Healy
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and Cook 2002; Gong et al. 2021). Likewise, it can be employed in variably-saturated
subsurface flow models jointly simulating groundwater levels and variably-saturated
subsurface flow. A key assumption of this approach is that the rise of the water table is not
related to horizontal fluxes, but instead to recharge, which is the case for the soil column with
an impermeable bottom. In more complex 2- or 3-dimensional models with horizontal flow
components, this contribution could be extracted through appropriate post-processing.

In its most basic application, only the specific yield and the temporal changes in the water

table are required, and recharge R [L/T] is given by:

dh
R=5,% 4.1)

where S, [-] is specific yield, h [L] is the height of the water table, and t [T] is time. A
commonly used formula to determine specific yield is given by (Freeze and Cherry 1979):

Sy =65 — 6, (4.2)
However, this expression for specific yield ignores the initial soil water content profile. As
pointed out by multiple authors, e.g. Allison et al. (1990), Healy and Cook (2002), Crosbie et
al. (2005), and Zhang et al. (2020), this simplification can result in a significant overestimation
of recharge. Conversely, the addition of a small amount of water can cause a significant rise of
the water table if the soil above the water table is close to saturation (Gillham 1984). If the
initial soil water content above the water table is considered, a modified specific yield Sy can
be employed:

Sy =0s—106; (4.3)
where 8; [cm?/cm?] is the initial soil water content, which varies with increasing height above
the water table. Note that in the application of the water table fluctuation method as proposed
by Cuthbert (2010), a drainage term is added to equation (4.1).

(4) Implementation of Definition IV and recharge extraction

Definition IV defined recharge as the net-infitration, i.e. the precipitation minus
evapotranspiration. As opposed to Definitions I and II which define recharge at or above a
certain height of the water table, Definition IV is evaluated at a depth below the land surface

where the infiltrating water is no longer exposed to evapotranspiration. As in the current context
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evapotranspiration is not simulated, the net-infiltration is equal to the specified infiltration flux

imposed.

Table 4.2 Extracted values of recharge for all simulations and the different implementations of

recharge definitions. Note that WTF means water table fluctuation method, and the unit in the

table is m/d. The entries under Definition I (values above h,=0 plane) and Definition II

(saturation <l plane) are additional simulations to illustrate the issues related to these

definitions.
Case 3
Case 1 Case 2
Cases Case 3 (a) Case 3 (b)
Qin=0.02; Qing=0.02; Qing=0.02;  qyr=0.02;
qd=0.02 qa= 0 qd:OOI qd:0025
Definitions
Sandy  Loamy
Sand Sand  Loam Sand Sand
loam sand
Definition I h,=0 plane 0.02 0 0 0 0 0.01 0.025
Above h,=0 plane 0.02 0~0.02 0~0.02 0~0.02 0~0.02 0.01~0.02 0.02~0.025
(Figure (Figure (Figure (Figure (Figure (Figure
4.3) 4.3) 4.3) 4.3) 4.5) 4.6)
Definition 11 Saturation =1 plane 0.02 0 0 0 0 0.01 0.025
Saturation <1 plane 0.02 0~0.02 0~0.02 0~0.02 0~0.02 0.01~0.02 0.02~0.025
(Figure (Figure (Figure (Figure (Figure (Figure
4.4) 4.4) 4.4) 4.4) 4.5) 4.6)
g WTF only 0 0.027 0.127 0.047 0.031 0.013 —
. y
Definition Discharge 0.02 0 0 0 0 0.01 0.025
m g WTF only 0 0.003 0.012 0.002 0.004 0.0004 —
Y Discharge 0.02 0 0 0 0 0.010 0.025
Definition
0.02 0.02 0.02 0.02 0.02 0.02 0.02
w
4.4 Results

The results of simulations and extraction of recharge are shown and analyzed in the

subsequent section. Table 4.2 provides an overview of all simulations and the corresponding

recharge definitions that were implemented to extract recharge.

4.4.1 Case 1: 1D dynamic steady-state system under infiltration conditions



For Definitions I, Il and IV, the extracted recharge is equal to the specified infiltration flux
(Table 4.2). For Definition III , the analysis based the water table fluctuation method yields a
recharge flux of 0 as the water table is not moving. If the drainage term is considered, the
extracted recharge is also equal to the specified infiltration flux. For this special case of a steady
water table under infiltrating conditions, all definitions of recharge yield the same results,
namely that recharge is equal to the net infiltration. Note, however, that if the water table
fluctuation approach is employed this value is only obtained if the drainage term is considered.
4.4.2 Case 2: All infiltration contributes to the rise of the water table

1) Extraction recharge based on Definition |

For all soils, the flux directly across the water table is shown by the left-most bar for each
type of soil in Figure 4.3 and it is equal to 0, see the histogram in Figure 4.3 (h,= 0 plane; the
left-most bar of each histogram). This result is related to the presence of a fully saturated zone,
the so called capillary fringe above the water table (Figure 4.2 (a)). The result is also related to
the impermeable boundary at the bottom, which causes infiltrating water to “pile up” on top of
the water table. The strict application of the definition of recharge as being equal to the flux
across the pressure head equal to zero plane thus provides an unrealistic estimate of recharge
equal to O for this situation.

In principle, one could argue that, instead of extracting recharge across the pressure head
equal to zero plane (the water table), recharge could be obtained by extracting vertical
infiltration fluxes crossing a horizontal plane located at some height above the water table. This
corresponds to the less strict definitions of recharge mentioned in the previous section
(definitions of recharge), e.g. Scanlon et al. (2002). Therefore, fluxes crossing planes above the
rising water table at heights of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 m were also extracted as
indicated in Figure 4.3. As expected, the extracted values increase from 0 to 0.02 m/d for an
increasing height above the water table. With an increasing height, we approximate Definition
IV, and the extracted fluxes tend towards the net specified flux imposed (q;,s= 0.02 m/d).
However, there is no clear indication of how this height should be chosen. The extracted results

are thus ambiguous.
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Figure 4.3 Fluxes across planes above the water table (pressure head equal to zero plane) and
at constant heights above the water table for different soil types. The inverse of air-entry value
(a proxy for the saturated height above the water table) is 0.069 m for sand, 0.278 m for loam,
0.270 m for sandy loam, and 0.081 m for loamy sand. The specified flux infiltrating all soil
columns is equal to 0.02 m/ d (red line). The values above each column are the saturations at
each height.

2) Extracting recharge based on Definition I1

One could define recharge as the flux contributing to the saturated zone (Definition II;
Freeze and Cherry, 1979). The integration plane would thus not be defined as the h,= 0 plane,
but rather as the plane above the water table where the saturation drops below 1. If the soil
water retention curve is represented with the van Genuchten function, the exact numerical
location of this plane corresponds to the pressure equal to zero plane as opposed to, for example,
the Brooks-Corey function (1964) where a specific height above the water table, corresponding
to the inverse of the air-entry pressure, marks the boundary between the saturated and the
unsaturated zones. However, even with the van Genuchten approach one can define a saturation
value smaller than 1 for which the soil can reasonably be considered to be fully saturated
(Silliman et al. 2002). Figure 4.4 shows how the extracted fluxes vary when computed across a

plane defined by a saturation value rather than the pressure head equal to zero plane. The planes
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(h,= 0 or a given saturation) move according to the simulation results. The results clearly

indicate that the definition of a cutoff for saturation has a major influence on extracted recharge

rates.
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Figure 4.4 The fluxes across planes defined by the degree of saturation for sand, loam, sandy

loam, and loamy sand. The infiltration flux is 0.02 m/d.

3) Extraction of recharge based on Definition 111

Definition I1I relates recharge to the changing water level fluctuations (see equations (4.2)
and (4.3) for the different notations of the specific yield. Note that, in some applications of the
water table fluctuation method, a drainage term is considered and added to equation (4.1), as
suggested by Cuthbert (2010). As in this specific simulation case there is no drainage, this
additional term is not considered.

By using equation (4.1) (the change of the water table is extracted with daily timestep) and
assuming a static value of the specific yield (equation (4.2)), the estimated recharge rate is 0.127
m/d, which is greater than the infiltration rate. This overestimation is easily explained. The
water table rises at a rate of 0.359 m/d and the rate is then multiplied by the specific yield S,,
which is the difference between saturated and residual water contents. Using values shown in
Table 4.1 for loam, its specific yield is equal to 0.352. The specific yield in this formulation

does not consider the initial water content above the water table, as opposed to the approach
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where the initial water content above the water table is considered and a modified specific yield
Sy is defined (see equation (4.3) and entry for S, in Table 4.2). The consideration of the initial
water content to estimate recharge with the water table fluctuation method is feasible through
appropriate post-processing of the model output. A problem with this approach is that the
estimation of recharge rates will heavily depend on the temporal discretization used for the
simulations. If the change in the height of the water table (dh) in one timestep is less than the
height of the capillary fringe, then the initial soil water content (6;) will be equal to or very
close to the saturated water content. The modified specific yield according to equation (4.3) is
therefore equal to zero, which leads to a recharge equal to zero. Therefore, applying the water
table fluctuation method to estimate recharge yields ambiguous results that depend on the time
step size.

4) Extraction of recharge based on Definition IV

As in this context evapotranspiration is not simulated explicitly, the imposed infiltration
flux corresponds to net-infiltration and thus Definition IV. The graphs in Figure 4.3 show that
for an increasing evaluation height above the water table, the corresponding extracted recharge
approximates the net infiltration and thus Definition IV. The factors influencing at what height
above the water table the extracted recharge corresponds to the net-infiltration is influenced by
the infiltration rate, the hydraulic conductivity, and the air-entry pressure.

4.4.3 Case 3: Infiltration partially contributes to groundwater fluxes
4.43.1 Case 3(a) qq =0.01 m/d, qipy =0.02 m/d: the drainage flux is smaller than the
infiltration flux and the water table rises in the soil column.

In this case, the infiltrating water will both contribute to rising the water table and to
groundwater flow below the water table. The extracted flux across the water table plane
(Definition I ) is equal to q; (0.01 m/d). Likewise, the extracted flux across the saturation
equal to 1 plane (Definition II) is also equal to q; (0.01 m/d). In analogy to the previous section
recharge values extracted from planes above the water table and above the full saturation plane

were also extracted, see Figure 4.5.
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Figure 4.5 Fluxes across planes across the water table (h,=0) and at constant heights above the
water table for sand for imposed infiltration rates of 0.02 m/d. The values above the columns
represent the saturations on the planes. The drainage rate is 0.01 m/d, the water table rises.

In employing Definition 111, the rise of the water table is related to groundwater recharge.
One can also consider the drainage rate (0.01m/d), in addition to the recharge estimated based
on the increase of the water table. As before, the calculation of the specific yield has a
significant influence on the results. The result is 0.013 m/d if the specific yield is based on
equation (4.2), and 0.0004 m/d equation (4.3) is used.

The results of recharge using Definition IV (net infiltration) can also be found in Figure
4.5. With the increasing height above the water table, the extracted recharge rate approximates
the infiltration rate (q;, = 0.02 m/d).
4.4.3.2 Case 3(b) qq =0.025 m/d, g;ny = 0.02 m/d: the drainage flux is greater than the
infiltration flux, and the water table elevation decreases in the soil column.

If recharge is extracted based on Definition I, the flux across the pressure head equal to
zero plane is equal to q4 (0.025 m/d), see Figure 4.6. As before, results from different heights
above the water table are also plotted. The infiltrating water arrives above the capillary fringe

and thus the flux across the water table is equal to the drainage flux.
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Figure 4.6 Fluxes across planes across the water table (h,=0) and at constant heights above the
water table for sand for imposed infiltration rates of 0.02 m/d. The values above the columns
represent the saturations on the planes. The drainage rate is 0.025 m/d, water level decreases.

Employing Definition II, the flux across the saturation equal to 1 plane is equal to g4
(0.025 m/d). The application of Definition III yields zero (numerically below zero) recharge as
the water table is decreasing. As before, the drainage rate can be considered (0.025 m/d).

The results based on Definition IV can also be found in Figure 4.6 where fluxes extracted
at different heights above the h,= 0 plane are shown. As the height increases (approximating
Definition IV), the extracted flux tends towards the specified infiltration flux in the soil column
(0.02 m/d).

4.5 Discussion
4.5.1 Discussion of the modeling approach

The simulations described in this paper are based on homogenous 1D systems with
constant boundary conditions. If more complex, 2 or 3- dimensional systems are considered,
two additional factors can further complicate the analysis: (1) the water table might be inclined
and not flat as in the 1D case; and (2) horizontal fluxes will affect the water table dynamics.
Both of these complications can in principle be considered through appropriate post-processing
of the simulation results. The analysis is further complicated if transient boundary conditions,

hysteresis, or heterogeneity are considered. In addition, for simple 1D models, the drainage flux
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can be easily considered in the context of the water fluctuation method. However, in the more
complex, 2 or 3- dimensional setting, it is very difficult to associate the drinage fluxes to rivers
or other discharge points to a specific recharge event or period, as the temporal dynamics of
groundwater level change and drainage can be very different. While all of these aspects can be
accounted for through an adequate model setup and appropriate post-processing, all the issues
highlighted above remain, thus preventing the unambiguous assessment of groundwater
recharge.

4.5.2 Implications for exacting groundwater recharge from variably-saturated subsurface flow
models

It is becoming increasingly popular to examine how recharge changes under future
climates (Crosbie et al. 2013; Ghazavi and Ebrahimi 2019; McCallum et al. 2010; Mileham et
al. 2009; Moeck et al. 2016). Variably-saturated subsurface flow models, especially integrated
surface and subsurface models, such as HydroGeoSphere represent all relevant hydrological
processes and are thus, until closer examination, expected to be suitable to extract and observe
recharge processes for current and future conditions. However, our analysis has clearly
demonstrated that extracting groundwater recharge from physically based models yields
ambiguous results even for very simple systems. The fundamental challenge is that the
definition of recharge is anything but clear and thus cannot be implemented in a unique way in
the postprocessing process of physically-based models.

Hillel (1998, p480) eloquently highlighted the problems with identifying the water table
and thus recharge: “Groundwater is sustained (recharged) by percolation through the
unsaturated zone, and the position of its surface (the water table) is determined by the relative
rates of recharge versus outflow. Reciprocally, the position of the water table affects the
moisture profile and flow conditions above it. One problem encountered in attempting to
distinguish between the unsaturated and saturated zones is that the boundary between them
may not be exactly at the water table but at some elevation above it, corresponding to the upper
extent of the capillary fringe (at which the suction is equal to the air-entry value for the soil).

Frequently, this boundary is diffuse and scarcely definable, particularly when affected by
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hysteresis.”

A quantity that can be uniquely quantified with variably-saturated subsurface flow models
is the flux below the root zone or extinction depth. Water below the root zone or extinction
depth will not transpire or evaporate, the extinction depth is thus clearly defined, and can thus
be used in an unambiguous way. This flux corresponds to the potential recharge and can be very
useful. However, this approach does not work if the water table is above the extinction depth.
Also, if the water table is very deep, as is typically the case in arid- and semi-arid areas, the
time lag between deep infiltration and recharge can be very long (Nazarieh et al. 2018; Rossman
et al. 2014). The potential recharge will eventually contribute to groundwater.

Another quantity that can be uniquely extracted and which is of direct use to many water
resources management questions is the dynamics of the saturated volume. Note, however, that
as illustrated above and previously highlighted in the literature (Gillham, 1984), the response
of the water table and thus the dynamics of the saturated volume to infiltrating water will
significantly depend on the antecedent soil moisture conditions above the water table (Gillham,
1984).

4.6 Conclusions

Recharge cannot always be unambiguously extracted from variably-saturated subsurface
flow models and so care should be taken when such models are employed to extract it. However,
infiltration fluxes below the extinction depth can be extracted uniquely, for example, to analyze
how land use/cover or climate change affects the potential contribution to groundwater.
Changes of saturated volumes can be easily extracted and provide direct and relevant
information for water resources management. Since recharge is only of indirect interest to water
resource management, the difficulty in accurately quantifying recharge in variably-saturated
subsurface flow models is not of concern. Rather, since the models simulate both surface water,
unsaturated and saturated zone flows, they are able to accurately predict groundwater declines
caused by land surface activities. They, therefore, are ideally suited to addressing water resource

problems.
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Chapter 5 An assessment of different methods to determine specific yield
for estimating groundwater recharge using lysimeters

Chapter 5 has been published as: Gong C, Zhang Z, Wang W, Duan L, Wang Z. An assessment

of different methods to determine specific yield for estimating groundwater recharge using
lysimeters[J]. Science of the Total Environment, 2021, 788: 147799.

Abstract

Estimation of groundwater recharge is considered crucial for the management of
groundwater resources. The groundwater level fluctuation method (GLF) is a widely used
approach to estimate groundwater recharge due to its simplicity and ease of implementation.
However, the main source of uncertainty is the specific yield for the GLF method. Although
there have been some methods for determining specific yield, the influence of specific yield on
the estimation of recharge remains unclear. We set up three lysimeters with different water table
depths in the Guanzhong Basin, China. Soil moisture content along with the soil profile, water
table depths, and rainfall data were measured continuously. These data provide us with
accurately observed recharge and allow us to analyze the performance of specific yield from
different methods in estimating recharge. The main results are: (1) The constant specific yield
from the pumping tests, which is equal to the ultimate specific yield, significantly overestimated
the observed recharge rates independent of water table depths. (2) The constant specific yield
obtained from saturated soil moisture content minus field capacity tended to overestimate the
recharge under the shallow water table depths (less than 2 m), and vice versa; (3) The depth-
dependent specific yield using the measured soil moisture content along with soil profile can
obtain reliable recharge across all water table depths. (4) The accuracy of the depth-dependent
specific yield obtained by the soil water retention curve relies on reliable parameters. The
parameters a and n have to be taken into account carefully for determining the specific yield.
Our results are important for the application of the GLF method to estimate recharge. More

importantly, it is valuable for the sustainable management of groundwater recourses.
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5.1 Introduction

Groundwater recharge is an important process in the hydrological cycle (Wang et al.
2015). Understanding the groundwater recharge mechanism and accurately estimating recharge
are not only essential for sustainable management of groundwater resources (de Vries and
Simmers 2002; Gleeson et al. 2016; Healy and Cook 2002; Sophocleous 1991), but also are
important in the analysis of agriculture contamination (Bchlke 2002; Healy and Scanlon 2010).
Unfortunately, there are still challenges in estimating groundwater recharge, as recharge is
affected by many factors, such as vegetation, soil properties, soil thickness, precipitation
duration and intensity (Zhang et al. 2021; Moeck et al. 2020). Moreover, the recharge is difficult
to directly observe (Cheng et al. 2017; Moeck et al. 2020; Moeck et al. 2018). The relationship
between precipitation and groundwater recharge is characterized by high spatial heterogeneity
and temporal variability (Baker et al., 2021; Wang et al. 2015). Also, highly variable lag-times
between precipitation and recharge have been observed (Nazarieh et al. 2018).

Generally speaking, there are three approaches to estimate groundwater recharge,
including physical methods, numerical modeling methods, and tracer methods (Healy and
Scanlon 2010; Scanlon et al. 2002). Numerical modeling and tracer methods have been used to
estimate recharge in recent years (Cartwright et al. 2017; Lu et al. 2020; Moeck et al. 2016;
Moeck et al. 2017; Zhang et al. 2020a; Zhang et al. 2020b). However, the numerical modeling
methods are sensitive to boundary conditions (Carrera-Hernadez et al. 2012; Xu and Beekman
2019) and require reliable parameters (Brunner et al. 2012). Tracer methods, e.g., the chloride
mass balance method can provide information on recharge sources (Scanlon et al., 2002; Huang
et al., 2020). Nevertheless, estimating recharge is based on several assumptions, including that
the system is in a steady-state (Zhang et al., 2021; Huang et al. 2020). Physical methods can
obtain recharge with high temporal resolution (Scanlon et al. 2002), and these methods mainly

include direct measurements (lysimeter) and indirect measurements (e.g., zero flux plane,
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Darcy’s law, and groundwater level fluctuation (GLF) method) (Jafari et al. 2019). Among
these physical methods, the GLF method is the most commonly used (Healy and Cook 2002).

The GLF method was proposed as early as the 1920s (Meinzer 1923). This method only
requires data on groundwater level fluctuations and specific yield (Crosbie et al. 2005; Crosbie
et al. 2019). As it is easy to implement, the GLF method is a highly attractive and widely used
method for estimating groundwater recharge (Healy and Cook 2002; Labrecque et al. 2020).
For example, Yin et al. (2011) used the GLF method to estimate recharge in the Ordos Plateau,
China. Rama et al. (2018) used the GLF method to estimate recharge in the coastal shallow
aquifer of Santa Catarina Island. Ko'ia et al. (2018) proposed a method combined GLF method
with magnetic resonance soundings to estimate changes in groundwater storage in hard rock.
Besides that, another advantage of the GLF method is that we can obtain recharge with a high
temporal resolution (e.g., hourly or daily) (Jie et al. 2011).

The difficulty in applying the GLF method is to obtain an accurate value of specific yield
(Crosbie et al. 2019; Maré&shal et al. 2006). Because specific yield is related to many factors,
such as time, water table depth and soil texture (Lv et al. 2021; Cheng et al. 2020; Cheng et al.,
2015; Nachabe, 2002). To obtain a reliable specific yield, a range of approaches have been
proposed (Cheng et al. 2020; Crosbie et al. 2005; Duke 1972; Sophocleous 1991). Firstly, the
specific yield can be determined by pumping tests using the type-curve method (Wenzel 1936)
and drainage experiment (Cheng et al., 2015). The second approach to estimate specific yield
is obtained from the soil moisture characteristic curve, which is equal to saturated soil moisture
content minus residual soil moisture content. Duke (1972) considered this specific yield to be
the ultimate specific yield. Zhang et al. (2020a) estimated recharge using the GLF method based
on the ultimate specific yield. They found that using the ultimate specific yield significantly
overestimated groundwater recharge compared to lysimeter data. Gillham (1984) considered
that a reasonable specific yield is the saturated soil moisture content minus the field capacity.
Shah and Ross (2009) pointed out that this approach can obtain reliable specific yield under
deep water table depths (> 2 m). However, whether this value (saturated moisture content minus

field capacity) can be used to estimate recharge under deep water table depth remains to be
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examined. Childs (1960) emphasized that the value of specific yield is not constant, but as a
function of the water table depth. dos Santos Jtnior and Youngs (1969) extended the work of
Childs (1960) and defined the specific yield that accounted for time and water table depth. They
pointed out that the water table depth and time are the main factors influencing the specific
yield. Duke (1972) suggested that the specific yield is equal to the saturated soil moisture
content minus the average soil moisture content in a layer of thickness (dz) at the ground surface.
This method requires the measured soil moisture content. Afterwards, Crosbie et al. (2005)
proposed a formula for determining the depth-dependent specific yield that used the van
Genuchten model (van Genuchten, 1980) to describe the soil moisture content as a function of
the water table depth. Loheide et al. (2005) pointed out that the dependence of the specific yield
on the water table depth should be taken into account when the water table depths are less than
1 m. In reality, the specific yield is usually considered to be a constant value for estimating
recharge (Pan et al. 2017; Yin et al. 2011; Zhang et al. 2019). Few studies have used the depth-
dependent specific yield to estimate groundwater recharge (Crosbie et al. 2005; Fan et al. 2014).
Additionally, although the GLF method is widely used to estimate recharge at the field sites
(Callahan et al. 2012; Wang et al. 2014; Zhang et al. 2019), studies have rarely examined the
performance of specific yield on estimating recharge in contrast with the observed recharge.
Given the specific yield is the main source of uncertainty in estimating recharge using the
GLF method (Delottier et al. 2018), the purpose of this study is to analyze the performances of
the specific yield from different methods on estimating recharge compared to observed recharge.
Lysimeters provide an effective tool for observing recharge, which can be used to explore
complicated environmental processes under realistic conditions (PUz et al. 2018). To this end,
we built three lysimeters with different water table depths in the Gunzhong Basin, China. While
there have been some studies analyzing the dynamics of specific yield, our study is probably
the most comprehensive as it directly compared different lysimeters for a wide range of soil
moisture and water table conditions. The novelty of this study is also that the depth-dependent
specific yield was systematically analyzed for estimating the groundwater recharge under

different water table depths.
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5.2 Materials and Methods
5.2.1 Study area

We carried out a field experiment in the Gunzhong Basin, China (latitude is 34°22°14>* N
and longitude is 108°54°11°* E) (Figure 5.1). The average annual air temperature is 14.9 °C,
the average annual rainfall is 545 mm, and the average annual potential evaporation is 990 mm
(Su et al. 2019). The rainy season occurs from May to October and accounts for 80% of the

annual rainfall (Wang et al. 2018).
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Figure 5.1 (a) Location of the field site in the Guanzhong Basin, China. (b) and (c) are the

photos of the field experiment and lysimeter. The figure was modified from Gong et al. (2020).
5.2.2 Experimental design and collection of data

Three lysimeters with different depths were set up on the field site. The depths of these
three lysimeters are 220 cm, 320 cm and 420 cm, and the surface area of all lysimeters is 1 m?.
The bottom of the lysimeter is sealed and the water tables fluctuate due to rainfall and
evaporation. The initial water table depths were about 180 cm (Lysimeter 1), 280 cm (Lysimeter
2) and 380 cm (Lysimeter 3) on October 1, 2016. The lysimeters were filled with homogeneous
sand from the Mu Us desert. The groundwater levels were monitored with DI271 CTD-Diver
(Diver Inc., 0.5 cm H20) in each lysimeter, while Diver DI500 (Baro-Diver) was used to

measure the air pressure to correct groundwater level. Meteorological data, such as wind speed,
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rainfall, air temperature, and relative humidity were automatically measured by the weather
station located at the experiment site (Figure 5.1). The soil moisture content was observed using
the ECHO-5TM sensors (Decagon Inc., +2%) at depths of 3, 10, 20, 40, 80, 130 and 180 cm
in lysimeter 1, and 3, 10, 20, 40, 80, 130, 180, 230 and 280 cm in lysimeter 2, as well as 3, 10,
20, 40, 80, 130, 180, 230, 280 and 350 cm in lysimeter 3 (Figure 5.2). All sensors were
calibrated following the steps from Cobos and Chambers (2010) before they were installed. All
data were collected at 5 min intervals. The experimental period in this study was from October

1, 2016 to September 30, 2017.
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Figure 5.2 Schematic diagram of the lysimeters with different water table depths. The initial
water table depth was around 180 cm in lysimeter 1, around 280 cm in lysimeter 2, and around
380 cm in lysimeter 3. The figure is similar to the diagram presented by Gong et al. (2020).
5.2.3 Methods
5.2.3.1 Observed groundwater recharge

As lysimeters in the field site are non-weighing lysimeters, groundwater recharge can be
obtained by equation (5.1) (Zhang et al. 2020a) as follows:

GR = (65 — 6;) AGW (5.1)

where, GR (cm) is the groundwater recharge, 6, (cm®/cm?®) is the saturated soil moisture
content, 8; (cm®/cmd) is the soil moisture content at the observation point, and AGW (cm) is

the change of the water table. The observed groundwater recharge obtained from equation (5.1)
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is considered as the reference value. Note that the uncertainties concerning the measurement
instruments are very small less than 2 % according to the producer of the sensors. We have thus
not considered the influence of instrument uncertainty in the subsequent analysis of our data.
5.2.3.2 Groundwater level fluctuation method (GLF)

The GLF method is based on the assumption that the increase in groundwater levels is the
result of infiltration water arriving at the water table (Nimmo et al. 2015). Based on the change
in water table and specific yield, the recharge can be calculated as follows:

GR =S, dh/dt (5.2)
where S,, (-) represents the specific yield, h (cm) represents the height of the water table, and
t (day) represents the time.

In this study, S,, was determined using four commonly used approaches:
(1) Based on a constant value from the pumping test
In general, the specific yield can be determined by the pumping test. In this study,
pumping tests were performed in all lysimeters. The detailed steps of pumping tests were
described in Gong et al. (2020). According to the concept, the specific yield is the volume of
water that can be released from storage per unit of surface area of porous medium per unit of
the decreased water table (Freeze and Cherry 1979). The specific yield in lysimeter 1 was 0.31,
in lysimeter 2 was 0.30, and in lysimeter 3 was also 0.30.
(2) Based on a constant value from saturated moisture content minus field capacity (FC)
A widely used method for estimating specific yield is equation (5.3) as follows:

S, =6;—5, (5.3)
where, S, represents specific retention (cm/cm?®). S, can be equal to residual soil moisture
content (Crosbie et al. 2005) or field capacity (Gillham 1984). Zhang et al. (2020a) used the
residual soil moisture content to calculate the specific yield, and the estimation of recharge
significantly overestimated the observed recharge. In this paper, the field capacity is used to
determine specific yield and estimate recharge. The value of the field capacity from sand used
in Gong et al. (2020) is 0.12 cm®/cm?.

(3) Based on the depth-dependent method using measured soil moisture (SM)
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Duke (1972) suggested that the specific yield accounting for water table depths can be
determined by equation (5.4). Equation (5.4) is based on two assumptions: (1) the initial soil
profile is in static equilibrium, and (2) the steady-state can be instantaneously reattained after
the system is drained.

S, = 6, — 6(H) (5.4)
where, 8(H) represents the average soil moisture observed in a layer of thickness dz at the
soil surface, and H (cm) is the water table depth. We used three methods to obtain the value
of 6(H): (1) using the observed soil moisture content at 3 cm below the ground surface (SM-
3); (2) using the observed soil moisture content at 20 cm below the ground surface (SM-20),
and (3) using the averaged soil moisture content along with the profile of vadose zone (SM-
average).

(4) Based on the depth-dependent method using soil water retention curve (DM)

Crosbie et al. (2005) suggested a formula that used the van Genuchten model (van
Genuchten 1980) to describe the soil moisture content as the function of pressure head to
determine specific yield. The method is based on the assumption that the pressure head
distribution is hydrostatic along with the soil profile at equilibrium. The formula can be
expressed as follows:

Sy =Sy, —— (5.5)

[1+(adm

where, S, denotes the ultimate specific yield, which is equal to (6; — 6,); d; represents the
water table depth at time i; and @ and n are soil-specific parameters of the van Genuchten
model (van Genuchten 1980). Firstly, we used these parameters obtained from the laboratory
experiment. The detailed procedure on the laboratory experiment can be found in Gong et al.
(2020). The estimated parameters 6, 6,, a and n are 0.32 cm®cm?, 0.022 cm3/cm?, 0.022
1/cm, and 4.14, respectively.

Equation (5.5) includes four parameters, in which 6, and 6, can be obtained by the field
or laboratory experiments, while a (inversely related to air entry value) and n (depending on
pore size distribution) have to be obtained from measured data (soil moisture content and

pressure head) fitting the soil-water characteristic curve. There is a great uncertainty related to
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the parameters @ and n (Calamak and Yanmaz 2017), which will lead to uncertainty in the
estimation of recharge directly. Therefore, we calibrated the parameters a and n by
minimizing the root mean square error between the estimation of cumulative recharge and the
observed cumulative recharge in lysimeter 1. The calibrated parameters a« and n were 0.035
1/cm and 1.68, respectively. In lysimeters 2 and 3, we determined the specific yields based on
the calibrated parameters. Using the parameters from the laboratory to obtain the specific yield
by DM method, we called it DM-La, while based on the calibrated parameters, we called it
DM-Ca.
5.2.3.3 Parameter uncertainty analysis for the DM method

Given the significant uncertainty from the parameters a« and n for determining the
specific yield in the DM method, we analyzed the uncertainty of the parameters a and n in

estimating recharge as follows:

_o M
R=S5,% (5.6)

Equation (5.6) can be expanded to Taylor series on mean values of parameters, and by
neglecting the second-order and higher order terms (Sun et al. 2013), the perturbation of

groundwater recharge can be written as follows:
R R
R~ 5l an+ [5c]] ae &7
If the perturbations of a and n are mutually independent, the cross-covariance of R and «,

and that of R and n can be given as follows:

2 0R - 2 O0R -
Ofn = 5 On and of, = 7o 0 (5.8)

where, Z—: and Z—Z are the sensitivity of R at the given time concerning the change in a and
n. o2 and o2 are the variances of n and a, which represent the recharge uncertainties

associated with n and a. The corresponding groundwater recharge variance can be obtained by

equation (5.9):

2 _ [9R Z 5 OR Z
ok = 5] ot +[5] o 9)
1
dR _ _ (8s—6r)Ah ny (-1 xl”(z—l)mg(xl)_log<1+x1")
= (14 x, )( )[ oo — ] (5.10)
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where, x; = ad; and let ¢2 = bo2 (b is constant). Then, the cross-covariance o3, and
o3, are normalized by the square root of the product of the variances of R and n and o2, or

those of R and a and o2 to obtain their corresponding cross-correlations pg, and pg, at

time t.
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5.3 Results

5.3.1 The observed groundwater recharge in all lysimeters

The amount of rainfall during the entire experimental period was 566 mm (Figure 5.3a).
Most of the rainfall events were less than 10 mm/day. The largest rainfall event was 70.0
mm/day and occurred on July 28, 2017. Figure 5.3a also illustrates the daily water table depth
of the three lysimeters and the daily rainfall from October 1, 2016 to September 30, 2017. The
water table depths in all lysimeters increased during the experimental period. The initial water
table depths were 176.3 cm (lysimeter 1), 277.5 cm (lysimeter 2) and 384.2 cm (lysimeter 3).
During the experimental period, the water table depths increased by 141.2 cm (lysimeter 1),
171.7 cm (lysimeter 2) and 179.2 cm (lysimeter 3). The dynamics of the water table depth in
all lysimeters can be divided into two periods. The first period was from October, 2016 to March,
2017, and the second from April to September, 2017. In the first period, the water table depth
slowly increased because only small rainfall events occurred (The amount of rainfall was equal
to 108.7 mm). The increased rate was 0.18, 0.20, and 0.28 cm/day in lysimeters 1, 2, and 3,
respectively. In the second period, the water table depth exhibited a larger increase compared
to the first period. The average rising rate was 0.54, 0.67, and 0.64 cm/day in lysimeters 1, 2,

and 3, respectively.
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Figure 5.3 (a) The dynamics of water table depth in lysimeter 1 (black line), lysimeter 2 (green
line), and lysimeter 3 (blue line). (b) The cumulative groundwater recharge in lysimeters 1, 2,
and 3 during the experimental period.

The cumulative observed groundwater recharge in lysimeters 1, 2, and 3 are presented in
Figure 5.3b. The total groundwater recharge in lysimeters 1, 2, and 3 were 30.3, 35.4, and 40.9
cm at the end of the experimental period, respectively.

Table 5.1 The determination of specific yield from different methods. Note that the specific

yields from SM to DM method are the average value in this table.

Method Pump|ng SM-
FC DM-La DM-Ca SM-3 SM-20
Lysimeter 1 0.31 0.20 0.27 0.14 0.17 0.24 0.20
lysimeter 2 0.30 0.20 0.30 0.20 0.20 0.26 0.25
lysimeter 3 0.30 0.20 0.30 0.22 0.22 0.25 0.23

5.3.2 Results of specific yield from different methods

The results of specific yields from different methods are shown in Table 5.1. It should be
noted that the specific yield from the DM and SM methods are concerned with water table depth
in all lysimeters. Table 5.1 shows the average specific yield of the DM and SM methods. The
dynamics of specific yield over time are shown in Figure 5.4. The variability in the specific

yield is larger under the shallow water table depth than that under the deep water table depth.
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For example, the specific yield determined by the DM-Ca method varies from 0.05 to 0.18 in

lysimeter 1, while the fluctuation of specific yield varied from 0.19 to 0.23 in lysimeter 3.
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Figure 5.4 The values of specific yield from pumping test (average specific yield of three

lysimeters), FC (saturated moisture content minus field capacity) method, DM (depth-

dependent) method using the parameters from the laboratory (DM-La) and calibrated

parameters (DM-Ca), and SM (saturated soil moisture content minus the measured soil moisture

content) method based on the average measured soil moisture content of the vadose zone (SM-

average), at 3 cm (SM-3) and 20 cm (SM-20) below the surface ground in lysimeter 1(a),

lysimeter 2 (b), lysimeter 3 (c), respectively.

5.3.3 Groundwater recharge from the GLF method based on different S, determination

approaches

5.3.3.1 The estimation of recharge based on specific yield from pumping tests
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Figure 5.5 The estimation of cumulative groundwater recharge in lysimeter 1 (a), 2 (b), and 3
(c) based on the specific yield from pumping test and FC method.

The estimation of cumulative recharge based on the specific yield from the pumping tests
was 57.9 cm in lysimeter 1, 52.7 cm in lysimeter 2, and 54.1 cm in lysimeter 3. The results
significantly overestimated the observed recharge in all lysimeters (see Figure 5.5).
5.3.3.2 The estimation of recharge based on the specific yield from FC method

The estimation of cumulative recharge based on the specific yield from the FC method
(equation 5.3) was 37.4 cm in lysimeter 1. It can obtain satisfactory results from October, 2016
to April, 2017. After April 2017, the difference between the estimated and observed results is
large. At the end of the experiment, the estimation of results showed an overestimation of 23.4%
in contrast with the observed recharge in lysimeter 1. However, the estimation of recharge was
35.1 cm in lysimeter 2, which was consistent with the observed result (35.4 cm). The estimation
of recharge in lysimeter 3 was underestimated 12.0% of the observed results.
5.3.3.3 The estimation of recharge based on the specific yield from SM method

The estimation of recharge based on the specific yield from the SM-average method
(equation (5.4)) was 25.7 cm, 33.1 cm, and 39.4 cm in lysimeters 1, 2, and 3. This method
underestimated the observed recharge by 15.2% in lysimeter 1, 6.5% in lysimeter 2, and 3.7%

in lysimeter 3 (Figure 5.6). The estimation of recharge with specific yield from SM-3 method
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was 40.6 cm in lysimeter 1, 45.8 cm in lysimeter 2, and 39.4 cm in lysimeter 3. In lysimeter 1
and 2, the estimation of recharge overestimated the observed results, while reliable recharge
can be obtained in lysimeter 3. The specific yield from SM-20 method can obtain satisfactory
recharge at the end of the experiment in lysimeter 1 (28.8 cm) and lysimeter 3 (40.8 cm).

However, the estimation of recharge in lysimeter 2 (43.7 cm) overestimated the observed results

by 23.5%.
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Figure 5.6 The estimation of cumulative recharge in lysimeter 1 (a), 2 (b), and 3 (c) based on
the specific yield from the SM method.
5.3.3.4 The estimation of recharge based on the specific yield from DM method

The estimation of recharge based on the specific yield from DM method with the
laboratory parameters were 42.1 cm, 51.3 cm, and 53.5 cm in lysimeters 1, 2, and 3, respectively
(Figure 5.7). This approach overestimated the observed results in all lysimeters. However, the
estimation of recharge based on the specific yield from DM method with the calibrated
parameters could obtain satisfactory results for all lysimeters. The estimation results were 29.8
cm (lysimeter 1), 37.5 cm (lysimeter 2), and 42.5 cm (lysimeter 3), which were basically equal

to the observed results.
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Figure 5.7 The estimation of cumulative groundwater recharge in lysimeter 1 (a), 2 (b), and 3
(c) based on the specific yield from DM method (DM-La and DM-Ca mean the laboratory and
calibrated parameters are used).

5.3.4 Parameter uncertainty analysis for DM method

The cross-correlations between groundwater recharge and a, and those between
groundwater recharge and n (i.e., equation (5.12) and (5.13)) are plotted as a function of the
water table depth in Figure 5.8. As illustrated by the black and red lines, when the water table
depth is shallow, the groundwater recharge is positively correlated with n, and negatively
correlated with o. Afterward, the value of pg, continuously increases and approaches 1, and
the pg, Value also increases while approaching 0.

The influence of the magnitude of b (ratio of o2 to 62) on cross-correlations are also
shown in Figure 5.8. The higher the value of b, the larger value of pg,,, and the faster it rises
to 1. For the pg,, the larger value of b, the higher the starting value of pg, and the earlier it
rises to 0. The value of b determines the rate of reaching the maximum values of pg, and pg,

over the water table depth.
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Figure 5.8. Cross-correlation between the groundwater recharge and soil parameters a and n
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5.4 Discussion

We estimated groundwater recharge based on the GLF method using specific yield from
four commonly used methods. The estimation of recharge was compared with the observed
recharge from three lysimeters under different water table depths. The performance of specific
yield in estimating the recharge, and how the specific yield influences the estimation of recharge
are discussed in this section.

Among all methods, the specific yield from the DM-Ca method can obtain the best
estimation of recharge in all lysimeters (Figure 5.5-5.7). This indicates that the specific yield
from the DM-Ca method is reliable. Therefore, we considered the specific yield from the DM-
Ca method as the reference value in analyzing the influence of specific yield in estimating
recharge under different water table depths.

The constant specific yield from pumping tests overestimated the observed recharge
significantly in all lysimeters. The average specific yield (0.3) in all lysimeters was equal to the
ultimate specific yield (saturated soil moisture minus residual soil moisture). This is in
agreement with previous studies that have indicated that the use of the ultimate specific yield
can overestimate the recharge in the GLF method (Zhang et al. 2020a; Crosbie et al., 2005). It
should be noted that the specific yield from the pumping tests differs from the aquifer pumping
tests in the field. The performance of the specific yield from the aquifer pumping tests is not in

the scope of this study and is thus not discussed here.
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The estimation of recharge based on specific yield from FC method was more accurate
than that from the pumping test. Shah and Ross (2009) pointed out that the FC method can
obtain reasonable specific yield under deep water table depth (large than 2m). However, our
data clearly shows that the specific yield from the FC method underestimated the reference
specific yield (DM-Ca) under deep water table depth (Figure 5.4c). Under the condition of water
table depth less than about 2 m (lysimeter 1 and the period after June in lysimeter 2), the FC
method tends to overestimate the specific yield in contrast with DM-Ca method (Figure 5.4 (a)
and (b)). This is related to the soil moisture content along with soil profile under the shallow
water table depth is larger than that under the deep water table depth due to the effect of
capillary fringe (Crosbie et al. 2005; Gillham 1984). In lysimeter 2, the water table depth
covered the period over 2 m and under 2 m. We can obtain satisfactory recharge as the
estimation of recharge is over- and underestimation compensates each other (Figure 5.6 (b)).

The specific yield from the SM-average method is nearly equal to the specific yield from
the DM-Ca method. However, the SM-average method requires high-density sensors for
measuring the soil moisture along with soil profile. In reality, the application of the SM-average
method is challenging, especially under deep water table depth. Alternatively, the specific yield
from SM-3 and SM-20 can obtain reliable recharge under deep water table depths (Figure 5.6
(c)). However, the better choice is the SM-20 method as the specific yield is closer to the
specific yield obtained from SM-average and DM-Ca method (Figure 5.4 (c)). The soil moisture
content at 3 cm below the surface ground varied rapidly in response to the rainfall and
evaporation. At a short time scale, the SM-3 method may vyield large errors in estimating
recharge. It is thus to suggest the SM-20 method to determine specific yield under deep water
table depth in our case.

DM method can obtain the specific yield as a function of water table depth. However, the
potential problem related to this method is the uncertainty of parameters for the soil water
retention curve. The parameters from the laboratory cannot obtain a reliable specific yield.
Results of the uncertainty analysis in the parameters a« and n show that both « and n can

affect the specific yield on estimating recharge if the water table depth is shallow. If the water
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table depth is deep, the main source of the uncertainty is the parameter n. It is critical to obtain
reliable parameters using DM method. Besides the parameters from the laboratory, another
popular method for obtaining parameters is to use pedotransfer functions (PTFs) (da Silva et al.
2017). Wang et al. (2009) used PTFs in vadose zone models to estimate the groundwater
recharge in semiarid regions. They found that the uncertainty in recharge estimation is greatly
influenced by the parameter n. Consequently, the parameters should be carefully considered
when estimating the recharge based on the DM method.

5.5 Conclusions

In this study, three lysimeters with different water table depths were set up in the
Guangzhong Basin, China. Rainfall, water table depths, and soil moisture content along with
the soil profile were continuously monitored from October 1, 2016 to September 30, 2017.
Based on these observed data, we systematically analyzed the influence and performance of the
specific yield from methods on the estimation of recharge. Several key conclusions can be
drawn as follows:

(1) Using the specific yield based on pumping tests does not allow to obtain a reliable
estimation of recharge independent of the water table conditions.

(2) Using the specific yield obtained from FC method (saturated water content minus field
capacity), a satisfactory estimation of recharge cannot be obtained. Under the shallow water
table depth (less than 2 m), the estimation of recharge tends to overestimate, while the
estimation of recharge tends to underestimate if the water table depth is larger than 2 m.

(3) The specific yield based on the SM-average method can obtain reliable estimations of
groundwater recharge. However, this method requires measured soil moisture content along
with the soil profile. In our case, as an alternative, the observed soil moisture content at 20 cm
below the ground surface can be used to obtain reliable specific yield under the deep water table
depth.

(4) The specific yield based on the DM method heavily relies on the parameters ¢ and n.

The uncertainty analysis of these two parameters showed that both a« and n affect the specific
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yield under the shallow water table depths. Only the parameter n has a great influence on the
specific yield under deep water table depths.

The analysis of the specific yield can improve the estimation of recharge by the
groundwater level fluctuation method. This study is based on observed data from the
homogeneous sandy soil without vegetation in a semi-arid region. For area covered y vegetation
and heterogeneous soil, further investigations of the specific yield need to indicates that the
approach to determine specific yield can provide very different results. Our study also suggests
that the depth to water table is an important factor in the estimation of specific yield. We thus
strongly recommend to employ, if possible, multiple approaches to estimate specific yield. The
differences in estimated recharge provide important indications concerning the reliability of the
recharge estimates.
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Chapter 6 Conclusions and Outlook
6.1 Summary of main contributions

The work presented in this thesis aimed at improving the understanding of infiltration and
recharge processes under bare ground and vegetated conditions, and increasing the robustness
of recharge estimation. In particular, the infiltration and recharge process under different water
table depths were systematically analyzed. We used multiple non-weighing lysimeters in
combination with numerical models to accomplish the goal of this thesis. Some key findings
and contributions can be summarized as follows:

(1) The commonly used methods for estimating evaporation under different water table
depth conditions were evaluated in Chapter 2. The results show that the extinction depth can be
an important reference indicator for the performance of estimating evaporation for MEP and
FAO-56 skin methods. The MEP method provided the best results under different water table
depth conditions. However, the MEP method overestimated evaporation under dry conditions.
This research suggests that the water table depths and moisture conditions should be considered
if soil evaporation is estimated in field settings. In addition, the findings presented in Chapter
2 provide valuable insights for selecting an appropriate method for estimating bare soil
evaporation, taking into account the specific water table depth conditions, which can enhance
the accuracy of potential recharge estimation.

(2) The influence of Salix psammophila on the infiltration- and recharge process was
investigated in Chapter 3. The results show that Salix psammophila reduces groundwater
recharge through the increase of interception and transpiration. Salix psammophila can develop
dimorphic systems to increase water uptake in the upper soil zone as well as from the capillary
zone above the water table if the water table depth is larger than the extinction depth. We put
forth a conceptual model of root distribution density in response to varying water table depths,
which can provide important impetus for upcoming root distribution models.

(3) Having established an increased understanding of the infiltration process, variably
saturated subsurface flow models were explored to extract groundwater recharge in Chapter 4.

These models represent all relevant hydrologic processes, but a systematic analysis of how these
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models can be employed to estimate recharge is outstanding. We implemented numerous
definitions of recharge in a variably saturated model and extracted recharge for a wide range of
boundary conditions. The results show that recharge cannot be unambiguously extracted from
variably saturated surface flow models due to the storage dynamics of the capillary zone.
However, potential recharge can be uniquely extracted.

(4) Actual recharge is frequently regarded as a mere indication for water resource
managers, with the water table fluctuation method being a widely employed technique globally.
To better assess the performance of the water table fluctuation method, Chapter 5 examined
various methods for determining specific yield, with a focus on the estimation of actual recharge,
particularly the evaluation of depth-dependent specific yield. The results show that the water
table depth is an important factor for determining the specific yield, and using the depth-
dependent can obtain the best recharge values, however, it depends on a robust parametrization
of the soil retention curve. Since the uncertainty of the specific yield is considerable, we suggest
multiple approaches should be used to conceptualize the specific yield for the subsequent
application of the water table fluctuation method. The findings presented in this chapter offer
valuable insights for estimating actual recharge.

(5) From a methodological point of view, the thesis clearly demonstrated that lysimeters
offer a high degree of precision in tracking the dynamics of soil water content,
evapotranspiration rates, and groundwater levels. This renders them a particularly effective tool
for understanding the complex interactions that occur between vegetation, soil, and
groundwater systems under real-world conditions. This capacity is of paramount importance
for the quantitative assessment of infiltration and recharge rates.

6.2 Outlook and Suggestions for Future Research

(1) Improving the estimation of evaporation under dry conditions in arid and semi-arid
conditions.

In Chapter 2, we showed that the MEP method can provide the best estimation of
evaporation under different water table depth conditions. However, it overestimated the actual

evaporation for dry conditions. Therefore, it is very important to improve the MEP method for
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the estimation of evaporation under dry conditions, especially in arid and semi-arid regions
where the water is limited. Future studies can explore if using the direct measurement of specific
humidity (mass of water vapor in a unit mass of moist air) can improve the accuracy of MEP
under dry conditions.

Understanding evaporation under dry conditions is a prerequisite for improving the
estimation of evaporation. For example, it should be clear that the process of evaporation for
dry conditions is controlled by capillary flow, vapor flow, or film flow under different stages.
Film flow is often ignored in the previous studies. In addition, the consideration of vapor flow
would be important to further increase the robustness of evaporation estimates in arid and semi-
arid regions. Other methods need to be developed to improve the estimation of evaporation by
considering film flow or vapor flow so that the potential recharge can be accurately quantified.

(2) Developing a dynamic root system model taking into account water table depths and
exploring the impact of large-scale afforestation on the groundwater recharge.

A limitation of Chapter 3 is that the key factors of the plant properties, such as leaf area
index and sap flow were not observed continuously. Future studies should consider the
influence of those factors on recharge. Moreover, the lysimeter may influence the root growth
of Salix psammophila. Further studies should document the roots outside of lysimeters over
time. Given the water table depth is influencing the root length density distribution significantly,
models of the root density distribution need to be developed considering the water table depths
and soil water dynamics. In addition, only individual shrubs studied, and the afforestation at
large scales should be investigated in order to establish an optimal density of Salix psammophila.
Only one type of plant was investigated in this thesis, and the influence of other native plants
on the recharge and infiltration process should be further explored.

(3) Analyzing the pathway of water flow under the vegetation conditions.

The presence of vegetation may lead to preferential flow paths caused by plant roots. In
this work, only the dynamics of the water level, soil water content and evapotranspiration are
explored under the Salix psammophila condition, and the paths of water movement are not

observed and simulated. Understanding the path of infiltrated water is vital for improving the
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ability of the model to predict groundwater recharge. Further research can explore if there is a
preferential pathway using the noninvasive electrical resistivity tomography method under the

vegetation condition.
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