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Abstract

In semiarid and arid regions, the evaporation from bare soil is highly sensitive to changes in the depth to the water table. This
study quantifies the relation between water-table depth and the groundwater contribution to evaporation in the Ordos Basin in
China. In-situ field experiments were combined with numerical simulations of heat, vapor and liquid water flow. Based on
lysimeter experiments and a calibrated numerical model, a relation between depth to groundwater and evaporation rate was
established for the lysimeter site. In addition, a sensitivity analysis considering the hydraulic conductivity and the inverse of the
air-entry pressure (van Genuchten «) was established. For the field site, the results showed that for the water-table depths less than
52 cm below the ground, evaporation is independent of the water-table depth. For water-table depths exceeding 52 c¢cm, an
exponential relation between depth to groundwater and evaporation is observed. No phreatic evaporation occurs for water tables
deeper than 105 c¢cm, which is nearly two times the capillary fringe height. The sensitivity analysis showed that the extinction
depth decreased with decreasing hydraulic conductivity and increased with «. The field-specific results and the sensitivity
analysis provide valuable information to understand the dynamic processes of soil evaporation in the Ordos Basin. From a
methodological point of view, the proposed modelling approach and the integration of lysimeter data proved to be a highly
efficient combination to study evaporation dynamics in semi-arid and arid environments.
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Introduction

Bare soil evaporation can account for 50-70% of the total
annual evaporation (Baldocchi and Xu 2007). Evaporation
from bare soil is therefore critical for determining water bud-
gets, especially in arid and semi-arid regions (Doble et al.
2006; Selim et al. 2013; Wang et al. 2017; Shah et al. 2007,
Banimahd & Zand-Parsa 2013; Shang et al. 2016; Nazarich
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et al. 2018). Apart from being an important component of the
water balance, the contribution of groundwater to evaporation
is critical to managing a range of environmental threats, for
example, soil degradation through soil salinization (Hillel
1998; Brunner et al. 2007, 2008). Exploring the mechanisms
of soil evaporation is therefore of great importance in arid and
semi-arid areas.

The dynamics of soil evaporation are affected by various
factors such as soil texture and the associated soil retention capa-
bilities, atmospheric demand, and the water-table depth (Philip
1957; Talsma 1963; Song et al. 2014; Balugani et al. 2016). In
particular, soil evaporation is strongly dependent on the water-
table depth. Evaporation is either limited by atmospheric condi-
tions or by the hydraulic properties of the porous medium—i.e.
the supply of water through capillary rise (Salvucci 1997;
Lehmann et al. 2008; Kamai and Assouline 2018). The water-
table depth is an important factor in this regard.

In an endeavor to better understand the physical process of
soil evaporation, the influence of vapor dynamics in the unsatu-
rated zone on evaporation was studied by Ripple et al. (1970).
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They concluded that vapor dynamics play an important role in
the evaporation process. This is in line with many other studies
that conclude that the joint consideration of the soil water move-
ment along with vapor phase processes is of critical importance
to understanding evaporation processes (Nimmo et al. 2002;
Walvoord et al. 2002; Scanlon et al. 2003; Balugani et al.
2017; Assouline et al. 2013). Zhang et al. (2018) investigated
the bare soil evaporation in relation to water-table depths by
developing coupled liquid and vapor flow solutions for a shallow
water-table system and highlighted the importance of considering
vapor dynamics for the assessment of soil evaporation.

There are numerous methods to estimate soil-water-
evaporation rates from bare soil (Doble and Crosbie 2017), in-
cluding, for example, experimental observations, analytical
methods, and numerical models using the Richards equation.
Over the past few decades, laboratory experiments have been
conducted to identify the role of factors such as soil type, mois-
ture content or temperature on soil evaporation (Gowing et al.
2006; Assouline et al. 2013; Kamai et al. 2009; Hernandez-
Lopez et al. 2014). A pioneering study focusing on the relation
between the water-table depth and evaporation rates was carried
out by Gardner and Fireman (1958). Based on experiments car-
ried out in the laboratory, they calculated that the decline of bare
soil evaporation decreases exponentially with increasing water-
table depths. While laboratory experiments provide critical infor-
mation concerning evaporation, their applicability to field set-
tings is not straight forward.

A range of high-precision field experiments was carried out
to estimate the evaporation rates in natural conditions by
Yamanaka and Yonetani 1999; Fahle and Dietrich 2014; Chen
etal. 2018; Zhang et al. 2019. In addition to field and laboratory
experiments, numerous modeling approaches were suggested.
These include analytical solutions (Gardner 1958; Ripple et al.
1970; Sadeghi et al. 2012; Selker 2017). For example, Brutsaert
(2014) deduced an analytical solution describing the temporal
dynamics of the zero-flux plane depth and the rate of evapora-
tion. Analytical solutions, however, cannot account for all the
physical processes relevant to evaporation. In order to better
account for flow and heat transport dynamics in the unsaturated
zone, numerical models have been identified as an effective tool
(Doble et al. 2006; Shah et al. 2007; Johnson et al. 2010; Wang
et al. 2011b; Soylu et al. 2011; Liu et al. 2015).

The combination of modelling approaches and field
observations from, e.g. lysimeters has been very successful.
For example, based on lysimeter experiments and numerical
simulations, Wang et al. (2011a) analyzed the water and heat
movement in the unsaturated zone and showed that the
extinction depth in sandy material is about 70 cm. Shah
et al. (2007) assessed the influence of different soil textures
on extinction depths using numerical simulations. The consid-
eration of evaporation processes in regional-scale settings has
also been receiving attention. For example, a method for em-
ulating evapotranspiration processes in groundwater flow
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models was developed by Doble et al. (2017). Li et al.
(2008) developed a numerical approach to account for sub-
grid topographic variations in the calculation of soil-
evaporation rates using the numerical model MODFLOW.

The goal of this study is to quantify the relation between the
depth to groundwater and evaporation rates for the so-called
“wind-blown sand area” of the Ordos Basin, China. This relation
can be used in large-scale numerical models and is highly rele-
vant to water resources management. In order to achieve these
goals, this study combined long-term in-situ field observations
with a numerical model simulating the liquid and vapor phases
of water, as well as heat transport. Given that previous research
identified vapor transport as a critical component, this study
explicitly considers this process in the modelling approach.
The models were calibrated using lysimeters featuring two dif-
ferent water-table depths. Based on the calibrated models, addi-
tional water-table depths were simulated to establish a quantita-
tive relationship between water-table depth and evaporation rate.
The models also allow for quantifying the extinction depth.
Moreover, a sensitivity analysis on how the hydraulic conduc-
tivity and the inverse of the air-entry pressure (v in the van
Genuchten equations) affect the extinction depth was carried
out. While the results of the study are mainly relevant for the
project area, some aspects of the chosen methodology, especially
the comprehensive consideration of physical processes, can also
be of interest for other project areas.

Materials and methods
Research site description and data collection

An in-situ field experiment (Fig. 1) was carried out at a national
meteorological station located in the town of Henan of Ordos
City, Inner Mongolia, northwestern China (37°51° N, 108°43'E,
1,210 m). Two lysimeters, each with a diameter of 60 cm, were
mounted at the bottom of the station, and PVC pipes with a
diameter of 5 cm were inserted in the middle of both lysimeters
to monitor changes of the water table. One of the lysimeters was
buried 305 cm deep and the depth of the water table was around
290 cm (see Fig. 2). Here, this lysimeter is referred to as case 1,
whereas the other lysimeter was buried 190 cm deep and the
water-table depth varied between 0 and 80 cm. (see Fig. 2) and is
referred to as case 2. The bottom ends of the two lysimeters were
sealed to prevent water leakage from and to the saturated zone.

Soil water content at the depths of 3, 5, 10, 50 and 100 cm
were measured using ECH20-5TM (Decagon Inc., £1~2%)
sensors in both lysimeters, and at each depth a temperature
probe was installed (An et al. 2016, 2017). In addition, the
fluctuation of the water table was monitored using a DIS01
mini diver (Diver Inc., £0.05%) installed at the very bottom of
each lysimeter with a pipe open to the atmosphere. All sensors
were set to record data at an interval of 5 min.
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Fig. 1 Location of the Wuding River catchment and the research site

Meteorological data and water-table fluctuations

The parameters of maximum and minimum air temperature,
relative humidity, rainfall, wind speed and net radiation at 2 m
height were obtained hourly from the national meteorological
station. The average annual air temperature in this region is
8.0 °C with minimum and maximum monthly averages being
—32 °C in January and 36.7 °C in July. Rainfall dynamics
include both heavy rainfall events and continuous rainfall of

several days of small intensity. 75% of the annual rainfall
occurs from July to October, and the average annual rainfall
is 320 mm, while the average annual potential evapotranspi-
ration is around 2,180 mm (Huang et al. 2015).

Figure 2 shows the fluctuation of the water table for case 1
and case 2 during the period analyzed. For case 1, the water-
table depth slowly increased, and the fluctuation range was
about 5.6 cm. By contrast, for case 2, the water-table depth
varied more significantly and ranged from 0 to 80 cm.
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Material properties

Samples of the lysimeter material were obtained from depths
of'8, 30, 50 and 100 cm. Based on these samples the following
parameters were obtained: The soil water retention curve (van
Genuchten parametrization), the hydraulic conductivity, grain
size distribution, thermal parameters such as volumetric heat
capacity of the solid (C,) and liquid water (Cy,), as well as the
thermal conductivity (A\). The soil profile was composed of
fine sand; the particle size distributions of the soils were ob-
tained by the sieve method. Soil matric potential and volumet-
ric water content were obtained by the so-called ku-pF mea-
surement system (UGT, Germany). The van Genuchten pa-
rameters were obtained by fitting the retention curve.

Numerical model

The model HYDRUS-1 D by U.S. Salinity Laboratory was
developed for simulating water, heat and solute movement in
one-dimensional (1D) variably-saturated media (Simunek
2005). It is based on the finite element method. The original
model was extended by Simunek et al. (2008) to additionally
simulate vapor and heat, as well as the surface energy and
water balance.

Equations for mass transport
The total moisture flux g, (cm h™'; is given by Milly 1982):
Idm = 9L + qy (1)

where ¢ and ¢, are the flux density of liquid water and
vapor, respectively (cm h™"). ¢ is simulated using a modified
Darcy’s Law equation, as given by Philip and De Vries
(1957):

Oh oT
g = K| —+1)Ker—— (2)
0z 0z

where K y(cm h ") and K; 1 (cm? h ™' K") are the isothermal
and thermal hydraulic conductivities for the liquid phase. % is
the pressure head (cm), 7'is the temperature (K), z is the spatial
coordinate. Water retention is characterized by the van
Genuchten (1980) approach:

06,

Se =90, (3)
66, 1
= 4
es_er (1 +|ah|n)m ( )
1\ m12
KLh(h):Kssg[l—(l—Sg) } (5)
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where K, (cm h™") is the saturated hydraulic conductivity, S, is
effective saturation, / is the pressure head (cm), m and n are
empirical coefficients affecting the shape of the retention func-
tions, / is a pore-connectivity parameter, and 6  and 6  are
saturated and residual water content, respectively (cm® cm ).

The water vapor flux can be redefined as (Philip and De
Vries 1957):

4y = —Ky1VT—K,oV0 (6)

where K1 (cm® K ' h ') and K¢ (cm h™") are isothermal and
thermal hydraulic conductivities for the vapor phase.

Evaporation E (cm h™") from the soil surface, controlled by
the atmospheric conditions and water transport, is calculated
as follows:

E — pvs_pva (7)
rV Jr rS

where py is the water vapor density at the soil surface (kg ),

pya is the atmospheric vapor density (kg cm ), 7 is the aero-

dynamic resistance to water vapor flow (h em 1), ry is the soil

surface resistance to water vapor flow (h cm ).

Heat transport

The governing equation for the movement of energy in the
porous medium is given by Saito et al. 2006:

aSh 6qh
Zoh T 8

ot 0z © ®
where S}, is the heat stored in soil (J cm ™), gy, is the total heat
flux density (Jem 2h "), and Q accounts for sources and sinks
of energy (J cm > h™"). The storage of heat is computed using
an approach suggested by de Vries 1963:

Sh = CaT6y + CwTOL + CyTOy + Lby (9)

where 6,,, 0;, and 6y are volumetric fractions of solid, liquid
water and water vapor phases (cm® cm °) respectively, C,
Cw, and Cy are volumetric heat capacities (J em ° K of
solid, liquid water and water vapor phases, respectively, and
T is the temperature (K). L is the volumetric latent heat of
vaporization (J cm ).

The total heat flux density, gy, is the sensible heat as de-
scribed by Fourier’s law (de Vries 1958):

ar
qn = —A0) ==+ CwTq, + CvTq, + Lgq,

P (10)

where A(0) is the thermal conductivity of soil (J em 'h 'K,
and ¢ and ¢, are flux of liquid water and water vapor
(cm h™"), respectively.
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Thermal conductivity is conceptualized based on an ap-
proach by Chung and Horton (1987):

A(6) = by + by + b36°7 (11)

where by, b,, bs, are empirical regression parameters.

Model geometry, initial and boundary conditions

The model was conceptualized as a 1D column without lateral
flux and surface runoff. The two simulated domains were 305
and 190 cm high, respectively. The vertical discretization is
1 cm in both cases, which is fine enough to adequately solve
the Richards equation and the equations to simulate heat and
vapor transport.

The initial water content and temperature of the soil
profile were determined on August 1st through measure-
ments in the lysimeters and implemented in the model.
Two different sets of boundary conditions were
employed, one for model calibration, and one for estab-
lishing the relation between water-table conditions and
evaporation dynamics.

For model calibration, the boundary conditions are
implemented as follows. The lower hydraulic boundary
condition is a no-flow boundary. Atmospheric forcing at
the soil surface for liquid water and water vapor and
heat transport correspond to atmospheric boundary con-
ditions. Potential evaporation is calculated using the
Penman—Monteith equation (Allen et al. 1998).
Precipitation is based on the measured data during the
simulation period. For heat transport, the upper bound-
ary condition was defined through a Dirichlet type con-
dition based on the temperature measurements carried
out at the field site: T (0, f) = Ti,,. The lower boundary
condition was defined through a second boundary type
(Neumann type): g—gz 0, where 0 and z represent the
location of the surface soil and water table, respectively.

For the subsequent model simulations based on the cali-
brated model (to explore the extinction depth in relation to the
hydraulic conductivity and «), no precipitation was imple-
mented. If precipitation would have been considered,
assessing the contribution of groundwater to evaporation
would have been difficult as both the infiltrating precipitation
and rising groundwater will contribute to evaporation. The
annual average of the Penman—Monteith equation was used
for potential evaporation.

Model calibration

The model was calibrated by comparing model simula-
tions with measured water content and soil temperature.
All available observations were included in the calibra-
tion. Simulations were covering a time span of 2,208 h,

from the 1 Aug to 30 Oct in 2017 for case 2. Due to a
partial failure of a logger in case 1, the simulation pe-
riod of case 1 ended on October 12th.

The available time series of moisture content at dif-
ferent depths as well as temperatures were used as ob-
servations to calibrate the following parameters: «, n, 0
and K. As an initial guess for the model parameters,
the values obtained in the laboratory were used
(Table 1). The calibration parameters were kept homo-
geneous within four model layers. The choice of the
four layers was based on the fact that minor differences
in soil texture were presented with depth from the field
sampling. The layers are 0-8, 830 and 30-80 cm for
both cases, and 80-190 cm for case 2, and 80-305 cm
for case 1. The calibration was done manually through
trial and error. For the subsequent steady state simula-
tions, to obtain the relationship between the water table
vs evaporation, the average of the calibrated model pa-
rameters was used.

Model application: lysimeter simulations and sensitivity
analysis

Based on the calibrated model parameters, steady-state
simulations were carried out to establish the relation
between depth to groundwater and evaporation.
Multiple fixed-head groundwater conditions were imple-
mented to establish this relationship. The models were
run in steady-state. In order to explore how the
lysimeter-specific findings change with changing hy-
draulic properties of the soil, two critical parameters
were chosen for a sensitivity analysis to changes (hy-
draulic conductivity and the van Genuchten «). o was
explored because it is the inverse of the air-entry pres-
sure and therefore might play an important role in the
evaporation processes. The sensitivity analysis enabled a
first-order estimate of the extinction depth in the Ordos
Basin at locations where no lysimeter is installed but

Table 1 Results from the laboratory analysis

Case Soil depth 6 aem?) n K
(cm) (em® cm ™) (cmh™)

Case 1 8 0.38 0.07 23 10
30 0.37 0.055 2.1 13
50 0.39 0.06 1.9 15
100 0.38 0.055 1.8 21

Case 2 8 0.39 0.06 22 13
30 0.38 0.05 2.0 10
50 0.38 0.05 2.1 15
100 0.39 0.045 1.9 19
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Fig. 3 Hourly precipitation,
measured soil-water content and
simulated water content at a 3 cm,
b5cm,c10cm,d 50 cm, e

100 cm of soil depth for case 1
(left panel), and at f 3 cm, g 5 cm,
h 10 cm, i 50 cm, j 100 cm of soil
depth for case 2 (right panel)

basic soil properties such as the hydraulic conductivity
are available. For the cases where hydraulic conductiv-
ity was varied, « corresponded to the calibrated value
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and was kept constant. In an analogous way, for the
sensitivity analysis of «, the hydraulic conductivity
was kept constant and corresponded to the calibrated

Table 2 Evaluation of the calibration (using root mean square error (RMSE), mean bias error (MBE) and the correlation coefficient R?) of soil water

contents for case 1

Statistic Simulated vs measured water content Simulated vs measured soil temperature
Depth Depth Depth Depth Depth Depth Depth Depth Depth Depth
3 cm 5 cm 10 cm 50 cm 100 cm 3 cm 5 cm 10 cm 50 cm 100 cm
RMSE 0.011 0.012 0.011 0.009 0.007 2.243 1.879 1.863 1.174 1.282
MBE 0.0057 0.0072 0.003 0.006 0.002 0.559 0.340 0.883 0.973 1.120
R’ 0.960 0.950 0911 0.864 0.865 0.937 0.940 0.961 0.981 0.957
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Table 3  Evaluation of the calibration (using root mean square error (RMSE), mean bias error (MBE) and the correlation coefficient Rz) of soil water

contents for case 2

Statistic Simulated vs measured water content

Simulated vs measured soil temperature

Depth 3 cm Depth 5 cm Depth 10 cm  Depth 50 cm  Depth 100 cm Depth 3 cm Depth 5 cm Depth 10 cm Depth 50 cm  Depth

100 cm
RMSE 0.0237 0.0134 0.0135 0.0076 0.0081 2.169 2.383 2.211 1.903 1.218
MBE  —0.008 -0.022 —0.008 0.009 0.005 1.658 1.485 1.612 1.572 1.682
R? 0.941 0.976 0.967 0.947 0.990 0.972 0.983 0.966 0.961 0.986

value. The following values of hydraulic conductivity
were used for the sensitivity analysis: 1, 10, 24, 250,

Fig. 4 Hourly measured
temperature and simulated
temperature ata 3 cm, b 5 cm, ¢
10 cm, d 50 ¢cm, e 100 cm of soil
depth for case 1 (left panel), and at
f3cm,g5cm, h10cm,i50cm, j
100 cm of soil depth for case 2
(right panel)
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Table 4 Calibrated parameters

for both cases Case Soil depth range (cm) f.(cm® cm™>) f,.(cm® cm ) o (em™) n K (cmh")
Case 1 0-8 0.01 0.30 0.06 1.9 8
8-30 0.01 0.31 0.05 1.8 10
30-80 0.01 0.31 0.04 1.7 12
80-305 0.01 0.31 0.05 1.7 18
Case 2 0-8 0.01 0.31 0.05 1.7 8
8-30 0.01 0.31 0.045 1.6 10
30-80 0.01 0.31 0.04 1.6 12
80-190 0.01 0.30 0.05 1.6 15
Results water content at the five depths were 0.01 cm® cm™ and 0.91
for case 1, and 0.013 cm® cm > and 0.96 for case 2. Figure 4
Laboratory data shows the measured and simulated temperatures for cases 1

Table 1 presents the laboratory data based on estima-
tions of «, n, Os and K. It was found that the physical
properties along the soil profile were similar but not
identical, and the hydraulic conductivity varied slightly.
This is the reason for establishing four model layers in
the upcoming calibration. The capillary fringe is approx-
imately 50 cm.

Calibration of model parameters

The initial model parameters resulted in an unsatisfactory fit
between observed and calculated temperatures and soil mois-
ture profiles; therefore, the model parameters in the four layers
were adjusted to obtain a better fit. Volumetric soil water con-
tent (6) of two cases was simulated for 2,208 h from 1 Aug to
30 Oct in 2017. As previously discussed, the simulation peri-
od of case 1 ended on October 12th due to a problem with a
sensor in one lysimeter (case 1). The values of measured rain-
fall, and measured and simulated volumetric soil water content
at the experimental site at depths of 3, 5, 10, 50 and 100 cm on
different days are shown in Fig. 3. The statistics of measured
and simulated volumetric water content are compared in
Tables 2 and 3. The average RMSE and R? values of the soil

and 2. The calibrated parameters that were used to obtain these
simulations are provided in Table 4.

To illustrate the importance of an explicit simulation of
vapor, a detailed analysis of daily liquid water and vapor
fluxes in the upper layer was carried out and is illustrated
for two specific days (August 10th—11th) in Fig. 5. On a
daily time-scale, the water vapor flux was negative from
9:00 to 21:00 at a depth of 15 cm (negative values signify
a downward flux), and positive at other times in both
cases. For both cases, the vapor flux was negative at a
depth of 22 cm at around 11:00-23:00. In addition, the
minimum and maximal vapor fluxes occurred at 15:00 and
6:00 in both cases. Similar results have also been obtained
by Zhang et al. (2018).

The calibrated models were subsequently used to ex-
plore the relationship between depth to groundwater and
evaporation rates. The results are shown in Fig. 6. Several
interesting points can be identified. For water tables above
52-cm depth, the contribution of groundwater to evapora-
tion is independent of the depth to the water table. After the
water table falls further, a rapid decline in contribution can
be observed. The extinction depth is around 105 cm: If the
water table falls below this depth, capillary rise can no
longer sustain evaporation.

Fig. 5 Diurnal liquid water flux 0-002¢

and vapor flux near the ground [
surface using the Hydrus-1 D 0.001 L
model for two selected days (10 [
and 11 Aug) for a case 1 and b
case 2. The legend in b applies to
a

Flux (cm/hr)
o

-0.001f

T

0,002 Lottt

0:00 12:00

Time (hour)
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Fig. 6 Ratio between actual
evapotranspiration (Ea) and po-
tential evaporation (Ep) for dif-
ferent water-table depths
O 1 1 1 1 1 1 1 1 Y e b £ Py
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Based on the model simulations, the following relation
between depth to groundwater (DTG) and evaporation rates
can be defined for the lysimeter site in the Ordos Basin:

E 1 for DTG < 51.3 cm
E—a =4 —0.008 + ¢ *07(PTESIY) for 51.3 cm < DTG < 105 cm
) 0 for DTG > 105 cm
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Fig. 7 a The ratio between actual (Ea) and potential (Ep) evaporation as a
function of water-table depth for different hydraulic conductivities; b the
relationship between hydraulic conductivity and extinction depth; ¢ the

Depth to water table (cm)

Sensitivity analysis

The results of the sensitivity analysis are shown in Fig. 7. An
important dependency between hydraulic conductivity and
the relation between depth to groundwater and evaporation
rates, as well as the resulting extinction depth, is observed.
Lower values of hydraulic conductivity result in smaller
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extinction depths and a comparably rapid decline of the evap-
oration rate with decreasing water tables. This is not unexpect-
ed as smaller hydraulic conductivities constitute a higher re-
sistance to flow and therefore reduce the capillary upwards
flux. If hydraulic conductivities were smaller than 10 cm
d™!, evaporation rates drop immediately with a declining water
table, while for larger conductivities, actual evapotranspiration
(ET) rates correspond to potential rates down to a depth to
groundwater of over 60 cm. The importance of variations of
a are less pronounced than the hydraulic conductivities.
Increasing values of « cause a decrease of the extinction depth.

Discussion and conclusions

Water resources management in arid and semi-arid areas such
as the Ordos Basin requires careful consideration of ground-
water evaporation. In this regard, it is important to develop a
quantitative relation between depth to groundwater and evap-
oration rates. Such relationships and the associated extinction
depths have been developed for a wide range of soil types and
are widely implemented in numerical models. Linear or qua-
dratic decay functions are frequently used in modelling ap-
proaches (e.g. in MODFLOW) to describe the relationship
between water-table depth and evaporation rates. The relation
found for this specific site differs slightly from other ap-
proaches. At the field site, the evaporation rates are indepen-
dent of the water table until depths of 52 cm. If the water table
is above this critical depth, very high evaporation losses are
expected which can contribute to soil salinization and degra-
dation. It is also important to note that these evaporation fluxes
are unproductive and constitute a loss of water resources with-
out any benefit. On the other hand, evaporation rates decline
rapidly if the water table drops below 52 cm. The extinction
depth of 105 cm is comparable to the extinction depth reported
in the literature for such soil materials (e.g. Shah et al. 2007. It
is noteworthy that the extinction depth found in this study
corresponds to approximately twice the height of the capillary
fringe.

The numbers above are related to the materials presented in
the lysimeter. While the most commonly found soil type in the
Ordos Basin is sand with these properties (Table 1), variations
of hydraulic conductivities between 50 and 400 cm d ' occur.
In relative terms, smaller variations of « are present. Given
that the materials in the lysimeter are representing a large
portion of the Ordos Basin, the relation established in Eq.
(12) can be used as a first approximation for relating evapo-
ration rates to the depth to groundwater. If differences in hy-
draulic conductivities and « are expected, it is recommended
to measure them and use this information in combination with
Fig. 7 for the estimation of the extinction depth. Note that if
significantly different soil types are present, and therefore the
soil retention function is significantly different, the findings

@ Springer

reported here should not be used without additional simula-
tions or lysimeter experiments—for example, the relative im-
portance of « is expected to increase for smaller hydraulic
conductivities.

In terms of the methodological approach chosen, the com-
bination of lysimeter data and a comprehensive numerical
model was useful because it allows to systematically explore
the relationship between depth to groundwater and evapora-
tion. Given the importance of vapor transport in simulating
evaporation in arid and semi-arid regions, the relatively high
complexity of the modelling approach was an appropriate
choice. The calibration of the model was done manually,
which makes a comprehensive uncertainty analysis difficult.
The fit between observed and simulated quantities was good
and deemed sufficient for the subsequent analysis; however, a
comprehensive uncertainty analysis of the model results is
recommended for follow-up research. Nevertheless, the iden-
tified relations between water-table depth and evaporation
constitutes important information to the local government re-
sponsible for managing soil and water resources.
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