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Shallow groundwater is primarily discharged via evapotranspiration (ET,) in arid and semi-arid riparian
systems; however, the quantification of ET, remains a challenge in regional water resource assessments
of such systems. In this study, the diagnostic indicators of groundwater evapotranspiration processes
and the principles of applying the water table fluctuation (WTF) method to estimate ET, based on seasonal
groundwater level changes were presented. These techniques were then used to investigate groundwater
evapotranspiration processes at two sites dominated by phreatophytes (Tamarix ramosissima and Populus
euphratica) within hyper-arid desert environments in northwestern China for the period 2010-2012. The
results indicate that steady declines in the water table, which are commonly attributed to groundwater
evapotranspiration, occurred at both sites during the growing season. Based on the proposed WTF method,
the estimated ETg; was 0.63-0.73 mm/d at the Tamarix ramosissima site and 1.89-2.33 mm/d at the Populus
euphratica site during the summer months (June-August). Numerical simulations using a one-dimensional
root water uptake model indicate that the seasonal variations in ETg at both sites were primarily dependent
on the potential evaporation rates. Comparisons with previous studies on plant transpiration at similar
sites in this area show that these results are reasonable. It is apparent that the WTF method can provide
a simple and relatively inexpensive method of estimating ET, on a large scale in arid/semi-arid regions.
However, there are significant uncertainties associated with time-dependent lateral flow rates, which
creates a challenge when applying this method. In addition, the selection of calculation periods that show
steady declines in the groundwater level can be somewhat subjective. To enhance the performance of the
WTF method based on seasonal water table declines, further research on the estimation of lateral flow
rates should be performed using an effective network of groundwater monitoring.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

groundwater table, groundwater evapotranspiration (ETg) is a
predominant mechanism of groundwater discharge (Nichols,

Evapotranspiration from the land surface is the process through
which water is transferred from a liquid (or ice) phase to the vapor
phase, which includes plant transpiration through leaf stomata and
evaporation from soil, wet leaves and water bodies (Lautz, 2008;
Wang and Dickinson, 2012). In arid regions with a relatively shallow

* Corresponding author.
E-mail address: yujj@igsnrr.ac.cn (J. Yu).

http://dx.doi.org/10.1016/j.jhydrol.2014.09.087
0022-1694/© 2014 Elsevier B.V. All rights reserved.

1994). This process leads to a decline in the groundwater table, an
increase in groundwater salinity, and, consequently, deterioration
of the ecosystem (Jolly et al., 2008). Therefore, the quantification
of ET, rates, particularly in arid regions where the recharge is small,
is a prerequisite for sustainable groundwater resource use and
management (Goodrich et al., 2000) as well as natural ecosystem
protection and restoration (Drexler et al., 2004). This quantification
is particularly important in regions with groundwater-dependent
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ecosystems, where all or part of the water demand is supplied by
groundwater (Cooper et al., 2006; Naumburg et al., 2005; Orellana
et al,, 2012; Yuan et al., 2014). However, the accurate estimation
of ET, remains a challenge in that it is typically subject to uncertain-
ties associated with climatic variables, vegetation parameters, geo-
logical variables, and hydrologic parameters (Gou and Miller, 2014;
Newman et al., 2006).

Diurnal and seasonal trends in groundwater levels across large
areas provide the basic information required to understand natural
and human-induced processes such as groundwater recharge and
discharge in the hydrologic system (Alley et al., 2002; Woessner,
2000). It is well known that seasonal fluctuations in the groundwa-
ter table can often be identified as a result of the seasonality of
evapotranspiration in arid and semi-arid areas (Healy and Cook,
2002). In addition, diurnal fluctuations in the groundwater table
have been widely observed in riparian areas in response to phreat-
ophyte uptake of groundwater via evapotranspiration (Gribovszki
et al., 2013; Ridolfi et al., 2007; White, 1932). The development
of electronic pressure transducers and digital data recorders has
recently made high-frequency groundwater level monitoring pos-
sible and provided abundant opportunities for using this type of
information (Freeman et al., 2004; Gribovszki et al., 2010). The
water table fluctuation (WTF) method, which is based on the pre-
mise that changes in the water table in unconfined aquifers are
caused by evapotranspiration (Healy and Cook, 2002; Lautz,
2008), has been widely used to estimate ET, rates in riparian zones
in arid and semi-arid areas (e.g., Carlson Mazur et al, 2014;
Gribovszki et al., 2008; Soylu et al, 2012; Weeks and Sorey,
1973; Yin et al.,, 2013; Zhu et al., 2011).

In this study, the patterns of daily and seasonal groundwater
fluctuations in a desert environment in northwestern China with
scant precipitation (less than 50 mm per year) and strong potential
evapotranspiration (more than 1400 mm per year) were analyzed.
We used the WTF approach to estimate ET, at two typical
phreatophyte-dominated sites (Tamarix ramosissima and Populus
euphratica) in this area. The primary objectives of this study were
to (i) characterize the seasonal and diurnal groundwater dynamics
and analyze their controlling factors; (ii) quantify the ET, rate using
the WTF method and evaluate its seasonal patterns using a 1-D
root water uptake model; and (iii) examine the relationships
between the ET, rates and corresponding values of E-601 pan
evaporation (Egp;) during multiple growing seasons.

2. Theoretical background

It is assumed that fluctuations in the depth to the water table
(Zg) in areas with groundwater ET can be viewed as a superposition
of seasonal trends (Z;), daily harmonic-like fluctuations (Z;), and
residuals (Z;) (Wang and Pozdniakov, 2014):

Ze=Zi+Z4+Z. (1)

The WTF method, which is predominantly based on the analysis
of seasonal trends in groundwater table hydrographs H(t), is typi-
cally used to quantify groundwater recharge/discharge rates
(Healy and Cook, 2002; Nimmo et al., 2014; Sophocleous, 1991;
Varni et al., 2013). The decision to apply the WTF method to
estimate ET, in arid and semi-arid areas is primarily based on the
following assumptions (Healy, 2010; Weeks and Sorey, 1973): (1)
seasonal scaled declines in groundwater levels, AH = —AZ,, which
are primarily affected by ET,, are relatively stable during the grow-
ing season; (2) the lateral flow-induced groundwater recharge/dis-
charge rate in a near-well region does not change over the entire
growing season; and (3) the value of the specific yield is represen-
tative of the selected area. Under the above conditions and using
the Dupuit assumption for groundwater flow, the transient planar
flow model can be written as follows:

OH
= V(i +ETg = Syﬁy 2)
Qe = —TVxyH,
where S, is the specific yield [-], T is the transmissivity of ground-

water flow [L? T~'], qi is the lateral groundwater flow rate per unit
width [L2 T~'], and H is the groundwater level [L].

Suppose the total change in groundwater level, AH, during the
growing period can be divided into two components (Fig. 1) in
which Ah(x, y, t) is the change in groundwater level induced by lat-
eral flow divergence due to far-field (regional) flow conditions and
Az(z, t) is the change in groundwater level caused by local seasonal
evapotranspiration ETg, then by substituting h and z into Eq. (2), we
obtain the following:

d(h+2)
= 3)

According to our assumption, a change in h does not depend on
the local recharge/discharge conditions; therefore, we can treat
these changes as being caused by unknown lateral boundary con-
ditions. Therefore, the flow equation for h can be written as
follows:

—Vqu +ETg =S,

oh
_Vqlat = Sy E . (4)
Thus,
0z
ETg =S5 (5)

From Egs. (3)-(5), ETg can be calculated for a finite seasonal
interval At using the following formula:

AH — Ah
A (6)

The application of Eq. (6) to the estimation of ETy is restricted by
the correct determination of the lateral flow-induced water table
change rate Ah/At, which is assumed to be independent of evapo-
transpiration processes. The validity of the estimated value of Ah/
At can be confirmed by the identity of Ah/At before and after the
growing season (Fig. 1).

A key uncertainty in the WTF method, as mentioned by Healy
and Cook (2002) and Lautz (2008), results from the difficulties in
estimating the specific yield, which depends on the soil texture,
initial water table depth, and rate of change in the water table
(Duke, 1972; Nachabe, 2002). To evaluate these dynamics of the

ET, =S,
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Fig. 1. Schema for calculating seasonal evapotranspiration from a well hydrograph.
AH is the total change in the groundwater level over At, Ah is the change in the
groundwater level that is induced by lateral flow divergence due to far-field
(regional) flow conditions over At, and Az is the change in the groundwater level
that is caused by local seasonal evapotranspiration over At.
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specific yield, Crosbie et al. (2005) introduced the apparent specific
yield (Sy). This parameter is based on the van Genuchten model
parameters:

S

e 110 Syu = 05 - 9r7 (7)

Zi+Z n
1+ ((5Y)) ]
where 0; is the saturated moisture content [L> L—3], 0, is the residual
moisture content [L* L~3], z; is the initial depth to water table [L], z
is the final depth to water table [L], and « and n are parameters of
the van Genuchten model. When the groundwater table fluctuates in

m soil layers, the average apparent specific yield S, can be calcu-
lated using the following formula:

T _ ZZ]AhiSYi
Y E&Ahi 7

Sy =Su-

i=1,2,....m, (8)

where Ah; is the amplitude of the groundwater level change in the i
soil layer [L], and Sy, is the specific yield of the corresponding soil
layer [-].

Despite the above-mentioned limitations, the WTF method
remains one of the most widely used approaches for estimating

the seasonal ETg, particularly in arid and semi-arid environments.
One of the advantages of this method lies in its simplicity and lim-
ited data requirements: records of groundwater level and esti-
mates of specific yield. Compared with the method based on soil
moisture balance and energy balance (e.g., Bowen ratio method),
estimates of the ET; using the WTF method are representative of
areas of several or, in some cases, thousands of square meters
(Healy, 2010).

3. Study area and experiment
3.1. Overview of study area

The Ejina Oasis (100°10'-101°20’E and 41°00'-42°40'N), which
is located in the lower reaches of the Heihe River Basin (Fig. 2), is
the second largest inland river in northwestern China and is char-
acterized by a hyper-arid environment with extremely hot sum-
mers and severely cold winters. Based on data collected at the
Ejina weather station (Fig. 2) from 1960 to 2012, the mean annual
air temperature is 8.96 °C, with a maximum monthly mean air
temperature of 27.0 °C in July and a minimum of —11.5 °C in Janu-
ary (Fig. 3). The average annual precipitation is approximately

40°0'N  41°0'N  42°0'N

38°0'N  39°0'N

Langxinshan

Field site

Weather station
L Hydrological station

Natural river

- East Juyan Lake

|:| West Juyan Lake (dry)

E Gobi Desert area

- Oasis area

105 0 10 20

E Kilometers

Fig. 2. The study area and locations of the two field sites FS1 and FS2. The spatial distributions of the Gobi Desert and oases were modified from Zhang et al. (2011).
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Fig. 3. Monthly mean air temperatures and precipitation at the Ejina weather
station from 1960 to 2012; the location of the weather station is shown in Fig. 2.

34.3 mm. The rainfall is highly seasonal; approximately 75% of the
total precipitation falls during the months of June-September
(Fig. 3). The average annual potential evapotranspiration during
the same period is estimated at approximately 1410 mm, which
is 40 times greater than the average annual precipitation (Wang
et al., 2014).

The lower Heihe River, which is divided into two losing streams
in Langxinshan (Donghe and Xihe Rivers), flows through the Ejina

&

O Monitoring well

Oasis before entering terminal lakes (East and West Juyan Lakes)
(Fig. 2). These river systems are the primary source of shallow
groundwater recharge via riverbed infiltration (Qin et al., 2012;
Wang et al., 2014) due to relatively high vertical hydraulic conduc-
tivity (Min et al., 2013). Approximately 71.5% of the landscape in
this area is represented by the Gobi desert (Zhang et al., 2011),
which consists of wind-eroded hilly areas, desert, and alkaline soils
(Xie, 1980). The other 28.5% of the land area is characterized by
natural oasis ecosystems that consist of two vegetation zones dis-
tributed along the Donghe and Xihe Rivers and their distributaries
(Zhang et al., 2011) (Fig. 2). The predominant natural vegetation,
which is characterized by phreatophytes (e.g., Populus euphratica
and Tamarix ramosissima), relies primarily on groundwater for sur-
vival (Wang et al.,, 2011b; Si et al.,, 2014). Detailed descriptions of
the study area were presented by Qin et al. (2012) and Wang
et al. (2014).

3.2. Experimental sites

Previous studies (Wang et al., 2013, 2014; Wen et al., 2005)
have indicated that evapotranspiration is the predominant mecha-
nism of groundwater discharge from the shallow, unconfined aqui-
fer of the Ejina Oasis, where the depth to water table typically
varies between 2 and 4 m (Wang et al., 2011a). In this work, two
field sites were selected to investigate the seasonal ET, rate and
its response to the most important aspects of the environment,
including the climate, types of vegetation, soil, and depth to
groundwater table.

Structure of monitoring well

SN Well in FS1 Depth, m

0

Sandy gravel
Water table

Sand

Well in FS2 Depth, m

-0

Water tabl

Measure depth: 8.75 m

=10 m

Well screen {
Well depth: 12 m

15m

Fig. 4. Typical landscapes (left) and the monitoring well designs (right) used at field sites FS1 and FS2.
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3.2.1. Vegetation characterization

As shown in Fig. 2, site FS1 (shrub land) is located on the beach
of the upper Xihe River; the distance to the riverbank is approxi-
mately 2000 m. The plant community at this site is dominated by
Tamarix ramosissima, a shrub commonly found in this region. A
small collection of the companion species Artemisia sp. and Sophora
alopecuroides is distributed across this shrub land (Fig. 4). The total
plant coverage is estimated at approximately 60% (Zhu et al.,
2012). The major soil types include sandy soil, meadow soil, and
gray brown desert soil. Site FS2 (wood land) is located in the
riparian zone of the distributaries of the lower Donghe River; the
site is 15 m from the riverbank (Fig. 2). A strip of Populus euphratica
forest is present at this site, and a small assortment of herb species
such as Sophora alopecuroides grow near the ground of the forest
(Fig. 4). This site possesses relatively high vegetation densities with
a community coverage of approximately 65% (Zhu et al., 2012).
Dune formations and a considerable amount of eolian sand have
been identified beneath the forest cover.

The Normalized Difference Vegetation Index (NDVI) obtained
through remote sensing techniques has been widely used to inves-
tigate the fractional vegetation cover and its seasonal and annual
dynamics, particularly in arid and semi-arid areas (Jarlan et al.,
2008; Mangiarotti et al., 2012; McGwire et al., 2000; Térnros and
Menzel, 2014). NDVI time series at the two field sites spanning
the period 2010-2012 were obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensors on the
Terra satellite. The MODIS NDVI data were supplied by the NASA
EROS Data Center as radiometrically and geometrically corrected
values representing the best scenes during each 16-day period at
resolutions of 250-1000 m (Huete et al., 2002). Fig. 5 shows the
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Fig. 5. Temporal variations in the NDVI from 2010 to 2012 at field sites FS1 and FS2.

Table 1
Soil physical properties and parameters of the van Genuchten’s hydraulic model.

temporal variations in the 250-m NDVI at 16-day intervals during
the study period at the two field sites. The NDVI data exhibited a
sinusoidal pattern at both of the field sites and reached peaks dur-
ing July of each year.

3.2.2. Soil properties

Extensive analysis of soil textures and their basic physical prop-
erties was performed on core samples collected at the two sites
during a field soil investigation. Laboratory analyses of the particle
size distributions of the samples were performed via sieve analysis
(>2-mm fraction) and laser particle size analysis (Malvern Master-
sizer 2000 laser diffractometer for the <2-mm fraction). The soil
water retention curves for the selected samples were obtained
using a Hitachi CR21GIII centrifuge. The aforementioned analyses
were performed at the Physical and Chemical Analysis Laboratory
of the Institute of Geographic Sciences and Natural Resources
Research, Chinese Academy of Sciences, Beijing.

At the shrub site (site FS1), the soil in the vadose zone consists
of nearly 100% sand and gravel (Table 1). The soil in the upper layer
(0-0.3 m) consists of 77% sand, 19% gravel with a diameter of 2-
3 mm, and less than 5% silt. The soil of the underlying layer (0.3-
1.7 m) contains a greater proportion of gravel, with a diameter of
up to 30 mm (57%), and the rest consists of sand (43%). The lower
soil layer (1.7-2.5 m) in the vadose zone consists predominantly of
sand. The bulk density of the uppermost layer is 1.72 g/cm® and
that of the third layer is 1.48 g/cm>. The hydraulic conductivity
of the soil is estimated at 250 cm/d and 367 cm/d in the upper
and third layers, respectively (Table 1).

The woodland site (site FS2) is located in a sandy river riparian
zone, and the soil profile of the vadose zone there may be divided
into three layers (Table 1). The bulk density of the soil varies from
1.49 g/cm? to 1.55 g/cm® across the three layers. The hydraulic
conductivity of the upper layer (0-1.0 m) is 420 cm/d; this value
decreases to 201 cm/d in the middle layer (1.0-1.6m) and
increases to 809 cm/d in the third layer (1.6-2.2 m).

Fig. 6 shows the soil water characteristic curve of soil samples
obtained from the two field sites. Based on the soil water retention
data, the van Genuchten parameters were estimated using the RETC
computer program (Table 1) (van Genuchten et al., 1991).

3.2.3. Groundwater levels and river flows

As shown in Fig. 4, a monitoring well with a depth of no more
than 15 m was installed in 2001 by the Water Resources Research
Institute of the Inner Mongolia Autonomous Region at each of the
two field sites to measure groundwater levels (Wang et al., 2014).
The pressure heads in the two monitoring wells were recorded at
30-min intervals using Schlumberger Mini-Diver pressure trans-
ducers located at a depth of approximately 8.7 m. The resolution
of the Mini-Diver measurements was 2 mm with an uncertainty
of +5 mm. The pressure head measurements were corrected for

Layer no. Depth intervals

(m)

Soil physical properties

van Genuchten parameters

Gravel (>2mm) Sand (2-0.05 mm)
(%) (%) (%)

Silt (0.05-0.002 mm)

Site FS1 (shrub land)

FS1-1 0-0.3 19 77 4
FS1-2 0.3-1.7 57 43 0
FS1-3 1.7-2.5 0 100 0
Site FS2 (wood land)

FS2-1 0-1.0 0 100 0
FS2-2 1.0-1.6 0 99 1
FS2-3 1.6-2.2 0 99 1

Bulk density Hydraulic 0, (=) 6s(-) a(ecm ) n(-)
(g/cm?) conductivity (cm/d)

1.72 250 0.023 0.273 0.044 2.10
No data No data No data

1.48 367 0.028 0.387 0.055 2.66
1.49 420 0.019 0.350 0.109 2.06
1.49 201 0.034 0.390 0.076 2.51

1.55 809 0.027 0382 0.112 2.04
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Fig. 6. Soil water characteristic curves for soil samples obtained from field sites FS1
and FS2; the depth intervals of the soil samples are shown in Table 1.
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Fig. 7. Daily air temperatures, precipitation, river discharge, and water table
fluctuations from 2010 to 2012: (a) air temperature and precipitation; (b) discharge
from the Donghe and Xihe Rivers; (c) groundwater level dynamics recorded in wells
at field sites FS1 and FS2. Periods I, II, and III exhibit seasonal declines in
groundwater levels from June to August.

barometric pressure and Earth tide effects using regression decon-
volution calculations, which were performed using the BETCO
computer program (Toll and Rasmussen, 2007). Fig. 7c shows the
corrected groundwater levels recorded at field sites FS1 and FS2
from 2010 to 2012.

Daily streamflow measurements of the Donghe and Xihe Rivers
were performed by the Heihe River Bureau at the Langxinshan and
Dongjuyanhai hydrological stations (Fig. 2). Fig. 7b shows the daily
streamflow of the Xihe River at the Langxinshan hydrological sta-
tion (near site FS1) and the daily streamflow of the Donghe River
at the Dongjuyanhai hydrological station (near site FS2) (Fig. 2).

4. Results
4.1. Diagnostic indicators of groundwater evapotranspiration

The groundwater levels at sites FS1 and FS2 exhibited notable
seasonal variations due to natural patterns of groundwater
recharge and discharge (Fig. 7c). Rapid rises in the groundwater
table were observed during the spring and autumn due to either
riverbed infiltration or direct flood irrigation by river water; how-
ever, there was a gradual decline in the groundwater table
throughout the summer, which was primarily due to evapotranspi-
ration (Wang et al., 2014). We therefore investigated the ways in
which riparian evapotranspiration and groundwater flows gener-
ate diurnal fluctuations in water table levels during the vegetation
growth season.

Previous studies have documented diurnal fluctuations in
groundwater levels in arid and semi-arid areas, which are typically
attributed to water losses from evapotranspiration by phreato-
phytes (Butler et al., 2007; Cheng et al., 2013; Meyboom, 1965).
The typical diurnal pattern involves a groundwater table decline
during the day due to plant transpiration and groundwater table
recovery overnight when transpiration ceases or significantly
diminishes (Lautz, 2008; Loheide et al., 2005; White, 1932).

The analysis of the groundwater levels indicates that a diurnal
fluctuation with an amplitude of 1-3 cm in the groundwater table
occurred from May to September (Wang et al., 2014); however,
such fluctuations were practically nonexistent during the winter.
As Butler et al. (2007) concluded, diurnal water table fluctuations
should be considered an important indicator of groundwater con-
sumption by phreatophytes. To test the hypothesis that groundwa-
ter evapotranspiration affects diurnal water table fluctuations, a
detrended analysis of a groundwater level time series was per-
formed using the BAYSEA procedure (Akaike, 1980). The temporal
variations in the amplitudes of the detrended diurnal groundwater
level fluctuations, i.e., Z; in Eq. (1), can be used to understand the
way in which hydrological processes are affected by groundwater
evapotranspiration (Wang and Pozdniakov, 2014).

Fig. 8 shows an example of typical Z; patterns that occurred
during the summer (July, 2010), winter (January, 2011), and spring
(March, 2011) at site FS1. One can discern a notable diurnal fluctu-
ation in the detrended groundwater level during the summer, with
an amplitude of approximately 2 cm; however, such diurnal fluctu-
ations are virtually nonexistent during the winter. Irregular varia-
tions in groundwater levels during the winter, which are lower
than the measurement uncertainty (x5 mm), are typically attrib-
uted to random or systematic errors inherent in the measuring
device (Gribovszki et al., 2013; Post and Asmuth, 2013). In contrast
to the stable diurnal, detrended groundwater-level fluctuation pat-
terns observed during the summer and winter, a sharp increase
and decrease in Z; can be observed in spring during the period of
high river flow, which is clearly related to transient groundwater
recharge by river water.

Next, the monthly standard deviation of the diurnal detrended
groundwater level fluctuations (¢7') was analyzed. Fig. 8 shows
that the o7 increases significantly in May and rises to a maximum
in June and July, after which it begins to decease; it then drops sig-
nificantly by September (Fig. 8). This pattern indicates an increas-
ing amplitude of diurnal fluctuations in the detrended
groundwater levels during the summer months. However, o7
remains minimal and nearly unchanged in winter (approximately
0.3 cm at site FS1 site and 0.2 cm at site FS2), which is likely a
result of noise in the measurements that are caused by the pres-
sure transducers (Post and Asmuth, 2013). The abnormal ¢¥ that
was observed during spring and late autumn can be attributed to
the river flow recharge or flooding. Therefore, the analysis of
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Fig. 8. Monthly standard deviation of detrended groundwater level fluctuations (left) and the typical pattern of diurnal detrended groundwater level fluctuations (right).

diurnal fluctuations in the detrended groundwater levels and their
monthly standard deviations indicate that the groundwater evapo-
transpiration during the summer is the primary cause of the diur-
nal fluctuations in the detrended groundwater levels and is the
cause of its seasonal decline.

4.2. Approximation of evapotranspiration using the WTF method

Three periods during the summer, each spanning 64-99 days
(periods I, II, and IIl in Table 2), were selected to estimate ET, using
the WTF method. As shown in Fig. 7c, distinct declines in the water
table were observed at both field sites during these periods. There
was no flow in the Xihe River near site FS1 during the selected peri-
ods, except for July 18-24, 2010, during which an average dis-
charge of 5.4 m3/s was recorded at the Langxinshan hydrological
station (Fig. 7b). There was also no flow in the distributary of the
lower Donghe River near site FS2 during the summer periods. A
limited amount of precipitation (up to 26 mm) was observed at
the Ejina weather station during each period (Fig. 7a). As shown
in Table 2, the average air temperatures ranged from 26.1 °C to
28.2°C, and the average daily evaporation rate measured using
the E-601 pan method (Egg;) varied from 10.26 mm/d to
11.44 mm/d during the selected periods. The field investigations
revealed that there was no pumping from the aquifer within a 5-
km radius from both sites. Therefore, the general decline in the
water table during the summer months was primarily caused by
lateral groundwater discharge and direct water uptake by plant
roots.

4.2.1. Determination of the specific yield

The specific yield is a crucial parameter for estimating the water
budget components, such as groundwater recharge and
evapotranspiration (Chen et al., 2010; Fahle and Dietrich, 2014).

Uncertainty in this parameter can contribute the largest errors in
estimates of ET, when using the WTF approach (Shah et al,
2007). Laboratory and field investigations have demonstrated that
the specific yield exhibits a high variability depending on the phys-
ical characteristics of the soil sediments, temperatures, mineral
composition of the water (Johnson, 1967), and different stresses
of wetting, drying, pumping, and equilibrium (Shah and Ross,
2009).

During each of the calculation periods, the water table fluctu-
ated within the sandy aquifers at both field sites. The apparent spe-
cific yields obtained from Egs. (7) and (8) were 0.35 and 0.34 at
sites FS1 and FS2, respectively. According to similar research con-
ducted by Loheide et al. (2005), the readily available specific yield
in sandy sediment was estimated to be 0.32 when the depth to the
water table exceeded 1 m. Thus, it is evident that the specific yield
estimates for both sites are reasonable.

4.2.2. Estimates of lateral groundwater divergence due to regional flow

Based on the lateral groundwater flow and groundwater evapo-
transpiration that occurred during the growing season in the
absence of river flow, sites FS1 and FS2 are situated in the dis-
charge zone. According to the assumptions of the WTF method that
are described in Eqgs. (3) and (4), the lateral groundwater flow
divergence —Vq,, away from the groundwater ET-induced dis-
charge zone is assumed to be constant over the selected time per-
iod during each growing season. The value of —Vgq, can be
estimated using changes in the groundwater level before and after
the transpiration season.

As shown in Table 2, the estimated —Vgq,,, during the three peri-
ods remained relatively constant (1.26-1.27 mm/d) at site FS1.
Slight fluctuations in —Vgq,, occurred at site FS2, varying from
1.44 mm/d to 1.58 mm/d. The difference in —Vq, between the
two sites was related to the differing hydrologic conditions. The

Table 2

Specific yields (S,), groundwater evapotranspiration rates (ETg), and additional parameters.
Period Time span %P T Eso1 F4 AH Ah Az Sy —Viar ET, ET4[Eson ETg/T

(d) (mm) (¢c) (mm/d) (cm) (cm) (cm) (cm) (=)  (mm/d) (mm/d) (-) (mm/(d °C))

Site FS1 (shrub land)
I (June 7 to August 23, 2010) 78 1.0 282 1144 218 42 28 14 035 1.26 0.63 0.055 0.022
Il (May 23 to August 7, 2011) 77 9.0 274 1117 221 44 28 16 035 1.27 0.73 0.065 0.027
Il (May 23 to July 25, 2012) 64 21.6 26.1 10.36 206 35 23 12 035 1.26 0.66 0.064 0.025
Site FS2 (wood land)
I (May 29 to September 4, 2010) 99 1.6 27.5 10.99 243 102 46 56 034 1.58 1.92 0.175 0.070
II (June 1 to August 12, 2011) 73 9.1 282 1112 235 81 31 50 034 144 2.33 0.210 0.083
Il (May 29 to September 4, 2012) 99 26.0 26.1 10.26 241 97 42 55 034 1.44 1.89 0.184 0.072
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monitoring well at site FS1 was located 2000 m from the Xihe
River, whereas the monitoring well at site FS2 was located only
15 m from the lower Donghe River distributary.

4.2.3. Groundwater ET estimates

Estimates of ET, were calculated using the REGIM_3 program
(Shtengelov, 2009), which is based on the calculation principle rep-
resented in Eq. (6). As shown in Table 2, the estimated ET, rate at
site FS1 during the calculation periods from 2010 to 2012 ranged
from 0.63 mm/d to 0.73 mm/d, with an average of 0.67 mm/d.
During the same period, the ET, rate at site FS2 ranged from
1.89 mm/d to 2.33 mm/d; an average was 2.05 mm/d.

Previous studies (Cleverly et al., 2006; Cooper et al., 2006;
Devitt et al., 2011) have shown that the climate, vegetation param-
eters, soil properties, and depth to the water table are the principal
factors that control the ETg in phreatophytic communities. The cli-
mate, soil types, and depths to the water table at the two sites are
similar, and thus their different ET, rates are likely due to the dif-
fering plant community compositions and plant canopy cover
characteristics at the two sites. As shown in Fig. 5, the 3-year aver-
age NDVI during the growing season (May-September) was 0.172
at the mixed shrub site (FS1) and 0.228 at the woodland site (FS2).
We believe that the significantly higher estimated ET, rates at the
woodland site are directly linked to the specific plant community
(i.e., Populus euphratica) and the higher percentage of plant canopy
cover at this site. However, the slight variations in ET, rates at each
site during the three calculation periods are likely caused by the
combined effects of climate variables, water table variations, and
vegetation dynamics (Table 2).

4.3. Estimation of temporal variability in groundwater ET using root
zone modeling

In Section 4.2.3, the mean ET, rates during the summer months
(June-August) were estimated using the WTF method (Table 2).
However, high temporal variations in the ET, rates that largely
depend on complex interactions between the groundwater, soil
moisture, vegetation, and the atmosphere were identified (Gou
and Miller, 2014; Newman et al., 2006; Orellana et al., 2012). To
determine the seasonal variations in the ET,, the daily ET, rates
were estimated using a saturated-unsaturated flow model.

4.3.1. Model setup

Similar to the approach used by Wang and Pozdniakov (2014), a
one-dimensional vertical saturated-unsaturated profile within the
groundwater discharge zone caused by evapotranspiration was
used to estimate the seasonal dynamics of ET,. We assumed that
the soil profile has an active shallow root zone that extends from
the soil surface to a depth of Z,,. The upper boundary of this profile
is the soil surface, and the lower boundary is located below the
depth of seasonal groundwater level fluctuations within the zone
of predominantly vertical flow. A root system distributed along this
profile intakes water at a net rate of ET(t). This rate depends on
potential evapotranspiration and the root water uptake reduction
in accordance with a model characterized by an S-shaped curve
(Simtnek et al., 2008).

4.3.2. Governing equations

The saturated-unsaturated one-dimensional numerical model
HYDRUS-1D (Simtinek et al., 2008) was used to simulate water
flow and root water uptake by phreatophytic vegetation (Populus
euphratica and Tamarix ramosissima). The 1-D Richards’ equation,
which governs one-dimensional unsaturated vertical flow in a
homogeneous, isotropic porous medium with a sink term added
to simulate the water extraction by roots can be written as
follows:

OK(h) _ S(h,z2), 9)

() _ 2 (K(h)a—h>+ 5

ot oz oz

where 0(h) is the volumetric water content [L? L=3], K(h) is the
unsaturated hydraulic conductivity [LT~!], S(h) is the sink term
[L3L~3T1, h is the soil water pressure head [L], z is the vertical
space coordinate [L], and ¢ is the time [T].

The sink term is specified in terms of the potential uptake rate
and the stress factor as follows:

S(h) = a(h)Sp(2), (10)

where S, is the potential water uptake rate [L*L~3T~'], which
depends on the root density and the integral of S,(z) over the root
zone is equivalent to potential transpiration, and «(h) is the dimen-
sionless water stress response function (0 < a(h) < 1) that pre-
scribes the reduction in uptake that occurs due to drought stress.
For calculating root water uptake, an S-shaped function, which
describes the water uptake stress response function «(h) in the
HYDRUS-1D using a compensated root water uptake model, was
used (van Genuchten, 1987):

1
"1+ (h/hs)?’

where hso represents the pressure head at which the rate of root
water extraction is reduced by 50%, and p is an empirical parameter
that determines the steepness of the transition from potential to
reduced uptake rates as h decreases. The recommended value of
the parameter p is 3 (van Genuchten, 1987). The adaptation of the
root to water stress is simulated using a compensation model that
includes parameter of critical water stress index for root water
uptake () (Simtinek and Hopmans, 2009).

a(h) (11)

4.3.3. Numerical modeling

The numerical model consists of a 500-cm-thick soil profile dis-
cretized into 1-cm elements. The upper boundary was specified as
an atmospheric boundary condition, and the temporal variability
values of the precipitation, potential evaporation, and transpiration
input data were produced using the special preprocessing code
SurfBal 3.60 (Grinevskii and Pozdnyakov, 2010), which calculates
surface water balance using meteorological data and leaf area
index (LAI) and creates an Atmosph.in input file for use in the
HYDRUS-1D. The lower boundary was specified as a constant
hydraulic head boundary below an artificial 2-cm semi-permeable
confining layer to simulate hydraulic resistance between the water
table and the confined aquifer below. The initial hydraulic head in
the upper unconfined aquifer was assumed to be equivalent to the
constant hydraulic head at the lower boundary. Therefore, the
water table in the upper unconfined aquifer will decline due to root
water uptake during growing season, while the underlying con-
fined aquifer will serve as an infinite source of groundwater to
the overlying unconfined aquifer.

Values of the soil hydraulic parameters were assigned to each of
the layers at the two sites, as listed in Table 1. The values of the van
Genuchten model parameters for the semi-permeable confining
layer (silty clay) were the same as those provided in the database
of the HYDRUS software (Simunek et al., 2008), with the exception
of the hydraulic conductivity values (0.01 cm/d). Moreover, the
unsaturated hydraulic properties of the sandy gravel layer at site
FS1 (depth interval of 0.3-1.7 m) were assumed to be similar to
those of the sandy soil. For the sandy soil, the values of the van
Genuchten parameters were those provided by the HYDRUS-1D
database in accordance to the soil catalog (Simtinek et al., 2008).

The species selected for the simulations were the two dominant
phreatophytes, Tamarix ramosissima and Populus euphratica, which
were observed growing at sites FS1 and FS2, respectively. The NDVI
analyses conducted at the two field sites indicated that the average
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NDVI values during the period of 2010-2012 were 0.132 and 0.196
at sites FS1 and FS2, respectively (Fig. 5). Based on previous studies
(Chen et al., 2004; Wang et al.,, 2003), a representative LAI of
0.2 m?/m? (minimum) to 2.2 m?/m? (maximum) for Tamarix ramo-
sissima and 0.2 m?/m? (minimum) to 3.2 m?/m? (maximum) for
Populus euphratica were used in the simulation. The root distribu-
tions of Tamarix ramosissima and Populus euphratica were fixed
during the simulations and were used to weight the water uptake
function. The root distribution of Populus euphratica was assigned
the following normalized function (Zhu et al., 2009):

1/3L), Ze€ (0;0.3Zy)
3/L,  Ze(0.3Z,0.5Z,)
5/(8L,), Z € (0.52,1;0.9Z;)
1/L), Z € (0.92,;1.0Z,,)

b(z) = (12)

where Z,, is the depth of the root zone [L], and L, is the total length
of the roots [L]. We assumed that Tamarix ramosissima has root dis-
tributions that are similar to that of Populus euphratica.

4.3.4. Seasonal variation in groundwater ET

The simulations were performed assuming a constant head
pressure at the lower 300-cm boundary and using the water
uptake reduction parameters of hsg=-950cm and p=3
(Grinevskii, 2011; Zhu et al., 2009). The compensated root water
uptake model was calibrated using a manual calibration procedure
designed to maintain good agreement between the simulated
actual root water uptake rates (ET, simulated) and the estimated
ET, rates obtained using the WTF method (ET, estimated) during
the calculation periods by applying a subset of the root zone depth
(Z.,) and the parameter of critical water stress index for root water
uptake () (Simiinek and Hopmans, 2009). Table 3 shows the esti-
mated ET, and the mean simulated ET, during the three periods at
the two sites. The RMSE and MAE values for the ET; values simu-
lated during the three periods at both sites were equivalent to 5-
8% of the average ET,, which indicates the satisfactory performance
of the numerical modeling.

Fig. 9 shows the simulated daily ET, at sites FS1 and FS2 from
2010 to 2012. Clearly, the ETg at both sites undergoes yearly cycles
in which the ETy is nearly absent during the winter and is at a max-
imum during the summer. It was noted that approximately 82—
86% of the total ETg occurred during the period from May to August.
The average ET, induced by Tamarix ramosissima at site FS1 was
approximately 99 mm/yr, whereas the average ET, due to root
water uptake by Populus euphratica at site FS2 was approximately
289 mm/yr.

Fig. 10 illustrates the monthly simulated ET, and measured
open water evaporation from the E-601 evaporimeter (Egg;) during
the months of April-October in 2010-2012. It is evident that a
strong linear relationship exists between the monthly ET, and
Eeo1 at both sites during these periods; the corresponding coeffi-
cients of determination are R? = 0.86 for site FS1 and R? = 0.90 for

Table 3
Estimated and simulated ET; and their corresponding goodness-of-fit values.
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Fig. 10. Monthly simulated ET, and measured Ego, for April-October during the
period 2010-2012.

site FS2, respectively. At site FS1, ET, was equivalent to 5% of Ego;
during the growing seasons, whereas ETy at site FS2 was estimated
at approximately of 15% of Egp; during the same periods.

5. Discussion
5.1. Scale dependence of the ET estimates
The evapotranspiration rates of Populus euphratica and Tamarix

ramosissima during the growing season (May-September) in this
region were recently estimated at tree-level and stand-level scales.

Period ET, estimated (mm/d) ET, simulated (mm/d) RMSE® (mm/d) MAE" (mm/d)
Site FS1 (shrub land)

1(2010) 0.63 0.62

11(2011) 0.73 0.69

111 (2012) 0.66 0.74 0.055 0.044

Site FS2 (wood land)

1(2010) 1.92 191

11(2011) 2.33 2.12

111 (2012) 1.89 1.99 0.133 0.106

¢ Root mean square error, RMSE = \/% S (X —y,-)z.
> Mean absolute error, MAE = 1370 [x; — y;1.
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For example, the evapotranspiration rate in a 25-year-old Populus
euphratica forest with a canopy density of 0.8 (the average height
of the Populus euphratica forest was 10 m) was determined using
sap flux measurements in 2003 (Zhang et al., 2007) and the Bowen
ratio-energy balance method in 2005 (Hou et al., 2010). These
studies determined that the average evapotranspiration rate of
Populus euphratica during the growing season was 1.4 mm/d
(Zhang et al., 2007) and 3.2 mm/d (Hou et al.,, 2010). A similar
study was conducted by Si et al. (2005) to quantify the evapotrans-
piration of Tamarix ramosissima (the canopy density was 0.7, and
the average height was 2 m) using the Bowen ratio method during
the growing season in 2003. The total evapotranspiration of
Tamarix ramosissima was approximately 248 mm, with an average
evapotranspiration rate of 1.6 mm/d (Si et al., 2005).

A comparison of the results obtained in this study and those of
the aforementioned studies indicates that the ET, rates estimated
using the WTF method at both the Populus euphratica and Tamarix
ramosissima sites are lower than the values determined using the
Bowen ratio method but higher than the value obtained using
the sap flux method. Clearly, there were differences between the
climatic and hydrological conditions and vegetation parameters
at the study sites; however, the differences in the estimated evapo-
transpiration rates observed at each site are likely related to the
use of different quantitative methods. Numerous studies have
reported that ET, estimates based on WTF approaches tend to be
significantly different from sap flow measurements (Engel et al.,
2005), eddy covariance measurements (Martinet et al., 2009;
Soylu et al, 2012), and lysimeter measurements (Fahle and
Dietrich, 2014). As concluded by Dawson (1996), variations in
the estimates of plant evapotranspiration using various techniques
(e.g., sap flow, Bowen ratio, and water balance method) are directly
associated with variations in the measurements of water loss at
various scales, such as from leaves to stands and from stands to
landscapes. Earlier studies have indicated that estimates of ET,
using the WTF method represent ET; across areas measuring sev-
eral hundreds (Delin et al., 2007) if not thousands (Healy, 2010)
of square meters.

5.2. Limitations of applying the WTF method

Applying the WTF method based on seasonal declines in the
groundwater level may involve a high degree of uncertainty in
the ET, estimates, which are associated with time-dependent lat-
eral flow rates. As shown in Fig. 11, ET, exhibited a negative linear
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Fig. 11. Sensitivity analysis of groundwater evapotranspiration to changes in the
lateral flow rate at field sites FS1 and FS2.

relationship with the lateral flow rates at both field sites. During
the three calculation periods encompassing 2010-2012, the
changes in the lateral flow rates of +25% caused the estimated
ET, to vary by approximately +47% at site FS1 and F18% at site
FS2 (Fig. 11). The described method is based on an assumption that
the lateral flow is independent from the local recharge/discharge
processes and changes in the lateral flow rates in the riparian zone
are negligible during the selected calculation periods. However, as
noted previously (e.g., Gribovszki et al., 2008; Troxell, 1936), the
lateral flow rate clearly varies, even over the course of a day, due
to changes in the hydraulic gradients that are induced by the direct
uptake of groundwater by roots. Therefore, the assumption of a
constant lateral flow rate during the growing season can introduce
considerable uncertainties in ET, estimations using the WTF
approach. In addition, the pattern and amplitude of water table
fluctuations are highly dependent on the monitoring well locations
within riparian areas (Loheide, 2008), which may vary from the
edges to the center of a vegetated riparian zone (Butler et al.,
2007). The spatial variability in water table fluctuations is likely
a result of spatial heterogeneity in the permeability and specific
yield of the aquifer in which the monitoring wells are installed
(Rosenberry and Winter, 1997; Martinet et al., 2009) and may be
partially caused by spatial variability in the species composition
and vegetation structure. Therefore, we question whether esti-
mates of ET, based on the hydrographs from single monitoring
wells can represent the average water uptake by plants in a ripar-
ian zone.

One aspect that reduces the degree of uncertainty associated
with time-dependent lateral flow rates, which is also defined as
net inflow rate by White (1932), is to develop different “empirical”
approaches (Gribovszki et al., 2008) or techniques for quantifying
this parameter. Various time spans have been recommended for
determining the net inflow rate at different field sites when using
the diurnal WTF method (e.g., Loheide, 2008; Miller et al., 2010;
Rushton, 1996; White, 1932). Fahle and Dietrich (2014) also dem-
onstrated that estimating the daily net inflow rate can be improved
by using longer time spans and estimating ET; can be enhanced by
applying two-night averaged net inflow rates. Recently, Loheide
(2008) introduced detrending procedures in the analysis of
groundwater level time series for determining a reliable net inflow
rate and ET,. Furthermore, the “Fourier method” (Soylu et al., 2012)
and “statistical approach” (Wang and Pozdniakov, 2014), which
are both based on the relationship between ET, and general char-
acteristics of diurnal detrended groundwater level fluctuations,
have been developed to estimate ET, by avoiding the direct deter-
mination of the net inflow rate. Another important aspect that
minimizes the high level of uncertainty that is related to the
time-dependent lateral flow rate is the development of a “hydrau-
lic” approach (Gribovszki et al., 2008), which involves implement-
ing a reliable groundwater monitoring network that should be
designed along flow paths from recharge to discharge areas. The
“hydraulic” approach is particularly important for reducing the
subjectivity that is inherent in estimates of the transient lateral
flow rate and enhancing the performance of the WTF method in
ET, estimations that are based on the diurnal and seasonal fluctu-
ations in the groundwater level.

6. Conclusions

Our analysis of groundwater level data, soil profiles, and vege-
tation characteristics at two typical phreatophyte-dominated sites
(Tamarix ramosissima and Populus euphratica) located in hyper-arid
desert environments in northwestern China indicates that ground-
water evapotranspiration is an important factor that controls
hydrologic processes in arid riparian areas. In these regions, the
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presence of diurnal water table fluctuations during the summer
may be attributed to groundwater evapotranspiration due to direct
root water uptake by plants. The overall characteristics of the diur-
nal water table fluctuation amplitude, i.e., the standard deviation
of the detrended diurnal water table fluctuations, can serve as an
important diagnostic indicator of groundwater evapotranspiration.

Seasonal declines in the groundwater tables can be used to
quantify groundwater evapotranspiration rates, and the accuracy
and precision of the ET, quantification depend largely on reliable
estimates of the lateral groundwater flow rates, the redistribution
of water within riparian aquifers during periods of river flow
(Wondzell et al., 2010), and the specific yields (Healy and Cook,
2002). In this study, a steady water table decline during the grow-
ing season was observed at both of the phreatophyte-dominated
sites. Using the WTF method, the average ET, rate during the sum-
mer months (June-August) of 2010-2012 was estimated to be
0.63-0.73 mm/d at the site dominated by Tamarix ramosissima
and 1.89-2.33 mm/d at the site dominated by Populus euphratica,
depending on climatic conditions, vegetation status, and depth to
water table.

A 1-D root water uptake model was employed to help develop
an understanding of the temporal variations in groundwater
evapotranspiration and to support the WTF method results. The
simulated ET, varied seasonally at both sites, and these trends
were primarily a function of the potential evaporation rates. Dur-
ing the period of April-October, ET, was equivalent to 5% of the
open water evaporation measured using the E-601 pan method
(Ee01) at the Tamarix ramosissima site, whereas ET; was equivalent
to approximately 15% of Egoq at the Populus euphratica site.

Clearly, estimation of ETg; based on the WTF method may be
considered the simplest, easiest, and least expensive technique
available, but equally important, the method involves a number
of sources of uncertainty (Soylu et al., 2012). In particular, the pro-
posed method is based on the assumption that the lateral flow is
independent of local evapotranspiration processes and that the lat-
eral flow rates remain constant during the calculated periods,
which is oversimplified compared to real-world scenarios in which
the lateral flow rate is highly time-dependent and can vary over
the course of a day. Because of the time-dependent lateral flow
rate, spatial variations in the patterns of groundwater dynamics
and specific yields in riparian corridors, it is particularly important
to develop an effective network of monitoring wells for estimating
groundwater evapotranspiration rather than using a single moni-
toring well (Martinet et al., 2009). In addition, a reliable quantifica-
tion of riparian evapotranspiration requires a comprehensive
investigation that combines the WTF method with traditional
approaches, such as the Bowen ratio method and eddy covariance
method.
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