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Abstract Widely distributed in arid and semiarid regions, phreatophytic roots extend into the saturated
zone and extract water directly from groundwater. In this paper, we implemented a vegetation optimality
model of root dynamics (VOM-ROOT) in the Noah land surface model with multiparameterization options
(Noah-MP LSM) to model the extraction of groundwater through phreatophytic roots at a riparian site with
a hyperarid climate (with precipitation of 35 mm/yr) in northwestern China. VOM-ROOT numerically
describes the natural optimization of the root profile in response to changes in subsurface water conditions.
The coupled Noah-MP/VOM-ROOT model substantially improves the simulation of surface energy and water
fluxes, particularly during the growing season, compared to the prescribed static root profile in the default
Noah-MP. In the coupled model, more roots are required to grow into the saturated zone to meet transpira-
tion demand when the groundwater level declines over the growing season. The modeling results indicate
that at the study site, the modeled annual transpiration is 472 mm, accounting for 92.3% of the total evapo-
transpiration. Direct root water uptake from the capillary fringe and groundwater, which is supplied by
lateral groundwater flow, accounts for approximately 84% of the total transpiration. This study demon-
strates the importance of implementing a dynamic root scheme in a land surface model for adequately
simulating phreatophytic root water uptake and the associated latent heat flux.

1. Introduction

A phreatophyte, which means ‘‘well plant’’ in Greek, is a deep-rooted plant that has the ability to obtain a
perennial supply of water from the phreatic zone (or saturated zone) and/or the capillary fringe above the
phreatic zone in the soil profile (Meinzer, 1927). Extensive reports indicated that phreatophytic vegetation is
widely distributed in the arid and semiarid regions of southern Canada (Meyboom, 1965), the southwestern
United States (Cleverly et al., 2006; Cooper et al., 2006; Devitt et al., 2011; Steinwand et al., 2006; Stromberg
et al., 2007), western Australia (Eamus et al., 2006; Sommer & Froend, 2011), southern Africa (Le Maitre et al.,
1999), and northwestern China (Gries et al., 2003; Wang et al., 2014a; Yuan et al., 2014).

Plant roots act as a key mediator for transpiration (Warren et al., 2015) and play a critical role in acquiring
water and nutrients from the soil (Orellana et al., 2012). Phreatophytes in arid regions are mostly dependent
on groundwater: their roots penetrate the unsaturated zone, extend to the capillary fringe and the saturated
zone (Gary, 1963; Naumburg et al., 2005; Stromberg et al., 2007) and extract moisture directly from groundwa-
ter (Ehleringer & Dawson, 1992; Le Maitre et al., 1999; Scott et al., 2004). This has been evidenced by diurnal
fluctuations in the groundwater level (e.g., Gribovszki et al., 2010; Loheide et al., 2005; Miller et al., 2010; Wang
et al., 2014b; Wang & Pozdniakov, 2014; White, 1932) and soil moisture above the water table (Nachabe et al.,
2005). Recent reports indicate that phreatophytes in arid climates are not water stressed because they directly
access groundwater through their roots (Glenn et al., 2013); as a result, a substantial amount of root water
uptake may come from groundwater, especially for gradual water table declines (Lowry & Loheide, 2010).
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Another important feature of phreatophytes is a survival strategy that involves self-optimizing root systems,
which evolve to access groundwater while coping with potentially anaerobic or saline groundwater condi-
tions (Canham et al., 2012; Fan et al., 2017; Orellana et al., 2012). In response to declines in the water table,
rapid root growth (up to 15 mm/d) toward the water table has been observed for desert phreatophytes
(Naumburg et al., 2005; Orellana et al., 2012; Vonlanthen et al., 2010), including Populus, Salix, and Tamarix
species (Fenner et al., 1984; Horton & Clark, 2001; Kranjcec et al., 1998). In a hyperarid climate, the vigor of
phreatophytes in riparian zones has been shown to be highly dependent on their rooting depth relative to
the water table depth and the associated capillary fringe (Eamus et al., 2015; Stromberg, 2013).

The root dynamics of phreatophytes in response to fluctuations in the groundwater level are well recog-
nized (Canham et al., 2012; Tron et al., 2015). However, most current land surface models (LSMs) and terres-
trial biosphere models used in Earth system models (ESMs) (e.g., Niu et al., 2011; Oleson et al., 2010; Warren
et al., 2015) do not represent root dynamics; instead, they prescribe a static root profile for all plant types
through two type-dependent parameters: maximum rooting depth and vertical root distribution (Jackson
et al., 2000). In many models, the root profile during a simulation is fixed as a uniform, exponential, or
asymptotic profile (Hao et al., 2005; Smithwick et al., 2014). This relatively simple treatment of plant roots
may result in significant biases when simulating surface water, energy, and carbon flux exchanges with the
atmosphere, especially in dry climates.

Warren et al. (2015) highlighted the need to enhance root functionality in large-scale, process-based LSMs
by introducing dynamic root distributions and root functional traits. For example, Gayler et al. (2014) imple-
mented a root-growth scheme in the Noah-MP LSM to account for the impact of unfavorable temperature
and soil moisture conditions on deep roots. A recent review (Smithwick et al., 2014) suggested that LSMs
should adequately represent the adaptation and evolution of root systems to account for direct access to
deep soil water and thus improve the modeling of ecosystem response to seasonal droughts. Numerous
modeling studies have followed a general approach based on the evolutionary optimization concept, which
was introduced into plant ecophysiology in the 1970s (e.g., Cowan, 1978; Orians & Solbrig, 1977; Westoby,
1979). Some models assume that plant roots have the ability to respond dynamically to changes in climate,
soil, and vegetation characteristics, resulting in different rooting depths depending on the water-use strat-
egy (intensive or conservative) of different plants (Guswa, 2008, 2010). Other modeling approaches provide
insight into the adaptation of the root profile to varying precipitation, soil moisture, and groundwater (Gou
& Miller, 2014) to maximize plant carbon gain (Kleidon & Heimann, 1998) and transpiration (Rudd et al.,
2014). Similarly, the Vegetation Optimality Model (VOM) developed by Schymanski et al. (2009) assumes
that vegetation properties can be optimally adapted to environmental conditions (Schymanski et al., 2015)
and that the root profile can be optimized to minimize plant water stress (Schymanski et al., 2008) while
maximizing carbon gain (Schymanski et al., 2009). Schymanski et al. (2008) showed that the VOM improved
the simulation of soil moisture and respiration at a tropical savanna site and resulted in a more realistic root
response to the transition between wet and dry seasons.

There are two general approaches to modeling root water uptake: microscopic (or mesoscopic) models
describe the water absorption of single roots, whereas macroscopic models describe the root density distri-
bution, which proportionally controls root water uptake from different soil layers (�Simůnek & Hopmans,
2009). In this paper, we followed the macroscopic approach and implemented the root dynamics of VOM
into the Noah-MP LSM (Niu et al., 2011). We aim to quantify the extraction of groundwater through phreato-
phytic roots at a riparian site in a hyperarid climate (with precipitation of 35 mm/yr) in northwestern China.
The original VOM was a coupled ecohydrological model of vegetation dynamics and subsurface hydrology
(Schymanski et al., 2008). In this study, we only coupled the root dynamics component of VOM (hereafter,
VOM-ROOT) with the hydrology in Noah-MP. We tested the coupled Noah-MP/VOM-ROOT model against in
situ measurements of soil moisture and surface energy and water fluxes and then quantified the root water
uptake fluxes from different layers of the unsaturated and saturated zones.

2. Model Description

2.1. Noah-MP
Noah-MP numerically describes the energy, water, and carbon flux exchanges between the land surface
and the atmosphere that are controlled by terrestrial ecohydrological processes (Ma et al., 2017; Niu et al.,
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2011). Based on Noah (Chen & Dudhia, 2001; Ek et al., 2003), Noah-MP was first augmented with vegetation
and groundwater dynamics (Niu et al., 2007) and provides multiple schemes for various processes, with
each scheme representing a different interpretation (or hypothesis) of the same individual process.

Noah-MP solves the one-dimensional (1-D) Richards equation to compute vertical soil moisture distribution
using the Clapp-Hornberger retention relationship (Clapp & Hornberger, 1978). The upper boundary condi-
tion for soil moisture is the infiltration rate, which is computed as the residual of precipitation minus surface
runoff and parameterized through a simple TOPMODEL-based runoff scheme (Niu et al., 2005). Noah-MP
treats unconfined aquifers as a reservoir or ‘‘bucket’’ underlying the soil column to account for water
exchanges between the vadose zone and the aquifer through gravity and capillary forces (Niu et al., 2007).

Noah-MP explicitly represents evaporation from the soil surface (Edir , m s21), canopy interception loss (Ec , m
s21), and transpiration (Et , m s21) through formulations analogous to Ohm’s law, considering the aerody-
namic and stomatal resistance to water vapor flux within and over plant canopies. Plant transpiration is lim-
ited by stomatal resistance. Stomatal resistance is linked to photosynthesis, which is controlled by a soil
moisture availability factor (or b factor) and the maximum carboxylation rate under optimum conditions,
Vcmax (a vegetation type-dependent constant). Noah-MP uses a static root profile scheme in which the roots
are assumed to be evenly distributed in the vertical direction because of a lack of predictive understanding
of the interactions between water and root dynamics.

Noah-MP represents plant photosynthesis and respiration following the dynamic vegetation model of Dick-
inson et al. (1998). However, the schemes for carbon assimilation through photosynthesis of sunlit and
shaded leaves involve parameterizations of radiation transfer and multiple scattering of light by leaves and
the ground, limitations of Rubisco, light, transport of photosynthate, and PEP-carboxylase (Collatz et al.,
1992, 1991; Farquhar et al., 1980), as well as numerous uncertain parameters. Additionally, the respiration
and allocation of assimilated carbon into various plant parts (wood, stem, leaves, and roots) are determined
empirically and highly parameterized (e.g., Dickinson et al., 1998; Gim et al., 2017; Lacointe, 2000). The pri-
mary motivation for this study is to examine root optimization in response to water table dynamics but not
carbon dynamics: parameterizations associated with the coupled root and carbon dynamics model are not
included.

2.2. VOM-ROOT Dynamics
VOM-ROOT assumes that plants have an evolving mechanism that can minimize the ‘‘costs’’ of maintaining
their root system while meeting their water demands. VOM-ROOT operates in three steps. First, it predicts
plant water storage, i.e., the total amount of liquid water stored in living tissues per unit ground area, Mq

(kg m22) (Figure 1), as follows:

@Mq

@t
5qw

XNr

i51

Qr;iðtÞ2EtðtÞ
 !

; (1)

where qw is the density of water (1,000 kg m23), Qr;i is the rate of water uptake by roots in soil layer i (m
s21), Nr is the number of soil layers that contain roots, and Et is the transpiration rate (m s21). Qr;i is assumed
to withdraw water from the ith soil layer in proportion to the pressure gradient between the root suction
head (hr;i , m) and the matric suction head (hi , m) (Figure 1). By analogy to Ohm’s law,

Qr;i5SAr;iJr;i5 SAr;i
hr;i2hi

Xr1Xs;i

� �
; (2)

where SAr;i is the root area index (RAI), which is defined as the root surface area per unit ground area in layer
i (m2 m22), Jr;i is the water uptake per unit RAI in layer i (m s21), Xr is the root radial resistance to water flow
through the roots per unit RAI, and Xs;i is the resistance to water flow through soil particles toward the root
surface in the ith layer (s). hr;i is determined by the tissue balance pressure in aboveground plant organs,
which provides a driving force for passive water uptake by roots. More details on hr;i and Xs;i can be found
in Schymanski et al. (2008).

Second, VOM-ROOT determines whether the actual root surface area is adequate to withdraw sufficient
water to meet a plant’s water demands for transpiration over the previous day. This can be numerically
described through the plant water storage capacity Mqx (kg m22), i.e., the maximum plant water storage. If
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the actual plant water storage (Mq) predicted by equation (1) always exceeds 95% of Mqx , the root surface
area is more than adequate and the root surface area will decrease. In contrast, if Mq falls below 95% of Mqx ,
the root surface area will increase. Once Mq falls below a critical threshold, Mqmin (kg m22), which is
assumed to be 0.9 Mqx by Schymanski (2007), the root surface area cannot meet the demand for transpira-
tion, leading to stomatal closure to prevent further depletion of Mq. Therefore, a coefficient of change for
the root system (kr ) is defined as follows:

kr5
0:95Mqx2Mq

0:05Mqx
; (3)

where Mq ranges between 0.9Mqx and Mqx . Thus, the value of kr varies between 1 and 21, indicating an
increase (when Mq� 0.95Mqx ) or a reduction in roots (when Mq > 0.95Mqx ), respectively.

The last step is to determine where the roots grow depending on the water uptake rate of a layer during
the previous day. A relative growth rate (kreff;i) for each layer of roots is defined as the ratio of the water
uptake rate of a root layer during the previous day (Jrdaily;i) to the water uptake rate by the most effective
root layer during that previous day, as follows:

kreff;i5
0:5Jrdaily;i

max ðJrdaily;iÞ
(4)

The daily change in root surface area density (i.e., the daily change in root surface area per unit soil volume
in each soil layer, DSAdr;i) is then updated as a function of kr and kreff;i , as follows:

DSAdr;i5Grmax kreff ;i kr; (5)

where Grmax is the maximum daily root-growth rate (m2 m23), which depends on vegetation type. kr deter-
mines when the roots grow, and kreff;i determines where the roots grow. When kr > 0, the root surface area
grows more rapidly in wetter soil layers with a larger value of kreff;i in response to a larger Jrdaily;i according
to equation (4). However, when kr < 0, the root surface area shrinks more rapidly in wetter layers in the

Figure 1. Schematic diagram of the VOM-ROOT model. (left) For the water stored in living plant tissues, including the
below-ground and above-ground biomass, Et represents the transpiration rate, Qr represents the total root water uptake,
and Mq represents the water stored in plant tissues per unit ground area. (right) For the root water uptake processes, Xr

represents the resistance to water flow through the roots per unit root surface area, Xs;i represents the resistance to water
flow toward the root surface through the ith layer soil particles, and hi and hr;i represent the matric suction head and root
suction head, respectively, of layer i.
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same manner as represented in equation (4). As a net result, equation
(4) cannot produce a root profile with more roots in wetter soil layers.
For this reason, we modified kreff;i in equation (4) for kr < 0 to kreff;i5

max Jrdaily;i
� �

=Jrdaily;i to reduce the rate of root surface area shrinking
in wetter soil layers.

2.3. Coupling VOM-ROOT and Noah-MP
We coupled VOM-ROOT with Noah-MP by exchanging state and flux
variables between the two models. Noah-MP provides VOM-ROOT
with transpiration (Et), matric suction head (hi), and hydraulic conduc-
tivity (Kunsat;i); VOM-ROOT, in turn, transfers its vertical root distribution
to Noah-MP (Figure 2).

In Noah-MP, the plant transpiration Et is linearly related to the soil
moisture controlling factor (b) through modification of the stomatal resistance. b 5

PNr
1 bi , where bi is the

soil moisture controlling factor of ith soil layer. bi is determined by the root fraction (froot;i , dimensionless)
and the soil moisture in liquid form (hliq;i , m3 m23) in the ith layer, as follows:

bi5froot;imin 1:0;
hliq;i2hwilt

href 2hwilt

� �
; (6)

where hwilt and href are the soil moisture at the wilting point (m3 m23) and a reference soil moisture (m3

m23; close to field capacity), respectively. Niu et al. (2011) provide more details for calculating the ET flux.
Note that the above equation does not represent the adverse effects of anoxic conditions when the soil
moisture approaches saturation (Feddes et al., 1978; �Simůnek & Hopmans, 2009). We suggest that equation
(6) is appropriate in this study because phreatophytic roots feature aerenchyma, facilitating their adaptation
to the anoxic conditions in the saturated zone, although careful consideration may be necessary for other
vegetation types.

The representations of hi and Kunsat;i for unsaturated soils follow Clapp and Hornberger (1978):

hi5hsat hi=hsatð Þ2b

Kunsat;i5Ksat hi=hsatð Þ2b13
; (7)

where hi is the volumetric soil moisture content (SMC) (m3 m23) in the ith soil layer, hsat is the saturated
water content (m3 m23), hsat is the saturated soil water potential (m), Ksat is the saturated hydraulic conduc-
tivity (m s21), and the exponent b is an empirical parameter that is dependent on soil texture.

VOM-ROOT provides Noah-MP with the vertical root fraction, which is an average of the dynamic root sur-
face area density (SAdr;i) weighted by the layer thickness, Dzi (m), as follows:

froot;i5
Dzi3SAdr;iXNr

i51

Dzi3SAdr;i
� � (8)

In the default model, Noah-MP assumes that the root surface area density is homogeneous, and thus froot,i is
only controlled by the layer thickness. Note that the above optimized root fraction through SAdr;i is applica-
ble to both the unsaturated and the saturated zones.

3. Experimental Data

3.1. Experimental Site
The experimental data used in this study were obtained from a Tamarix spp. stand (878540E, 408270N, with
an altitude of 846 m) in the lower Tarim River Basin (Yuan et al., 2014). The Tarim River is the longest and
largest inland river in northwestern China, flowing through deserts and recharging riparian areas via
ephemeral riverbed infiltration. The study area is characterized by a hyperarid climate with annual precipita-
tion of only 34 mm (Yuan et al., 2014), potential evaporation of approximately 1340 mm/yr (according to

Figure 2. Schematic diagram showing the coupling between VOM-ROOT and
Noah-MP. Et is the transpiration rate; hi and Kunsat;i are the matric suction head
and unsaturated hydraulic conductivity, respectively, in soil layer i; and froot;i is
the vertical root fraction in the ith layer.
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the nearby Tikanlik meteorological station) (Han & Hu, 2012), and an
annual mean temperature of 118C (Yuan et al., 2014).

The dominant vegetation types along the river are phreatophytes
(e.g., Populus euphratica and Tamarix spp.), which rely heavily on
groundwater from shallow alluvial aquifers that are recharged by
the river during flood periods (Ye et al., 2009). The approximately
200 m 3 300 m of riparian shrubland selected includes Tamarix
ramosissima, Tamarix hispida, and Tamarix elongate along with a
small amount of herbaceous plants under the shrubs. The total veg-
etation cover fraction was 0.65, and the leaf area index (LAI) was
1.15 m2 m22 during the early growing season of 2012 (Yuan et al.,
2014). The top 5 m of the soil profile is a silt loam mixed with a
loamy sand, and Ksat decreases with depth (ranging from 2.74 3

1025 to 1.70 3 1026 m s21; Table 1).

3.2. Measurements
The energy fluxes between the land surface and the atmosphere,
including both latent heat (LE, W m22) and sensible heat (H, W m22),
were measured using the eddy-covariance (EC) system described by
Yuan et al. (2014). Soil heat flux plates were installed 8 cm below the
soil surface, and the ground heat flux (G, W m22) was calculated
based on an estimate of the change in heat storage in the soil above
the plates. Meteorological variables, including air temperature, air
pressure, wind speed, relative humidity, and rainfall, were measured
on site. In addition, nine frequency domain capacity (FDC) sensors
(FDS100, Unism, Beijing, China) were installed at soil depths of 0.3,
0.6, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0 m to measure the soil volumetric
water content (Figure 3). Furthermore, a 20 m deep well located
30 m from the flux tower was set up to monitor groundwater level
changes. All measurements were recorded at 30 min intervals. Root
profile measurements from a nearby site with similar hydroclimate
and vegetation conditions (Figure 3) (Xu et al., 2011) were used for a
comparison to the modeled root fraction.

Table 1
Soil Physical Properties Based on Laboratory Analyses

Depth
(m)

Soil physical properties Soil texture

Sand
(2–0.05 mm)

(%)

Silt
(0.05–0.002 mm)

(%)

Clay
(<0.002 mm)

(%)
Bulk density

(g cm23)

Saturated
hydraulic

conductivity
(m s21)

USDA
classification

0.1 No data No data No data 1.10 2.74 3 1025

0.3 80 17 3 No data No data Loamy sand
0.4 No data No data No data No data 2.35 3 1025

0.6 17 72 11 No data No data Silt loam
1.0 15 77 8 No data No data Silt loam
1.5 34 59 7 1.41 1.70 3 1026 Silt loam
2.0 48 47 5 No data No data Sandy loam
2.5 43 52 5 No data No data Silt loam
3.0 37 57 6 No data No data Silt loam
4.0 22 69 9 No data No data Silt loam
5.0 44 51 5 No data No data Silt loam

Figure 3. Diagram showing (left) the locations of the soil moisture sensors and
groundwater levels and (right; see Xu et al., 2011, for details) the root fraction
in each 5 cm soil layer measured at a nearby site with similar hydroclimate and
vegetation conditions. ZWTmin and ZWTmax represent the minimum and maxi-
mum depths of the water table, respectively (see also the observed water table
depth in Figure 5).
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We collected more than 2 years of data from 8 June 2011 to 8 Novem-
ber 2013; some missing data occurred because of unfavorable meteo-
rological conditions or instrument failures. The model requires
continuous meteorological data as its upper boundary condition;
therefore, we filled shorter data gaps (less than 1 day) using data
recorded at the same time on the previous day. For longer gaps (more
than 1 day), we used data recorded on the same day of the previous
or the subsequent year. Imbalances in measured surface energy fluxes
are often problematic (Heusinkveld et al., 2004; Wilson et al., 2002). In
this study, we used an approach similar to that of Twine et al. (2000)
to distribute the energy residual between sensible and latent heat
fluxes based on the proportion of the daily averaged ratio of sensible
to latent heat fluxes (Foken, 2008).

3.3. Evidence of Plant-Groundwater Interactions
Yuan et al. (2014) observed a distinct diurnal fluctuation in the water
table during the growing season, indicating direct root water uptake
from groundwater. The soil moisture measured at 5 m varied season-
ally, from approximately 0.52 m3 m23 during the nongrowing season

to 0.40 m3 m23 during the growing season (Figure 4). However, the soil moisture measured at shallower
depths of 4 and 3 m remained stable at approximately 0.38 m3 m23 and 0.30 m3 m23, respectively (Figure
4). These observations suggest that Tamarix took up deep soil water and groundwater through its roots. As
a result, the water table gradually declined from the beginning (late April) to the middle (early August) of
the growing season (Figure 5) but with an increasing trend that was caused by lateral groundwater flow
(Wang et al., 2014a, 2014b). It is worth noting that the liquid soil moisture in the upper layers (0–1 m depth)
exhibited slight seasonal variations (Figure 4), which are likely associated with seasonal freeze-thaw cycles.

4. Model Experiments

4.1. Soil and Vegetation Parameters
4.1.1. Soil Hydraulic Properties
During the nongrowing season, despite a slight depletion in liquid soil moisture caused by freezing of the
upper layer, the soil moisture content in the unsaturated zone remained relatively constant (Figure 4), sug-
gesting a quasi-equilibrium state. Assuming homogeneous soil, we estimated the Clapp-Hornberger param-
eters (Clapp & Hornberger, 1978) for use in Noah-MP (Table 2) by fitting the retention relationship between
the suction head and soil moisture observed during the nongrowing season (Figure 6). As discussed in sec-
tion 3.3, root water uptake primarily occurs in the deeper soil layers; therefore, we used the observed soil

moisture between 3 and 5 m when fitting the relationship.

The soil moisture at the wilting point, hwilt , was estimated to be
0.048 m3 m23 (Table 2), which is equivalent to 23 MPa and is consis-
tent with the estimates provided by Zeng et al. (2002) and Nippert
et al. (2010) for the typical riparian shrub T. ramosissima. We used
Rosetta SSC (with pedotransfer functions of the % sand, silt, and clay)
(Schaap et al., 2001) to calculate the saturated hydraulic conductivity,
Ksat . The resulting Ksat value ranged from 4.68 3 1026 to 7.68 3 1026

m s21, with an average value of 6.06 3 1026 m s21, which is close to
the default value for sandy loam soils in the look-up table of Noah-MP
(5.23 3 1026 m s21). We used the default values of href and Ksat for
sandy loam provided by the Noah-MP look-up table (Table 2).
4.1.2. Vegetation Parameters
The vegetation parameters used in VOM-ROOT were modified to
approximate Tamarix spp. in a dry environment. Based on the data
reported in the literature (Gou & Miller, 2014; Vogel et al., 2016; Xu
et al., 2011), the mean radius of the fine roots (rr ) was set to 1.0 3

Figure 4. Observed 30 min liquid soil moisture content (SMC, m3 m23) at 0.3, 1,
3, 4, and 5 m depths.

Figure 5. Observed water table depth (ZWT) at 30 min intervals.
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1023 m, and the root resistance to water uptake per unit root surface area (Xr ) was assumed to be 10,000
days (i.e., 8.64 3 108 s). Anwar and Yin (1997) estimated the mass of dry matter in living plant tissues per
unit ground area (Md) for Tamarix spp. in northwestern China to be approximately 5.2 kg m22. According to
Schymanski et al. (2008), the plant water storage capacity (Mqx ) in VOM-ROOT was assumed to be equal to
the mass of dry matter in living plant tissues per unit ground area (Md). The other plant parameters associ-
ated with the root water uptake in equations (1) and (2) and root optimization in equation (5) were the
same as those in Schymanski et al. (2008) (see Table 2).

Vcmax (lmol CO2 m22 s21) and LAI (m2 m22) are key vegetation parameters in Noah-MP that control transpi-
ration and surface energy fluxes. Zhang (2015) performed a parameter sensitivity analysis and concluded
that simulated transpiration is generally not very sensitive to estimates with an error of 10–20% in Vcmax.
Analysis of the current literature data on Tamarix spp. collected in northwestern China (Wang et al., 2012)
and the Mediterranean basin (Jaoud�e et al., 2012; Kuzminsky et al., 2014) suggests that the Vcmax value is
approximately 90 lmol CO2 m22 s21 (Table 2).

The simulation of LAI in Noah-MP involves complex schemes of carbon assimilation via photosynthesis, allo-
cation of carbon to leaves, leaf growth, and maintenance respirations, death attributable to water and tem-
perature stresses, and the resulting feedback to photosynthesis. Although transpiration is primarily
controlled by stomatal conductance through light availability and temperature stress, to reduce the effect
of errors resulting from uncertain LAI simulation on the dynamics of root water uptake, we used LAI

Table 2
Model Parameters Used in the Simulations

Parameters Description Values

Vegetation Parametersa

rr (m) Mean radius of fine roots 1.0 3 1023

Xr (s) Root radial resistance to water uptake per unit root surface area 8.64 3 108

Md (kg m22) Mass of dry matter in living plant tissues per unit ground area 5.2
Mqx (kg m22) Water storage capacity of living plant tissues per unit ground area 5.2
c1 (bar) Empirical constant used to quantify tissue balance pressure

see equation (23) in Schymanski et al. (2008)
750

c2 (bar) Empirical constant used to quantify tissue balance pressure
see equation (23) in Schymanski et al. (2008)

1

cPbm (m bar21) Conversion coefficient from pressure (bar) to hydraulic head (m) 10.2
qw (kg m23) Density of water 1.0 3 103

Grmax (m2 m23 d21) Maximum daily root-growth rate 0.1
Vcmax (lmol CO2 m22 s21) Maximum rate of carboxylation 90
LAI (m2 m22) Leaf area index May: 1.0

Jun: 1.8
Jul: 2.6

Aug: 2.6
Sept: 1.5
Oct: 0.4

Soil Hydraulic Properties
hsat (m3 m23) Saturated water content 0.540
hwilt (m3 m23) Soil moisture at the wilting point 0.048
href (m3 m23) Reference soil moisture 0.383
hsat (m) Saturated soil water potential 0.60
b (dimensionless) Clapp-Hornberger empirical parameter 2.56
Ksat (m s21) Saturated hydraulic conductivity 5.23 3 1026

Model Layers
Number of layers in the unsaturated zone (2) 100
Layer thickness of the unsaturated zone (cm)
Number of layers in the saturated zone (2)
Layer thickness of the saturated zone (cm)

5
1

65 for DYN-CON
70 for DYN-VAR

Model Spin-Up Time
Total number of spin-ups (2) 5

aThe values for the vegetation parameters are from Schymanski et al. (2008), except for rr , Xr , Md , Mqx , Vcmax, and LAI.
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measurements to modify the monthly LAI look-up table in Noah-MP.
At this site, in the early growing season of 2012, LAI was 1.15 m2 m22

(Yuan et al., 2014), and the mean LAI during the entire growing season
was estimated to be approximately 1.6 m2 m22 (Zhang, 2015).
Because more detailed measurements of seasonal variations in LAI
were not available, we modified the monthly LAI values ranging from
0.4 to 2.6 m2 m22 (Table 2); these values are consistent with other
studies conducted on Tamarix spp., which showed a high LAI of
Tamarix spp. (e.g., Glenn & Nagler, 2005; Hultine et al., 2010; Nagler
et al., 2004, 2008; Sala et al., 1996) and its seasonal variations (Tian
et al., 2004).

4.2. Modeling of the Experimental Site
4.2.1. Model Setup
The model allows the roots to reside in the entire model soil column,
including both the unsaturated and the saturated zones; they are
evenly distributed at the beginning of the model experiments. Con-
sidering that the capillary fringe (i.e., the saturated zone where the
matric potential changes but the water content does not (Jury &
Horton, 2004)) was 0.60 m thick (Table 2), we assumed that the unsat-
urated zone was approximately 5.0 m thick. The upper 5.0 m unsatu-

rated zone was then divided into 100 layers, each with a layer thickness of 5 cm; the layer below 5.0 m,
including the capillary fringe and saturated zone, was assigned as a single model layer (i.e., the 101st layer).
The root surface area density in the entire soil column, including the 101st layer (i.e., the density of water-
logged or phreatophytic roots), was optimized through the dynamic root scheme. The total rooting depth
and the layer thickness of the 101st layer (depending on the total rooting depth) was calibrated against the
observed ET flux.
4.2.2. Model Experiments
We conducted two experiments with the coupled Noah-MP/VOM-ROOT model. The first experiment (here-
after referred to as ‘‘DYN-CON’’) used a static water table depth of 5.65 m, which is the averaged water table
depth during the observation period (Figure 5) without seasonal variations, and the second experiment
(‘‘DYN-VAR’’) used the observed dynamic water table depth varying from 5.0 to 6.5 m (Figure 5). For a fair
comparison with DYN-CON, we also conducted a baseline experiment using the default Noah-MP, with an
evenly distributed, static root profile across the entire soil column with a rooting depth that is the same as
the calibrated rooting depth of DYN-CON.

We used observed near-surface meteorological data, which were available from 8 June 2011 to 8 November
2013, to drive the model. To have three full years for use in the model spin-up runs, we filled the missing
data from 1 January 2011 to 7 June 2011 and from 9 November 2013 to 31 December 2013, with data
recorded during the same period in adjacent years. To obtain the initial conditions of soil moisture and tem-
perature along with other prognostic variables, we spun the model up for five loops using the 3 year data
from 1 January 2011 to 31 December 2013. This 15 year model run also ensured an equilibrium state
between the soil moisture and the root dynamics. We used the modeling results from 1 November 2011 to
31 October 2013, from the final loop for analyses.

4.3. Modeling Results
4.3.1. Model Improvements
The baseline experiments using the default Noah-MP with the evenly distributed, static root profile pro-
duced reasonable estimates of ground heat (G) and net radiation (Rn) fluxes but poorly partitioned the avail-
able energy (Rn 2 G) into latent and sensible heat fluxes. Generally, the model underestimated latent heat
flux during the growing season and overestimated the sensible heat flux during the same period to balance
the available energy. This feature is partly attributable to the model’s failure to reproduce direct root water
uptake from the saturated zone, which is considered as a dominant process controlling ET of the
phreatophytes.

Figure 6. Fitted soil water retention curve using the mean soil moisture
content for a static water table depth of 5.65 m during the nongrowing season
(between December and March).
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To produce ET values that are comparable to the observations (Figure 7),
the rooting depth was calibrated to be 5.65 m for DYN-CON, and the
resulting root fraction below 5.0 m (i.e., the 101st layer) averaged over
the two growing seasons is 0.27. In contrast, for DYN-VAR, the rooting
depth was calibrated to be 5.70 m, and the resulting root fraction below
5.0 m increases to 0.44. These results suggest that the declining ground-
water levels during the growing seasons (as simulated by DYN-VAR)
necessitates the growth of additional roots in the saturated zone to
maintain the observed transpiration rates. The calibrated rooting depth
(5.70 m) is roughly equal to the average water table depth (5.65 m).

Compared to DYN-CON, the default Noah-MP model with a static root
profile was unable to produce accurate simulations of the latent and
sensible heat fluxes, as indicated by the root-mean-square errors
(RMSEs), the Nash-Sutcliffe efficiency (NSE), and the coefficient of
determination (R2) (Figure 7). The default Noah-MP underestimated
latent heat flux during the growing season even if the total soil depth
and the rooting depth were extended from the standard 2.0 m (used
in weather forecast and short-term climate prediction models) to
5.65 m, as set in the DYN-CON.
4.3.2. Interactions Between the Soil Moisture Profile and Root
Distribution
In the coupled Noah-MP/VOM-ROOT model, the soil moisture and the
root profile are tightly coupled. As shown in Figures 8a and 8b, the ver-
tical root distribution above the saturated zone strongly responded to
the soil moisture profile, in turn affecting the vertical soil moisture dis-
tribution. The modeled and observed soil moisture profiles averaged
over the two growing seasons were roughly consistent, but deviate at
depths between 2 and 4 m (Figure 8a). These differences are likely
related to the model’s assumption of evenly distributed soil texture.

In addition, the modeled root fraction profile averaged over the two
growing seasons resembles the observed profile at a nearby site with
similar hydroclimate and vegetation conditions (Figure 8b) despite the
lack of key processes associated with carbon allocation to roots and
root turnover in the model. To improve the prediction of soil moisture

and root distribution, soil texture data varying among different soil horizons should be included, which would
allow the determination of depth-specific hydraulic parameters for the model (Gao et al., 2015).

At this site, the annual ET (approximately 515 mm) is much higher than the annual precipitation (approxi-
mately 35 mm). The excess of ET over precipitation is primarily supplied by direct root water uptake from
deep soil moisture and groundwater, which are periodically replenished by infiltrating river water. To satisfy
the root water uptake needed for plant transpiration, the modeled root surface area density optimized by
VOM-ROOT exhibited significant seasonal variations (Figure 8c).
4.3.3. ET Partitioning and Plant Water-Use Strategies
DYN-VAR reproduced the daily ET dynamics (Figure 9a) with high R2 (0.93) and NSE (0.92) values, and a low
RMSE value (0.50 mm d21) (Figure 9b). The modeled transpiration (Et) was 944 mm for the 2 year period,
accounting for 92.3% of the total ET, whereas the simulated canopy interception loss (Ec) and soil surface
evaporation (Edir ) were 5 mm (0.5% of the total ET) and 74 mm (7.2% of the total ET), respectively. The sum
of Ec and Edir is roughly equal to the total precipitation (P) observed during the same period. In general, can-
opy interception loss and soil surface evaporation occurred immediately after rainfall events and lasted for
a few days (Figure 9c). The low soil evaporation rates in the model are also supported by observations such
as the lack of diurnal and seasonal variations in the soil moisture of shallow soils and the presence of a dry
surface sandy layer (Yuan et al., 2014). Therefore, in this hyperarid area with root-accessible water tables,
plant transpiration is primarily enabled and sustained by optimally adapted deep and vigorous root systems
that follow the variations in the water table.

Figure 7. Modeled versus observed monthly latent heat flux (LE), sensible heat
flux (H), ground heat flux (G), and net radiation (Rn). Values of the root-mean-
square errors (RMSEs), Nash-Sutcliffe efficiency (NSE), and coefficient of determi-
nation (R2) are presented in the order of default Noah-MP and DYN-CON.
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The coupled Noah-MP/VOM-ROOT modeling results indicate that nearly 84% of the root water uptake for
plant transpiration came from shallow groundwater and the capillary fringe above the water table. The lack
of seasonal variation in the observed soil moisture in the upper 4 m of the profile (Figure 4) also suggests
that active roots are mainly concentrated in the soil layers close to the water table. These results are similar

Figure 8. (a) Comparison between the modeled soil moisture profile (liquid water only, SH2O) and observations. (b) Comparison between the modeled (DYN-VAR)
root fraction and observations (Xu et al., 2011) in the upper 5 m unsaturated zone for each 1 m soil layer and in the lower waterlogged root layer (0.7 m) averaged
over the two growing seasons. (c) The modeled (DYN-VAR) monthly root surface area density (SAdr) averaged over the two years along the soil depth with intervals,
as indicated in Figure 8b.

Figure 9. (a) Daily ET modeled by DYN-VAR and its observations. (b) Comparison between simulated and observed ET. (c) Superimposed canopy evaporation (Ec in
green) upon soil evaporation (Edir in light gray) in relation to rainfall events (P in blue). (d) Typical diurnal variations in soil moisture content (SMC, in m3 m23) in
the waterlogged root layer during the growing season.
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to the simulations of phreatophytic vegetation in California presented by Gou and Miller (2014), indicating
that from 62% to 96% of plant transpiration during the dry season is accounted for by root uptake from
groundwater. This modeling result is also consistent with other studies on the water-use strategy of phreat-
ophytic vegetation (Engel et al., 2005; Orellana et al., 2012; Scott et al., 2008).

The modeled diurnal cycle in soil moisture close to the water table during the peak growing season (Figure
9d) is a combined result of the processes of root water uptake during the daytime and soil moisture replen-
ishment during the nighttime (Nachabe et al., 2005). Additionally, the model represents water exchange
between roots and the surrounding soil matrix as described by equation (2), which can result in positive
(from soil to roots) or negative (from roots to soil) fluxes at different depths. The resulting net vertical water
redistribution through roots is referred to as ‘‘hydraulic redistribution’’ (Dawson, 1993; Prieto et al., 2012).
However, the effects of hydraulic redistribution are insignificant for the current homogeneous soil profile
because the root surface area density in the upper dry layers is too low as a result of root optimization
(Schymanski et al., 2008), as shown in Figure 8c. Furthermore, the unsaturated hydraulic conductivity of the
dry soil surrounding the roots is also too low to yield significant effects. These results are consistent with
the field study of Yuan et al. (2014), which indicated that soil moisture in the shallow layers does not exhibit
diurnal variations, thereby suggesting that hydraulic lift is not a controlling process at this site.

5. Discussion and Conclusions

In this paper, we implemented VOM-ROOT, a soil moisture-responsive root dynamics scheme (Schymanski
et al., 2008), in Noah-MP through exchanges of the soil moisture conditions and the vertical distribution of
root density between the models. The dynamic root model describes the optimization of vertical root distri-
bution in response to changes in subsurface water conditions, which allows plants to maintain a sufficient
amount of water to meet the water demand for transpiration.

We applied the coupled Noah-MP/VOM-ROOT model to a riparian Tamarix spp. stand in a hyperarid area in
northwestern China. We conducted two 1-D experiments: one with a static water table depth of 5.65 m
(DYN-CON) and the other with the dynamic water table depth of the observed, varying from 5.0 to 6.5 m
(DYN-VAR). The transpiration modeled by DYN-VAR was 472 mm/yr (92.3% of ET); the modeled evaporation
from the canopy and soil surface was approximately 39.5 mm/yr (7.7% of ET), which is close to the observed
precipitation (approximately 35 mm/yr). At this dry riparian site, transpiration is primarily supplied by direct
root water uptake from the capillary fringe and groundwater that is recharged by lateral groundwater flow,
whereas evaporation from the canopy and soil surface is primarily supplied by precipitation. The coupled
Noah-MP/VOM-ROOT simulations indicated that up to 84% of the water lost through transpiration was
obtained from the saturated zone through direct root water uptake.

The root systems of desert phreatophytes have a remarkable ability to adapt to groundwater dynamics
(Naumburg et al., 2005; Orellana et al., 2012), resulting in vertically optimized active roots that respond to
water table dynamics. In this study, the root surface area density in both the saturated and the unsaturated
zones was optimized through VOM-ROOT, whereas the rooting depth in the saturated zone was calibrated
against the observed ET. For DYN-VAR, the resulting rooting depth was 5.70 m and the root fraction below
5.0 m averaged over the growing seasons was 0.44. These results are consistent with the observations of Xu
et al. (2011), which suggested that roots within the capillary fringe and the underlying saturated zone
account for approximately 40% of the total roots. The calibrated rooting depth is almost the same with the
average water table depth, suggesting the rooting depth follows the water table dynamics, and the rooting
depth can be roughly prescribed as the observed average water table depth in the coupled Noah-MP/VOM-
ROOT model.

As noted by �Simůnek and Hopmans (2009), for macroscopic root water uptake models, a priori knowledge
of root distribution is extremely important when uncompensated root water uptake schemes are consid-
ered. Our results suggest that the VOM-ROOT model (Schymanski et al., 2008) implemented in the Noah-MP
is capable of predicting the root distribution needed to simulate water and energy exchanges between
phreatophytic vegetation and the atmosphere. Such root optimization models provide a water potential
gradient-based approach to describe the compensation mechanisms for the root water uptake (Gou &
Miller, 2014; Teodosio et al., 2017). However, the optimization scheme is more explicit than the compensa-
tion schemes that use the root adaptability factor, which is difficult to determine for various soil and
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vegetation types. Additionally, the optimization scheme is more compatible for future coupling with root
biomass predicted by the Noah-MP’s plant physiology and carbon allocation schemes.

For deep-rooted vegetation, instead of a standard rooting depth of 2 m in the land surface models, opti-
mized large rooting depths can significantly improve the simulation of root water uptake and the associ-
ated latent heat flux (Kleidon & Heimann, 1998; Schymanski et al., 2015). In our simulations, we had to
prescribe (or calibrate) the rooting depth in VOM-ROOT as a static parameter, although the root surface
area density was predicted using the optimization scheme. We anticipate that together with calibrating the
rooting depth, the optimization schemes might also be able to simulate the functional response of phreato-
phytic roots.

Root dynamics depend on plant physiological characteristics, groundwater dynamics, and soil types, among
other variables (Naumburg et al., 2005; Norby & Jackson, 2000). In addition, recent research (e.g., Moffett &
Gorelick, 2016) has highlighted the importance of geochemical contributions to self-organized vegetation
zonation, including changes in root distribution shape and density under different salinity stresses (Coppola
et al., 2015). Therefore, understanding the combined effects of water and salinity stresses on the redistribu-
tion of the root system remains a major challenge for simulations of root water uptake processes (Skaggs
et al., 2006). Finally, a vertically layered texture has the potential to significantly affect vertical soil water
movement and redistribution and should be represented in future models.

In arid riparian regions, the dominant water sources for plant transpiration can rapidly alternate between
soil water during the wet season and groundwater during the dry seasons (Gou & Miller, 2014) through root
optimization controlled by water availability (Teuling et al., 2006). For groundwater-dependent vegetation,
groundwater contributes significantly to the root water uptake, though this contribution may vary widely
depending on changes in soil thickness and water table regimes (Lowry & Loheide, 2010). This study repre-
sents a step toward a full representation of the interactions between root dynamics and soil water/ground-
water dynamics and provides insight into the role of water table dynamics in controlling land-atmosphere
interactions (Anyah et al., 2008; Green et al., 2011; Lowry & Loheide, 2010).
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