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A B S T R A C T

Following the scheme of the groundwater-soil-plant-atmosphere continuum (GSPAC), a simple process-based
model (SiTH; Simple Terrestrial Hydrosphere) was developed to estimate the dynamics of terrestrial evapo-
transpiration (ET) at the daily step. The input data include net radiation, air temperature, precipitation, leaf area
index, vegetation type and soil data, most of which are readily available. Locally, the model performed well in
simulating the dynamics of ET and soil moisture over selected FLUXNET sites. Globally, the daily 0.25° ET and
groundwater table depth estimations in year 2005 were determined using available gridded datasets. The spatial
pattern was reasonable and the range of values corresponded well with other global ET and groundwater table
depth products. In future studies, we will produce a long-term daily 0.25° global ET and groundwater table depth
products that spans from 1984 to present by using different input datasets.

1. Introduction

Evapotranspiration (ET), the sum of evaporation from bare soil,
canopy interception stores, water body, sublimation from snow, and
canopy transpiration through stomata, is an important land surface
process in climatology and a nexus for terrestrial water, energy and
carbon cycles (Fisher et al., 2008; Jung et al., 2010; Katul et al., 2012;
Maxwell and Condon, 2016). About 60% of annual land precipitation is
returned to the atmosphere through the ET process (Trenberth et al.,
2007), and the associated latent heat of vaporization consumes more
than 50% of the absorbed net solar radiation (Trenberth and Smith,
2009), which affects regional climate (Seneviratne et al., 2006).
Therefore, accurate measurements and estimates of ET are crucial to a
wide range of problems in hydrology (Xu and Singh, 1998; Zhu et al.,
2013, 2014), geographical ecology (Fisher et al., 2011), climate change
(Reynolds et al., 2000) and practical applications. Over the past dec-
ades, a large number of models, including simple or empirically-derived
formulations, satellite-based algorithms, and land surface models (see
e.g., Wang and Dickinson (2012) and Clark et al. (2015) for compre-
hensive reviews), have been developed to estimate ET at different

spatio-temporal scales, and are becoming more and more popular due
to their advantages in addressing ecosystem processes over a spectrum
of timescales (Shugart, 2000; Zhu et al., 2013).

Despite the aforementioned advancement, there are still some in-
sufficiencies in parameterizing the basic hydrological processes in these
models, which in turn limit our capability in accurately simulating the
regional/global ET dynamics (Clark et al., 2015; Maxwell and Condon,
2016). First, there is increasing evidence that groundwater table dy-
namics have important impacts on root-zone soil moisture, surface
runoff generation, land-atmosphere fluxes and regional climate (Clark
et al., 2015), and different methods have been proposed to represent
the groundwater table dynamics in land surface models (e.g., York
et al., 2002; Liang et al., 2003; Maxwell and Miller, 2005; Yeh and
Eltahir, 2005a,b; Niu et al., 2007; Miguez-Macho et al., 2008; Lo and
Famiglietti, 2011; Miguez-Macho and Fan, 2012a,b; Fan et al., 2013;
Maxwell and Condon, 2016). However, most of these methods are
limited to regional-scale applications due to large computational and
data requirements of their complex representations of groundwater
dynamics (Maxwell and Miller, 2005; Lo and Famiglietti, 2011;
Maxwell and Condon, 2016). Thus, there is a need to represent the
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groundwater table dynamics in a parsimonious and computationally
efficient way (Clark et al., 2015). Other methods often assume that the
moisture flux exchange between unsaturated soil column and ground-
water occurs at a fixed depth (York et al., 2002; Niu et al., 2007; Lo and
Famiglietti, 2011; Fan et al., 2013), which may result in some sig-
nificant biases in ET estimates (Koirala et al., 2014). Also, groundwater
can act as the primary water source for ET when groundwater table is
shallow (York et al., 2002). Thus, it is needed for models to properly
quantify the proportion of ET from the different water sources (e. g.,
surface soil layer, deep soil layer and groundwater). Second, the plant
root depth is not well parameterized by current ET models. Generally,
most models assumed root depth of only 1.3–2.0m in forests and
0.6–1.0 m in short vegetation (Choudhury et al., 1998; Gerten et al.,
2004; Miralles et al., 2011). In fact, previous observations revealed
widely varying rooting depths and broad associations with biome types
(i.e. roots are shallow in boreal biomes and annual crops; deep roots are
found in arid, semiarid, and season-arid climates) (Jackson et al., 1996;
Canadell et al., 1996; Schenk and Jackson, 2002a,b). Thus, current
models with unrealistically shallow root depths tend to underestimate
the capability of the vegetation to resist drought and obtain a spuriously
strong impact water stress on plant transpiration (Nepstad et al., 1994;
Nobuhiro et al., 2007; Giambelluca et al., 2016; Giardina et al., 2018).
Also, the root distribution has significant influences on the vertical
profile of soil water content and groundwater table dynamics (Jackson
et al., 1996). The improper representation of root distribution may
result in significant biases in simulated soil moisture and groundwater
table dynamics. Thus, to accurately estimate ET and its different com-
ponents, it is needed to properly depict the basic hydrological processes
and the interactions between hydrological processes and vegetation
along the groundwater-soil-plant-atmosphere continuum (GSPAC)
(Scanlon and Kustas, 2012).

This paper presents a new model, SiTH (Simple Terrestrial
Hydrosphere) that was developed by coupling parsimonious and robust
models of GSPAC, to estimate dynamics of terrestrial ET and its dif-
ferent components (soil evaporation, loss of intercepted water, and
plant transpiration). The aims for the model were to (a) properly re-
present the groundwater table dynamics and its interaction with soil
moisture, surface runoff and plant transpiration; (b) reduce the number
of parameters and inputs as far as possible and facilitate its application
to regional/global scale; (c) run on a daily frequency that could capture
temporal variation in groundwater table dynamics and soil moisture, as
well as their constraints on soil evaporation and plant transpiration;
and (d) derive a global daily 0.25° ET (including its different compo-
nents) and groundwater table depth dataset that can be used for studies
of the global hydrological cycle. To examine the performances of our
model, we validate model estimates with ground data from 85
FLUXNET sites representing a wide range of biomes and climate con-
ditions; we also compared the distributions of global ET and ground-
water table depth estimated by our model with other published studies.

2. Model description

The model, known as SiTH (Simple Terrestrial Hydrosphere), is
designed to estimate terrestrial ET by incorporating the well-established
models of each of the individual hydrological process over land (Fig. 1).
The model is run on daily basis and contains six modules. In the first
module, the canopy interception and evaporation loss of incident
rainfall are calculated. The second module describes the snow accu-
mulation and snowmelt dynamics. In the third module, the supply of
water (i.e., throughfall, stemflow and snowmelt) is partitioned at land
surface between surface runoff and infiltration. The fourth module is a
two-layer soil water balance model that describes the vertical water
movement in the unsaturated zone. The upper layer (z1) has a depth of
0–0.40m, and the lower layer (z2) extends from z1 to the average root
depths of different biomes (Jackson et al., 1996; Canadell et al., 1996;
Schenk and Jackson, 2002a,b) (Table 1; Supplement 1). It is assumed

that soil evaporation is restricted to the upper layer, while plant tran-
spiration can extract water from both layers. The fifth module is a
simple groundwater model that describe the temporal variation of the
groundwater table (zgw) in the unconfined aquifer. In this study, the
groundwater table is defined as the depth at which the soil becomes
saturated with water (Fig. 1). Finally, the potential evapotranspiration
(PET), calculated using the Priestley and Taylor (PT) (1972) equation
due to its minimal requirements for parameters and input variables, is
downscaled to actual evapotranspiration based on ecophysiological
constraints and water availability. The framework of the model, sepa-
rated into input, main module and output domains, are given in Fig. 2.
A detail description of entire hydrological flux computations is given in
the following sections.

2.1. Rainfall interception loss

In SiTH, precipitation (Pr, mm day−1) is divided into rainfall (Ra
fall,

mm day−1) and snowfall (Sn
fall; mm day−1) depending on whether daily

mean air temperature is above or below 0 °C. All precipitation on days
with negative daily mean temperature adds to snowpack; snowfall in-
terception is omitted due to the lack of proper candidate models
(Miralles et al., 2010). Rainfalls intercepted by the canopy are evapo-
rated at the potential rate. The capacity of canopy to store water (Sc,
mm day−1) is defined as a function of biome, incoming rainfall (Ra

fall,
mm day−1), and leaf area index (LAI) (Kergoat, 1998):

= × ×S R LAIc a
fall

where β us a dimensionless biome-dependent coefficient for the rainfall
regime (Table 1). The fraction of day-time consumed by wet canopy
evaporation, fwet, is calculated as (Kergoat, 1998):

=f S
T

min{ , 1}wet
c

p

where Tp (mm day−1) is the potential transpiration rate of canopy (see
below); χ is fractional interception occurring during day-time, which is
primarily governed by diurnal variation of precipitation. For 50%–90%
of rainfall occurring during day-time, the range of χ could be 0.5–0.9
due to diurnal variation of precipitation (Oki and Musiake, 1994). Here,
the value of χ is set to be 0.7. Daily interception loss (Ei; mm day−1) is
then given by:

= ×E f Ti wet p

The remaining day-time canopy-available energy (1− fwet) is used
for plant transpiration (see below).

2.2. Snowpack water balance

For high latitudes and mountainous regions, the water balance is
largely controlled by snow processes. In SiTH, the snow water balance
equation is simply expressed as:

=dS
dt

S S Ew
n m s
fall

where Sw is snowpack water content (mm); Sn
fall is daily snow fall

(mm day−1); Sm is daily snowmelt (mm day−1); Es′ is net snow eva-
poration (mmday−1); and t is time index with an interval length of
1 day. Snowmelt is calculated using the degree-day method (Choudhury
et al., 1998):

= + ×S S T(1.5 0.007 )m n a
fall

where Ta is air temperature above 0 °C. Research on snow evaporation
and condensation are rather limited (Gray and Prowse, 1993). Fol-
lowing Choudhury and DiGirolamo (1998), a constant Es’ of
0.15mmday−1 is used for the duration of snow cover.
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2.3. Surface runoff

Surface runoff, Rs (mm day−1), is estimated using the Soil
Conservation Service (SCS) curve number technique (SCS, 1985, 1986):

= >×
+ ×R P V

P V

0.2

0 0.2
s

P V
P V

( 0.2 )
0.8 net max

net max

net max 2

net max

(6)

where Pnet (mm day−1) is the daily flux of water incident on soil surface
(i. e., Pnet= Pr − Ei+ Sm); and Vmax (mm) is the overall soil water re-
tention capacity, which can be estimated as (Choudhury and
DiGirolamo, 1998):

= ×
=

V d( )
i

s i a i imax
1

2

, ,
(7)

where θs,i (m3 m−3) and θa,i (m3 m−3) is the saturated and antecedent
(previous day) soil water content for the ith soil layer (i=1 and 2),
respectively; di is the thickness of the unsaturated soil in the ith layer
(mm). In SiTH, the depth of root zone remains constant for each biome,
but the thickness of unsaturated soil in each layer is variable with time
as the groundwater table depth dynamically changes (Fig. 1). Thus, the
thickness of the unsaturated soil in the ith layer (di, i=1, 2) is calcu-
lated as:

= <
>

d
z z

z z z z z
z z z

0
i

gw m i

gw m i m i gw m i

i gw m i

, 1

, 1 , 1 ,

, (8)

where zi is the depth of the ith soil layer (mm); zm,i is the bottom depth
of the ith layer (note that for the first layer (i=1), the value of zm,i−1 is
equal to zero); and zgw is the groundwater table depth from the surface
(mm) (Fig. 1). As an example, when the groundwater table reaches the

Fig. 1. Schematic representation of the hydrological process computed by the SiTH model. Case 1 represents that groundwater table is below the root zone; and Case
2 and Case 3 represent that groundwater table is within the second and first soil layer, respectively. The arrows indicate water fluxes.

Table 1
Hydrologically relevant biome parameter values.

PFTs β D50 (cm) c Zr (m)

tropical evergreen broadleaf tree 0.02 15 −1.63 7.3
tropical raingreen broadleaf tree 0.02 16 −1.65 3.7
temperate evergreen needleleaf tree 0.06 21 −1.84 3.9
temperate evergreen broadleaf tree 0.02 23 −1.77 7.0
temperate deciduous broadleaf tree 0.02 23 −1.77 2.9
boreal evergreen needleleaf tree 0.06 12 −1.87 2.0
boreal deciduous needleleaf tree 0.06 12 −1.87 2.0
boreal deciduous broadleaf tree 0.06 12 −1.87 2.0
grass 0.01 13 −1.92 2.6
humid tropical savannas 0.01 14 −1.54 8.0
dry tropical savannas 0.01 28 −1.80 15
temperate savanna 0.01 23 −1.63 8.0
mediterranean shrub 0.01 19 −1.34 5.2
desert shrub 0.01 28 −1.91 9.5
tundra 0.01 9 −2.51 0.5
crop 0.01 18 −2.01 2.1

β: the coefficient for calculation of interceptions; D50 and c: the shape para-
meters of logistic dose-response root distribution model; Zr: root depth (m).
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surface (zgw=0; meaning that the whole soil profile is saturated), both
d1 and d2 will be equal to zero and the entire volume of net pre-
cipitation (Pnet) becomes surface runoff (Eq. (6)). The amount of water
infiltrating into the soil (In; mm day−1) is expressed as the minimum of
two factors as follows:

=I K P Rmin{ , }n s s,1 net (9)

where Ks,1 is the saturated hydraulic conductivity of the first soil layer
(mm day−1) (Table 2).

2.4. Soil water balance

The vertical movement of soil moisture in unsaturated layers is si-
mulated using a two-layer model. The infiltration water (In; mm day−1)
was first stored in the top unsaturated layer, which subsequently
drained to field capacity into the next soil layer (Allen et al., 1998;
Miralles et al. 2011); and the same procedure was used to calculate the
vertical flow from the remaining layers until it finally recharges to the
underlying groundwater (Fig. 1). Here, this empirical drainage algo-
rithm is preferred over well known alternatives such as the Richards
equation (Richards, 1931), due to its simplicity and relatively high
computational efficiency for the global-scale simulations. At every daily
time step, the soil water content in each unsaturated layer is modelled
as:

× =

× =

d I t E t T t F t

d F t T t F t

( ) ( ) ( ) ( )

( ) ( ) ( )

d t
dt n s s

d t
dt s

1
( )

,1 1

2
( )

1 ,2 2

1

2
(10)

where i (m3 m−3) is water content of unsaturated soil in the ith layer
(i=1 and 2); di (mm) is the thickness of the unsaturated soil in the ith
layer; In (mm day−1) is the entire volume of infiltration water; Es

(mm day−1) is daily actual soil evaporation (see below); Ts, i

(mm day−1) is daily plant transpiration from the unsaturated soil in the
ith layer (see below); and Fi (mm day−1) denotes the drainage of water
out of the ith layer, which is estimated as:

= ×F t d t( ) max{0, [ ( ) ]}i i i fc i, (11)

where fc,i (m3 m−3) is the field capacity of the ith soil layer. In SiTH,
the groundwater table depth determines the number of unsaturated
layers in root zone and the thickness of the unsaturated soil in each
layer (di, i=1, 2), as well as the position of the interface between the
soil and the groundwater (Fig. 1). This is more realistic than assumption
of a fixed depth for flux exchange between the unsaturated soil column
and the aquifer that adopted by most land surface models (Clark et al.,
2015). In addition, the water drainage out of the unsaturated zone to
groundwater may be available for plant transpiration in SiTH if the
groundwater table extents to the root zone and therefore affects the
modelled ET.

2.5. Groundwater mass balance

The temporal variation of water storaged in the saturated zone, Wa

(mm), is expressed as:

=dW
dt

F T Ra
i r g, sb (12)

where i is the index of soil layer that directly drains water to the un-
derlying groundwater (Fig. 1); Fi (mmday−1) is the flux draining from
the ith soil layer to recharge the groundwater (Eq. (11)); Tr,g is plant
transpiration from the groundwater when the water table resides in the
root zone (see below); and Rsb (mm day−1) is the groundwater dis-
charge, which is parameterized as (Niu et al., 2007):

= ×R R esb sb
f z

,max gw (13)

where Rsb,max (mm day−1) is the maximum groundwater discharge
when the groundwater table depth is zero; and f (mm−1) is the e-fold
depth. Following Niu et al. (2007), the values of Rsb,max and f are set to
be 39mmday−1 and 1.25× 10−3mm−1, respectively. Then, the
change in water tabel depth (zgw; mm) is calculated from:

=
× <

× >
dz

dt

z z z

z z
gw

dW
dt m i gw m i

S
dW

dt gw m

1
, 1 ,

1
,2

a

y
a

s,i i

(14)

where i is the index of soil layer where the groundwater table resides;
θs,i and θi is the saturated and current soil water content of the ith soil

Fig. 2. Inputs and outputs of the model, and major modules affecting ET. Soil
moisture changes are determined by estimating soil water balance at daily time
step. Both soil moisture and groundwater table depth affect ET because the
groundwater table can seasonally rise to within the root zone. ET in turn affects
both soil moisture and groundwater table depth.

Table 2
Representative values for hydraulic parameters in each soil textural class.

Class Ks (m
day−1)

ψs (m) θs (m3

m−3)
b (–) θfc (m3

m−3)
θc (m3

m−3)
θw (m3

m−3)

Sand 1.3841 −0.0232 0.373 3.39 0.151 0.109 0.035
Loamy sand 0.8229 −0.0175 0.386 3.86 0.189 0.142 0.052
Sandy loam 0.5353 −0.0316 0.416 4.50 0.265 0.208 0.087
Loam 0.4086 −0.0655 0.435 5.77 0.331 0.274 0.139
Silty loam 0.4427 −0.0471 0.468 4.98 0.399 0.320 0.146
Sandy clay

loam
0.4991 −0.0310 0.416 7.20 0.314 0.270 0.157

Clay loam 0.3552 −0.0599 0.449 8.32 0.387 0.339 0.212
Silty clay

loam
0.3848 −0.0414 0.476 8.32 0.444 0.389 0.243

Sandy clay 0.6157 −0.0269 0.423 9.59 0.349 0.312 0.207
Silty clay 0.2967 −0.0453 0.481 10.4 0.460 0.414 0.284
Clay 0.2580 −0.0531 0.461 12.1 0.427 0.90 0.282

Ks, ψs, and θs: the hydraulic conductivity, water potential and water content at
saturation condition, respectively; b: an empirical parameter; θfc, θc, and θw:
soil moisture at field capacity, critical value, and wilting point, respectively.
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layer, respectively; and Sy is the specific yield of the unconfined aquifer,
which is set to be 0.2 in the global simulations due to the dearth of
specific yield data for global aquifers (Niu et al., 2007).

2.6. Potential evapotranspiration

The Priestley-Taylor (PT) (Priestley and Taylor, 1972) equation,
which is a function of available energy and a dimensionless coefficient
(.), works well as a potential evapotranspiration (PET) model for each
component flux (Gerten et al., 2004; Fisher et al., 2008; Miralles et al.,
2011). Assuming a homogeneous canopy, the potential canopy tran-
spiration (Tp; mm day−1) and soil evaporation (Ep; mm day−1) can be
calculated as (Fisher et al., 2008):

=
+

T R
p

nc

(15)

=
+

E R G( )
p

ns

(16)

where λ is the latent heat of vaporization (MJ kg−1); Δ is the slope of
the saturation vapor pressure versus temperature curve (kPa K−1); γ is
the psychrometric constant (kPa K−1); G is the soil heat flux
(MJ day−1); Rnc (MJ day−1) is the net radiation to the canopy and is
given by Rnc= Rn− Rns, where Rn (MJ day−1) is the net radiation and
Rns (MJ day−1) is the net radiation to the soil. Rns is calculated ac-
cording to the Beer’s law:

= ×R R k LAIexp( )ns n Rn (17)

where kRn is the extinction coefficient, which is set to be 0.6 (Impens
and Lemur, 1969). In SiTH, a constant of value of α= 1.26 used so that
the PT equation as a PET equation remains intact as originally designed
and confirmed (Fisher et al., 2008). When soil heat flux measurements
are not available, it is calculated as (Choudhury et al., 1987):

= × × ×G R0.4 exp( 0.5 LAI)n (18)

The maximum transpiration rate of each soil layer (Tp,i; i=1 and 2)
depends on the root fraction and soil moisture condition within the
layer, which is calculated as (Tiktak and Bouten, 1992):

=
×

×
×

=

T
r

r
T

( ¯ / )
[ ( ¯ / ) ]

p i
i i s i

b

i i i s i
b p,

,

1
2

, (19)

where b (dimensionless) is a soil parameter, which depends on soil
physical properties (Table 2); θs,i is the saturated water content in the
ith soil layer; ri (dimensionless) represents the vertical root density at
the ith soil layer; and ī is the layer mean water content, which is cal-
culated as:

= <

>

+

z z

z z z

z z
ī

s i gw m i
z z z z

z m i gw m i

i gw m i

, , 1
( ) ( )

, 1 ,

,

i gw m i s i m i gw

i

, 1 , ,

(20)

where θi (i=1, 2) is the unsaturated soil water content in the ith soil
layer; zm,i−1 and zm,i is the bottom depth of the (i−1)th and ith layer,
respectively; zi is the depth of the ith soil layer; and zgw is the
groundwater table depth (Fig. 1). In SiTH, the vertical root density, ri, is
described by the linear dose response (LDR) model (Schenk and
Jackson, 2002a):

=
+ +

r
z D z D

1
1 ( / )

1
1 ( / )i

m i
c

m i
c

, 50 , 1 50 (21)

where D50 is the depth above which 50% of the root mas is located; c is
a shape parameter; and zm,i is the bottom depth of the ith layer (Fig. 1).
The values of D50 and c for different plant function types (PFTs) are
presented in Table 1.

In SiTH, plant can extract water from either the soil or groundwater,
or both of a specific layer depending on the position of groundwater

table (Fig. 1). To conserve the mass balance, the total potential tran-
spiration partitioned in the ith layer, Tp,i, is further separated into the
soil and groundwater components based on the thickness-weighted
water content. The potential transpiration from soil water of the ith
layer, Tp_s,i (mm day−1) (i=1, 2), is calculated as:

= <

>
+T

z z

T z z z

T z z

0

p s i

gw m i
z z

z z z z p i m i gw m i

p i gw m i

_ ,

, 1
( )

( ) ( ) , , 1 ,

, ,

gw m i i
gw m i i m i gw s i

, 1
, 1 , ,

(22)

The potential transpiration from groundwater in the ith layer, Tp_g,i

(mm day−1) (i=1, 2), is calculated as:

= <

>
+T

T z z

T z z z

z z0
p g i

p i gw m i
z z

z z z z p i m i gw m i

gw m i

_ ,

, , 1
( )

( ) ( ) , , 1 ,

,

m i gw s i

gw m i i m i gw s i

, ,

, 1 , ,

(23)

For example, when groundwater table is blow the root zone
(zgw > zm,2), the values of Tp_g,i=0 and Tp_s,i= Tp,i (i=1, 2) and plant
transpiration only consumes soil water in root zone and has no effects
on the modelled groundwater table. When groundwater is within root
zone, plant transpiration will reduce both the water content of un-
saturated soil and the water table depth.

2.7. Actual evapotranspiration

As a result of suboptimal environmental conditions, the actual
fluxes of plant transpiration and soil evaporation are generally lower
than their potential values. In SiTH, three reduction factors were used
to downscale the potential transpiration (Tp) to the actual value: (i) soil
moisture stress (fSM); (ii) plant temperature constraint (fT); and (iii) the
time lost to transpiration due to the wet canopy fraction (fwet), which is
given in Eq. (2). Thus, the actual transpiration from the unsaturated soil
at the ith layer (Ts,i) was obtained as:

= × × ×T f f f T(1 )s i wet SM i T p s i, , _ ,

where fSM,i and fT are calculated as (June et al., 2004; Fisher et al.,
2008; Miralles et al., 2011):

= < <( )f

0

1

1

SM i

i wp i

wp i i c i

i c i

,

,
2

, ,

,

c i i
c i wp i

,
, ,

(25)

=f
T T

T
expT

a opt

opt

2

(26)

where θi (m3 m−3) is the soil moisture of ith layer; θc,i (m3 m−3) is the
soil moisture below which plants start to endure water stress for soil
layer i (Laio et al., 2001); θwp,i (m3 m−3) is soil moisture at permanent
wilting point; Ta (°C) is the daily mean air temperature; and Topt (°C) is
the optimum temperature for canopy transpiration, which is defined as
the daily air temperature when leaf area, net radiation and temperature
are high (Potter et al., 1993). For transpiration from groundwater, only
the constraints of temperature (fT) and wet canopy fraction (fwet) are
considered. The total of volume transpiration from groundwater that
caused groundwater table to decline is then calculated as:

= × ×
=

T f f T(1 )wetr g T
i

n

p g i,
1

_ ,
(27)

where n is the number of layers that contain both plant root and
groundwater (i.e., n=1, if zgw > zm,1; and n=0, if zgw > zm, 2).

Soil evaporation declines as the soil gets dry, and is assumed to be
affected only by the unsaturated soil water content in the upper layer
(i=1). Thus, the actual soil evaporation (Es) is calculated as:
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= ×E f Es pSM (28)

where fSM is given as (Miralles et al., 2011):
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(29)

where θ1 is the unsaturated soil moisture in the upper layer (m3 m−3).
The values of θwp and θc for each layer were calculated using the soil
water retention function with the soil water potentials of = 150 mwp
and = 3 mc , respectively, and data for 11 different soil types are
given in Table 2 based on the works of Clapp and Hornberger (1978)
and Cosby et al. (1984). A detail description about soil water stress
functions for different soil types was given in Supplement 1.

3. Data and methods

3.1. Eddy covariance flux data for model validation

The recently released FLUXNET2015 dataset (http://fluxnet.
fluxdata.org/data/fluxnet2015-dataset/; Pastorello et al., 2017) pro-
vides an invaluable wealth of flux data, complemented by meteor-
ological variables and soil moisture. For validation purpose, the sites in
the FLUXNET2015 dataset were selected in such a way that they cover a
wide range of vegetation types and climates. In addition to this, the
data needed to span at least one year after a station by station quality
check, which is defined as following: (i) when the measured energy
imbalance (net radiation minus latent, sensible, and ground heat flux)
exceeds 250Wm−2, the half-hourly (hourly) flux data were treated as
missing; (ii) when the data gaps were less than 6 h in a day, the missing
data was interpolated using linear regression method; (iii) any day that
did not have necessary measurements to complete a diurnal cycle was
not used in the analysis of model evaluations; and (iv) rainy intervals
were masked from the in situ flux datasets as the eddy covariance
measurements are less reliable during precipitation events. This yielded
a total of 84 reliable eddy covariance sites, which are located across
several continents and cover a large variety of ecosystems (Table S1 in
Supplement 2). The energy balance closure across the selected sites
ranges from 70% to 99% with a mean of 80.2%, and the intercept va-
lues range −22.4 to 26.1Wm−2 with a mean of −1.24 ± 10.5Wm−2

(Table S2 in Supplement 2). Therefore, the processed flux data was
qualified and suitable for the purposes of model validations. To account
for the biased low in situ ET measurements due to the energy imbalance
at the selected sites (1%–30%), the directly measured ET data were
corrected by using the residual energy balance method (Twine et al.,
2000). Among the selected sites in FLUXNET dataset, 38 sites also
provide in situ soil moisture measurements approximately over the top
30 cm of the soil (Novick et al., 2016). The sites reporting both soil
moisture and ET measurements were labeled as focus sites (Table S1 in
Supplement 1), and used to test model accuracy in simultaneously si-
mulating ET and soil water content. Due to limited observational soil
moisture data for deep soil layers, we only compared the modeled soil
moisture of the first layer (θ1; 0–20 cm) with in situ measurements at
the top-soil (SWC1 in the FLUXNET2015 dataset).

For validation purposes, in situ measured meteorological variables
from the flux towers, which include surface net radiation (Rn; Wm−2),
soil heat flux (G, Wm−2), air temperature (Ta, °C), and precipitation
(Pr; mm day−1), were used to drive the model to simulate ET and soil
water contents. The leaf area index (LAI) required by the model were
extracted from Moderate Resolution Imaging Spectroradiometer
(MODIS) product (MOD15A2H) (https://lpdaac.usgs.gov/; Myneni
et al., 2015) at 500m spatial and 8 day temporal resolution. An average
of nine surrounding pixels around the FLUXNET2015 sites was used to
calculate the required LAI values. Data were cleaned by eliminating

contamination associated with clouds, shadows and snow/ice, and were
interpolated to daily values using the linear interpolation approach
(Zhang et al., 2010).

The performance of SiTH model in simulating ET and soil water
content was evaluated by using the coefficient of determination (R2),
slope (b0) and intercept (b1) of the regression line (y= b0× x+ b1)
between the measured (x) and estimated (y) values. Model-data mis-
match was also quantified using root-mean-squared error (RMSE),
mean bias error (MBE), and the Nash-Sutcliffe efficiency coefficient
(NSE). These were calculated as:

=
=

RMSE 1
n

[O(t) M(t)]
t 1

n
2

(30)

= =MBE
[O(t) M(t)]

n
t 1
n

(31)

= =

=
NSE 1

[O(t) M(t)]
[O(t) Ō]

t 1
n 2

t 1
n 2 (32)

where n is the total number of observations; O(t) is the observed values
at time t, Ō is the mean of the observed data, and M(t) is the model
predictions at time t. The coefficient of determination (R2) describes the
degree of co-linearity between observed and simulated values and
ranges between 0 and 1, with higher values indicating less error var-
iance. Generally, an R2 > 0.5 is considered as acceptable performance
(Moriasi et al., 2007). For MBE, a positive MBE indicates an overall
overestimation while a negative MBE indicates an overall under-
estimation. The closer the MBE to zero, the better is the model’s per-
formance. The NSE value can range between −∞ and 1.0, with a
NSE=1 being the optimal value (Moriasi et al., 2007; Zhu et al., 2016).

3.2. Gridded datasets for global implementation and evaluation

For global estimates of ET, the forcing datasets used to run SiTH
model included precipitation, air temperature, air pressure, albedo,
incoming shortwave radiation, leaf area index, land cover and soil type.
They were derived from various sources and comprised well-validated
products. For precipitation forcing, the Multi-Source Weighted-
Ensemble Precipitation (MSWEP) dataset was selected (http://www.
gloh2o.org/; Beck et al., 2017). The MSWEP dataset is based on a
merger of selected satellite-, reanalysis-, and gauge-based products, and
is available from 1979 until 2015 at a daily 0.25° spatial resolution. The
surface meteorological forcing datasets including air temperature,
pressure and incoming shortwave radiation were derived from the
Global Modeling and Assimilation Office (GMAO; Global Modeling and
Assimilation Office, 2004) meteorological data at hourly 1.00°× 1.25°
resolution. The GMAO datasets were also used in the calculation of
MODIS NPP, GPP and ET (Running et al., 2004; Mu et al., 2007, 2011).
Satellite-based inputs including leaf area index, albedo and land cover.
For leaf area index and albedo, we used the 8-day 0.05° Global Land
Surface Satellite (GLASS) products (http://glassproduct.bnu.edu.cn/;
Zhao et al., 2013). This GLASS albedo was used to calculate reflected
solar radiation, and hence the net incoming solar radiation (see details
in Cleugh et al., 2007). Land cover were derived from yearly 0.05°
MODIS products (MCD12C1) (https://modis.ornl.gov/cgi-bin/MODIS/
global/subset.pl; Friedl et al., 2002). The land cover data was re-
classified into the respective 12 PFTs of SiTH model based on Inter-
national Geosphere-Biosphere Programme (IGBP) classification scheme
(Belward, 1996). In addition, the required static soil texture dataset was
derived from the well-regarded FAO Harmonized World Soil Database
(HWSD) (http://www.fao.org/) at 0.1° spatial resolution. Based on the
classification of United States Department of Agriculture Natural Re-
sources Conservation Service (USDA) (USDA-NRCS, 2004), the soil
texture was further divided into 11 different types defined by SiTH
model. All the data sets presenting a different spatial resolution are re-
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gridded to a common 0.25°× 0.25° spatial resolution by means of in-
verse distance weighted interpolation (Shepard, 1968). The daily series
of leaf area and albedo were derived from the 8-day GLASS products
using daily linear interpolation approach (Zhang et al., 2010). The
hourly GMAO meteorological data were averaged to daily means ac-
cording to the method proposed by Allen et al. (1998). To make sure
that water cycle variables (i.e., soil moisture and groundwater table
depth) can reach equilibrium, a 100-year spin-up was performed by
repeating the forcing of the period 2000–2010 10 times. Starting from
the end of the spin-up, the model was run to generate the global-scale
soil moisture, groundwater table and ET products.

To compare the global ET estimated by SiTH with related ET pro-
ducts, five additional datasets were incorporated into the evaluation.
One is the ERA-Interim reanalysis product, which is produced by the
European Centre for Medium-Range Weather Forecasts (ECMWF) and
covers the period from 1979 to present with a horizontal resolution of
approximately 0.7° and 62 vertical levels (Dee et al., 2011). The other
four are derived from satellite-based ET products: (1) the MOD16 ET
product, which is produced based on the most widely used satellite-
based ET model proposed by Mu et al. (2007, 2011). The MOD16 ET
product has a spatial resolution of 1 km and is available with 8-day,
monthly and annual intervals (ftp://ftp.ntsg.umt.edu/pub/MODIS/
Mirror/MOD16/). The MOD16 ET is estimated as the sum of evapora-
tion from water intercepted by the canopy, transpiration from the dry
canopy surface, and evaporation from the moisture soil surface and
saturated soil surface; (2) the GLEAM (Global Land Evaporation Am-
sterdam Model) product, which uses a modified PT equation in com-
bination with an analytical rainfall interception model (Gash, 1979), a
soil water module and a stress module to derive actual ET based on a
wide range of remote sensing observations (Miralles et al., 2011). Data
have daily 0.25° spatial resolution and span the 2000–2015 period
(https://www.gleam.eu/); (3) the PT-JPL (Priestly-Taylor Jet Propul-
sion Laboratory) product, which applies a series of ecophysiological
stress factors based on atmospheric moisture and vegetation indices
into the PT equation to compute canopy transpiration, wet canopy
evaporation and soil evaporation (Fisher et al., 2008). The dataset have
monthly 1° spatial resolution and span from 1984 to 2006 (http://
landflux.org/Data.php); (4) the PML (Penman-Monteith-Leuning) pro-
duct, which uses the Penman-Monteith (PM) equation (Monteith, 1965)
with a simple biophysical canopy conductance model to calculate
transpiration and includes a simple term for soil evaporation, while
interception loss is estimated separately using Gash rainfall interception
model (Leuning et al., 2008; Zhang et al., 2008). This dataset has
monthly 0.5° spatial resolution and span from 1981 to 2012 (https://
doi.org/10.4225/08/5719A5C48DB85).

4. Results

4.1. Validation of in situ ET estimates

The statistical results for modelled versus measured daily ET at all
84 FLUXNET sites were presented in Table 3. As expected, the model
performance varies from site to site. The slopes (b0) of the linear re-
gression between modelled and measured daily ET ranged from 0.50 at
RU-Tks to 1.35 at DK-Eng with an average of 0.83, while the intercepts
(b1) ranged from −0.47mmday−1 at AU-DaS to 1.09mmday−1 at BR-
Sa1 with an average of 0.23mmday−1. The SiTh model had an average
RMSE of 0.74mmday−1, ranging from 0.29mmday−1 at RU-che to
1.42mmday−1 at ZM-Mon. An average bias of 0.02mmday−1 was
obtained for all sites, ranging from −0.61mmday−1 at CZ-BK1 to
0.68mmday−1 at AU-Tum. The values of NSE ranged from –1.07 at
ZM-Mon to 0.80 at CN-Ham with an average of 0.41. Relatively high
NSE (> 0.35) were found at 54 sites and low NES (< 0) were found on
at only 5 sites. On average, the model explained 65% of the variance in
measured ET across all sites, ranging from a low of 23% at ZM-Mon to
88% at CA-NS6. Further details of model performances in capturing the

Table 3
FLUXNET2015 tower names and results of the validation of the modeled eva-
potranspiration (ET; mm day−1).

No. Station Days b0 b1 R2 RMSE MBE NSE

DBF
1 CA-Oas 3680 0.67 0.30 0.68 0.68 0.02 0.68
2 CA-TPD 1010 1.17 0.66 0.71 1.00 −0.30 −0.12
3 DE-Hai 4413 1.09 −0.29 0.74 0.59 0.16 0.52
4 DE-Lnf 2599 0.54 0.28 0.66 0.70 0.25 0.59
5 DK-Sor 2638 0.56 0.27 0.67 0.78 0.34 0.57
6 IT-lsp 687 0.89 0.76 0.76 0.96 −0.59 0.57
7 IT-PT1 862 0.74 0.39 0.71 0.74 0.02 0.70
8 IT-Ro1 2055 1.05 0.24 0.69 0.61 −0.29 0.35
9 IT-Ro2 2680 0.67 0.64 0.50 0.98 −0.45 0.24
10 JP-MBF 824 0.71 0.70 0.50 0.95 −0.29 0.35
11 US-Ha1 2165 0.77 0.43 0.55 0.86 −0.14 0.44
12 US-MMs 1087 0.76 0.82 0.65 1.09 −0.12 0.39
13 US-UMD 1200 0.69 0.39 0.75 0.83 −0.19 0.56
14 US-WCr 2863 0.64 0.54 0.59 0.67 −0.04 0.74
15 US-Wi8 403 0.93 0.57 0.56 1.11 −0.45 0.18
16 ZM-Mon 669 0.79 0.39 0.23 1.42 0.09 −1.07

ENF
17 CA-Man 2183 0.82 0.07 0.68 0.42 0.06 0.64
18 CA-NS5 1362 0.72 0.10 0.74 0.40 0.08 0.73
19 CA-Obs 3610 0.79 0.12 0.65 0.47 0.05 0.62
20 CA-Qfo 2597 0.99 0.30 0.60 0.62 −0.29 0.15
21 CA-SF1 1184 0.64 0.03 0.75 0.72 0.44 0.58
22 CA-TP1 4120 0.89 0.49 0.38 0.89 −0.37 −0.61
23 CN-Qia 1069 0.93 0.16 0.62 0.96 −0.03 0.47
24 CZ-BK1 2453 1.04 0.55 0.57 1.03 −0.61 0.29
25 DE-Obe 2347 0.89 0.32 0.69 0.65 −0.21 0.58
26 DE-Tha 5059 0.85 0.18 0.61 0.57 −0.00 0.52
27 FI-Let 718 0.58 0.24 0.59 0.69 0.28 0.50
28 FI-Sod 1920 0.63 0.12 0.51 0.58 0.26 0.29
29 FR-LBr 3063 0.78 0.16 0.59 0.77 0.30 0.34
30 IT-La2 415 1.20 −0.20 0.63 0.93 −0.18 0.06
31 NL-Loo 5116 0.71 0.25 0.41 0.90 0.21 −0.11
32 RU-Fyo 3956 0.81 0.13 0.68 0.79 0.22 0.41
33 US-Wi0 386 0.78 0.53 0.52 0.77 0.19 0.43
34 US-Wi5 386 0.85 0.63 0.52 0.85 −0.42 0.08

EBF
35 AU-Tum 3699 0.89 −0.14 0.66 1.11 0.68 0.10
36 AU-Wac 1118 0.72 0.04 0.45 1.08 0.49 0.02
37 AU-Wom 1597 0.91 0.04 0.66 0.83 0.36 0.46
38 BR-Sa1 1367 0.92 1.09 0.54 1.10 −0.57 −0.46
39 CN-Din 1075 1.00 0.19 0.46 1.32 −0.49 −0.57
40 FR-Pue 4764 0.63 0.48 0.36 0.77 −0.12 0.08
41 IT-Cpz 2013 1.13 0.32 0.52 0.76 −0.24 −0.46

MF
42 BE-Bra 4329 0.89 0.38 0.64 0.58 −0.29 0.39
43 BE-Vie 4517 0.89 0.36 0.72 0.55 −0.25 0.60
44 CA-Gro 3848 0.85 0.38 0.66 0.66 −0.23 0.54
45 US-Syv 2899 0.80 0.31 0.69 0.64 −0.08 0.66

GRA
46 AT-Neu 3216 0.74 0.04 0.81 0.74 0.37 0.70
47 AU-Stp 1776 0.77 0.36 0.60 0.96 0.01 0.56
48 CH-Fru 1971 0.85 0.05 0.82 0.69 0.25 0.79
49 CH-Oe1 1876 0.82 −0.01 0.80 0.66 0.35 0.72
50 CN-Du2 918 0.81 −0.03 0.77 0.58 0.24 0.73
51 CN-Ham 943 1.02 0.02 0.84 0.44 −0.05 0.80
52 DE-Gri 3431 1.00 0.22 0.79 0.52 −0.22 0.67
53 DE-RuR 1158 0.92 −0.12 0.85 0.45 0.24 0.79
54 DK-Eng 871 1.35 −0.18 0.75 0.52 −0.18 0.17
55 IT-MBo 2809 0.75 0.27 0.78 0.62 0.14 0.77
56 NL-Hor 2808 0.75 0.18 0.71 1.12 0.39 0.28
57 RU-Ha1 522 1.02 −0.19 0.79 0.50 0.16 0.69
58 RU-Tks 443 0.50 0.10 0.57 0.62 0.38 0.31
59 US-Goo 1422 0.97 0.32 0.67 0.82 −0.27 0.47
60 US-IB2 2516 0.76 0.31 0.78 0.65 0.08 0.77

SAV
61 AU-Cpr 1530 1.04 −0.05 0.54 0.55 −0.01 0.11
62 AU-DaP 1965 0.73 0.32 0.62 1.23 −0.01 0.58
63 AU-DaS 2435 1.22 −0.47 0.59 1.08 −0.12 0.11

(continued on next page)
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temporal variations of observed ET at different sites were provided in
Supplement 3. Overall, the model results generally agreed well with
tower observations and captured observed ET seasonality and inter-
annual variability over different sites. The scatterplot in Fig. 3 showed
modelled versus observed daily ET for all data from all 85 sites and a
high correspondence of SiTH estimates with FLUXNET observations
were obtained in term of relative high R2 (0.58), low RMSE
(0.78mmday−1), low MBE (0.01mmday−1), high NSE (0.54) and re-
gression slope close to one (0.73). Thus, the proposed model has the

skill to capture the daily ET over a wide range of plant types and cli-
mate conditions.

Noticeably, the model displays low values of both R2 (< 0.50) and
NSE (< 0) at some sites of DBF (e.g., ZM-Mon), ENF (CA-TP1 and NL-
Loo), EBF (BR-Sa1, and CN-Din) biomes. By examining the model per-
formance at these sites, the causes that induced the disagreements be-
tween modelled and observed ET values were identified and illustrated
by the selected sites, which were typical in representing each of the
different causes. First, data errors may still exist in the latent heat flux
records at some FLUXNET sites, though great efforts have been made in
improving the quality of FLUXNET2015 dataset (Pastorello et al.,
2017). Fig. 4 represents an example of the daily time series of SiTH
estimates and FLUXNET observations at site CA-TP1, which is located
on the northern shore of Lake Erie in southern Ontario, Canada (Chan
et al., 2018). During the period from 2002 to 2014, noisy and biased
flux observations occasionally occurred and decreased the agreements
between the modelled and observed ET values. Similarly, noisy and
biased latent heat flux observations seemed to be occurred at other sites
(i.e., NL-Loo, FR-Pue, see details Supplement 3). Zhang et al. (2010)
also reported that an artifact of measurement errors may exist in latent
heat fluxes at some FLUXNET sites. Second, soil water availability for
surface evaporation and plant transpiration in SiTH model is mainly
controlled by the inputs of precipitation. However, significant errors of
the in situ precipitation measurements may occur at some sites due to
the occasional malfunction of precipitation gages (Dorigo et al., 2013).
As an example, Fig. 5 illustrated that the soil moisture time series ex-
hibited a typical wetting and consecutive drying of the soil in 2005 at
ZM-Mon, while no precipitation events were recorded during the cor-
responding period. The errors in precipitation measurements in turn
resulted in significant underestimates of ET in 2005 at ZM-Mon (Fig. 5;
Table 3). Third, irrigation is widely used in arid/semiarid cropland
ecosystems to reduce plant drought stress by compensating for low
precipitation (Allen et al., 1998; Siebert et al., 2015). Because the ir-
rigation data (the timing and amount of water applied to crops) are
typically not available in the FLUXNET datasets, the soil water inputs
from irrigation were not considered here. This in turn resulted in some
underestimates of ET over some cropland ecosystems with irrigations
during the dry periods (i.e., at site IT-BCi; Fig. 6).

4.2. Validation of in situ soil moisture estimates

It should be first mentioned that most FLUXNET sites relay on time-
domain reflectometry (TDR) or capacitance probes for soil moisture
measurements (Novick et al., 2016), which generally need a site-spe-
cific calibration. However, details of these site-specific calibration are
not generally available in the FLUXNET2015 dataset. Thus, compar-
isons of modelled and observed soil moisture content should be ap-
proached with caution. In addition, there is always a discrepancy be-
tween measured and modelled soil moisture in vertical scale, as the
model estimates are the average of soil moisture for the surface soil
layer (0–0.2m), whereas the measurements are taken at a specific
depth of the soil representing the volumetric soil water content at that
level.

Table 4 represents the statistical results for modelled versus ob-
served surface soil moisture over the 38 selected FLUXNET sites. No-
ticeably, no local adjustment of soil hydraulic properties was made for
model simulations. On average, the model explains 42% of the variance
in measured surface soil water content across all sites, ranging from a
low of 10% at RU-Ha1 to 77% at IT-Cpz. The value of RMSE varies from
0.01m3 m−3 (at AU-Cpr) to 0.11m3 m−3 (at DE-Tha) with a mean of
0.05m3 m−3. The average values of NSE (0.21) are relatively high,
indicating that the patterns of temporal changes in soil moisture are
well represented over a wide range of land covers and climate condi-
tions. The details for the daily time series of surface soil moisture es-
timated from SiTH model versus measured data are presented in
Supplement 3. In most cases, the model responds properly to the

Table 3 (continued)

No. Station Days b0 b1 R2 RMSE MBE NSE

Shrub
64 CA-NS6 399 1.31 0.01 0.88 0.52 −0.23 0.28
65 CA-SF3 1199 0.84 0.09 0.77 0.48 0.08 0.75
66 RU-Cok 854 0.88 −0.02 0.55 0.41 0.13 0.28
67 US-Whs 2652 0.74 0.09 0.68 0.50 0.12 0.65
68 US-SRC 1596 0.78 0.20 0.68 0.41 −0.04 0.67

Wet
69 DE-Akm 610 0.77 0.23 0.74 0.54 0.09 0.73
70 DE-SfN 609 0.94 0.37 0.73 0.71 −0.29 0.59
71 DE-Spw 625 0.90 0.25 0.80 0.51 −0.14 0.77
72 DE-Zrk 527 0.70 0.31 0.78 0.64 0.10 0.76
73 DK-NuF 455 1.10 0.09 0.61 0.56 −0.17 0.14
74 FI-Lom 399 0.74 −0.01 0.69 0.75 0.48 0.30
75 RU-che 406 0.83 0.02 0.79 0.29 0.11 0.75
76 US-Ivo 590 0.64 0.14 0.67 0.46 0.10 0.64

CRO
77 BE-Lon 1400 0.66 0.38 0.69 0.57 0.01 0.69
78 DE-Geb 4790 0.63 0.21 0.69 0.61 0.20 0.65
79 DE-Kli 2573 0.76 0.38 0.53 0.68 −0.12 0.42
80 FI-Jok 704 1.00 0.29 0.61 0.42 −0.09 0.32
81 FI-Gri 3326 0.60 0.04 0.64 0.80 0.54 0.32
82 IT-BCi 2685 0.61 0.37 0.43 0.94 0.49 0.12
83 US-CRT 1061 0.66 0.21 0.70 0.87 0.44 0.60
84 US-Ne2 4161 0.70 −0.02 0.78 0.99 0.59 0.65

Days: number of days with valid tower measurements; b0 and b1: slope and
intercept of the regression line between the measured and estimated evapo-
transpiration values; R2: correlation coefficient; RMSE: daily root mean square
error (mm/day); MAE: mean bias error (mm/day); and NSE: the Nash-Sutcliffe
efficiency coefficient.

Fig. 3. Comparisons between daily modeled ET (mm day−1) and tower mea-
surements for the 84 tower sites.
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precipitation events and follows closely the observations during the
subsequent dry-down phase, indicating the proposed soil water
draining scheme (including both fast and slow draining fluxes between

layers) is reasonable.
Analogously, the causes for the differences between modelled and

observed time series of surface soil moisture at some sites were

Fig. 4. Time series of (a) daily mean net radiation (Rn; Wm−2) and air temperature (Ta; °C); (b) daily measured and modelled ET (mm day−1); and (c) precipitation
(mm), modelled and measured surface soil moisture (θ; m3 m−3) at site CA-TP1. The measured ET in the rectangle in subplot (b) seemed to be bias.

Fig. 5. Time series of (a) daily mean net radiation (Rn; W m−2) and air temperature (Ta; °C); (b) daily measured and modelled ET (mm day−1); and (c) precipitation
(mm), modelled and measured surface soil moisture (θ1; m3 m−3) at site ZM-Mon. The precipitation in the rectangle in subplot (c) seemed to be missing.
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identified as the following. First, sits with low winter temperature
(< 0 °C) have temporary conditions of the near-surface soil freeze-thaw
cycles (i.e., CA-Qfo, CA-SF3, FI-Sod, US-WCr). However, our model
assumes a uniform soil temperature profile throughout the soil layers
that can impose inaccurate representation of the soil freeze-thaw cycles.
Thus, the predicted soil moisture tended to be unrealistic during the soil
freeze-thaw cycles. In addition, the accuracy of instruments to measure
soil moisture in frozen soil is much lower than in unfrozen soil
(Mittelbach et al., 2012). Taking both limitations into account, the
difference between modelled and observed soil moisture values are
expected to be high during the freezing (winter) and thawing (early
spring) periods at these sites. On the contrary, the soil moisture is
generally simulated with relatively high accuracy in the rest of the year
(see details in Supplement 3 for sites CA-Qfo, CA-SF3, FI-Sod, US-WCr).
Second, natural soil properties are highly variable and heterogeneous in
both vertical and all spatial directions within a textural layer (Elkateb
et al., 2003), which result in a wide variation in soil hydraulic para-
meters. However, we assigned homogeneous soil properties over a
specific layer with a set of constant hydraulic parameters in SiTH
model. The biases in hydraulic parameters may also affect the simula-
tion results in soil moistures. Fig. 7 illustrates that the temporal pattern
of surface soil moisture was adequately captured by the model at site
CN-Du2. However, the model tends to overestimate soil moisture
during dry season: observed soil moisture reached a minimum of
0.046m3 m−3 while the simulated minimum (wilting point) was set as
0.139m3 m−3 for loam soil (Table 2). Third, similarly to flux ob-
servations, in situ soil moisture measurements may also contain errors

due to the instrument drifts, reduced power supplies and sensor drop-
outs (see details in Dorigo et al., 2013). For examples, a sudden jump in
the measured soil moisture were observed at site BE-Vie and it is dif-
ficult for us to establish which of the periods (i.e., before or after the
jump) represents the situation closest to the truth (Fig. 8). At site DK-
Sor (see details in Supplement 3), the measured soil moisture values
hold constant over two long periods, which is a typical error in soil
moisture observations (Mittelbach et al., 2011). Fourth, errors in soil
water inputs (i. e., precipitation and irrigation) also caused the simu-
lated soil moisture to be different from the observed values (Figs. 5 and
6 for ZM-Mon and IT-BCi, respectively).

4.3. Global application

The spatial distribution and latitudinal profile of ET for 2005
modelled by SiTH was presented in Fig. 9, as well as providing five
additional global ET products into evaluation. The spatial pattern was
reasonable and the range of values corresponded well with other global
ET products (Fig. 9). For example, the total annual ET in 2005 esti-
mated by SiTH model was 70.8×103 km3, which fell with the range
(60.6×103–83.2×103 km3) of the five global ET products. Among
them, our estimates were very close to the results from GLEAM
(67.4×103 km3) and PT-JPL (73.5×103 km3) products, but was
smaller than that estimated by ERA-Interim (83.3×103 km3) and
larger than that from MOD16 (60.6× 103 km3) and PML
(63.6×103 km3). In addition, Dirmeyer et al. (2006) reported that the
mean annual global land ET ranged from 58×103 km3 to

Fig. 6. Time series of (a) daily mean net radiation (Rn; W m−2) and air temperature (Ta; °C); (b) daily measured and modelled ET (mm day−1); and (c) precipitation
(mm), modelled and measured surface soil moisture (θ1; m3 m−3) at site IT-BCi. The ET in the rectangle seemed to come form groundwater as the observed soil
moisture was low.
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85×103 km3 estimated by 15 land surface models participating in the
Global Soil Wetness Project 2 (GSWP-2). Jung et al. (2010) used a data-
driven model tree ensemble (MTE) algorithm and derived a mean
global ET of 65 ± 3×103 km3 over the period of 1982–2008 without
considering poles and desert regions. The latitudinal profiles of annual
land ET indicated that the equatorial zones had a high ET of
1200mm yr−1, while mid- and high latitude zones often had annual ET
less than 450mm yr−1 (Fig. 9g). Also, a major distinguishing feature of
the model is the detailed estimation of ET from different water sources.
Our simulations suggest that ET was mostly derived from the surface
soil layer (Fig. 10a). The proportion of ET from surface soil layer varied
between 40% and 90% (Fig. 10b), with a global mean of 73%. This is
mainly due to the fact that at least half of root biomass is found in the
upper 30 cm of soil for all vegetations globally (Schenk and Jackson,

2002a,b). The ET values from the deep soil layer were relatively high
over the tropic, subtropical and boreal forests (Fig. 10c). The proportion
of ET from this layer varied mostly between 10% and 30% (Fig. 10d),
with a mean of 14%. Groundwater was mainly used by dry tropical
savannas, temperate savannas and mediterranean shrublands (Fig. 10e
and 10f), and the mean proportion of ET from groundwater was about
5% globally. The seasonal variation in ET was also well captured by
SiTH model (Fig. 11). The tropical rain forest regions show year‐round
high ET values, while tropical dry forest and savanna regions show
alternate wet [March to May (MAM) and December to February (DJF)]
and dry [June to August (JJA) and September to November (SON)]
seasons. The temperate and boreal‐Arctic regions have much higher
seasonal variability than the tropics. In the northern hemisphere, spring
(MAM; Fig. 11a and b) is the onset of the growing season. ET increased
and reached a peak in summer (JJA; Fig. 11c and d). In autumn (SON;
Fig. 11e and f), ET began to drop and reached the minimum values in
winter (DJF; Fig. 11g and h). In the southern hemisphere, it is the re-
verse.

Also, we examined the accuracy of SiTH model in estimating the
different components of ET over different biomes and climate condi-
tions. The spatial distribution for the different components was shown
in Fig. 12, as well as providing the ratios of different components to
total ET. Transpiration was the dominant component of ET and ac-
counted for 76% of annual land ET. It was the largest in tropic and
subtropical forests in South American, Africa, Asia Island, east USA and
east China due to the sufficient availability of soil moisture during the
plant growing seasons, but lowest in steppes of Qinghai-Tibet Plateau
and major deserts of North Africa, Middle East and Middle Asia
(Fig. 12a and b). For other components, soil evaporation accounted for
16% of land ET, and was important in major desert regions where most
precipitation was used for Es (Fig. 12c and d). The contribution of in-
terception loss accounted to only 8% of land ET, and it mainly came
from tropic, subtropical and boreal forests (Fig. 12e and f). The global
distribution of simulated groundwater water depth was presented in
Fig. 13. The spatial patterns of groundwater table depth simulated by
SiTH corresponded well with previous studies (Niu et al., 2007; Fan
et al., 2013; Koirala, et al., 2014). In general, the groundwater table
was deeper in arid regions (> 10m), whereas it was shallower in humid
and high-latitude regions (< 5m). In future works, a detailed study of
the long-term trend of global land ET and groundwater table dynamics
simulated by SiTH model will be analyzed, and we will present related
results in the coming papers.

5. Discussion

ET remains one of the biggest unknowns within the global water
balance (Miralles et al., 2011). Improved representation of its dynamics
is important to facilitate our understanding of global hydrological cy-
cles, carbon cycles and climate change. This paper presents a new
model, SiTH (Simple Terrestrial Hydrosphere) that coupled parsimo-
nious and robust models of the GSPAC, to estimate the terrestrial ET
and its different components. The major distinguishing features of the
methodology included that: (1) the groundwater table dynamic and its
influence on soil moisture, plant transpiration and surface runoff was
explicitly represented in the model based on the framework of the
GSPAC, and the proportion of ET from the different water sources (e. g.,
surface soil layer, deep soil layer and groundwater) can also be quan-
tified; (2) the model was built with a full modular structure and new
concepts can easily be incorporated in; (3) the vertical root distribu-
tions and rooting depths of different biomes were quantified based on
observation datasets (Table 1), and the effects of soil water stress on
plant transpiration and soil evaporation were properly described by
taking into account the influence of soil texture (Table 2); (4) the hy-
drological processes were represented using parsimonious and robust
models. The required meteorological forcing data (i.e. air temperature,
net radiation, soil heat flux and precipitation) is minimal and the static

Table 4
FLUXNET2015 tower names and results of the validation of the modeled surface
soil moisture.

No. Station Days b0 b1 R2 RMSE MBE NSE

DBF
1 CA-TPD 1010 0.31 0.12 0.35 0.05 −0.01 0.20
2 DE-Hai 4413 0.80 0.07 0.44 0.07 −0.01 0.36
3 DE-Lnf 2578 0.66 0.02 0.50 0.07 −0.02 0.39
4 DK-Sor 710 0.53 0.08 0.41 0.05 0.00 0.40
5 IT-lsp 687 0.82 0.13 0.29 0.03 0.01 0.17
6 IT-Ro1 2055 1.01 −0.10 0.50 0.09 0.06 0.01
7 IT-Ro2 2680 0.54 0.06 0.35 0.10 −0.03 0.22
8 JP-MBF 822 0.44 0.27 0.20 0.09 −0.03 0.09
9 US-MMs 5087 0.47 −0.03 0.43 0.07 0.02 0.35
10 US-WCr 2863 0.53 0.22 0.13 0.07 −0.03 −0.14
11 ZM-Mon 669 0.25 0.05 0.16 0.04 0.00 0.10

ENF
12 CA-Qfo 1490 0.61 0.03 0.23 0.04 0.01 −0.06
13 CA-TP1 4119 1.06 0.08 0.32 0.03 0.001 −0.29
14 CN-Qia 935 0.96 0.04 0.68 0.03 0.01 0.62
15 DE-Obe 771 0.95 −0.03 0.44 0.03 0.01 0.19
16 DE-Tha 5059 0.77 0.20 0.33 0.11 −0.08 −0.53
17 FI-Sod 1048 0.82 0.16 0.24 0.03 0.00 0.23
18 NL-Loo 724 0.97 −0.04 0.55 0.02 0.00 0.50

EBF
19 AU-Wom 1597 1.30 −0.06 0.55 0.04 0.00 0.54
20 CN-Din 1075 0.94 −0.02 0.66 0.03 0.01 0.64
21 IT-Cpz 1076 0.86 −0.01 0.77 0.03 0.01 0.64

MF
22 BE-Vie 1799 0.99 −0.19 0.48 0.05 0.03 −1.38
23 US-Syv 1138 0.59 0.12 0.19 0.04 0.00 −0.23

GRA
24 AU-Stp 1776 0.36 0.74 0.60 0.05 −0.01 0.46
25 CH-Oe1 1876 0.25 0.29 0.58 0.08 0.00 0.38
26 CN-Du2 816 0.62 −0.03 0.71 0.04 0.00 0.58
27 DK-Eng 871 0.78 0.21 0.70 0.09 0.02 0.36
28 RU-Ha1 522 0.28 0.16 0.10 0.06 −0.01 0.05
29 US-Goo 1422 0.75 0.02 0.27 0.05 0.00 0.17
30 US-IB2 2518 0.61 0.06 0.34 0.07 0.02 0.25

SAV
31 AU-Cpr 965 0.71 −0.03 0.45 0.01 −0.01 0.02
32 AU-DaS 2435 0.89 −0.05 0.71 0.02 0.00 0.68
33 AU-DaP 1965 0.59 −0.05 0.70 0.04 0.02 0.52

Shrub
34 CA-SF3 772 0.51 0.02 0.21 0.05 0.00 0.20

CRO
35 BE-Lon 2781 0.68 0.04 0.35 0.05 −0.01 0.32
36 DE-Geb 4789 0.83 0.15 0.32 0.04 0.00 0.31
37 FR-Gri 2600 0.45 0.16 0.36 0.04 0.01 0.34
38 IT-BCi 2685 0.91 −0.11 0.33 0.06 −0.01 0.31

Days: number of days with valid tower measurements; b0 and b1: slope and
intercept of the regression line between the measured and estimated surface soil
moisture values; R2: correlation coefficient; RMSE: daily root mean square error
(m3 m−3); MAE: mean bias error (m3 m−3); IA: index of agreement; and NSE:
the Nash-Sutcliffe efficiency coefficient.
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Fig. 7. Time series of (a) daily mean net radiation (Rn; W m−2) and air temperature (Ta; °C); (b) daily measured and modelled ET (mm day−1); and (c) precipitation
(mm), modelled and measured surface soil moisture (θ1; m3 m−3) at site CN-Du2.

Fig. 8. Time series of (a) daily mean net radiation (Rn; W m−2) and air temperature (Ta; oC); (b) daily measured and modelled ET (mm day−1); and (c) precipitation
(mm), modelled and measured surface soil moisture (θ1; m3 m−3) at site BE-Vie.
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variables (i.e. soil type and PFTs) can be easily specified from in situ
measurements or existing global datasets. This simple strategy allows
the application of the methodology, not only at a local scale using in
situ observations, but also at a global/regional scale through the utili-
zation of high resolution input data (i.e., satellite-retrieved LAI, land
cover, etc.).

The two main intermediate products of SiTH (total ET and surface
soil moisture) were compared with in situ measurements and a high
correspondence of SiTH estimations with measurements was obtained
over a wide variety of climate and vegetation types. It should be noticed
that measurement errors in latent heat flux, soil moisture and pre-
cipitation at some sites may also degrade the statistics of validation in
both ET and soil moisture estimates. Fortunately, such measurement
errors only occurred occasionally, and do not significantly affect our
modeling results and main conclusions drawn from daily evaluation. The
estimated daily ET against eddy covariance measurements from 85
FLUXNET sites had a mean R2=0.65, RMSE=0.74mmday−1,
bias=0.02mmday−1 and NSE=0.41. The statistical results found here
were comparable to that of the validations of other ET models. For ex-
ample, Mu et al. (2011) reported the daily ET estimates had an average
R2=0.60 and RMSE=0.90mmday−1 over 46 FLUXNET sites in North
America. Miralles et al. (2011) reported an average R2=0.69 and
RMSD=0.30mmday−1 for daily ET estimates based on a sample of 43
flux sites. Yan et al. (2012) reported that daily estimated ET had a mean
R2=0.69, RMSE=0.77mmday−1 and bias=−0.14mmday−1 over
19 flux sites. The model proposed by Fisher et al. (2010) have been ex-
tensively validated against tower measurements and has proved to esti-
mate realistic daily and monthly ET estimates (Ershadi et al., 2014;

Michel et al., 2016; Zhu et al., 2016; Zhang et al., 2017). As an example,
Zhang et al. (2017) reported an average R2 of 0.53 and NSE of −0.31 for
daily ET estimates against observations over 44 flux towers. The esti-
mated surface soil moisture values were also evaluated at 35 FLUXNET
sites. The results indicated that the temporal variations of the modelled
and observed surface soil moisture are in good agreement with a mean
R2=0.42, RMSE=0.05m3m−3, bias=−0.001m3m−3, and
NSE=0.21 across all sites. Miralles et al. (2011) used the soil moisture
data from 30 stations of the Soil Climate Analysis Network (SCAN;
Schaefer et al., 2007) to validate the daily soil moisture estimates, and
reported a mean R2 of 0.36 for the surface soil moisture estimates. Alavi
et al. (2016) reported that daily surface soil moisture estimates of the
Soil, Vegetation, and Snow (SVS) Scheme had an average R2=0.31 and
bias=0.033m3m−3 over 130 SCAN sites. Overall, the proposed model
performed relatively satisfactory in both ET and soil moisture simula-
tions, and no systematic bias for specific biomes or climate conditions has
been found. Globally, daily 0.25° SiTH ET simulations in 2005, which
were forced using the MSWEP precipitation data, GMAO meteorological
data, and GLASS land cover, leaf area index, albedo datasets, predicted
an annual land ET of 70.8×103 km3, which fell with the range
(60.6×103–83.2×103 km3) of the five global ET products, as well as
the model range (58×103 km3 to 85×103) of GSWP-2 (Dirmeyer et al.,
2006). The ratio of transpiration, soil evaporation and interception to
total ET estimated by SiTH was 76%, 16% and 8%, respectively, which is
nearly within the scope of previous studies. For example, Jasechko et al.
(2013) reported that transpiration could account for nearly 80–90% of
the total ET from continents by using the isotope mass balance method.
This finding was criticized for overestimating the contribution of plant

Fig. 9. Annual spatial patterns of ET in 2005 for (a) SiTH, (b) GLEAM, (c) MOD16, (d) PT-JPL, (e) PML, and (f) ERA-Interim; and (g) the latitudinal profiles of ET
estimated by different models. The total annual ET amounts to 70.8×103 km3 for SiTH, 67.4× 103 km3 for GLEAM, 60.6× 103 km3 for MOD16, 73.5× 103 km3 for
PT-JPL, 63.6× 103 km3 for PML, and 83.3× 103 km3 for ERA-Interim.
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transpiration and underestimating data uncertainties. After counting the
input data uncertainties, Coenders-Gerrits et al. (2014) argued the
transpiration portion of ET to be lower, at 35–80%. Maxwell and Condon
(2016) found transpiration accounts for 62 ± 12% of ET by considering
the influence of lateral ground water flow on ET partitioning. Previous
studies reported that soil evaporation accounts for 20–40% of ET for
croplands, and 5%-38% of total ET for natural vegetation (Kool et al.,
2014). The ratio of global soil evaporation to total ET estimated by SiTH
is comparable to that (14%) reported by Miralles et al. (2016) based on
GLEAM product. Until now, direct observations on the contributions of
canopy loss to total ET across different biomes are still relative sparse
(Miralles et al., 2010), and estimations were mainly derived from model
simulations with a range of 10–24% (Miralles et al., 2016). In addition,
the spatial patterns of groundwater table depth appeared reasonable and
corresponded well with previous studies (Niu et al., 2007; Fan et al.,
2013; Koirala, et al., 2014). Note that our current global land ET simu-
lations were conducted using a fixed sets of forcing datasets and the
errors induced by the choices of different inputs were not explored. In
future studies, we will focus on analyzing the spatial and temporal var-
iation of the global estimates of land ET and groundwater table depth
over a long time period spanning from 1984 to present based on different
sets of forcing inputs. Also, a detailed investigation on the proportion of
ET from different water sources (e. g., surface soil layer, deep soil layer
and shallow groundwater) will be conducted.

A main drawback of this study, however, was that the model as-
sumes a uniform soil temperature profile throughout the soil layers,

which can impose inaccurate representation of the soil freeze-thaw
process and adversely impact the predicted soil moisture in winter.
Implementation of a soil heat diffusion scheme is currently in progress
to circumvent this potential problem. In addition, the parameter values
can significantly affect the simulations of soil moisture and hydrologic
fluxes, and may vary with the environmental conditions, PFTs, and
other factors (Zhang et al., 2017). At present, a set of constant para-
meters based on previous studies were used in SiTH without any cali-
brations. To improve model performances, there is a need to optimize
the model parameters using the multiple observations (i.e., FLUXNET
data, groundwater table depth, etc.) over a wide range of global bio-
climatic conditions in future studies (Zhu et al., 2014; Zhang et al.,
2017).

6. Conclusions

In this study, a relatively simple model (SiTH; Simple Terrestrial
Hydrosphere), that coupled the parsimonious and robust models of the
GSPAC to estimate the terrestrial ET, soil moisture and groundwater
table depth at the daily time scale, has been developed and evaluated. It
showed good agreement with in situ observed ET and surface soil
moisture at the FLUXNET sites. No systematic bias for specific vegeta-
tion types and climate conditions has been detected. As a physically-
based hydrological model, SiTH has the potential for implementation at
global scales. The required input data including net radiation, air
temperature, precipitation, leaf area index, vegetation type and soil

Fig. 10. Spatial patterns of (a) ET from the surface soil layer (mm year−1), (b) the percentage of ET from surface soil layer to total ET, (c) ET from the deep soil layer
(mm year−1), (d) the percentage of ET from deep soil layer to total ET, (e) ET from groundwater (mm year−1), and (f) the percentage of ET from groundwater to total
ET.
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Fig. 11. Spatial patterns of (a) MAM, (c) JJA, (e) SON, and (g) DJF land ET based on SiTH model; and latitudinal profiles of ET in (b) MAM, (d) JJA, (f) SON, and (h)
DJF.
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data, are readily available. The estimated ET and groundwater table
depth in 2005 by SiTH captured spatial and seasonal variations at the
global scale and favorably compared with other estimations. In an on-
going study, we will analyze the long-term spatial and temporal var-
iation of the global ET and groundwater table depth using different
forcing input datasets. In addition, special attentions will be given to
properly describe soil freeze-thaw processes in future studies.
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Fig. 12. Spatial patterns of (a) annual plant transpiration (mm year−1), (b) the percentage of plant transpiration to ET, (c) annual soil evaporation (mm year−1), (d)
the percentage of soil evaporation to ET, (e) annual interception loss (mm year−1), and (f) the percentage of interception loss to ET.

Fig. 13. Global distribution of simulated groundwater table depth in meters.
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