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ABSTRACT

Actual evaporation (E,) can be calculated as a fraction of potential evaporation (PE), which refers to the eva-
poration rate if supply water is unlimited. Potential evaporation depends on the available energy and the un-
derlying material, and different approaches to estimate potential evaporation exist nowadays. This study pro-
vides a detailed analysis of the evaporation dynamics over fully saturated, sandy soil (PEs) and an open water
surface (PE,). Moreover, the performance of commonly used methods to estimate PE is assessed. At the basis of
these analyses is a lysimeter experiment in the Guanzhong Basin, China, which allowed a precise measurement
of PE with a very high temporal resolution. Temperature profiles in lysimeters and meteorological data were also
measured during the experiment. A comparison of PEs and PE,, was carried out for seven consecutive days
(August 11th to 17th, 2016). Results show that PE,, is smaller than PE; on a daily scale, with PE,, rates being
bigger than PE, at night but smaller during daytime. Furthermore, the temporal dynamics of PE,, lags 4-5 h
behind PE,. In accordance with the energy balance equation, PE dynamics are mainly governed by “available
energy”. The PE rates calculated by Penman-Monteith (PM) and Priestly-Taylor (PT) based on these measure-
ments were also evaluated. The measured PE is relatively well reproduced by PM and PT equations. Finally, the
effect of using different approaches to estimate PE on calculating E, was tested by an integrated hydrological
model that calculates water flow in the unsaturated zone by solving the Richards equation. The relative dif-
ferences were up to 17.5%.

1. Introduction

methods are available to measure evaporation rates (Table a,
Appendix). A widely used approach in agricultural sciences is the

Evaporation is the physical process by which liquid water is trans-
ferred to the gaseous state of water vapor (Jensen and Allen, 2016).
Evaporation has been extensively studied in hydrology, agricultural
sciences, and meteorology, and is of critical importance to the hydro-
logical cycle (Morton, 1994; Burt et al., 2005; Trenberth et al., 2009; Or
et al., 2013). Directly measuring actual evaporation rates (E,) is chal-
lenging (Bavel, 1966; Zhidong et al., 1988; Verhoef and Campbell,
2005; Wang and Dickinson, 2012; Lensky et al., 2018). Various

Bowen ratio energy balance method. It requires accurate measurements
of vertical gradients of air temperature, humidity and net radiation to
obtain the latent heat flux for evaporation (LE) and sensible heat flux
(H) (Tanner, 1988; Devitt et al., 1998; Kahler and Brutsaert, 2006).
However, the Bowen ratio approach is associated with several un-
certainties. In addition to random and instrumental errors, errors re-
lated to simplifying assumptions in the underlying theory cause biases.
For example, the diffusivities of heat and moisture are assumed to be

Abbreviations: PE,, PE,,, potential evaporation from fully saturated soil and from water; ET,, reference evapo(transpi)ration; E, s, E, ., actual evaporation rate
calculated from PE and PE,, (mm/day); LE,, LE,,, latent heat for saturated soil evaporation and water evaporation (W/m?); LEeasured> LEcalcutated; measured and
calculated latent heat flux (W/m?); PM, The Penman-Monteith equation; PT, The Priestly-Taylor equation; LEenergy, LEaero, €nergy and aerodynamic term for
evaporation in PM model (W/m3); G, soil heat flux (W/m?); Ny, the change of heat storage in the water (W/m?3); Hy, H,,, sensible heat flux for saturated soil and for
water (W/m?); Ry, Rnw, net radiation for saturated soil and for water (W/m?); Gy, horizontal heat flux (W/m?)
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equal and the energy storage is neglected (Blad and Rosenberg, 1974;
Angus and Watts, 1984; Gavildn and Berengena, 2007).

Another method is the Eddy Covariance (EC) method which mea-
sures LE and H using high-frequency sensors (Tanner, 1988; Verhoef
and Campbell, 2005; Wang and Dickinson, 2012). It is one of the main
methods to measure evaporation rates, despite the high installation and
maintenance cost and problems related to closing the energy balance
(e.g., Wilson et al., 2002; Franssen et al., 2010). Besides, EC-measure-
ments are affected by large random errors (e.g., Hollinger and
Richardson, 2005; Richardson et al., 2006; Kessomkiat et al., 2013)
thus resulting in large uncertainties for hourly estimates of E,. Stable
estimates of evaporation rates by EC can only be calculated over three
hours of measurement, depending on the site-specific conditions (Culf
et al., 2004; Mahrt, 2010; Huntington et al., 2011; Kessomkiat et al.,
2013).

An alternative for estimating evaporation is using lysimeters.
Lysimeters allow to directly measure evaporation rates even over short
time periods (Hellwig, 1973; Holmes, 1984; Scanlon et al., 1997; Goss
and Ehlers, 2010; Jensen and Allen, 2016; Piitz et al., 2018). Despite
their high accuracy, lysimeters are not routinely used because of the
high installation cost, random errors related for example to measure-
ment uncertainty. Especially in arid regions, they are rarely used. Also,
lysimeter data are not necessarily representive for larger regions.

As an alternative approach to directly estimating E,, a commonly
used strategy is to estimate potential evaporation rate (PE) first, and on
this basis calculate E,. This approach is more extensively used com-
pared to the above-mentioned methods because it is based on meteor-
ological data which are widely and readily available. The ratio between
E, and PE depends on factors such as soil type, soil water availability
(Federer et al., 1996; Kirono et al., 2010), atmospheric resistance, heat
conductance (Mcilroy, 1984) and radiative properties (Mahrt and Ek,
1984) of the surface. Numerous methods to estimate PE have been
suggested. We loosely assign these methods to the following three ca-
tegories according to the surface-type:

A. Evaporation from an open water surface (PE,,):

Shuttleworth, for example, defined PE as “evaporation from an
idealized, extensive free water surface” (Shuttleworth, 1983). Mahrt also
defined PE as “evaporation occurring over a free water surface”, which
implies that PE rates are only controlled by the atmospheric conditions
(Mahrt and Ek, 1984; Mahrt, 2010). Different approaches to determine
PE,, have been developed, for example, Dalton-type equations (con-
sisting of wind speed function and vapor pressure deficit) and so-called
combination models such as de Bruin-Keijman equations (Bruin, 1982).

B. Evaporation from a saturated soil surface (PEy):

The formulation to calculate evaporation from a saturated soil
surface was originally proposed by Penman (Penman, 1948). The
Penman equation combines meteorological measurements with a sur-
face energy balance. It is one of the most important approaches to es-
timate PE (McJannet et al., 2013). Based on Penman, van Bavel ex-
tended the definition of PE rate as—“when surface is wet and imposes no
restriction upon the flow of water vapor” (Bavel, 1966). Priestley and
Taylor developed a simpler model to estimate PE;. As opposed to the
Penman equation, the aerodynamic term is not considered. Instead, a
correction factor to the energy balance is added (Priestley and Taylor,
1972). Menenti and Choudhury also defined PE in relation to the sa-
turated soil surface as “the rate of liquid to vapour transition which is not
affected by the liquid water flow beneath the physical boundary of the
evaporating body” (Menenti and Choudhury, 1993). Milly proposed that
E, is equal to the potential value when the soil has a sufficiently high
soil moisture content (Milly, 1992). Brutsaert introduced the apparent
potential evaporation rate, and defined it as “the evaporation rate that
would occur if the surface would be well supplied with water” (Brutsaert,
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2013). A completely saturated soil surface is common in wetlands and
areas where the depth to groundwater is smaller than the capillary rise
height.

C. Potential evaporation for vegetation with fixed geometric and
aerodynamic features—Reference Evapo(transpi)ration (ETy):

This concept also originated from Penman. He combined energy and
aerodynamic terms and defined the ET, as “the evaporation rate by a
short green crop, which completely shades the ground and is of uniform
height, with plenty of water” (Penman, 1948; Federer et al., 1996). The
developed Penman equation is widely used in agricultural and hydro-
logical research, providing a quantitative basis to estimate the crop
water requirements such as proposed for example in the FAO58 method
(Monteith and Unsworth, 2008).

Calculating E, on the basis of PE is the most widely implemented
approach in many disciplines including hydrogeology (e.g. ground-
water modelling), hydrology (watershed modelling) and agricultural
applications (estimation of irrigation demand). Different approaches to
calculate PE exist, but it is unclear which approach should be used and
how large the biases induced in estimating E, are. In fact, PE, PE,, and
ET, have all been used as a starting point to estimate actual E,
(Granger,1989; Allen et al., 1989; Westra, 2009; Kirono et al., 2010). In
addition, E, can also be calculated based on energy balance con-
siderations and coupling of the water and energy cycles, as is usually
done in land surface models and micrometeorological applications. It is
assumed that this approach can yield more precise E, estimates, but it
requires more input data than the other PE-based approaches.

The aim of this paper is to provide a quantitative assessment and
comparison of approaches to estimate potential evaporation over open
water and saturated bare soil, based on the energy balance method and
equations to estimate PE (such as the Penman-Monteith and the
Priestly-Taylor equations). The basis for this comparison is a unique
lysimeter experiment in a warm temperate semi-arid continental
monsoon climate near Xi’an (Shaanxi province, Guanzhong Basin,
China), in which evaporation rates are measured for a water column
and a fully saturated soil column. The lysimeters are operated in a way
that allows us to accurately measure evaporation rates with a high
temporal discretization: a measurement is taken every half an hour.
Given that alternative methods to estimate evaporation rate cannot
reach a high temporal resolution, our study is unique. Moreover, to the
best of our knowledge, the above-mentioned PE-estimation methods
have so far not been compared with precise, hourly measured PE-data.
Specifically, the following questions are addressed:

e What are the diurnal dynamics of measured PE for the water column
(PE,,) and fully saturated soil column (PEy)?

e How can the differences be explained from a physical point of view?

e How does the choice of PE-estimation methods (energy balance vs
PM and PT methods) compare to measured PE (bare soil vs open
water surface)?

e How does the choice of PE affect subsequent estimates of actual
evaporation rate E, in numerical models?

2. Materials and methods
2.1. Study site

The experiment was conducted at the “Semi-arid Groundwater and
Environment Experimental Site”, located at Chang’an University, Xi’an,
China (Latitude: 34°28’N; Longitude: 108°93’E). Lysimeter observation
columns (made by fiberglass) are buried and aligned with the ground
surface, and all have the same area (1.0 m?) and height (0.7 m), see
Fig. 1. The lysimeters are more than ten meters away from the roadside
trees. Note that on the photo in Fig. 1 they appear closer. This is due to
the vantage point of the photograph (from the only high-rise building
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Fig. 1. (I) Setup of the PE measurement device: lysimeter column (A), balance cup (B), the Automatic Water Replenishing Markov Bottle (C); (II) Overview of the
experimental site; (III) Measurement setup at the meteorological station. For example, wind speed and wind direction at 10 m, radiation measurement at 1.5 m, air
temperature, relative humidity and air pressure measurements at 1.5 m.

Table 1
Particle composition of the fine sand in the lysimeter.
Particle size (mm) Particle Composition (%)
> 2.00 2.00-0.50 0.50-0.125 0.125-0.095 0.0925-0.045 < 0.045
Fine Sand 0 0 93.22 2.87 1.5 2.41
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where a panorama photo of the experimental site can be taken).

The observation columns are filled with homogeneous fine sand
from the Guanzhong Basin. The particle composition is based on the
Standard for Soil Test Method (GB/T50123-1999), shown in Table 1.

2.2. Field measurements

A standard meteorological station is located in the southwestern
part of the experimental site, measures air temperature, humidity, net
radiation components, wind speed and air pressure. Fig. 1 illustrates the
measurement setup including the height of the sensors. All data were
logged every 5 min. The commercial names and model of the mea-
surement devices employed are listed in Table b (Appendix).

Temperature sensors (instrument: 5TM and MPS6) are buried at 3,
5, 10, 20, 30 and 50 cm depth in the soil of the lysimeter column (as
shown in Fig. 1) and 5, 10, 20, 40, 60 cm depth in the soil out of the
lysimeter. Data are automatically recorded by the EM50 data logger
every 5 min. Water temperatures are measured at the same depth as in
the soil by a resistor temperature sensor (1/3DIN) and also auto-
matically recorded every 5 min.

If a lysimeter has continuous water supply, evaporation is not re-
stricted by water availability, but by the net available energy and en-
vironmental conditions (Westra, 2009). We designed our setup in a way
that the measured evaporation rate corresponds to the potential eva-
poration (PE). Direct measurements of potential evaporation for satu-
rated fine sand (PE,) and water (PE,,) were made by the “Automatic
Water Replenishing Markov Bottle”. This system was invented by
Chang'an University and can provide reliable evaporation data with a
high temporal resolution. It got a Utility Model Patent in 2014 (Shen
et al., 2014). As shown in Fig. 1, the water table in the columns was
maintained at the soil/water surface, which means the water table
depth is zero. The Markov Bottle is installed in the basement, con-
necting the columns with the balance cup. When evaporation takes
place, water is rapidly replenished.

The device is based on the principle of connected vessels, and given
the principle of mass balance, the water quantity evaporated in the
lysimeter column (M,) equals to the quantity delivered by the Markov
bottle (M¢). We can rewrite this as:

n-r3-Ahy = m-rd-Ahg (@)

where Ah, is the PE rate of the lysimeter, Ahc is the water level var-
iation in the Markov Bottle, which can be measured by pressure sensors
in the bottle (MPM489, MICROSENSOR, see Fig. 1), ra (56.5 cm) and r¢
(6.0 cm) are the radius of the lysimeter column and the Markov bottle
respectively, so that:

Ah, = Ah¢/88.7 2

A drop of the water level in the Markov bottle of 88.7 cm thus co-
incides with an evaporation rate in the lysimeter column of 1 cm. The
set-up allows determining the evaporation with very high accuracy.

A linear statistical analysis was employed to assess the temporal
dynamics of PE; and PE,, in relation to meteorological data.

Vi - Vmin
Vmax - Vmin (3)

V=

where V; represents a measured PE or a meteorological variable, Vi.x
and Vi, are the maximum and minimum values in the measured time
series. The measured data also form the basis for the comparison with
the upcoming methods.

2.3. Energy balance

Energy balance approaches are widely used to estimate evaporation
rates (Singh and Xu, 2015). The energy balance at the land-atmosphere
interface is given by:
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(@) Rys — Gy — Hg = LEg  soil
(b)Ryw — Gy — Hy, = LE,, water (&)

where the subscripts s and w refer to fine sand and water respectively.
R, (W/m?) is the net radiation. N,, (W/m?) represents the change of
heat storage in the water body, and G (W/m?) is soil heat flux. H (W/
m?) is the sensible heat flux and LE (W/m?) is the latent heat flux for
evaporation. R, Gs and N,, are positive in the downward direction,
while LE and H are positive upwards. The equations for all terms in Eq.
(4) are provided in the Appendix (equations 17-31).

Net radiation R, is different for fine sand and water, owing to their
different albedos (equations 17-21 of the Appendix). The sensible heat
flux H (calculated through equations 28-31 of the Appendix) is often
negative as most of the energy over the lysimeter and water columns is
used for evaporation. The Gradient method (Eq. (22)) is considered as a
standard method for calculating the soil heat flux G; (Horton et al.,
1983; Evett et al., 2012). Note, however, that it is difficult to measure
the temperature at the soil surface. In practice, the gradient method is
therefore based on temperature mseasurements in the shallow surface
(e.g. between 3 cm and 5 cm below ground in this study). The heat flux
within the soil (abbreviated with Gy) is not equivalent to G as it ne-
glects heat storage AS between the location of the highest sensor and
soil surface. This can result in errors up to 10% (Massman, 1993;
Heitman et al., 2010). While in practice G; is often approximated
through Gy, we correct this estimate in the following way (An et al.,
2017):

Gs = Gy + AS (5)

where AS is calculated from temporal soil temperature variations
(Braud et al., 1993; Roxy et al., 2014). The temperature measured at
3 cm depth is used to estimate AS in Eq. (5) (Ochsner et al., 2007),
assuming it represents the average temperature in the uppermost sur-
face:

(T —T)
At (6)

where the subscript i refers to time, T,,; — T; (K) is the temporal tem-
perature variation Az is the layer thickness over which the heat storage
is calculated (3 cm in this work), c; is the soil volumetric heat capacity
and equal to 2.19 MJ/m’K, calculated through Eq. (24), At is time step
(30 min in this study).

For water, heat storage N,, is a significant component of the energy
balance, which can be calculated according to (Gallego-Elvira et al.,
2011; McJannet et al., 2013):

AS = Az-c

Nw = pw'cw'Z'(Ti+1 - Tl)/At (7)

where p,, (1000 kg-m~3) is the water density, cy(4.2 kJ-kg-K™1) is the
specific heat of water, z (m) is the depth of a water layer (the water
column was divided into layers of 10 cm depth to calculate heat storage
of water. The temperature used to calculate N,, for each layer is based
on linear interpolation), i refers to time, T.; — T;(K) is the temporal
temperature variation, and At is the time step (30 min).

One complication of our specific setup is that the net energy balance
of the lysimeter is affected by horizontal energy exchange G;, between
the lysimeter column and the surroundings. The horizontal heat fluxes
for fine sand (Gps) and water (Gp.) were estimated based on linear
interpolation of measured temperature along vertical profiles inside
and outside the lySimEteri (Toutside - _inside,s or Toutside - _inside,w)- Gh,s
and Gp, are calculated every 30 min by Eq. (22), with
Afiverglass = 0. 4 W-m™-K™! (Li, 2018), and thickness of the lysimeter
wall equivalent to 0.02 m.

For the water column, the horizontal heat flux Gy, ,, is an additional
energy term, and we assume that it affects latent heat in the same way
as R,. This is justified given the homogeneous vertical temperature
profile for water (see upcoming Fig. 6). For soil, on the other hand, the
vertical temperature distribution inside the lysimeter column is not
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uniform. The horizontal energy continuing to the soil lysimeter column
in the deeper layers will contribute much less to an increase of the
latent heat flux than the net radiation available to the upper soil layers.
We consider this effect by introducing an exponential-type weighting
function as a function of soil depth to estimate the average temperature
inside Tingide,s:

50
Tinside,s = Z ’Ij]y_l

=1 ®
where the subscript j refers to depth, Tj corresponds to the soil tem-
peratures at different depths, y; is calculated in the following way:

yj = e“P‘j (9)

where y; represents the weight for the measured soil temperature at a
particular depth. @ is the shape parameter which is modified through
trial and error to close the energy balance. The value of 0.397 was
employed in this study (see Fig. 9). Thus Gy, can be calculated as:

Toutside — Tinside,s

Gh,s = _}"ﬁberglass' 0.02

Toutside — ZiO:I ’Ij‘e7¢j .
= - )Lﬁberglass' 002 soil

Toutside - Tinside,w

Ghw = —}Lﬁberglass‘ 002 water (10)

A further complication of this column experiment is that the water
which is replenished to supply evaporation from the Markov bottle
(located in the basement of the lysimeter site) has a lower temperature
than the soil (water) in the column. The extra energy Q (kJ/d) which is
injected in the lysimeter related to this temperature difference AT (°C)
has to be taken into account, if it is a significant component of the
energy balance:

Q = cy'm-AT 1)

where ¢, =4.2 kJ/(kg-°C) is water heat capacity, m (kg/d) is the water
flux which needs to be replenished related to evaporation per day. A
detailed assessment of the importance of this component was carried
out and showed that the incoming flux only corresponds to about 1-3%
of the latent heat. This is related to the fact that the inflowing water flux
as well as the temperature difference between the inflowing water and
the lysimeter are small. We therefore do not explicitly consider this
term in the upcoming analysis.

As shown in Fig. 2, all additional energy terms were added in the
energy balance equations for the sand and water lysimeter columns:

(a) Gps + Rps — Gs — Hy = LEg  soil
(b) Ghw + Rpw — Ny — Hy, = LE,, water (12)

2.4. Penman-Monteith and Priestly-Taylor equations

The performance of widely used methods to estimate potential
evaporation was assessed; potential evaporation was calculated ac-
cording to the Penman-Monteith (PM) and Priestly-Taylor (PT) equa-
tions.

The Penman-Monteith model combines both energy (LEcpergy) and
aerodynamic terms (LE,e.,) for evaporation. It is widely used to esti-
mate both evapotranspiration and evaporation (Mcjannet et al., 2013;
Jensen and Allen, 2016). For saturated bare soils or water surfaces r;
(including the canopy resistance r.) is assumed to be zero as no re-
striction on evaporation rate occurs (Finch, 2001; Jensen and Allen,
2016. p.625.), the PM equation in this study is:

A-(Gh,s + Rn,s — Gs) pa-cp(es—ea)/Tas

LE = Aty ATy soil
LEW - A-(Gh,w Z inyw — Nw) + Pa'Cp'(ezj—eya)/ Ta,w water
LE = LEcnergy + LEaero 13)
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A (kPa/°C) is the gradient of saturation vapor pressure-temperature
curve, y is the psychrometric constant (0.066 kPa/°C), p, is the air
density (which is equal to 1.02 kg/m®), ¢, (1010 I-kg~-K™!) is the spe-
cific heat of air, e; (kPa) is the saturation vapor pressure, e, (kPa) is the
vapor pressure corresponding to air temperature and r, (s:m™!) is the
aerodynamic resistance (see also Appendix, equations 30-31). L the is
latent heat for evaporation (2.43 MJ/kg). For water, heat storage N,,
instead of G, is used.

Different from Penman-type equations, the aerodynamic term
(LEaero) is simplified by the empirical parameter apy in the Priestley-
Taylor equation (Priestley and Taylor, 1972; Yang and Roderick, 2019):

— LE,
apr = / LEenergy
A-(Gh,s + Rp,s — Gs)

LEg = opr- Aty soil
LE, = O‘PT‘%W water (14)

apr was empirically determined to be 1.26 for wet surfaces (Stewart and
Rouse, 1977; Crago and Brutsaert, 1992; Crago, 1996; Kellner, 2001).

2.5. Hydrological modelling with HydroGeoSphere

Numerical models such as HydroGeoSphere (HGS) are widely ap-
plied for applications at the field or catchment scale to simulate surface
and subsurface flow processes, including transpiration and evaporation
processes, as well as infiltration and capillary rise (Brunner and
Simmons, 2012). Potential evaporation is a critical input for these si-
mulations. Here, we explore the influence of potential evaporation on
actual evaporation by using PE rates obtained from free water surface
and PE obtained in the saturated soil. Actual evaporation dynamics
under these different boundary conditions are tested for two soil types
(sand and silty clay) for different depths of the water table. We carry
out the simulations for two soil types because the hydraulic properties
of the soil strongly influence the relation between PE and E..

An important parameter for these simulations is the extinction
depth. The extinction depth represents the groundwater table depth at
which phreatic evaporation would approximate zero (Shah et al.,
2007). The extinction depth of sand was set to be 0.5 m (Ma et al.,
2019), and to 3.35 m for silty clay. This value is based on Shah et al.
(2007). The models are run until steady-state conditions are reached for
fixed water table depths of 0.1, 0.25, 0.5 and 0.75 m in sandy soils, 0.5,
1, 1.5, 2, 3, 4 m for silty clay. The fixed water tables are maintained
through a constant head boundary.

HGS is based on the Richards equation which simulates flow in the
unsaturated zone. The Richards equations relates fluxes to differences
in hydraulic heads in the unsaturated zone. Capillary rise and infiltra-
tion processes are driven by head differences, and are thus directly si-
mulated by HGS. The relation between saturation, pressure and hy-
draulic conductivity is parametrized using the van Genuchten approach
(van Genuchten, 1980). Hydraulic properties from fine sand are taken
from measurements, hydraulic properties for silty clay are based on
Carsel and Parrish (1988). The saturated water content 65 corresponds
to the porosity. An overview of the soil hydraulic parameters is shown
in Table 2.

HGS uses PE as an upper boundary condition, and calculates E, as a
function of soil moisture content (Therrien et al., 2010):

E, = a*(PE)EDF

1 e>651
a* = ﬁ B2 < 0 < 0y
0 0 < B¢y (15)

a* is the wetness condition of the subsurface, determined by soil
moisture content, EDF is the evaporation distribution function (a con-
stant, quadratic and a cubic decay function can be used). We used a
quadratic function in this study. Above 6, evaporation is not limited by



W. Li, et al.

Table 2
Soil hydraulic parameters used for calculating E,.
Parameters Sand Silty Clay
Extinction Depth (m) 0.50 3.35
a (1/m) 3.40 0.5
n 2.75 1.09
K (m/s) 9.26:10¢" 5.56:10C"®
0 0.38 0.36
01 0.95 0.95
0, 0.02 0.07
Oe2 0.20 0.20

water availability in the soil, below 8, the actual evaporation is zero. 8
is the actual soil moisture content calculated with the Richards equa-
tion. An additional condition for evaporation to occur is related to the
pressure heads in the unsaturated zone. If the pressure head drops
below a certain threshold (e.g. 1 m) no evaporation occurs.

Vertical discretization was sufficiently high (1 cm) to avoid nu-
merical problems related to solving the Richards equation.

3. Results
3.1. Meteorological data and lysimeter measurements

3.1.1. Meteorology

Meteorological data from 2005 to 2020 (15 years) from Jinghe
National Meteorological Station (a few kilometers away from our ex-
periment site), are shown in Fig. 3. The yearly cycles of the average
temperature and pan evaporation are plotted in Fig. 3a. The average
monthly rainfall and sunshine duration are displayed in Fig. 3b. The
hottest period of the year is between the beginning of July and the
middle of August, with a mean temperature of 27.7 °C.

Based on the statistics over the period 2005-2020, evaporation
during summer represents 38% of the evaporation of the whole year.
Fig. 4 shows that summer temperatures in 2016 were higher than the
long term average, with a mean value of 29.3 °C. Historically, rainfall is
concentrated in August (Fig. 3b, average monthly precipitation
~87 mm), with less sunshine during that month (192 h). In 2016 the
August was drier (50 mm precipitation) and sunnier (290 h sun). The
period of August 11 until August 17 was the hottest period in 2016. The
meteorological conditions of our experimental period are closely fol-
lowing the multi-annual characteristics in summer. Our selected period
is therefore representative for warm, dry periods in summer with a high
evaporative demand for the Guanzhong Basin.

Fig. 5 shows the time series and average diurnal cycles for the dif-
ferent meteorological variables in this period. This figure illustrates the
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typical daily cycles with maximum values for wind speed, air tem-
perature and incoming radiation terms in the afternoon, and minimal
daily values of relative humidity and vapor pressure.

The average wind speed reaches a maximum in the afternoon. In
general, wind speed is relatively low in the Guanzhong Basin. Air
temperature is fluctuating between 26 and 39 °C during this week with
a mean value of 32.3 °C. Relative humidity varies between 33 and 75%
with a mean value of 53%. Vapor pressure varies between 2 and
2.8 kPa. Incoming radiation is the energy input for evaporation, in-
coming short wave radiation varies between —3 and 900 W/m? and
incoming longwave radiation is around 450 W/m? The maximum
value of radiation occurred around 12:50 (Beijing Time), as it is the
local midday time in summer.

3.1.2. Temperature profiles in the lysimeter columns

Fig. 6 shows the half-hourly vertical temperature variation for sa-
turated fine sand (T,) and water (T,,) on the basis of measurements at 3,
5, 10, 20, 30 and 50 cm depth. T, and T,, roughly follow a sine function
(Fig. 6 C) related to the net radiation balance.

The variations of T; with depth show considerable differences in
time. The timing of the maximum and minimum values for T, and
corresponding amplitudes at different depths are shown in Table 3. The
amplitude of Ty is smaller with increasing depth. This is related to the
fact that incoming radiation cannot penetrate soil and heat the soil
surface only. The downward heat transport is delayed because of heat
storage and the relatively slow heat conduction in soil. These dynamics
are highlighted in Fig. 6A. The slope of T along the vertical soil profile
is indicated by the angle . It is a proxy for the temperature transmis-
sion time in the vertical direction, slower transmission associated with
larger angles.

On the other hand, T, is quite uniform over depth. The temporal
evolution of the vertical gradient of T,, indicates that the water column
is well mixed (the black line in Fig. 6 B, the angle of the gradient along
the vertical profile (3 is 0). This can be explained as follows: (1) Water
has a bigger heat capacity than soil, and daily temperature variations
are more strongly buffered than in soil. (2) Short wave radiation can
penetrate deeper in the water column thus directly heating a larger
vertical column than for soil. (3) Moreover, vertical mixing might be
increased through wind which is not the case for the soil column.

3.2. Potential evaporation

Fig. 7 shows the measured daily average temperatures and PE rates
from August 1st to 26th. The differences in PE between fine sand and
water are more obvious during “hot days” (August 11th-17th), detailed
analyses were made for these seven consecutive days.

Rn,w LE“

H\\

Gh,w

Fig. 2. Schematic diagram of the energy balance for saturated fine sand (left) and the water column (right): R,, is the net radiation, Gs/N,, is soil heat flux/ water heat
storage, H is the sensible heat flux, LE is latent heat flux for evaporation, Gy, is horizontal heat flux, Q is the energy associated with incoming water from the Markov
bottle, red cross means it is neglected in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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3.2.1. Diurnal PE dynamics

Fig. 8 shows the diurnal time series of PEs and PE,,, together with
the average diurnal cycles. The time series of PEg and PE,, were dif-
ferent in terms of absolute values and temporal dynamics.

For PE,, ~78% of the daily evaporation took place between sunrise
and sunset (~5:30-19:30), the remaining 22% evaporate after sunset.
On the other hand, for the water lysimeter, nighttime evaporation is
~5% larger than daytime evaporation. As Fig. 8c illustrates, between

9:00 and 17:30 PE; > PE,,, but during night time PEg < PE,,. The peak
value for PE; was larger than for PE,,, and the average daily sum of PE
was ~21% higher than for PE,,.

The peak value of PE; was measured in the afternoon
(~14:00-16:00), while PE,, reached its maximum later in the evening
(~20:00-22:00). The minimum of PE occurred during the night while
for PE,, it was around noon. The peak value of PE,, is lagging ~6 h
behind the one for PE,. Also, PE; and PE,, were lagging behind the
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Fig. 4. Climatic variables for the year 2016 at Jinghe National Meteorological Station. (a) daily maximum, average and minimum temperatures and pan evaporation.

(b) monthly rainfall amount and sunshine duration.
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diurnal cycles of meteorological variables (ME), but for PE,, this lag was
much larger than for PE,. Linear correlation analysis was used to de-
termine this specific “lag time”.

In order to assess the lag time, a simple time-shift was introduced
and the linear correlation coefficients between PE and the meteor-
ological variable were calculated. Tables 4 and 5 show that for time lag
zero (t + 0), PE; has a positive correlation with net radiation, air
temperature and wind speed. Negative correlations are observed with
humidity and vapour pressure. PE, has a relatively strong positive
correlation with wind speed, while for other variables, the correlation
coefficients reach their maximum value for relatively large time lags of
4-6 h, illustrating that PE,, lags behind the meteorological variables. In
summary, the diurnal cycle of PE,, lagged almost 4-5 h behind the one
for PE; during summer. This can be explained by energy balance con-
siderations, as discussed in the next section.

Table 3

3.3. Energy fluxes

3.3.1. Net radiation

Fig. 9 shows the diurnal variation of the calculated flux terms for the
saturated fine sand and water columns in equation 12. Fig. 9a shows the
net radiation R,,, which is the energy input for the fine sand and water
columns. Net radiation was slightly negative during nighttime and in-
creased after sunrise (~7:00), reaching a maximum around 13:00
(water: 720 W/m?, saturated fine sand: 540 W/m?), and decreasing
afterwards, again turning into negative in the beginning of the evening
around sunset. The green curve (Fig. 9a right) represents the difference
between R,,, and R, ;, the value is positive during the daytime, as the
albedo of water is lower than for fine sand.

3.3.2. Heat flux/storage

G (for fine sand) and N,, (for water) represent the energy variation
related to heat storage inside the column system (Fig. 9b). The curves of
Gs; and N,, have different shapes, with N,, having a much more

The timing of maximum and minimum value of Ty and amplitudes at different depths.

Textures Depth (cm) Maximum temperature Minimum temperature Amplitude (°C)
Value (°C) Point in time Value (°C) Point in time
Saturated fine sand 3 36.4 14:30-15:30 26.5 6:00 9.9
5 34.8 16:00 28.4 7:00 6.4
10 33.8 16:00-17:00 28.4 7:00-8:00 5.4
20 31.7 19:00 29.3 9:00 2.4
30 31.0 21:00-22:00 29.7 12:00 1.3
50 30.1 23:00 29.7 14:00 0.4
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figure.

pronounced daily amplitude. Both N,, and G; are negative during the
night, and N,, has more negative values than G, (-250 W/m? resp.
-50 W/m? on average; -340 W/m? resp. -64 W/m? as minimum values).
The time series for Gy and N,, reach positive values during day time

(8:00-17:30). The green time series in the right of Fig. 9b displays the
diurnal cycle of the average difference between N,, and G;. During
daytime the water column stores more heat than saturated bare soil (the
maximum difference is around 540 W/m?), and releases more energy
during the night. This is related to the increased heat capacity of water
compared to the soil.

3.3.3. Horizontal heat flux

Horizontal energy exchange between the lysimeter and the sur-
roundings Gy (or water Gp.) is important for energy closure. The
results are shown in Fig. 9c. The two curves show a similar trend. Gy, 5 is
positive from 18:00-13:00 as heat is transferred from the surroundings
into saturated fine sand, reaching the maximum value (~110 W/m?)
before dawn, and is negative in the afternoon. Gy, is negative most of
the time, except from 2:30-10:00, as heat is transferred from the water
column to the surroundings. In general, the lysimeter columns are ab-
sorbing heat during the night and releasing heat at day.

3.3.4. Sensible heat flux

The sensible heat flux H represents the turbulent exchange of sen-
sible heat at the interface of the land and the atmosphere. Results are
shown in Fig. 9d. H,, is negative from 10:30-20:30, as heat is trans-
ferred from the overlying air into the water, and positive from
21:30-10:00 as water is releasing sensible heat to the air, the net sum of
H is close to zero. In general, during the summer months, H,, is close to
zero (Finch, 2001).

H; is negative most of the time, except around noon. In this
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Table 4 3.3.5. Latent heat flux for both lysimeters

Linear correlation coefficients between PEg and different meteorological vari-
ables (ME) for different time lags: WS (wind speed); T, (air temperature); RH
(relative humidity); e (vapor pressure); R, (net radiation).

Evaporation PE,

surface

ME

Timelag t+0 t+05 t+1 t+ 15 t+ 2 t+25 t+ 3
(hours)

WS 0.26 0.23 0.17 0.13 0.11 0.09 0.08
Ta 0.74 0.77 0.59 0.49 0.39 0.27 0.15
RH -071 -0.65 —-0.57 -048 -037 -025 —0.13
e -0.44 -038 -032 -026 -0.18 -0.08 0.02
Rn 0.87 0.92 0.94 0.94 0.91 0.86 0.80

experimental setup, we have a so-called “oasis effect” which occurs
primarily in summer. It is related to the fact that the lysimeter is always
saturated and shows a strong evaporation, whereas the surroundings
have low soil moisture content. Net radiation is therefore mainly used
for sensible heat flux (Hao et al., 2016). The evaporation over the ly-
simeter is enhanced by the high air temperatures in the surrounding of
the lysimeter so that the soil surface temperature is smaller than the
measured air temperature (Ts—T, < 0). The oasis effect induces lateral
transfer of sensible heat towards the lysimeter causing lower H and
larger LE than in normal situations. Therefore, the sensible heat flux
above the lysimeter is small and almost all available energy is used for
evaporation and heat storage in sand and water columns.

During summer, the absolute value of H above a well-watered sur-
face is significantly smaller than the latent heat flux. A range of studies
found that H can be negligible compared with net radiation or latent
heat flux (Tanner and Pelton, 1960; Katul and Parlange, 1992; Finch,
2001; Gallego-Elvira et al., 2011).

Fig. 10 shows the measured and calculated time series of latent heat
for evaporation (LE; and LE,,) according to the energy balance method,
the Penman-Monteith (PM) and Priestly-Taylor (PT) equations based on
half-hourly data.

Table 6 shows the daily average value of PE calculated by PM, PT
and the energy balance equations. In order to compare the different
approaches, different evaluation statistics were calculated: the coeffi-
cient of determination (R?), root mean squared error (RMSE), mean
absolute error (MAE) and mean bias error (MBE) between calculated
and measured LE for seven days and for the average diurnal cycles.
Table 7 shows the evaluation statistics.

All three methods resulted in a relatively good estimation of PE. The
estimation of LE corresponds better to the measurements than the es-
timation of LE, (with bigger R?). Based on the different statistical
measures, the quality of the estimated values of LE by the three dif-
ferent methods was similar, with slightly better performance of the
energy balance method for the soil columns (lowest RMSE and MAE
among methods), while for the water column none of the methods
clearly outperforms another method (PM provides the best results in
terms of RMSE and MAE, but energy balance in terms of R* and PT in
terms of MBE).

3.4. Calculation of actual evaporation E, using numerical models

Fig. 11 shows the results of the numerical simulations. E, is the
actual evaporation rate calculated from measured PE;. E, ,, is the actual
evaporation rate calculated from measured PE,,, with their differences
AE, (=E,s—E, ). The relative difference between E,s and E,,, cal-
culated by HGS were highlighted as RD (Fig. 11 b, d):

E
RD = (ﬂ - 1}100%

as (16)
Table 5
Linear correlation coefficients between PE,, and different meteorological variables (ME) for different time lags.
Evaporation surface PE,,
ME
Time lag (hours) t+ 0 t+ 2 t+ 4 t + 4.5 t+5 t+ 5.5 t+ 6 t + 6.5 t+7 t+ 7.5
WS 0.41 0.37 0.22 0.18 0.14 0.14 0.10 0.08 0.06 0.04
Ta 0.26 0.54 0.65 0.65 0.63 0.60 0.52 0.45 0.39 0.31
RH —-0.23 -0.50 —-0.62 —-0.62 —0.60 -0.57 —0.48 -0.41 —-0.34 —-0.26
e -0.07 —-0.28 -0.36 -0.33 -0.30 —-0.26 -0.16 —0.08 —0.02 0.06
Ry —0.36 0.03 0.43 0.50 0.56 0.60 0.64 0.63 0.61 0.58

10



W. Li, et al.

Journal of Hydrology 590 (2020) 125140

H Sensible
Heat Flux (W/m?)
o

&
S

11-Aug-16
12-Aug-16
13-Aug-16
14-Aug-16
15-Aug-16

Water Fine Sand Difference between Rn, e, and Rnge sang
‘E 1000 (a) 1000 Z
S g
(= =3
.S 500 500 £ 0
s (=)
= >
g { —
4 2
——— Difference between N,, and G, =
o 0 (b) i
g 3
© S~ 400 400 ~m
=N Sg2
oxRE SXo
z32 362
TR 0 0 <50
2 3
T 400 -400
200 (c) 200
sE E°
cS 1 -
s % /\/ = o
g5 0 ’/\/ o %5
~ N
= X
© | s
CE 22
-200 -200
50 - 50

' —~
o
~

}%

o
(zW/M) Xn|4 jeaH
a|qisues H

-50

Hour

16-Aug-16
17-Aug-16
18-Aug-16

Fig. 9. Time series of calculated components of the energy balance (on the basis of half hourly data) including the average diurnal cycle on the right: (a) Net

radiation; (b) Heat flux or storage; (c) Horizontal heat flux; (d) Sensible heat flux.

Differences over 17% can occur for the estimates of E, (Fig. 11).
Fig. 11 (a, c) also illustrates that both E,, and E, ., along with their
differences AE, approximate zero with the increase of the water table
depth. The depth where evaporation drops to zero can be slightly larger
than the extinction depth because the imposed extinction depth has not
been established jointly with the soil-evaporation parameters. For
sandy soil, the absolute value of relative differences were up to 17.5%
(Fig. 11 b). For silty clay, relative differences decreased with the in-
crease of water table depth (Fig. 11 d).

4. Discussion
4.1. Experimental setup and data analysis

The experimental setup developed in this study allows for a unique
comparison between evaporation dynamics over an open water surface
as well as saturated bare soil with a very high temporal resolution. The
employed Markov-bottle approach proved suitable in this experimental
setup. The size of the lysimeters was relatively large (1.0 m? each) and
deep (0.7 m each). To the best of our knowledge, this is the first time
such a detailed study on the dynamics of potential evaporation has been
carried for a warm temperate semi-arid continental monsoon climate
region.

A complication of the study was the horizontal heat-exchange be-
tween the lysimeter and the surrounding soil. Insulating the lysimeters
could reduce heat exchange with the surrounding soil, but even with
additional insulation horizontal heat exchange will not be zero. We
have considered this effect by estimating horizontal heat exchange
using average values of the vertical temperatures in the lysimeters. This
is straightforward for the water column as vertically no relevant tem-
perature differences were observed. For soil it is more complicated. Our

11

suggested depth-weighted approach constitutes a simple calibration
procedure (by manually modifying ¢ in equation 9) to close the energy
balance under consideration of horizontal heat exchange. Clearly, this
is a simplification of the underlying physics. A more complete analysis,
however, would require a spatially distributed numerical model of the
energy fluxes which was beyond the scope of this paper.

The study focused on a relatively short time span, but our selected
period is representative for warm, dry periods in summer with a high
evaporative demand. In addition to analyzing daily dynamics, studying
long-term seasonal dynamics would certainly also be of interest but was
also not the focus of this study. In summary, the chosen experimental
setup and the subsequent treatment of the data were considered to be of
sufficient accuracy for the subsequent analysis.

4.2. Potential evaporation over open water and saturated bare soil

The comparison between the two lysimeters revealed differences in
both the absolute value as well as the temporal dynamics. For the
analyzed period, differences up to 21% between the two average PE
rates were observed. The diurnal cycle of PE,, lagged almost 4-5 h
behind the one for PE; during summer. This can be explained by energy
balance considerations. These differences show the importance of the
composition of the ground for estimating potential evaporation rates.
These two findings have a range of implications. For example, precision
agriculture requires accurate temporal estimates of evaporation dy-
namics of the soil to estimate hourly irrigation rates. The differences in
the absolute values are important for all approaches which estimate
actual evaporation based on potential evaporation.

The following physical properties differ between the saturated bare
soil and water columns: (1) The surface albedo, (2) The thermal
properties, including the differences in heat capacity, thermal
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Fig. 10. Measured (black curve) and calculated latent heat flux for the lysimeter water column (A) and the lysimeter sand column (B) according to the energy balance
(a,d—red curve), PM (b,e—blue curve) and PT (c,f—orange curve) equations. The average diurnal cycles are shown on the right. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 6
Daily average value of calculated PE (by PM, PT and the energy balance
method) for the water and soil columns and differences with measured PE.

PE,, (mm/ Difference (mm/ PE; (mm/ Difference (mm/
d) d) d) d)

Measured 5.88 - 7.09 -

PM 6.31 +0.43 7.13 +0.04

PT 6.09 +0.21 7.08 —0.01

Energy Balance 6.07 +0.19 7.35 +0.26

conductance and the depth of energy adsorption.

In our case the albedo of the soil is larger than the albedo of water
(as shown in Fig. 9a), resulting in a decreased amount of absorbed
energy. Note that this does not necessarily mean that the latent heat
flux for evaporation is smaller for soil, because the re-distribution of
energy is also significantly affected by the physical properties of the
underlying material. Our analysis identified significant differences in
the soil heat flux related to vertical differences of temperature, and the
heat storage in the water. Fig. 12 shows the temperature data used to
calculate N,, and G (Go+ AS). Although the vertical temperature gra-
dient is smaller for water than for soil, N,, is much larger than Gg

12

(shown in Fig. 9b), leaving less energy for evaporation, which is caused
by the differences in thermal properties.

The difference in vertical temperature gradients between the soil
and water columns, which influence G; and N,,, can be explained.
During the day, for saturated fine sand, net radiation can only heats a
thin surface layer of the soil column, and heat slowly diffuses down-
wards, resulting in a relatively small value for the soil heat flux G,.
Therefore, a more important fraction of the net radiation is available for
evaporation. For water, on the other hand Gy, ,, + Ry, is mainly used to
heat water. We found that: Gy, +Rnw—Ny < Gps+Rns—Gs, so less
energy is available for latent heat flux, even though R, for the water
column is higher than for the fine sand column.

During the night, besides Gy, 5, both R,,, G5 and N,, are negative, and
N,y is more negative than G, thus Gnw+Rnw—Nw > Ghs+Rns—Gs,
water releases energy stored during the daytime for evaporation, so that
water has a bigger evaporation rate than saturated fine sand at night.

4.3. Performance of approaches to estimate PE

4.3.1. Energy balance method and Priestly-Taylor equations
Given that the Priestly-Taylor and the energy balance resulted in
nearly identical diurnal curves, the discussion of the energy balance
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Table 7

Evaluation Statistics: R%, RMSE, MAE and MBE between calculated and mea-
sured latent heat fluxes (LE) for the saturated fine sand column and the water
column, by PM, PT and the energy balance equation for seven consecutive days
and average diurnal cycles.
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likewise applies to the PT method.

The results calculated from the energy balance equation are dis-
cussed by introducing the energy balance ratio (EBR):
(LEmeasured + H)/(Gh + Ry — Gsor Ny) is equal to 1 if the energy budget
is closed. If EBR > 1, calculated LE is underestimated compared to

Evaluation Method 7 Days Average Diurnal cycles LEeasurea- If EBR < 1, calculated LE is overestimated.
statistics For water, the energy balance cannot be closed satisfactorily. LE,, is
LEw LE, LEy LE, significantly underestimated from 13:00-15:30 (EBR > 1) and over-
R2 PM 0.40 078 071 0.82 estimated from 17:30-19:00 (EBR <1). The imbalance from
P-T 0.45 082 071 0.88 13:00-15:30 can be explained with errors associated with the over-
Energy 0.47 0.81 0.75 0.87 estimation of heat storage N,,. These errors are related to the vertical
) Balance temperature variations. As can be seen in Fig. 6, some stratification
RMSE (W/m?) PM 6272 7691  30.62 56.01 X ol - h ical di s leul h .
PT 69.09 6759 3713 55.64 took place. owever, the vertical discretization to calculate ¢ anges in
Energy 65.72 6142  32.70 43.76 heat storage might have been too coarse to capture these variations
Balance adequatly. The second imbalance occurred in the evening. This might
MAE (W/m?) PM 4506 51.54  23.38 42.00 be related to the high wind speed and turbulence in the evening, which
P-T 4947 5140 28.85 43.10 . . - :
Energy 4752 4717 2489 3458 leads to ripples in the water column, potentially causing measurement
Balance errors (Arnon et al., 2014; Lensky et al., 2018).
MBE (W/m?) PM +12.09 +1.31 +12.31 +1.76 For saturated fine sand, the energy balance closure could be
P-T +4.61  —015 +5.84 —0.32 achieved during daytime. However, an imbalance existed between
Energy +557 4686 +536 +6.68 8:00-11:00 (EBR < 1) and 19:30-23:00 (EBR > 1). The first imbalance
Balance . . . .
occurred in the morning, the calculation overestimates LE;. There ap-
pears to be a certain time-lag between available energy and the onset of
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(b), (d): Relative differences between E, s and E, ,, (purple curve). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

13



Journal of Hydrology 590 (2020) 125140

W. Li, et al.
AS
4 T (@G, i+1)-T (3,1

8o

[

S c

es

= |

g3 °

]

X

ke,
© ‘Cg e
7 \ \
g S g
< < <
- o~ ®

14-Aug-16

G, Nw
T3cm=T5cm T (z, i#1)-T (z, 1)

15-Aug-16
16-Aug-16
17-Aug-16
18-Aug-16

Fig. 12. Half-hourly temperature time series used to calculate water heat storage N,, (blue); saturated fine sand heat flux Gy (red), and heat storage in the top sand
layer AS (orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

evaporation. The second imbalance occurred after sunset, when LE; was
underestimated. This might be related to the relative importance of the
soil heat flux at night. Already small biases of G, will play a major role
in the estimation of the latent heat flux at night. The inability to close
the energy balance during these periods can, therefore, be related to
inaccuracies in estimating Go (An et al., 2016). Errors on Gg (includes
ground heat flux Gy and heat storage AS) are, as suggested by (Foken,
2008), probably the most important source of error affecting the energy
balance in most conditions.

Although during some periods the energy balance could not be
closed for both open water and fine sand columns, it did not sig-
nificantly affect the reliability of this study. Balance closure is difficult
to achieve, and the improvement of theory and observation methods in
the future should allow for reducing this error.

4.3.2. Penman-Monteith equation

The application of the PM equation on the fine sand and water
columns shows a satisfactory correlation with measured data on a daily
time-scale. Fig. 13 shows the time series for calculated aerodynamic
resistance r,, the aerodynamic term for evaporation LE,., (equation
13) and parameter apr based on the Penman-Monteith equation
(apr = LEpn/ LEenergy)-

The values of r, were inversely proportional to wind speed and
LE.ero (Mahrt and Ek, 1984; Choudhury et al., 1986; Viney, 1991; Yang
et al.,, 2001; Liu et al., 2007), its influence on the evaporation rate
mainly depends on wind speed and the surface roughness. During the
research period, wind speed was higher in the evenings, resulting in
smaller r, and higher LE,,, rates (Fig. 13 a,b,c) for both soil and water
during the evening.

In the PT equation, apr = 1.26 which impies that the LE,., value is
replaced with 0.26 (apr—1) times of LEepergy. As shown in Fig. 13 d,
instead of a fixed value, actual apr varies over a large range. The
contribution of LE,., to total LE was different for the soil and water
columns. For the saturated bare soil column, the available energy term
“Gn,s+Rns—Gs” is bigger at day, so that the aerodynamic resistance
contribution to LE; is smaller at day and bigger in the evening. On the
other hand, for the water column, the energy term is smaller around
noon resulting in a larger contribution of the aerodynamic term.

Our results also suggest that the good performance of the three
methods highly depends on accurate calculation of the energy balance
terms, especially also the total heat flux or heat storage.

4.4. The effect of different PE on calculating E, using numerical models

E, was calculated by HGS for both sandy soil and silty clay, using
measured PE; and PE,, as input. Differences up to ~17.5% of the re-
sulting E, were observed. Given the dependency of PE on the surface
properties, we propose to calculate PE in hydrological modelling

14

studies for different surface types, instead of imposing one value of PE
across the entire modelling domain.

The above-mentioned results are especially important for large-scale
distributed hydrological models. An alternative is to employ land sur-
face models where water and energy balances are solved in a coupled
fashion. However, in many hydrological modelling studies this is not
feasible, so that the PE-choice becomes of high importance. Further
research will provide a more solid assessment based on larger time
series.

5. Conclusions

Potential evaporation was measured during August 2016 for satu-
rated fine sand (PE;) and water (PE,) columns, using lysimeters in-
stalled in the Guanzhong Basin, China. The experimental setup allowed
for a very high temporal resolution of all measured quantities. This
study, therefore, goes beyond previous assessments of potential eva-
poration. To the best of our knowledge it is also the first time these
dynamics were studied in such detail for semi-arid climates. The mea-
surement data were analyzed with the help of energy balance con-
siderations and numerical calculations. The following conclusions can
be drawn:

e The application of lysimeters as suggested in this study proved to be
highly beneficial. It allowed to achieve an unprecedented temporal
resolution on the dynamics of potential evaporation.

e Diurnal dynamics of PE and PE,, are significantly different, PE; was
higher than PE,,. PE,, was lagging 4-5 h behind PE;. This has im-
portant implications for all applications where a high temporal re-
solution of evaporation estimates is required, for example for pre-
cision agriculture.
All three methods employed to estimate PE performed well. The
Penman-Monteith equation and the energy balance approach de-
scribe both the radiative and aerodynamic processes during day and
night. From a theoretical point of view, it is based on a compre-
hensive description of the relevant processes. Nevertheless, the
Priestly-Taylor approach performed approximately as good as the
Penman-Monteith approach, in spite of the simplifications. The en-
ergy balance approach performed slightly better than the other
approaches for the sand column. Note that these findings are specific
to the climate conditions tested.
The calculation of actual evaporation based on the potential eva-
poration is, not surprisingly, strongly influenced by the choice of
calculating PE (saturated bare soil or water). We observed relative
differences in actual evaporation up to 17.5%. If evaporation is
calculated at the regional scale with a hydrological model, the es-
timation of PE has to carefully consider the different surface types,
in addition to spatial and temporal variations of climatic data.
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Appendix

Calculation of net radiation R,
For soils, the net radiation can be expressed as:

Rn,s = Rns + Rnl = (1 - X)'del"’(ss'Rldi - RluT)
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R, s(W-m~2) is net radiation into soil, R,;(W-m~2) is the net shortwave radiation, R, (W-m~2) is the net longwave radiation, Ry (W-m~2) and
Ry} (W-m~2) are the incoming shortwave and longwave radiation which are directly obtained from the meteorological station. & is the reflection
coefficient of longwave radiation and R, 1 is the outgoing longwave radiation according Eq. (21) (Jensen and Allen, 2016). x is surface albedo, and
can be estimated based on surface water content (van Bavel and Hillel, 1976; Saito et al., 2006):
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x = 0.25 Biop < 0.1
X =035 = 0p 0.1 < Bp <0.25
x=0.1 emp > 0.25 (18)

x = 0.1 is used for a saturated bare surface. g5 can be determined as:
g = min(0.9 + 0.180p; 1.0) 19

For water, the net radiation is calculated as:
Rn,w = dei_RsuT"’Rldl - RluT - Ra (20)

R,w(W-m™2) is net radiation into water, Ry) and Rjg | (W-m™2) are the incoming shortwave and longwave radiation from the meteorological
station, Ry, 1 (W-m™2) and Ry, 1 (W-m~2) are the outgoing shortwave and longwave radiation, usually Rg,1 = 0.1Ril, Riy? = 0.03Ry4), R,(W-m™2) is
the longwave radiation emitted from the water body (Gianniou and Antonopoulos, 2007), given by:

R, = 0.97-0-(T + 273)* (21)

where o is the Stefan-Boltzman constant (=5.67x10"8 Wm ™2 K™*%), and T (°C) is the surface temperature (soil or water).

Calculation of G5 and N,
For soils, heat flux G, can be calculated by using the Fourier law of heat conduction in a dimensional homogeneous medium by the gradient
method:

T T
Zj — Zj_1 (22)

G0=—)L

where j is depth. The key point is identifying the thermal conductivity A which can be calculated as:

A =kec (23)
where k (m?-s7!) is the thermal diffusivity. The heat capacity c; can be calculated using the following equation (organic content in soil is ignored):

Cs = C5i(1 — 65) + Cyw-6s (24)

where cg; is the volumetric heat capacity of dry fine sand, measured accurately by HOT DISK (0.970 MJ/m>K), and c.., is the volumetric heat capacity
of water (4.18 MJ/m>K), and 6 is the saturated water content of fine sand (0.38). As a result ¢ is equal to 2.19 MJ/m3K.

Several methods have been proposed to parameterize k such as the amplitude method (AM), the phase shift method (PS), the con-
duction—convection method (CCM) and the harmonic method (HM). Results have shown that the high-order harmonic method is the best method to
calculate k (An et al., 2016; Miao et al. 2012). The high-order harmonic method requires measured temperature data for at least three depths. The
upper layer representes the top boundary for the Fourier series (Verhoef et al., 1996):

n
T(0, t) = T(0) + ), Apsin(wt + oy)
h=1 (25)
where T is the mean temperature, Ay, is the amplitude, oy, is the phase shift, and h is harmonic number. Soil temperature at depth z can be described
as:

n
T(z,t) =T + Z Ape~BA%.gin(hot + oy — By-Az)
h=1 (26)
where w (rad-s~ 1) is the rotation speed of the earth, also the frequency;Az(m) the variation of depth; and B, represents the influence of amplitude

and phase variation at different depths, and can be expressed as:
[heo
By, =, —
"V 2k @7)

The second order model was chosen in this study, according to Miao (Miao et al., 2012). Using the nonlinear least squares method to fit the
Fourier series resulted in estimates of the thermal parameters shown in Table 8.

Table 8

Heat diffusivity and conductivity of saturated fine sand.
Texture Depth(cm) k(m?s™ Y AWm LK
Fine Sand 3-5 4.89E-07 1.071
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Table a
Summary of evaporation observation methods.
Method Advantage Disadvantage
Lysimeter Direct, precise measurement Representativeness, installation cost
Bowen ratio energy balance Suitable for larger scale Same turbulent diffusion coefficient for H and LE
Scintillometer Suitable for larger scale Applies field with uniform r,
Eddy Covariance Direct measurement Energy closure problem, data discontinuity
Table b
List with meteorological measurement devices at site.
Variables Commercial Name and Model for device Company
Air temperature and humidity Humidity and temperature sensors-083E-1-6 Met One Instrument
Net radiation components Radiometer -CNR4 Kipp&Zonen
Wind speed RM Young Wind Monitor Campbell Scientific Inc.
Air pressure Vaisala PTB110 Barometer-CS106 Campbell Scientific Inc.
Data logger CR-3000 Campbell Scientific Inc.

Calculation of sensible heat flux H
The transfer of sensible heat flux from the surface into the atmosphere can be parameterized by resistance-type formulation using surface (soil or
water) temperature T and air temperature T, (Griend and Owe,1994; Stewart et al.,1994) according to flux-gradient theory (Cellier et al.,1996).

_ p-Cp-(T - T)
h I (28)

H

where p(1.02 kg-m™3) is air density, ¢, (1010 J-kg=1-K™}) is the specific heat of air and r,(s-m™) is the aerodynamic resistance (Simunek et al., 2005;
Brutsaert, 2013):
—d —d
[ = v ][0 - w ]

Zov
k2u (29)
where k is the von Karman constant (0.4), u(m-s™?) is the wind speed, z, and z, are the measurement heights of wind speed and air temperature.
For bare soils, the zero displacement height is zero (Griend and Owe,1994). z,, and z,, are surface roughness lengths for momentum flux and heat
flux, with values equal to 0.001 for bare soils (Simunek et al., 2005). 9., and 1, are the atmospheric stability correlation factor for momentum flux
and heat flux (Bristow, 1987), for a well-watered reference surface. Stability correlation is normally not required because heat exchange is small
(Allen et al., 1998; Ma et al., 2015). In this paper, the aerodynamic resistance for soil can be calculated as:

[mﬂ] [mﬂ]
k?u (30)

The aerodynamic resistance for the water surface can be calculated as:

am [m (Tl))]z

T, =
v 1+ 0.536-u (31)

L, =

s =

where z, with value equal to 0.00137 is the aerodynamic roughness factor for water surface (Shuttleworth, 1993).

Calculation of other parameters
Saturation vapor pressure e (kPa) at air temperature can be calculated as (Zotarelli et al., 2010; Jensen and Allen, 2016):

es = 0.6108 exp (ﬂ)

T, + 237.14 (32)

In the Penman-Monteith model, A (kPa/°C) is the gradient of the “saturation” vapor pressure temperature curve, equation is recommended by
FAO (Allen et al., 1998; Zotarelli et al., 2010; Jensen and Allen, 2016):

4098.[0.6108exp(ﬂ)]

A T, + 237.14
(T, + 237.14)? (33)
References for computing crop water requirements-FAO Irrigation and drainage paper 56. Fao,
Rome 300, D05109.
An, K., Wang, W., Wang, Z., Zhao, Y., Yang, Z., Chen, L., Zhang, Z., Duan, L., 2017.
Allen, R.G., Jensen, M.E., Wright, J.L., Burman, R.D., 1989. Operational estimates of Estimation of ground heat flux from soil temperature over a bare soil. Theor. Appl.
reference evapotranspiration. Agron. J. 81, 650-662. Climatol. 129, 913-922.
Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration-Guidelines An, K., Wang, W., Zhao, Y., Huang, W., Chen, L., Zhang, Z., Wang, Q., Li, W., 2016.
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