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ABSTRACT

Analytical expressions of evaporative efficiency over bare soil (defined as the ratio of actual
to potential soil evaporation) have been limited to soil layers with a fixed depth and/or
to specific atmospheric conditions. To fill the gap, a new analytical model is developed
for arbitrary soil thicknesses and varying boundary layer conditions. The soil evaporative
efficiency is written [0.5 — 0.5 cos(m0r, /Opmaz)]” with 67 being the water content in the soil
layer of thickness L, 0,,,, the soil moisture at saturation and P a function of L and potential
soil evaporation. This formulation predicts soil evaporative efficiency in both energy-driven
and moisture-driven conditions, which correspond to P < 0.5 and P > 0.5 respectively. For
P = 0.5, an equilibrium state is identified when retention forces in the soil compensate the
evaporative demand above the soil surface. The approach is applied to in situ measurements
of actual evaporation, potential evaporation and soil moisture at five different depths (5, 10,
30 and 60/100 cm) collected in summer at two sites in southwestern France. It is found that
(i) soil evaporative efficiency cannot be considered as a function of soil moisture only, since
it also depends on potential evaporation, (ii) retention forces in the soil increase in reaction
to an increase of potential evaporation and (iii) the model is able to accurately predict soil
evaporation process for soil layers with an arbitrary thickness up to 100 cm. This new model
representation is expected to facilitate the coupling of land surface models with multi-sensor

(multi-sensing-depth) remote sensing data.



1. Introduction

Evaporation over bare and partially vegetated soil surfaces is one of the main components
of the exchange at the land surface-atmosphere interface (e.g. Lawrence et al. 2007). To
predict soil evaporation, two distinct approaches can be used, namely the mechanistic or
physical and the simplified or phenomenological approach (Mahfouf and Noilhan 1991).
Both are strongly complementary. On one hand, the mechanistic approach (e.g. Chanzy and
Bruckler 1993; Yamanaka et al. 1998) describes the soil at the near-surface as a multi-layer
system, and physically represents the mass and heat exchange between soil layers and the
atmosphere. On the other hand, the simplified approach (e.g. Noilhan and Planton 1989;
Mihailovi¢ et al. 1993) describes the soil as a single layer system and empirically represents
actual evaporation using a resistance (or factor) that accounts for evaporative losses in
relation to the evaporative demand also called potential evaporation. Mechanistic models
are very useful to understand and describe at local scale the physical processes involved in
evaporation including gravitary drainage, capillary rise and vapor diffusion. However, their
complexity makes them impractical for spatial applications (Mahfouf and Noilhan 1991).
Chanzy et al. (2008) have implemented such a mechanistic model in a spatial context with
reasonable accuracy. Nevertheless, their approach essentially relies on pedotransfer functions,
which are fraught to uncertainties as they depend on the soil texture, soil structure (pore-
size distribution and connectivity) and soil aggregates at various depths and the presence of
biomass. In fact, the ground evaporation modeled by the land surface schemes of current
general circulation models is exclusively based on simplified formulations (Pitman 2003).

Phenomenological expressions are more convenient for large scale applications because they



have a minimum of input parameters. Nevertheless, the physical interpretation of their
parameters may be difficult due to the more or less empirical nature of simplified approaches
(Shuttleworth and Wallace 1985).

A type of simplified approach is based on the resistance r s to the diffusion of vapor
in large soil pores (e.g. Monteith 1981; Camillo and Gurney 1986; Passerat de Silans 1986;
Kondo et al. 1990; Sellers et al. 1992; Daamen and Simmonds 1996). During the past
forty years, many different expressions of r,, have been developed, and most studies have
documented difficulties with the uniqueness of the resistance formulation. Broadly, two main
inconsistancies with the resistance representation have been stated. For practical reasons,
rss is generally defined using the soil surface temperature instead of the soil temperature at
the depth where vaporization occurs (van de Griend and Owe 1994). This causes systematic
underestimation of soil evaporation in dry conditions (Yamanaka et al. 1997). Moreover,
the resistance-based approach is only valid when water flow is limited by vapor transport
diffusion. In particular, it does not apply to the conditions when water flow is mainly driven
by gravity (Salvucci 1997) or capillarity (Saravanapavan and Salvucci 2000) forces. Both
inconsistancies weaken the resistance representation, and make its implementation into land
surface models problematic.

Another simplified approach is based on a factor that directly expresses the ratio of actual
to potential evaporation as a function of surface soil moisture. This ratio is commonly called
soil evaporative efficiency and noted (. Although early formulations of § have been based
on surface soil moisture only (Deardorff 1978; Noilhan and Planton 1989; Lee and Pielke
1992; Chanzy and Bruckler 1993; Komatsu 2003), more recent formulations use additional

variables like wind speed and/or potential evaporation to account for the variabilities in 3



that are not described by soil moisture alone (Chanzy and Bruckler 1993; Komatsu 2003).
In particular, soil evaporative efficiency was found to decrease with wind speed in Perrier
(1975); Kondo et al. (1990); Chanzy and Bruckler (1993); Yamanaka et al. (1997); Komatsu
(2003). The decrease of 3 with potential evaporation was observed in Chanzy and Bruckler
(1993); Daamen and Simmonds (1996). Although all authors agree about the dependance
of soil evaporative efficiency to atmospheric conditions, there is no clear consensus about
how best to analytically express (. In fact, identifying the variables that impact on [
is complicated by two factors (i) each [ formulation has a specific sensitivity to soil and
atmospheric conditions, and (ii) evaporation is a complex phenomenon whose processes (e.g.
vapor diffusion in the surface soil pore and vapor transport in air) are essentially coupled
(Philip 1957).

Concurrently with the development of simplified approaches, some authors have demon-
strated the usefulness of remote sensing data to monitor bare soil evaporation, and conversely,
to calibrate evaporation models. Soil evaporation can be estimated from remotely-sensed
surface skin temperature (e.g. Nishida et al. 2003) or using the near-surface soil moisture
retrieved from microwave data (e.g. Kustas et al. 1993). However, the use of remote sens-
ing data requires a soil evaporation model whose representation matches the sensing depth
(Chanzy and Bruckler 1993; Yamanaka et al. 1997; Komatsu 2003). This is complicated by
the fact that sensing depth varies with the spectral band of observation. In particular, the
sensing depth is approximately 1 mm in the thermal band, 1 cm at C-band and 5 c¢m at
L-band.

The coupling of land surface schemes with remote sensing data is expected to be facili-

tated by the development of a robust parameterization of evaporation for an arbitrary soil
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thickness (Komatsu 2003). However, a major limitation of existing simplified models is their
sensitivity to soil thickness (Fuchs and Tanner 1967; Lee and Pielke 1992; Wallace 1995;
Daamen and Simmonds 1996; Yamanaka et al. 1997, 1998; Komatsu 2003). All expressions
of r¢s and (8 have been developed and calibrated using a given thickness of soil. For instance,
Sellers et al. (1992) uses a 5 cm soil layer, van de Griend and Owe (1994) a 1 cm soil layer
and Komatsu (2003) a thin layer of 1-3 mm. Consequently, a given expression of soil evap-
oration corresponds to a specific soil thickness or, at the very least, a new parameter set is
required when applying the model to a different soil layer.

In this context, the paper seeks to derive a simple analytical expression of evaporative
efficiency  for soil surfaces with an arbitrary thickness. The study is based on data collected
at two sites in southwestern France during a bare soil period. Two existing models of soil
evaporative efficiency are first described. One was developed for a soil layer of 05 cm (Sellers
et al. 1992), and the other for a thin layer of several millimeters (Komatsu 2003). A new 3
formulation is then derived by comparing the shape of those analytical expressions. Finally,
the sensitivity of model parameters to varying soil and atmospheric conditions is assessed at

the two sites.

2. Data Collection and Pre-Processing

Data collected at two sites near Auradé (43.549°N; 1.108°E) and Lamasquere (43.493°N;
1.237°E) in southwestern France are described below. Both sites are at an altitude of about
200 m and are separated by 12 km. The mean annual temperature and precipitation calcu-

lated over 30 years (1961-1990) are 12.9°C and 656 mm, respectively. Soil texture can be



classified as clay for Lamasquere with sand and clay fractions of 12% and 54% respectively,
and as clay loam (or silty clay loam) for Auradé with sand and clay fractions of 21% and
31%, respectively.

Auradé and Lamasquere are currently equiped with meteorological and Eddy Correla-
tion flux stations, providing continuous data with a 30-minute time step since mid 2004.
Soil moisture # is measured at three depths in the near-surface: 5 cm, 10 cm and 30 cm.
Additional measurements are made at 60 cm and 100 cm depth at Auradé and Lamasquere,
respectively. A soil moisture value corresponds to the average of the measurements made
by three sensors (CS615 or CS616, Campbell Scientific, Logan Utah, USA) buried at the
same depth and separated by about 1 m. Each sensor is calibrated using gravimetric mea-
surements. During the 2005-2007 period, the mean and maximum standard deviation of the
measurements made by three replicates is 0.014 and 0.044 vol./vol. at Auradé and 0.019
and 0.068 vol. /vol. at Lamasquere, respectively. Any work (tillage, planting and harvesting)
performed in the field is manually reproduced at the station site. Ploughing is reproduced in
the superficial (0-5 cm) soil layer only to minimize disturbances on permanently buried sen-
sors. The leaf area index, plant area index, biomass and plant height are regularly measured
throughout the growing period. Further details on instrumentation and site characterization
can be found in Béziat et al. (2009).

A bare soil period is selected in 2005-2007, which is representative of the climatic normals
calculated over 30 years (Béziat et al. 2009). As potential evaporation is expected to be higher
in summer than in winter, the summer months that followed harvest are chosen. In practice,
the study period goes from 30 June (harvest on 29 June 2006) to 28 September 2006 at

Auradé and from 12 July (harvest on 11 July 2005) to 14 September 2005 at Lamasqueére.



Selected bare soil periods are in fields of wheat followed by sunflower and triticale followed
by corn at Auradé and Lamasquere, respectively. No ploughing is undertaken during those
periods. At Lamasquere, the study period is restricted to two months due to a significant
plant re-growth observed in late summer 2005. The time series of soil moisture measurements
for the selected bare soil periods are plotted in Figure 1.

Four soil layers L1, L2, L3 and L4 are defined as 0-5, 0-10, 0-30, and 0-60 (or 0-100)
cm, respectively. To estimate the integrated value of moisture over L1, L2, L3 and L4, the
point measurements made at 5, 10, 30 and 60 (or 100) cm are linearly interpolated. Since
no measurement is available at the soil surface, soil moisture is assumed to be uniformly
distributed in the first 0-5 cm layer. Hence, integrated soil moisture is estimated as 0, =
Osems Oz = (001 + (Osem + Or0em)/21/2, O3 = [012 + 2 X (010em + U30em)/2)]/3, and 04 =
1013 + (030em + O60em ) /2] /2. Note that Ggoern, is defined solely for Auradé and 0pgc, is defined
solely for Lamasquere. An example of soil moisture profile at the experimental sites is
presented in the schematic diagram of Figure 2. The mean soil moisture for each layer is
estimated as the area defined by the graph divided by the thickness L.

The observed soil evaporative efficiency (s is computed as:

LEobs

/Gobs - LEp

(1)

with LE,s being the soil evaporation measured by the Eddy Correlation system and LFEp
the potential evaporation. Different methods can be used to estimate potential evaporation.

In this study, potential evaporation is estimated using the Penman equation:

A(Rn - G) + pCP(esat (Ta> - €a)/7’ah
A4y

LEp = (2)

with A being the slope of the saturation vapor curve (Pa K=1), Rn the soil net radiation

7



(W m~2), G the ground heat flux measured at 5 cm depth (W m™2), p the density of air
(kg m™3), Cp the specific heat capacity of air (J kg=' K1), v the psychrometric constant
(Pa K1), e,0(T,) the saturated vapor pressure (Pa) at air temperature, e, the measured
air vapor pressure (Pa) and r,, the aerodynamic resistance to heat transfer (s m™!). The

saturated vapor pressure in Equation (2) is generally computed as:
esat(Ty) = 611 exp (17.27T,/(T, 4+ 237.3) (3)
with T, in °C. The aerodynamic resistance r,, is estimated as in Choudhury et al. (1986):

Taho
ah = T —prs 4
fah (1+ Ri)n (4)

with r,,0 being the aerodynamic resistance which neglects natural convection and Ri the
Richardson number (unitless) which represents the importance of natural relative to the

forced convection. The r4;0 term is computed as:

- % {m (%)} 2 (5)

with &k being the von Karman constant, u the wind speed measured at the reference height
Z and zp,, the soil roughness. At both sites, soil roughness is set to 0.005 m as in Liu et al.

(2007). The Richardson number is computed as:

B 59Z(T —T,)

Ri
! T,u?

(6)

with g being the gravitational constant (m s72), T' the surface soil temperature measured at
1 cm depth (K) and 7}, the air temperature in K. In Equation (4), the coefficient 7 is set to
0.75 in unstable conditions (7' > T,) and to 2 in stable conditions (7' < Tp,).

Data are averaged between 10 am and 4 pm and only the days with more than three
acquisition times (including the measurement of all the required input variables) are kept.
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During the bare soil periods selected at Auradé and Lamasquere, the data set is composed
of 60 and 61 days, respectively. As an assessment of the uncertainty in daily soil evaporative
efficiency, the daily variability of observed (3 is computed as the standard deviation of the 30-
min measurements made between 10 am and 4 pm. At both sites, the mean daily variability
is 0.06-0.09 during the three summer months (summer 2006 at Auradé and summer 2005
at Lamasquere) and is 0.12 during the autumn and winter months that followed the study
period. The higher daily variability in observed [ is due to lower values of LFE and LEp in
autumn-winter, while random uncertainties in LF and LFEp can be assumed to be relatively
constant. In particular, the mean potential evaporation is about 300 W m~2 in summer
and 200 W m~2 in autumn-winter. Note that the variability of 3 between 10 am and 4 pm
may also be partly due to the daily cycle of soil moisture profile near the surface induced by
capillary rises during the night and evaporation during the day (Chanzy 1991).

Figure 3 plots daily soil evaporative efficiency against 0-5 cm soil moisture for each
site separately. One observes that § generally increases with near-surface soil moisture.
However, the scatter in observed (3 increases with . This is the rationale for including some

atmospheric variables in the analytical formulations 3(0).

3. Two Complementary Analytical Models

Two analytical models of soil evaporative efficiency are presented below. One was origi-
nally developed for a 0-5 cm soil layer (Sellers et al. 1992) and the other for a thin layer of
several millimeters (Komatsu 2003). Both models are chosen to illustrate (i) the resistance-

and factor-based approaches and (ii) the change in the shape of ((f) when increasing or



decreasing soil thickness.

a. Resistance approach for the 0-5 cm layer (Model 1)

Soil evaporation efficiency can be expressed using a resistance term that reduces evapo-

ration below the potential rate (Monteith 1981):

b= —2" (7)

Tah + Tss

with 74 being the soil evaporation resistance (s m™!). Following the formulation of Sellers

et al. (1992), soil resistance can be written as:

Tss = eXp(Al - Bl 95cm/9ma:c) (8)

with 65, being the 0-5 cm soil moisture, #,,,, the maximum soil moisture and A; and
By two best-fit parameters. By setting the maximum soil moisture to the soil moisture at
saturation, A; and B; are generally close to 8 and 5, respectively (Sellers et al. 1992; Kustas
et al. 1998; Crow et al. 2008). In this study, the soil moisture at saturation is estimated

using the formula of Cosby et al. (1984):
Omae = 0.489 — 0.126 fygng 9)

with fs.nq being the sand fraction. Maximum soil moisture is estimated as 0.47 and 0.46
vol./vol. for Auradé and Lamasquere, respectively.

As a first assessment of the resistance-based model of Equation (8), Figure 4 plots the soil
evaporative efficiency simulated by Model 1 as a function of soil moisture, for a soil with a

high clay content and a wind speed of 2 m s~!. The maximum soil moisture 6,,,, is computed
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using Equation (9) with a sand fraction of 0.20 (6,4, = 0.46 vol./vol.). Parameters A; and
By are set to 8 and 7. It is apparent that the curve is non-linear and has an inflexion point

at half of the maximum soil moisture.

b. A phenomenological expression for a thin layer (Model 2)

Alternatively to the resistance approach, soil evaporation efficiency can be directly ex-
pressed as a function of surface soil moisture (Deardorff 1978). For instance, a simple ex-
pression of soil evaporative efficiency was developed by Komatsu (2003) using a laboratory

experimental data set:
Bo =1 — exp(—b0pmm/0.) (10)
with 6,,,, being the soil moisture in the first 1-3 mm of the surface and 6. a semi-empirical

parameter that depends on soil type and wind speed:
Oc = Oco(1 + 733 /ran) (11)

with 0.9 being a soil-dependent parameter ranging from ~0.01 vol./vol. to 0.04 vol./vol. for
sand and clay respectively, and rgflf a reference aerodynamic resistance estimated to ~100 s
m~! in Komatsu (2003).

Figure 4 plots the soil evaporative efficiency simulated by Model 2 as a function of soil
moisture, for typical clay and a wind speed of 2 m s~!. When comparing Model 1 and 2,
one observes that the inflexion point of Model 1 is no more apparent with Model 2. In
particular, the curve switches from a S- to I'-shaped form when decreasing the thickness of
the soil layer engaged in the evaporation process. This switch was already observed using
both data collected in laboratory (Komatsu 2003) and data generated by a mechanistic

11



model (Chanzy and Bruckler 1993). In those studies, the S-shaped form of soil evaporative
efficiency was attributed to the non uniformity in the vertical distribution of water in thick
soil layers. In particular, the reduction of evaporation in a drying soil is generally related
to the formation of a dry surface layer above the evaporative front (Fritton et al. 1967;

Yamanaka et al. 1998).

4. A General Formulation

In the previous section, the difference in the shape of 3(f) was attributed to the thickness
of the soil layer engaged in the evaporation process. However, no formulation of 5(6) for var-
ious soil thicknesses currently exists. To fill the gap, a general expression of soil evaporative
efficiency is proposed:

1 P

By = 5~ %cos(w@d@maz) for 01, < 0,100 (12)

/63 =1 for 9[, > Qmax

with 6, being the water content in the soil layer of thickness L and P a parameter. This
expression noted Model 3 was already used by Noilhan and Planton (1989); Jacquemin and
Noilhan (1990); Lee and Pielke (1992) with 6,,,, equal to the soil moisture at field capacity
and with P = 1 or P = 2. However, the link between P and soil thickness had not been

established. In this study, parameter P in Equation (12) is expressed as:

1 L— L1\ LEp
pe(beads)iE s

with L1 being the thinnest represented soil layer (here 0-5 c¢m), and Az (unitless) and Bj
(W m™2) two best-fit parameters that a priori depend on soil texture and structure.
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In Noilhan and Planton (1989) and Lee and Pielke (1992), the maximum soil moisture
Omae Was set to the soil moisture at field capacity. In this study, the maximum soil moisture
in Model 1 and 3 is set to the soil moisture at saturation. The rationale is that potential
evaporation, which is a quasi instantaneous process and a threshold value, is physically
reached at soil saturation and not at field capacity. Note that the shape offered by Equation
(12) leads to an asymptotic behavior at 3 = 1. Consequently, the soil evaporative efficiency
modeled at field capacity is very close to 1. This is consistent with the representation of the
models in Noilhan and Planton (1989) and Lee and Pielke (1992).

The parameter P in Equation (13) represents an equilibrium state controlled by (i) reten-
tion forces in the soil, which increase with soil thickness L and (ii) evaporative demands at
the soil surface L Ep, which notably depend on solar radiation and wind speed. Inspection of
Equation (13) indicates that both retention force and evaporative demand make parameter
P increase, as if an increase of LEp at the soil surface would make the retention force in the
soil greater. Moreover, Equation (12) predicts a decrease in soil evaporative efficiency when
exponent P increases. Consequently, the soil evaporative efficiency predicted by Model 3
decreases when LFEp increases. This is consistent with the results obtained with the numer-
ical experiment of Chanzy and Bruckler (1993). As potential evaporation is an increasing
function of wind speed (see Equations (2), (4) and (5)), this is also consistent with the
experimental observation of Komatsu (2003) that 3 decreases with wind speed (or more
specifically increases with the aerodynamic resistance r,y,). The decrease of § with LEp can
be interpreted as an increase of retention forces in the soil, in reaction to an increase of
evaporative demands at the soil surface. Chanzy and Bruckler (1993) demonstrated that

dependency to LEp is the consequence of the shape of the soil moisture profile within the
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soil moisture thickness (0-5 ¢cm). For a given soil moisture average, soil is dryer at the soil
surface when the evaporative demand is strong.

Figure 4 plots the evaporative efficiency simulated by Model 3 as a function of soil
moisture for two different values of P. As for Model 1, the maximum soil moisture 6,,,, is
set to 0.46 vol./vol.. One observes that the S-shaped curve of 5 is quasi-similar to that of
(1 by setting P = 1, and the I'-shaped curve of (33 is quasi-similar to that of (#, by setting
P=0.2.

Figure 5 plots the soil evaporative efficiency simulated by Model 3 as a function of soil
moisture for different values of P ranging from 0.1 to 4. The shape of modeled 5(6) becomes
very assymetrical for P values higher than 1, with an inflexion point that slides towards the
value of maximum soil moisture. The assymetrical behavior of soil evaporative efficiency
was already observed in Chanzy and Bruckler (1993) using data generated by a mechanistic
model. For P > 0.5, the slope d3/df at 6 = 0 is zero, meaning that [ increases rapidly as
a function of soil moisture so as to reach the value 1 at 0 = 6,,,,. Consequently, P > 0.5
corresponds to moisture-driven conditions. For P < 0.5, the slope df3/df at § = 0 is infinite,
meaning that [ is close to 1 regardless of soil moisture conditions. Consequently, P < 0.5
corresponds to energy-driven conditions. An equilibrium state is visible at P = 0.5 where
soil retention forces balance atmospheric evaporative demands. This equilibrium point is
identified in Figure 5 by a non zero slope at zero soil moisture. Note that the terms “energy-
driven” and “moisture-driven” are not related to the different phases of evaporation (phase
I: wet soil; phase II: drying soil; phase III: very dry soil). In this study, they are used
to distinguish two different behaviors of soil evaporative efficiency with respect to the soil

moisture observed in a given soil layer.
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5. Application

Models 1, 2 and 3 are applied to Auradé and Lamasquere data sets. The three models

are intercompared using default and site-specific parameters.

a. Default parameters

Models 1, 2 and 3 are first applied using default parameters. For Model 1, best-fit
parameters A; and Bj are set to 8.2 and 4.3 as in Sellers et al. (1992); Crow et al. (2008).
Figure 6 plots modeled versus observed evaporative efficiency at each site. It is apparent
that uncalibrated Model 1 underestimates evaporative efficiency at both sites. Table 1 lists
the root mean square difference, correlation coefficient, slope and mean difference between
simulated and observed data. The poor performance of uncalibrated Model 1 is notably due
to a slope much lower than 1, about 0.13 and 0.30 for Auradé and Lamasquere respectively.

For Model 2, 0, is set to 0.04 vol./vol., which is the typical value for clay (Komatsu
2003). Figure 6 plots modeled versus observed evaporative efficiency at each site. Model 2
severely overestimates observations at both sites and is poorly sensitive to soil moisture.

For Model 3, the exponent P is set to 2 as in Lee and Pielke (1992). Figure 6 plots the
evaporative efficiency simulated by uncalibrated Model 3 as a function of observed evapo-
rative efficiency for each site. Statistical results in Table 1 indicate a slight improvement
compared to Model 1 predictions. However, the error in simulated soil evaporative effi-
ciency (0.14 and 0.18 for Auradé and Lamasqueére respectively), is still much higher than the
standard deviation (< 0.1) of 30-min 3 observations between 10 am and 4 pm.

Note that the poor results obtained with default parameters is not particular to our case
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study. All studies dealing with simplified models of soil evaporation have documented the

need for a site-specific calibration.

b. Site-specific parameters

To assess the performance of Model 1, 2 and 3, simulations are re-done using site-specific
parameters. Simultaneous measurements of evaporation, wind speed, relative humidity and
soil moisture are used to adjust (Ay, By), 6.0 and (As, Bs) at Auradé and Lamasquere. The

calibration approach is detailed below for each model separately.

1) MobEL 1

By inverting Equation (7), soil resistance is expressed as:

r.. — 1-— ﬁobs
* /Gobs

Tah (14)

Equation (8) is then re-written as:

In (1 — et rah> = Ay + Bi Osen/Omac (15)
Bobs
Figure 7 plots In(rss) as a function of 0s.,. One observes that In(rys) generally decreases
with soil moisture. However, the deviation around the linear fit is relatively large for both
sites. Therefore, near-surface soil moisture does not explain all variations in soil resistance.
Site-specific A; and B; are obtained as the ordinate at 5., = 0 and the slope of the linear
regression between In(rgs) and Osey, /Omas, respectively. Values for Auradé and Lamasquere
are reported in Table 2. Calibrated values are significantly higher than those (A; = 8.2,

B; = 4.3) in Sellers et al. (1992). This difference is probably explained by the depth of soil
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moisture measurements. In Sellers et al. (1992), the near-surface soil moisture was defined
in the 0-5 cm soil layer, whereas in our case study, soil moisture measurements are made at
5 cm depth.

Figure 8 plots the soil evaporative efficiency simulated by calibrated Model 1 as a function
of observed soil evaporative efficiency. The correlation and slope appear to be significantly
better than those with uncalibrated parameters (see Figure 6). Table 3 lists the root mean
square difference, correlation coefficient, slope and mean difference between simulated and
observed 3. By calibrating A; and By, the error is decreased from 0.21 to 0.13 and from
0.17 to 0.16 for Auradé and Lamasquere respectively. The correlation coefficient and slope
between simulated and observed (3 are much improved. Those results emphasize the need

for calibrating the soil parameters involved in evaporation process.

2) MODEL 2

By inverting Equation (10), parameter 0, is expressed as:

_ 950771
90 N ln(l - ﬁobs) (16)

and parameter 0. is expressed as:

6)50m
900 - ref
(1 + Tun /Tah) ln(l — /Gobs)

(17)

A value of 0, is obtained on each observation day. For each site, the calibrated 6. is set to
the average of the values retrieved on all dates. Calibration results are reported in Table 2.
The standard deviation of daily 6. is estimated as 0.14 (41% of the mean) and 0.13 (36% of
the mean) for Auradé and Lamasque, respectively. The high variability in . is probably due

17



to the inadequacy between the representation of Model 2 and the depth (5 cm) at which soil
moisture measurements are made. Figure 8 plots the soil evaporative efficiency simulated
by Model 2 as a function of observed soil evaporative efficiency. Calibrating 6.y significantly
reduces the large positive bias on 5. However, the slope between modeled and observed soil
evaporative efficiency is still very low (see Table 3). These results indicate that Model 2 is
not adapted for predicting evaporative efficiency using soil moisture measurements at 5 cm

depth.

3) MODEL 3

By inverting Equation (12), exponent P is expressed as:

In /Gobs
pP—
In [0.5 — 0.5 cos(m0, /Opnaz )]

(18)

Following Equation (13), parameters A3 and Bs can be estimated from the coefficients of
a linear regression between the parameter P retrieved from Equation (18) and observed
LEp. Figure 9 plots retrieved P as a function of potential evaporation for each site and for
each soil layer. Scatterplots indicate that retrieved P generally increases with LEp. P is
parameterized for each layer by fitting the data with a straight line. Since P should be zero
at LEp = 0, the straight line is defined by two points: the origin point, and a point located
the furthest from the origin. In practice, the second point is chosen as the barycentre of all
the points with LEp > 300 W m~2. An interesting feature is that the slope of the straight
line P/LEp is well correlated with soil thickness. Figure 10 plots the slope as a function
of normalized thickness (L — L1)/L1. The correlation coefficient between slope and L is
0.94 and 0.99 for Auradé and Lamasquere, respectively. Parameters Az and Bs are finally
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calibrated from the linear regression presented in Figure 10 and values are reported in Table
2.

Figure 8 plots the soil evaporative efficiency simulated by calibrated Model 3 as a function
of observed soil evaporative efficiency. Model 3 appears to perform better than Model 1.
Moreover, Model 3 seems to be quite stable for all layers including the layer of 100 cm thick.
Table 3 lists the root mean square difference, correlation coefficient, slope and mean difference
between simulated and observed . The error on simulated soil evaporative efficiency ranges
from 0.07 to 0.10, which is similar to the daily variability (0.06-0.09) of observations between
10 am and 4 pm. Statistical results indicate that the new formulation is more accurate than
the resistance-based approach, and is more robust since it applies to different soil thicknesses

with a similar accuracy.

6. Stability of Parameter P

The new formulation of soil evaporative efficiency in Equation (12) was successfully tested
with data collected at two sites. However, no proof is given that physical processes are
realistically represented since the model is still empirically based. This section aims to
interpret the variabilities of parameter P in terms of soil and atmospheric conditions. In
particular, the stability of P is analyzed with respect to (i) wind speed, (ii) soil moisture

profile and (iii) soil type.
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a. Wind speed

Equation (13) parameterizes P as a function of potential evaporation. To assess the
relevance of this parameterization, the correlation between P, potential evaporation LEp
and wind speed u is quantified and interpreted using Principal Component (PC) analysis.
PC analysis is a usefull tool to describe complex data sets (e.g. Jolliffe 2002). It expresses the
variables of a data set as a linear function of a smaller set of new variables called PCs. This
simplification allows to graphically represent and summarize the key features of the data set,
revealing the underlying structure of the data. Herein, one objective of the analysis in PCs
is to better quantify and understand the potential impact of wind speed on parameter P.

Figure 11 is known as the correlation circle. It shows a projection in the two first PCs
space of the initial variables including retrieved P parameter, potential evaporation LEp
and wind speed u. Interpretation of the correlation circle is based on the relative position of
arrows. Two variables are positively correlated when arrows are close together; two variables
are negatively correlated when arrows point in the opposite direction; and two variables are
not linearly correlated when arrows are orthogonal. Figure 11 indicates that the arrows
for P and LEp are close for both Auradé and Lamasquere sites, which justifies the linear
relationship between P and LEp in Equation (13).

Figure 11 also indicates that the arrow for u is quasi orthogonal to that for P, meaning
that P is practically not correlated with u. Consequently, wind speed does not appear to be a
significant factor in the parameterization of soil evaporative efficiency. Chanzy and Bruckler
(1993) have shown (theoretically and experimentally) that soil evaporative efficiency for a

given LEp depends on wind speed, meaning that the radiative and convective components
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of LEp do not affect evaporation in dry condition similarly. This was explained by the
impact of soil heating on water vaporization below the surface. In the present study, the
lack of sensitivity to wind speed may be induced by (i) the fact that the experiments do
not explore strong wind conditions (the maximum value of the wind speed measurements
averaged between 10 am to 4 pm is 7 m s~! at Auradé and 4 m s™' at Lamasquere) and (ii)

the difference in computing r,, and LEp.

b. Soil moisture profile

The formulation of soil evaporative efficiency in Equation (12) is based on the mean soil
moisture in the soil thickness L. Consequently, the vertical distribution of soil moisture is
not explicitly represented by Model 3. In fact, this model representation assumes that the
geometry of moisture profiles is approximately preserved during simultaneous drying and
draining. This assumption is notably based on the results of Salvucci (1997), who verified
the similarity of moisture profiles in a wide range of conditions by running a mechanistic
model. Note however that Model 3 implicitly accounts for a decrease in soil moisture in the
near surface since, as stated earlier, the increase of P with soil thickness is attributed to a
change in the weight of the surface layer which controls evaporation.

In practice, the non-explicit representation of soil moisture profile in the formulation
is likely to affect the parameterization of P in the case of extremely different profiles. In
particular, soil evaporative efficiency would be different for a soil water mainly contained near
the soil surface and for a soil water mainly contained near the bottom of the soil thickness,

whereas modeled # would only vary with the mean soil moisture. To assess the impact of
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soil moisture profile on model predictions, let introduce a variable D defined as

1 L
D_HL—L/O 0(1) x 1dl (19)

with 67 being the mean soil moisture of soil layer L. The variable D describes the mean
depth of water in the layer L. For instance, D is equal to L/2 for a uniform profile, L/3
for a linear profile with #(0) > 0 and §(L) = 0, and 2L/3 for a linear profile with 6(0) = 0
and 0(L) > 0. Figure 12 plots the mean (symbols) and standard deviation (errorbars) of
the ratio D/L for each soil thickness and for each site. One observes that the ratio D/L
is relatively constant and close to 0.5. This suggests that the good results obtained with
the parameterization of P in Equation (13) might be due to a relatively similar geometry
of moisture profiles throughout the study period, and for the four different soil thicknesses.
Note that a constant value for As and Bj is expected to be rather adapted for irrigated fields,
where soil moisture is generally larger in depth than in the near-surface, making the geometry
of soil moisture profile quasi-stationary. In the case of strong change in soil moisture profile,
the application of the model would theoretically require a dynamic calibration of parameter
P.

Note that in the present study, the different layer depths are much deeper than that
expected from the different remote sensing techniques (5 to 100 cm versus 1 mm to 5 cm).
Future verification tests should be made to assess the similarity of moisture profiles in thinner

soil layers.
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c. Soil type

The variability of P due to soil texture and structure is represented by the value of
parameters Az and Bj (see Table 2). One observes that A; and Bj are relatively close for
Auradé and Lamasquere sites. Note that the textural dependance of (As, B3) should be
investigated using a large variety of soils. Also, soil roughness may have a significant effect.
Data collected over long time periods should be used to evaluate the impact of agricultural
practices on Az and Bs.

The main advantage of the generic formulation in Equation (12) is to offer the possibility
of calibrating its empirical parameters using remote sensing observations. More specifically,
As and Bjs could be extracted by (i) deriving different expressions of soil evaporative efficiency
using multi-band (multi-sensing depth) microwave-derived soil moisture as input to Equation
(12) (ii) estimating soil evaporative efficiency using remotely sensed surface temperature (e.g.
Nishida et al. 2003) and (iii) matching the different expressions of modeled and observed soil
evaporative efficiency. Alternatively, relationships between empirical parameters (As, Bs)

and measurable soil properties could be investigated as a complementary approach.

7. Conclusions

A new analytical expression of soil evaporative efficiency (defined as the ratio of actual
to potential soil evaporation) is developed to extend the validity domain of previous formu-
lations to soil layers with an arbitrary thickness. The soil evaporative efficiency is written

[0.5 — 0.5 cos(m0L /Omae )T with 61, being the water content in the soil layer of thickness L,
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Onax the soil moisture at saturation and P a function of L and potential soil evaporation.
The main advantage of the new formulation is to predict soil evaporative efficiency in both
energy-driven (for P < 0.5) and moisture-driven (for P > 0.5) conditions. For P = 0.5, an
equilibrium state is identified when retention forces in the soil compensate the evaporative
demand above the soil surface. The approach is tested at two sites in southwestern France
using in situ measurements of actual evaporation, potential evaporation and soil moisture at
five different depths (5, 10, 30 and 60/100 c¢m) collected in summer. The performance of the
new approach is compared to that of the classical resistance-based one applied to the 0-5 cm
soil layer. The root mean square difference and the correlation coefficient between modeled
and observed soil evaporative efficiency is 0.0940.02 (-) and 0.904+0.02 for the new formu-
lation against 0.15+0.02 (-) and 0.71£0.07 for the resistance-based approach, respectively.
Moreover, the model is able to represent soil evaporation process with a similar accuracy for
various soil thicknesses up to 100 cm.

The parameterization of parameter P as function of LEp indicates that the soil evap-
orative efficiency (3 cannot be considered as a function of soil moisture alone, since it also
depends on potential evaporation. Moreover, the effect of potential evaporation on 3 appears
to be equivalent to that of soil thickness on 3. This equivalence is physically interpreted as
an increase of retention forces in the soil in reaction to an increase in potential evaporation.

Additional future verification tests should be forthcoming to include a variety of sites
in different climates within a variety of soils before higher support can be assigned to this
analytical approach. In particular, the vertical variability of paramater P in the top meter
and its stability over long time periods need to be investigated.

This model representation is expected to facilitate the coupling of land surface models
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with multi-sensor remote sensing data. On one hand, the combination of multi-spectral data
as in Merlin et al. (2008) requires accounting for the difference in sensing depth. On the
other hand, the assimilation of data into land surface models as in Calvet and Bessemoulin
(1998) requires the adequacy between the thickness of modeled soil layer and the depth of
observation. A unique model that applies to soil layers with an arbitrary thickness is a way

to achieve both objectives.
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TABLE 1. Root mean square difference (RMSD), correlation coefficient (R), slope and mean
difference (MD) between the evaporative efficiency simulated by uncalibrated Model 1, 2
and 3 and observed evaporative efficiency for each site.

Site Model RMSD (-) R (-) Slope (-) MD (-)
Auradé 1 0.21 0.45 0.13 —0.12
2 0.64 0.25 0.07 +0.62
3 0.14 0.84 0.44 +0.08
Lamasquere 1 0.17 0.55 0.30 —0.06
2 0.66 0.49 0.08 +0.64
3 0.18 0.66 0.50 +0.11
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TABLE 2. Calibration coefficients for Model 1, 2 and 3. The p-value is also presented for
Model 1 and 3. It is an indicator of the statistical significance of the linear regressions used

to estimate (Ay, By) and (As, Bs).

Site Model Coefficients Unit p-value
Auradé 1 A =137 - 1x 10712
By =157 -
2 0. =0.34  vol./vol. n.a
3 Az = 0.0088 - 0.06
Bs = 60 W m™2
Lamasquere 1 A =10.0 - 7x 1077
B, =179 -
2 0. =0.36  vol./vol. n.a
3 A3 =0.011 - 0.01
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TABLE 3. Root mean square difference (RMSD), correlation coefficient (R), slope and mean
difference (MD) between the evaporative efficiency simulated by calibrated Model 1, 2 and
3 and observed evaporative efficiency for each site.

Site Soil layer Model RMSD (-) R (-) Slope (-) MD (-)
Auradé L1 1 0.13 0.78 0.76 +0.05
L1 2 0.22 0.82 0.13 +0.15
L1 3 0.07 0.92 0.83 +0.01
L2 3 0.08 0.92 0.84 +0.01
L3 3 0.08 0.92 0.91 +0.03
L4 3 0.09 0.88 0.92 +0.01
Lamasquere L1 1 0.16 0.63 0.53 +0.01
L1 2 0.22 0.65 0.13 +0.13
L1 3 0.10 0.90 0.97 +0.03
L2 3 0.09 0.90 0.98 +0.02
L3 3 0.10 0.89 0.96 +0.03
L4 3 0.10 0.86 0.82 +0.00
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The ratio of retrieved parameter P to potential evaporation LFEp is plotted
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F1c. 9. Retrieved parameter P as a function of potential evaporation LEp.
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F1c. 10. The ratio of retrieved parameter P to potential evaporation LEp is plotted against
normalized soil thickness (L — L1)/L1.
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Fi1c. 11. The correlation circle is plotted for each site. Three variables are represented:
retrieved parameter P, potential evaporation LEp and wind speed w. All variables were
centered and normalized prior to PC (Principal Component) analysis.
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F1Gc. 12. The ratio of the mean depth D of soil water to soil thickness L is plotted against
normalized thickness (L — L1)/L1 for each site.
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