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ARTICLE INFO ABSTRACT

Keywords: A new technique, based on Surface Renewal (SR), was developed to explain the contribution of the soil and the
Surface renewal vegetation of the sensible heat flux. It was compared to the original Two Source Energy Balance (TSEB) model
Two-source energy balance (TSEB) based on series scheme. The methodology to partition the components of the radiation, the soil heat flux and the

Sensible heat flux
Series scheme
Remote sensing

latent heat flux for the soil and vegetation were identical to the original model, however, the SR concepts were
implemented to estimate the sensible heat flux over sparse canopies. The key point was to model the temperature
of the macro-parcel of air during the quiescent period. The input requirements are the same as the original
model. The TSEB model was tested half-hourly under clear sky conditions and unstable cases for two growing
crops (rain-fed soybean and corn using 12 and 14 samples, respectively) with canopy heights ranging from 0.2 to
1.8 m (estimated fraction of ground canopy cover was from 39 % up to 97 %). The land surface temperature
(retrieved from Landsat 5 and 7) was used to partition soil and canopy temperatures. The eddy covariance (EC)
method and the surface energy balance closure using the Bowen ratio (BR) method (estimated using the EC
method) they both were taken as a reference. Regardless of the reference and crop, the results (linear regression
analysis, the RMSE and the index of agreement, AI) obtained were comparable, or slightly better using the SR
methodology (the Al ranged between 92 % (soybeans using the EC method) and 98 % (corn using the EC method)
for SR and 83 % and 94 % (soybeans and corn, respectively, both using BR method) for the original method).
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(continued)

Variable /Input ~ Symbols  Units Meaning

required:

Measured / Yes u ms ! Horizontal mean wind speed at reference
height

Derived U ms ! Horizontal mean wind speed at the
canopy top

Derived ux ms? Friction velocity

Derived y ©) Momentum exchange universal function

for momentum

Estimated / Yes 2 m Measurement height above d

Estimated / Yes Z0m m Roughness length for momentum

Estimated / Yes Z0hs m Roughness length for heat transfer for soil

Derived A K Mean ramp amplitude for the
temperature of the air

Derived A K Mean ramp amplitude for the
temperature of the air in contact with the
soil

Derived Ay K Mean ramp amplitude for the
temperature of the air in contact with the
vegetation

Derived / Yes C () Parameter

Derived / Yes G Jkg™! Isobaric heat capacity of air

K1
H Wm2 Actual sensible heat flux

Measured Hgpgr Wm? H using the Bowen ratio method

Measured Hgc Wm?2 H using the EC method

Derived Hestimates W m ™2 H using the SR_TS or KN1999 methods

Derived Hgni999 W m 2 H using the KN1999 method

Derived Hs Wm2  Soil sensible heat flux

Derived Hgr Wm™2  H using SR analysis

Derived Hgp_1 W m 2 H using the SR — Tygmethod

Derived H, Wm™2  Vegetation sensible heat flux

Derived L m Obukhov length

Derived L m Shear-scale at the canopy top

Derived / Yes LAI m? Leaf area index

-2
m
LE Wm?2 Actual latent heat flux

Derived LEgc Wm2  LE using the EC method

Derived LEs W m 2 Soil latent heat flux

Derived LE, Wm™? Vegetation latent heat flux

Measured / Yes Tis K Land Surface Temperature

Measured R, W m 2 Net radiation

Derived / Yes Rps Wm™? Soil net radiation

Derived / Yes Rpy Wm 2 Vegetation net radiation

Measured / Yes T K Air temperature at reference height

Derived / Yes Tav K Base - temperature of the ramp-like event

Derived / Yes Trep K Temperature of the air for sparse canopy
at (Zom+ d)

Derived / Yes Ts K Soil temperature

Derived / Yes Ty K Vegetation temperature

Measured / Yes  Z m Measurement height above the ground
taken as a reference

Estimated Z;, m Roughness sub-layer depth for
momentum

Estimated Zy m Roughness sub-layer depth for heat

1. Introduction

Many eco-hydrological studies rely on a simplified surface energy
balance theory, which includes the net radiation (Ry), the soil heat flux
(G), the latent heat flux (LE), and the sensible heat flux (H), asR, -G =H
+ LE. For sparse vegetation, the key point is to partition radiation into
latent heat flux and sensible heat flux (Shuttleworth and Wallace, 1985;
Anderson et al., 2024). The portion of soil may represent an important
source (or sink) of energy, implying that soil evaporation is
non-negligible compared with plant transpiration and, therefore, is a
key point to partition LE into evaporation and transpiration. This is of
interest for agriculture to help water management decisions in
water-scarce environments to improve yields, irrigation efficiency, and
plant growth (Kool et al., 2014 and 2021; Anderson et al., 2017 and
2024). The Two-Source Energy Balance (TSEB) model is widely used for
assessing these issues because it considers the soil and the vegetation
canopy as separate sources.

Agricultural and Forest Meteorology 376 (2026) 110903

The original TSEB, based on the Monin-Obukhov Similarity Theory
(MOST) bulk transfer formulation (Brutsaert, 1982; Crago et al., 2014),
was used for estimating ET by solving soil and plant energy balances
using as input the land surface temperature, standard meteorological
data, leaf area index, and a few site-specific parameters (Norman et al.,
1995; Kustas and Norman, 1999; Sanchez et al., 2019). While ET esti-
mates appear reasonable, their components (evaluated over different
crops) showed that the accuracy appears dependent on season and the
water-stressed conditions (Colaizzi et al., 2014; Song et al., 2015; Diarra
etal., 2017; Santos, 2018; Kustas et al., 2018, among others), and recent
advancements of the TSEB model have centered in (1) soil heat flux
modelling, (2) plant transpiration parameterization and the net radia-
tion captured by the plant canopy and (3) the partitioning of surface
temperature into soil and plant canopy temperature components (Song
et al., 2015; Colaizzi et al., 2016; Nieto et al., 2019; Parry et al., 2019;
Anderson et al., 2024). However, the development of a TSEB-
Lagrangian model in the framework of the Surface Renewal (SR) theory
and its comparison is pending research. Here, SR replaces MOST in the
TSEB series scheme to estimate the sensible heat flux while preserving
standard TSEB inputs and remote-sensing compatibility. When MOST
assumptions can be strained, SR within TSEB may be advantageous. The
comparison with the original model (namely, KN1999’s model, Kustas
and Norman (1999)) was made using a dataset containing two con-
trasting crops, corn and soybeans. This well-documented and accessible
dataset (Kustas et al., 2005) provides a wide range of canopy structures
and crop phenology, including partial canopy coverage measured under
varying soil moisture conditions and with sufficient footprints, making it
especially useful for studying land-atmosphere energy exchanges.

For assessing the estimation of turbulent fluxes and water manage-
ment irrigation, the earlier SR studies were focused on the one-source
model mainly using high-frequency data (Paw et al., 1995; Castellvi,
2004; French et al., 2012; Hu et al., 2018; Masanganise et al., 2022;
among others), and a very few used low-frequency data (Castellvi and
Gonzalez-Dugo, 2021). Here, the purpose was to develop a hybrid
SR-TSEB model to estimate sensible heat flux half-hourly using the same
input requirements as the original. The application of satellite-derived
land surface temperature opens new opportunities to upscale the SR
method, complementing existing approaches and strengthening the
remote sensing and hybrid modelling of ET.

In Section 2, Subsection 2.1 briefly introduces how the latent heat
flux and the sensible heat flux are partitioned. Continuing with the
sensible heat flux estimates, for homogenous surfaces (i.e, one source
model), the subsection 2.1.1 introduces general concepts on the SR
process, and subsections 2.1.2 and 2.1.3 describes how to estimate the
sensible heat flux in the inertial sublayer and bare soil, respectively. For
a sparse canopy (i.e., two-source model), Section 2.2 provides a scheme
for modelling the continuity of the sensible heat fluxes and the tem-
peratures involved and the section 2.3 gives a summary. The section 3
describes the main details of the experiments and the references used for
comparison. In addition, how the estimations on soybean and maize
under clear-sky and unstable conditions are validated. Section 4 shows
the good performance of the hybrid SR-TSEB model indicating the future
research pending and Section 5 concludes that it is an alternative to take
into account.

2. Theory
2.1. Background

Knowing the time, the solar zenith angle and the standard meteo-
rological variables, the soil heat flux, the net radiation and the radiation
extinction parameter, the soil and the vegetation net radiation, Rys and
Ry, respectively, can be estimated (Kustas and Norman, 1999). The land
surface viewed from the nadir is composed of soil (s) and vegetation (v).
Thus, the land surface temperature (Ts), the soil temperature (Ts) and
the vegetation temperature (T,) are related with the vegetation fraction
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Fig. 1. Surface renewal (SR) scheme for an unstable case. A) From a lagrangian point of view (gray arrows denotes the motion of the parcel of air), taking mea-
surements of the temperature of the air at the canopy top SR analysis focused on the role of a coherent structure (CS) (left), through the determination of the ramp
period (t¢s) and amplitude (Acg) (right). After a quiescent period (q), the macro-parcel of air (orange) is heated during a period () until, by continuity, it is replaced
during a period (f) (brown) by a cooler parcel (blue) coming from above with a mean temperature T}, (right), representing the signature of the CS. B) Taking
measurements of the temperature of the air at the height, Z= d + zop, (d is the zero-plane displacement and zo, is the roughness length for the momentum of the
vegetation) (up left), with an initial temperature T,y (quiescent period) the macro-parcel of air will be split into two sub-parcels of air (i.e., during the period t¢s the
warming of the macro-parcel of air was not homogeneous). One reaches the vegetation temperature (yellow), Ty, with an amplitude Ay and the other reaches the soil
temperature (red), Ts, with an amplitude As, Considering the sub-parcel of air in contact with the vegetation (up right), the temperature trace (thick solid line) shows
small fluctuations embedded in the sub-parcel signature (thin solid line). A small fluctuation follows a ramp-like shape (where the period q is neglected) and
represents the signature of a fluid element (bottom left). The fluid element (blue) descents to the leaf (bottom right), and it is heated during t; (red) and replaced by
another fluid element. The rapid turbulence mixing makes the temperature homogeneous (orange).

(fy). The Ty partitioning (Anderson et al., 2005) In the subsection 2.2.4 it is explained how to estimate the soil and the
. . 4 vegetation temperatures. The latent heat flux and the sensible heat flux

Iis' = A-HT" + £ T, @ can be partitioned as:

may be estimated through the leaf area index (LAI) and the clumping LE = LE; + LE, “4)

factor (Q)

f,=1— e0stae ) H=H;+H, (5)

Assuming no-advection and that the fraction of green vegetation is 1,
or with the width row (f;,) being LE, is estimated using the Priestley-Taylor equation
(_05 LAI Q) = ln(l _fraw) + fraw 670'5 Lat /fmw (3) LEV = apr ﬁan (6)
14
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where apr is normally taken as 1.26 (potential value), A is the rate of
change of saturated vapor pressure with air temperature and vy is the
psychrometric constant (Priestley and Taylor, 1972). Given that Ry, and
LE, were estimated, it follows that H, can be estimated, R, = H, + LE,.
The next section shows how to estimate H and H, using SR concepts.

In the following, the subsections 2.1.1, 2.1.2 and 2.1.3 summarized
the One Source model for estimating the sensible heat flux based in SR
analysis.

2.1.1. Surface renewal process

Regardless of the measurement height above the canopy, assuming a
homogeneous surface for an unstable thermal stratification of the at-
mospheric surface layer, Fig. 1A shows an ideal comprehensive scheme
for the SR process for estimating the sensible heat flux. Initially, it was
assumed that a descending macro-parcel of air following a coherent
motion remains in contact with the surface for a period (z). A macro-
parcel of air is a parcel whose volume covers all the sources. After a
quiescent period, the macro-parcel of air is warmed while remaining in
contact with the surface. By continuity, another fresh macro-parcel of air
sweeps into the surface, replacing the previous one, which represents an
injection of sensible heat into upper air layers. Thus, taking the tem-
perature measured at the canopy top and sampling at a high frequency is
possible to observe the peak and the sudden temperature drop corre-
sponding to the ejection — sweep of the macro-parcel of air. The latter
resembles the traces of a ramp-like event with amplitude A which, with ¢
together, represents the signature of the macro parcel (Van Atta, 1977;
Paw et al., 1995; Katul et al., 1996; Chen et al., 1997a).

Assuming regular injections, the net enrichment of sensible heat can
be determined as (Paw et al., 1995):

Hgg = rCpaZAt @

where p and C, are the density and isobaric heat capacity of the air,
respectively, (aZ) represents the volume per unit surface of the macro-
parcel ejected, a is an empirical coefficient and Z is the measurement
height (at the canopy top).

2.1.2. Estimating the sensible heat flux in the inertial sublayer

To apply Eq. (7) it is necessary to estimate the volume per unit sur-
face of the macro-parcel ejected. In the inertial sublayer, combining
MOST and SR concepts the following relationship was derived (Castellvi,
2004; Fisher et al., 2023):

kzu gy

Hsg = pC, A, (8)

7T
where k is the Von Karman constant (k = 0.4), z is the measurement
height above the zero-plane displacement (d), z = Z - d, u- is the friction
velocity, ¢ w1 is the stability correction function for heat transfer, L is
the Obukhov length, L= — kl;_§H pC,T. Tis the temperature of the airand g
is the gravitational acceleration rate.

Equation (8) was applied using half-hourly values, Hgg_1,, (Castellvi

et al., 2014, 2016; Castellvi and Oliphant, 2017; Castellvi and
Gonzalez-Dugo, 2021):
1
2
-1
. | zhebn .
L

> ku,
4k\ 2

Hsp_1,, = pC,y (a) ~ L (IST-T), ©
Z (lni + 2)
20m

where the coefficient 1 (defined as 1 = % (Chen et al., 1997b)) was set to
0.5 for unstable cases, h is the canopy height, zonis the surface roughness
length for momentum evaluated at neutral conditions, zom= 0.12 h
(Brutsaert, 1982) and ¢ (/1) is (Dyer, 1974);
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2\ ~1/2
Pria) = (1 - 16Z) 10)
The wind log-law was used to estimate the friction velocity from the
horizontal mean wind speed measured at the reference height (u)

ku
In 22— Winam) + Pmzon/1)

u, = an

and Y, (5/1) and W, zom/1) are the integrated stability function for mo-
mentum transfer determined at z/L and zgn,/L, respectively. For unstable
cases (Brutsaert, 1982);

Py = 2In (1 +y> +1In (ﬂ) — 2arctany + z 12)
2 2 2

with

y=(1-16 z/L)**® 13)

2.1.3. Estimating the sensible heat flux from the soil

Assuming the ground is composed of bare soil, starting from Eq. (8),
the following expression was derived for estimating the sensible heat
flux under unstable cases (Castellvi and Agam, 2025):

6/5

_ k ¢C 8Zon, 3 3/ Ts — Tref
Hs =G, (E 0.31 ( Ty) mnz | - a4)

Zohs

where Ty is the temperature of the soil, Tyis a reference temperature of
the air and zp, is the surface roughness length for heat transfer evalu-
ated at neutral conditions, 2o, = Zomse 2 (Crago and Qualls, 2014) and
Zoms 1S the surface roughness length for momentum at the ground. The
parameter C is a non-dimensional relationship defined as,

i\a Zohs u

2 173
l(k> (kz) (“—) = C, where C was 0.5 and it performed fairly con-

stant versus height for different bare soils (Castellvi and Agam, 2025).

2.2. The two — source model

In this section, an ideal scheme for the continuity of the sensible heat
fluxes and their temperatures involved in a sparse canopy at the height Z
= (2om + d) is proposed.

2.2.1. The roughness sublayer. From the ground to the canopy height

In this sublayer, the warming of the macro-parcel of air is not ho-
mogeneous, and depends on the temperature of the soil and the vege-
tation. The macro-parcel of air will be split into two sub-parcels. The
mean net temperature increase for the macro sub-parcels in contact with
the soil and the vegetation during = will be denoted by A and A,,
respectively.

The SR process is idealized as shown in Fig. 1B. When the descending
macro-parcel of air is close to the surface it cannot absorb all the mo-
mentum transferred to the ground and a new population of small eddies
(namely fluid elements) are generated within each macro sub-parcels.
The fluid elements are presumed randomly distributed and remain
attached to their corresponding macro sub-parcel of air. During the time
that a fluid element remains close to the viscous boundary layer adjacent
to a source, 7, (exposure time), fluxes transfer through the interface and,
therefore, the fluid element increases its temperature, a,, until it is
randomly replaced by another fluid element (Danckwerts, 1951; Harriot
etal., 1962). At a given measurement height, the actual time series of the
temperature of the air shows small fluctuations embedded in their cor-
responding macro sub-parcel. The latter fluctuations in the temperature
trace is the signature of a fluid element attached to the macro sub-parcel
of air which will be assumed to follow a ramp-like shape characterized
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by a gradual increase of the temperature (warming phase) followed by a
sudden drop in temperature (Fig. 1B). The latter indicate that this fluid
element was replaced by another cooler fluid element. Taking the
temperature sampled at a high frequency, the signature of a fluid
element can be estimated by the time difference observed between two
consecutive valleys (z,;,) and by an amplitude, which is the temperature
difference between the peak and the earlier valley (a,) (Fig. 1B)
(Castellvi, 2018). Considering the macro sub-parcel of air remaining in
contact with the vegetation, integrating the amplitudes of the fluid el-
ements leads to;

1 &
Av = Z AmTm, (15)
Tm T

where Ny is the number of fluid elements in the vegetation. Similarly, for
the ground;

1 &
As == Z AmTm (16)
Tm i

N; denotes the number of fluid elements at the ground. Therefore,
measuring the temperature traces at Z = (2o, + d), the ramp amplitude of
the macro sub-parcel of air remaining in contact with the vegetation and
for the ground will be, respectively,

Ay =Ty —Tay @a7)
A =T — Tay (18)

where T,y is the base - temperature of the ramp-like event (i.e., the
quiescent period). Thus, in the context of Eq. (14) it will be assumed that
Tref is TAV-

2.2.2. The roughness sublayer. Above the canopy height

When a fresh macro-parcel of air descends to the ground to renew the
previous one, the above-mentioned fluid elements will be ejected up-
wards attached to their corresponding macro sub-parcel of air. Above
the canopy, turbulence rapidly mixes the air of the two macro sub-
parcels of air, therefore, giving a unique probability distribution func-
tion for the ramp period of fluid elements (Zhu et al., 2007). For the
horizontal velocity traces, the probability distribution function (PDF) of
the exposure time can be described as:

B+1)  _p —((ﬁ+1)fﬂ>
& Tm e m (19)

PDF(‘;,") = ?(/Prl) )
m

gt

where I' is the gamma function, 7, is the mean of exposure time of fluid
elements population and g is a shape-parameter (Bullin and Dukler,
1972; Seo and Lee, 1988). For fluctuations in the temperature of the air
(determined as the time difference between two consecutive peak and
valley observed in the temperature traces) the probability distribution
function of the exposure time can be described by Eq. (19) and it was
shown that the corresponding # parameter allows for estimating the
friction velocity (Castellvi, 2018; Castellvi et al., 2020a, b and 2021):

%45;1 (Z;d> Z—d>(h—d) [%} (inertial)

ku(h—d) [%’;()ﬂ)} ¢m1(ZLd> Z—d<(h—d) {%’;()ﬁ)] (roughness)

u, =

B (Z—d)

(20)

2.2.3. The top of the roughness sublayer

The roughness sub-layer depth for momentum (Z;,) and heat (Z;) can
be estimated, respectively, as (Raupach et al., 1996; Molder et al., 1999;
Leclerc and Foken, 2014):
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(Z;,—d) = (h—d) + 2L, and (Z', —d) = (h—d) + 3L, 21

where L, is the shear-scale, L; :ﬁ evaluated at h (Raupach et al.,

1996). At near-neutral conditions, L; can be approached to; ,}—S = 1;(1}5{/5:;))
(Castellvi, 2018). Above the canopy the roughness sub-layer is mostly
coherent (Raupach et al., 1996), thus by invoking coherency (i.e., from
the canopy top up to the roughness sub-layer) it will be assumed that the
shape-parameter # will remain fairly constant

(h—d)

L= g (22)

with # measured at any height within the roughness sub-layer. For field
applications, Eq. (22) was roughly assumed valid for unstable conditions
and combining Egs. (21) — (22) the top of the roughness sub-layer for
momentum and heat can be estimated as:

(Ing +2)
Inp

(Ing +3)

(Z,—d) = (h—0d) I

and (2, —d) = (h—d) 23)

The wind log-law evaluated at the top of the roughness sub-layer for

momentum can be expressed as, uz; — Y +

lni — \Pm (z,‘,,/L)

Wi (zom /L)} = 0. The latter, combined with Eq. (20) and (23) and invoking

coherency in the roughness sub-layer leads to:

h—d\ /2+1np
Plom (5 1) —1“[( Zon ) ( Inp

which allows estimating fas follows. Starting at neutral conditions, a
first approach for pis determined. Next, using the Obukhov length
(determined from Hgg 1, Eq. (9)) the first approximation of the sta-
bility parameter is obtained (using Eqs. 23 - 24), which allows esti-
mating a new value ofg. Therefore, using u, (determined from the wind
log-law), the wind speed at the canopy top can be estimated using Eq.
(20).

):| - \Pm (z,*"/L) + \Pm (zom/L) = 07 (24)

2.2.4. Estimating Ty, Ts and Tay
Given that the vegetation sensible heat flux was estimated, the
vegetation temperature can be retrieved via Eq. (9):

1/2
1/2( zhepy, ) ku,
4k) %(TV—T) 7 25)

H, = pC, (—
& Z(lnﬁ + 2)

allowing estimating the soil temperature from
Tis* = (1-£)T* + f T,* (Anderson et al., 2005). In a SR experiment
taking measurements within the canopy it was found that the sensible
heat flux measured at the height Z = (d + zom) can be estimated from Eq.
(7) setting a = 1 (Spano et al., 2000):

Ay
Hy = [)Cp(d + ZOm)? (26)

When the macro parcel of air descends to the ground, it will follow a
horizontal motion (Fig. 1B) and the initial temperature at height Z = (d
+ Zom) is Tay (quiescent period). After the warming period, it finally will
be Ty, thus the ramp amplitude is, Ay = Ty — T4y, Based on Chen et al.
(1997b), here it is assumed that the ramp period can be estimated as, 1 =

Ay u(;dfizo“m)) with 4, an empirical coefficient, thus Eq. (26) was rewritten:

u, .
Hy = pCy4,(Ty — TAv)ﬁ 27)
m

Assuming near neutral conditions and using the relationship
Us(d +2om) = %, it was found that a representative value for Ing was 0.75
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Fig. 2. Instantaneous sensible heat flux errors (Hestimates — Hrc) versus the canopy height for soybean (A) and corn (B). The Hegtimates Were determined using methods
Hgg s (triangles) and Hgnigoo (circles). The solid lines + 13 Wm™2 denote the EC uncertainty and 30 Wm ™2 denote the measurement error in estimating the

sensible heat flux.

(Castellvi, 2018), thus:
u, = ke %7 (28)

The wind velocity at Z = (d + 2on) can be estimated as (Goudriaan,
1977)

U — u exp | —0.28 LABKSLS (1 *W> , (29)

where [ is the leaf size (i.e., [ is given by the four times the leaf area
divided by the perimeter). Here, as a rule of thumb, it was proposed to
set A,= 0.5. Therefore, Tqy can be rearranged (i.e., combining Eqgs. (Rn,
= H, + LE,), (20) (evaluated at the canopy top), (27) and (28)).

2.3. Summary of the new concept

The SR-TSEB hybrid method proposes a model for estimation of the
sensible heat flux using SR and MOST concepts for sparse canopies, the
other modelled energy fluxes (Rn, G and LE) remained the same as
proposed in the KN1999 model. SR is inserted at the sensible-heat flux
step within the series scheme. The sensible heat flux estimation requires
expressions based in low-frequency (half-hourly) measurements.
Initially, during the incursion of the macro-parcel of air (covering all the
heat sources; soil and vegetation up to canopy top) is assumed to have a
uniform temperature (Tuy). After a quiescent period, the different
warming is modelled assuming that the macro-parcel of air was split into
two sub-parcels of air (Fig. 1B). One has the temperature net increase of
the soil, A;= T — Tay, and the other the temperature net increase of the
vegetation, Ay = Ty — Tay. Afterwards, the two sub-parcels of air ejected

up to the inertial layer. When they are both above the canopy height (in
the roughness sub-layer), turbulence rapidly mixed the air of the two
macro sub-parcels of air. A scheme to link the continuity of the variables
(such as the wind, the temperatures and the sensible heat flux) from the
point Z = (d + %om) up to the inertial sub-layer is able to estimate
separately the temperatures T, Ty and Tay, and, therefore, the H, and
H,.

3. Experimental data

The ground dataset used in this study is part of the Soil Moistur-
e—Atmosphere Coupling Experiment (SMACEX) campaign, described in
Kustas et al., 2005. This comprehensive dataset includes measurements
of surface energy, water, and carbon fluxes, as well as the collection of
remote sensing imagery. The campaign was conducted alongside the
Soil Moisture Experiment 2002 (SMEX02) at the Walnut Creek Water-
shed in central Iowa, from June 20 to July 9, 2002. SMEX02 provided
valuable spatially and temporally distributed information of canopy
properties, such as crop height and leaf area, which critically influence
surface roughness and flux modelling. Ground flux measurements were
collected at 12 fields, 6 grown with corn and 6 with soybeans. For
additional details of the combined SMACEX-SMEXO02 field campaigns
see Kustas et al. (2003).

The turbulent fluxes were measured using the Eddy Covariance (EC)
method. For each field, the EC instrumentation was deployed at about
two times the canopy height, and no flux divergence was observed. The
20-Hz data were first despiked to remove anomalies in the main fluxes
and micrometeorological variables, passed through a low-frequency
filter, and then used to compute the 30-min averages. Additionally, a
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Fig. 3. Instantaneous sensible heat flux errors (Hestimates — Heowrn) versus the canopy height for soybean (A) and corn (B). The Hegtimates Were determined using
methods Hgg 1g (triangles) and Hgnigg9 (circles). The solid lines (+30 Wm™2) denote the measurement error in estimating the sensible heat flux.

two-dimensional coordinate rotation and corrections for heat density
effects were applied to the scalar fluxes. Further outlier control was
performed on the 30-minute fluxes considering daily trends. This pro-
cess was completed for each tower, resulting in a data capture during the
study of greater than 95 %. Ancillary measurements included energy
balance components, net radiation, and soil surface heat flux, achieving
an energy balance closure of about 85 % (Prueger et al., 2005).

The operational towers for the days and times relevant to this study
correspond to those described by Gonzalez-Dugo et al. (2009). For
comparison purposes, the 30-min fluxes measured during satellite
overpasses (between 10:29 and 10:48 CST, depending on the date and
the sensor) were selected.

The surface energy balance closure of the measurements was forced
using both the Bowen ratio method and the residual-LE closure method.
The first method assumes that the Bowen ratio is correctly measured
using the EC method (Twine et al., 2000). The residual-LE closure
method relies on accurate measurements of H. Here, it was considered
irrelevant to investigate which of the two could be the best (Zhou et al.,
2023), so both were used as a reference.

Land surface temperature data were obtained from the Landsat 5

Table 1

Thematic Mapper (TM) and Landsat 7 Enhanced Thematic Mapper Plus
(ETM+), processed as described by Gonzalez-Dugo et al. (2009).

4. Results and discussion

In the following, the TS model estimated using the SR will be referred
to SR_TS. The Figs. 2 and 3 show the instantaneous errors (Hestimated —
Hgc) and (Hestimated — HBowen), respectively, obtained for SR_TS and
HKN1999 versus the canopy height. Fig. 2 included the thresholds of +
13 W m~2 which represents the EC uncertainty (Mauder et al., 2007).
Figs. 2 and 3 included + 30 W m~?2 thresholds representing the typical
maximum error in estimating the sensible heat flux in flat and uniform
terrain (Foken, 2008). For soybean, Fig. 2A shows that SR_TS and
HKN1999 performed rather similar, both giving 7 samples (out of 12) in
agreement with to the EC method. The SR_TS did two samples and the
HKN1999 did three samples outside the thresholds of + 30 W m™2 . For
corn (Fig. 2B), SR_TS and HKN1999 performed similarly, giving 9 versus
8 samples (out of) in agreement with to the EC method. The SR_TS did
one sample and HKN1999 did two samples outside the thresholds of +
30 W m™2, respectively.

Hgg 1s and Hgni999 versus the reference (Hgc and Hpgr). The number of data were 12 and 14 for soybean and corn, respectively. Int denotes the intercept of the linear
regression analysis and the RMSE is the root mean square error (units W m~2) and IA is the index of agreement.

Crop Model EC: BOWEN:
Slope Int. R2 RMSE 1A Slope Int. R2 RMSE 1A
Soybean Hgr s 1.03 12 0.95 30 0.92 0.92 5 0.89 28 0.94
Hin1999 0.73 3 0.90 27 0.92 0.65 16 0.89 46 0.83
Corn Hgr 1s 1.00 -2 0.93 19 0.98 0.76 1 0.89 31 0.96
Hini999 0.69 13 0.89 21 0.91 0.55 11 0.87 39 0.94
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Fig. 4. A) The temperature modeled in the air — canopy space using the original
(KN1999) and B) the instantaneous difference of the temperature, (KN1999 -
SR_TS), versus the canopy height for corn (diamonds) and soybean (circle).

For soybeans, Fig. 3A shows that SR.TS did two samples and
HKN1999 did five samples falling out respect = 30 W m 2 thresholds.
For corn (Fig. 3B), SR_TS did five samples and HKN1999 did four sam-
ples falling out respect - 30 W m ™~ thresholds. In general, both methods
performed similarly with respect to EC Bowen ratio method.

Table 1 compares the H estimates against the references for each
crop. Linear regression was used and the error metric was evaluated
using the RMSE and the index of agreement (IA) (Willmott, 1981). The
latter stands as a standardized metric for quantifying the degree of
prediction error in models, bounded (between 0 and 1, with higher
index values indicating that the modelled values have better agreement
with the observations) and non-dimensional measure. The intercepts of
the linear regression analysis were small, ranging between -2 and 16 W
m 2. For SR_TS the slopes were close to one (ranging between 0.92 and
1.05) except at corn using the Bowen ratio method that was 0.76. For
HKN1999, the latter ranged between 0.55 and 0.73. The correlation for
both methods was good, for SR_TS the R? ranged between 0.89 and 0.95
and for HKN1999 between 0.87 and 0.90. Regardless of the crop, the
slopes and the coefficient of determination, R? were in general better for
SR_TS than HKN1999. For SR_TS, regardless of the crop and the refer-
ence, the RMSE ranged in the interval 19 — 31 W m 2 and the IA between
92 % and 98 %, indicating that the performance was good. For
HKN1999, the best results were obtained using the EC method; the
RMSE were small (ranging between 21 W m~2and 27 W m~?) and the IA
was good (ranging between 91 % and 92 %). Using the Bowen ratio
method the RMSE were 46 W m™2 and 39 W m ™2 for soybean and corn,
respectively, and the IA were 83 % and 94 % for soybean and corn,
respectively.

The SR_TS was comparable and even better than HKN1999 and,
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regardless of the crop and the reference, the Table 1 shows that its
performance was similar indicating that potential differences between
crops, such as LAI, crop architecture and field conditions, apparently
were not relevant.

For each crop, Fig. 4A shows the modelled temperature in the air —
canopy space at Z = (d + ZomZom) Obtained by HKN1999 and, in Fig. 4B,
shows their difference between models HKN1999 and SR_TS, (HKN1999
- SR_TS). Given that T4y (determined by the SR_TS) corresponds to the
quiescent temperature, (HKN1999 - SR_TS) was expected always posi-
tive. The expected performance was obtained for soybean, except for
one case. However, the modeled (HKN1999 - SR_TS) values for corn
were consistently negative. The different sign of (HKN1999 - SR_TS) may
be the reason to under estimation the sensible heat flux. In fact, Hgg s
tended to be closer to the references (Table 1) indicating that SR_TS
modelling appears more reliable.

More research is pending, such as SR_TS performances for other
crops and environmental conditions, how it could feature in future en-
ergy balance models, irrigation planning or remote sensing tools, the
comparison versus the SR parallel model scheme and checking the ramp
amplitudes for soil and canopy using high-frequency data.

5. Concluding remarks

We developed a two-source sensible heat flux model based on surface
renewal theory. SR replaces MOST within the series-scheme TSEB while
retaining inputs and remote-sensing compatibility. The model estimates
the macro-parcel air temperature during the quiescent period at d + zom.
The latter is the key for evaluating the maximum temperatures of the
two sub-parcels of air in contact with the soil and the vegetation during
the exposure, respectively. Taking as T4y the ramp-temperature base-
line, we estimate ramp amplitudes for soil and canopy as A; = Ts — Tay
and A, = Ty — Tay. The index of agreement for SR_TS was generally
higher than that for HKN1999. Therefore, the estimated SR_TS sensible
heat fluxes were comparable, or slightly better than, the original two-
source model, supporting SR as an alternative to the MOST framework.
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