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Abstract

A Two-layer Surface Energy Balance Parameterization Scheme (TSEBPS) is proposed
for the estimation of surface heat fluxes using thermal infrared (TIR) data over sparsely
vegetated surfaces. TSEBPS is based on the theory of the classical two-layer energy
balance model, as well as a set of new formulations derived from assumption of the
energy balance at limiting cases. Two experimental data sets are used to assess the
reliabilities of TSEBPS. Based on these case studies, TSEBPS has proven to be ca-
pable of estimating heat fluxes at vegetation surfaces with acceptable accuracy. The
uncertainties in the estimated heat fluxes are comparable to in-situ measurement un-
certainties.

1 Introduction

Land surface evapotranspiration (ET) is one of the most important components in the
water cycle between the earth and atmosphere, and plays a very important role in
the atmosphere, hydrosphere, and biosphere of the planet. It is an urgent task to un-
derstand the evapotranspiration process over different surface types and conditions in
agriculture, hydrogeology, forest, and ecology for the purpose of using water resources
properly. Additionally, land surface evapotranspiration is a key parameter in the syn-
optic and climatic phenomenon because of the heat and moment transfer processes
in association with evapotranspiration. Studies (Dickinson, 1984; Avissar, 1998) on
climate models and general circulation models (GCMs) have found that the climate is
sensitive to the change of land surface evapotranspiration. At present, remote sensing
is the only efficient technical way that can be used to monitor surface evapotranspira-
tion on the regional scale. Spatial and temporal distributions of the key state variables
of the land surface energy balance can be provided by remote sensing, and can be
used to estimate surface evapotranspiration. The data of mid-low resolution meteo-
rology and the land resource satellite can cover large areas of the land surface and
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can observe repeatedly in short periods, which is useful for the research in the drought
monitoring, climate changes, water resource management, and so on.

Generally, surface evapotranspiration (i.e. latent heat flux LE) is estimated as the
residual term of surface energy balance equation. Remotely sensed data have been
used successfully over the past years to estimate the surface net radiation and the
soil heat flux (hence available energy) from combined visible, near infrared and ther-
mal infrared data (Norman et al., 1995; Liang et al., 2000; Su et al., 2001; Ma, 2003).
Therefore, the primary focus has been the determination of the sensible heat flux based
on the spatially distributed surface temperature fields. The turbulent heat fluxes mod-
els to estimate the sensible heat flux can be categorized into two groups, single-source
models and dual-source models, according to whether or not the model separates the
foliage and the substrate soil. In the single-source models, a so called “excess” resis-
tance or parameter kB~ is used to account for the difference between the remotely
sensed radiative surface temperature 7, and the aerodynamic temperature 7,. The
difference between T, and 7, depends on a number of factors within the soil-plant-
atmosphere continuum (SPAC) as well as the viewing condition of the thermal infrared
(TIR) sensor. Therefore, it is very difficult to find out a robust relationship that takes all
these factors into account. Many authors (Blyth et al., 1995; Verhoef et al., 1997; Trou-
fleau et al., 1997; Kustas et al., 1999; Massman, 1999) have examined the features of
the kB~ parameter. This parameter is a complex function of canopy structure, water
stress and environment factors, and it is too variable to provide a universal solution
for estimating the sensible heat flux using single-angle radiative surface temperature.
This problem can be circumvented to some extent by using the dual-source models.
In this type of models, the heat fluxes of the components (foliage and soil) are simu-
lated individually, and the aerodynamic temperature is analytically expressed in terms
of the component temperatures and a set of resistances, as described in the two-layer
model proposed by Shuttleworth and Wallace (1985) and revised by Shuttleworth and
Gurney (1990). This is very important for sparsely vegetated surfaces, because in this
circumstance the contribution of soil surface cannot be neglected. Otherwise, the bias
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of the estimated surface heat fluxes can be significant.

Even though the advantage of the dual-source models in physics has been recog-
nized by the scientific community, the most widely used methods in applications are
still based on the assumption of the single source of the surface heat fluxes. This
results from such a fact that the use of the two-layer model for operational purpose
requires component surface temperatures (i.e. soil and vegetation), which is still not
available from regular observations and retrieval of the most space-borne remote sen-
sors. Studies of applying the two-layer model with traditional single-angle TIR data
have been reported since the model was proposed (Norman et al., 1995; Jupp et al.,
1999; Xin et al., 2002). Usually, this is achieved by simplification of the model or adding
an empirical relationship in the model, which decreases the modeling accuracy or limits
universal application.

In this study, we have developed a physics-based Two-layer Surface Energy Bal-
ance Parameterization Scheme (TSEBPS) for estimation of land surface heat fluxes.
We combined the two-layer model developed by Shuttleworth and Wallace (1985) with
techniques of handling limiting cases as shown in Su (2002) and Norman et al. (1995)
to derive the component temperature difference (CTD) under several extreme soil mois-
ture states. Additionally, a directional thermal radiative transfer model is used to sim-
ulate the radiative surface temperature at these states. Then an index is developed
using the observed surface temperature and the simulated temperature at the extreme
states. This index is then used to calculate the actual sensible and latent heat fluxes of
the foliage and soil surface.
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2 TSEBPS (Two-layer Surface Energy Balance Parameterization Scheme)
2.1 The Two-layer Surface Energy Balance model

The classical two-layer model by Shuttleworth and Wallace (1985) founded the theory
basis for this study (Fig. 1). The surface energy balance is commonly written as

R,-G=H+LE (1)

where R, is the net radiation, G is the soil heat flux, H is the sensible heat flux, and LE
is the latent heat flux (L is the latent heat of vaporization and £ is the actual evapotran-
spiration). The net radiation of the surface (R,) can be calculated from the equation:

Hn=8d(1_a)+gsLd_Lu (2)

where S, is solar irradiation, a surface albedo, ¢ surface emissivity, L, downward
atmosphere longwave radiation, and L, surface emitted longwave radiation. G can be
calculated with method used by Su (2002):

Gz’qn'[rc"'“_fc)'(rs_rc)] ()

where, [, =0.315 and ', = 0.05, f, fractional canopy coverage.
The budget of the net radiation between soil and the canopy can be calculated using
the Beer’s law:

Rns = b(e)Rn (4)
an=’qn_’qns (5)

where R, and R, are the net radiation of soil and the canopy, and b(0) is the gap
frequency of the canopy written as

b(6) = exp (-G (6)-LAl /cosb) (6)
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where, @ is the solar zenith angle, LAl leaf area index of the canopy, and G (8) projection
coefficient of the leaves which is related to the leaf angle distribution (LAD). The energy
balance of the soil is written as:

R,s=H,+LE,+G )
The energy balance of the canopy is written as:
R, =H, +LE, (8)

The basic principle underlying two-layer models is that the two sources of water vapor
and heat are superimposed and hence heat and water vapor enter or leave the bottom
layer only via the top one. The total flux of sensible heat emanating from the whole
surface is the sum of the fluxes emanating from each layer (here soil and vegetation).
So there is

[TO - Ta]

H=Hg+H,=pC, )

raa
where, o is the air density (kg m‘3), C,, the specific heat of air at constant pressure
J kg‘1 K‘1), T, the aerodynamic temperature (K) defined as the extrapolation of the air

temperature profile down to the apparent source/sink of heat within the canopy, T, air

temperature (K) at the reference height, and r,, the aerodynamic resistance (s m'1)
for heat transfer. H; and H, are soil and vegetation sensible heat fluxes, respectively,
which can be expressed according to the gradient-diffusion hypothesis as

7-s_TO

Hszpcp r (10a)
T,-T,

Hy = pCp =2 (10b)
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where, Ty and 7, are soil and vegetation temperature, respectively, r, the aerodynamic
resistance between soil and the source height in the canopy, and r,, the bulk boundary-
layer resistance of the vegetation. The transfer of the latent heat flux in the canopy can
also be expressed similarly as:

e e
LE=LE, +LE,=PCP S0 (11)
raa
e —-e
LE,= pCp e(Ts) -6 (12a)
Y 14 o PP
e (T,)-e
LEV=pCp. (7v) -9 (12b)

14 rst"'rav

where, y is the psychrometric constant (kPa K‘1), e, the aerodynamic vapor pressure
of the surface, e, vapor of the atmosphere, LE; and LE, soil and vegetation latent
heat fluxes respectively, e(T,) and e*(T,) vapor pressure of soil surface and the saturate
vapor pressure in leaf stomata respectively, r, and rg; soil surface resistance and leaf
stomata resistance, respectively.

Aerodynamic resistance r,, is formulated using the stability correction method by
Choudhury (1989):

laa =a0® (13)
where r,q is the aerodynamic resistance in the neutral atmosphere condition:
2
-d
(=)}

rgO:Tu (14)
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where u is the wind speed at the reference height z, and k von Karman’s constant.
The corrective term ¢ is calculated with:

p=—1_ p =2Stable
(1+n)” \ p = 3/4Unstable (15)
59(z-d)(To-Ta)

,2 TU2

where g is acceleration due to gravity (ms’z). The zero plane displacement height d
and the roughness length for momentum z, can be determined following Choudhury
and Monteith (1988), who fitted simple functions to the curves obtained by Shaw and
Pereira (1982) from the second-order closure theory:

d=1.1hln [1 +(cd|_A|)‘/4] (16)

3h(c,LAN20<c,LAI<0.2
0={z05+03(cd )20 < c LAI<O (17)

0.3n(1-d/h)0.2<c4LAI<1.5

where, ¢, is the mean drag coefficient assumed to be uniform within the canopy (0.2),
and z,, the roughness length of the substrate. For bare soil, zy is taken as 0.01 m. The
formulations for resistances r,_and r, proposed by Choudhury and Monteith (1988)
and Shuttleworth and Gurney (1990) are used here:

Fay =y [w/u(h)] 1/2/{4010LAI [1-exp(-a,/2)]} (18)

r.s = hexp(a,){exp[-a,zos/h] —exp[-a,(d +2o)/h] } [la, K (h)] (19)

where w is the leaf width, u(h) the wind speed at canopy height h, a, and a,, two

constant coefficients equal to 0.005 (ms‘1/ %) and 2.5 (dimensionless), respectively.
The value of eddy diffusivity at canopy height K (h) is determined with K (h) = ku,(h—-d).
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2.2 Parameterization scheme based on limiting cases

Figure 2 gives the flow chart of the parameterization. First of all, the limiting cases
of soil moisture in the soil-plant-atmosphere continuum (SPAC) are defined, which are
dry-limit, wet-limit, and transition-state. The definitions of the dry- and wet-limit are
similar to those in SEBS (2002), but differ in processing soil and foliage components
individually. The transition-state occurs when the surface soil layer is dry and the root
zone soil is still wet, which is understandable and predictable in natural vegetation
because the drying-off process after a rainfall or irrigation event starts from the surface.
Then the component temperature difference (CTD, i.e., T, —T,) at the limiting cases is
derived based on the assumptions.

Under the dry-limit, the latent heat (or the evaporation and transpiration) becomes
zero due to the limitation of soil moisture and the sensible heat flux is at its maximum
value. From Egs. (1), (7) and (8), it follows,

LE dry = 0

: 20
Hs,dryz'qns_G (20)
and
LE, dry = 0

' 21
Hv,dry =R, @1
The CTD under this case can be derived from Eq. (10).

1
5Tdry =lsdry~ 7-v,dry =—= [(Rns - G)ras - anrav] (22)
eC,

The aerodynamic surface temperature at dry-limit 7, 4., can also be calculated from
Eq. (9). Hence, the soil and foliage temperatures under this case 7 4 and 7, 4, can
be calculated using 674, and T 4,
Under the wet-limit, where the evaporation and transpiration take place at potential
rates (i.e. the evaporation and transpiration is limited only by the energy available under
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the given surface and atmospheric conditions), the sensible heat flux takes its minimum
value.

LEy=LE, (23)

The component temperature difference between soil and foliage can be derived based
on the P-M type equation of soil and the canopy and assuming the soil surface resis-
tance and the stomata resistance are zero, we have

_ (Rns‘G)ras/pCp_DO,wet/V

Ts,wet - . / 15AW5‘/V / + To,wet
_ Hnclav/PCp—Lowet/V
7-v,wet - 1+ Dyet/Y + 7-0,wet (24)
6T. .=T -T -1 [(Rns=G)las=Rnclav]
wet s, wet v,wet oC, 1+ D pyet/V

where 67, is CTD under the wet-limit, A, is the slope of the saturate vapor pres-
sure versus the temperature, and y is pychrome constant. Hence, the soil and foliage
temperatures under this case T ; and 7, ,,; can be calculated using 67,,; and 7 et

Under the transition-state, where the evaporation becomes zero due to the limitation
of surface soil moisture, and the transpiration is limited only by the energy available
(i.e., root zone soil moisture is still at wet-limiting). So there is:

LEs,trans =0 (25)

and the transpiration is simulated using Priestly-Taylor equation.

LEv,trans =a'fg'Aian (26)
+y

where Priestly-Taylor constant a = 2.0 according to Kustas et al. (1999), f, is fraction
of green leaves in the canopy. So the aerodynamic surface temperature 7 ,,s and
foliage temperature T, .., under this case can be calculated using Egs. (9) and (10),
and the soil temperature 7 y,,, under this case is derived using 7 yans @Nd 7, yrans-
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Based on the above assumptions and calculations, we have the aerodynamic surface
temperature under the limiting cases, T gry, To wet» @Nd T yrans, @nd the soil and foliage
temperatures under the limiting cases, T gry, Ty arys Tstranss Tv transs @M Tg wets Ty wet-
So we also have the sensible and latent heat fluxes of the soil and foliage under the
Iimiting cases, Hs,dry’ Hv,dry! LEs,dry’ LEv,dry’ Hs,trans= Hv,transv LEs,transa LEv,tranS! and
Hs,wet’ Hv,wet’ LEs,wet’ LEv,wet based on EQ- (10)-

The next step is to derive the actual sensible and latent heat fluxes of the soil and
foliage using an interpolate method from the limiting cases. We assume that the dry-
and wet-limit cases set reasonable boundaries of the surface heat balance under limit-
ing conditions, and the transition-state gives a key spot where dramatic changes of the
budget of sensible and latent heat of the canopy take place (i.e., transpiration is at its
maximum value and evaporation decreases between wet-limit and transition-state, and
evaporation is zero and transpiration decreases between transition-state and dry-limit).
Increasing or decreasing the soil and foliage heat fluxes can bring about changes in
the temperatures of the soil and foliage, which can result in canopy surface tempera-
ture changes. We have derived the component temperatures under the limiting-cases,
from which we simulated the radiometric surface temperature under the limiting cases,
Trarys Trwets @nd T, yans USING @ directional thermal infrared radiative transfer model
of the canopy. In this study, the model proposed by Francois (1997) was used to
simulate directional radiometric surface temperatures. In the simulation, the observ-
ing zenith angle takes the actual angle in the field measurement of 7,, and the soil
and foliage emissivity takes the value of 0.94 and 0.98 following Frangois (1997) and
Francois (2002). So the actual heat fluxes can be derived based on the comparison
between the actual surface temperature and the simulated surface temperature under
the limiting-cases.

Comparison between the measured radiometric surface temperature and the simu-
lated surface temperature under the limiting cases can give a clue of the status of soil
moisture, i.e., higher temperature than that under the transition state hints limitation of
soil moisture on evaporation, and lower temperature than that under the transition state
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creases, we have:

LEV = LEv,wet = LEv,trans

27
LEsz(LEs,wet_LEs,trans)x(1 _Xn)"'LEs,trans @7)

where x is an index build from radiometric surface temperatures:

x=(T, - 7-r,wet)/ (T trans = Tr wet) (28)

The sensible heat flux of soil and foliage is then derived as the residual of the
energy balance equation of the soil and foliage.

- T trans < T, < T} 4ry, €Vaporation is zero and transpiration decreases, we have:

H, = (Hv,dry —H, trans) x (1 - y")+ Hy trans (29)
Hs = Hs,dry = g trans

where y is an index build from radiometric surface temperatures:

y= (Tr,dry - 7-r)/(Tr,dry - 7-r,trans) (30)

The latent heat flux of soil and foliage is then derived as the residual of the energy
balance equation of the soil and foliage.

The indices x and y are used to measure the relative distance of the actual ra-
diometric surface temperatures from the virtual radiometric surface temperatures
under the limiting cases. The coefficient n is used to account for the non-linear
effect of the heat fluxes changing with the relative change of the surface tempera-
ture. Here we take the value of n = 0.25 and it shows that the result is not sensitive
to this coefficient.
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3. If an unexpected situation happens, such as 7, > T, g, or T, <T, e, Which may
result from the errors of the measurements, simulations and assumptions, the
heat fluxes under the limiting cases are used for the actual heat fluxes.

3 Data

Two sets of in-situ data were used for evaluation of TSEBPS: 1) the data set from
the “Quantitative Remote Sensing theory and application for Land Surface Parameters
(QRSLSP)” project at Shunyi, Beijing, China, 2001, and 2) the data set from the “Wa-
tershed Allied Telemetry Experiment Research (WATER)” project in the Heihe River
Basin, Gansu, China, 2008.

3.1 Winter wheat in Beijing

The winter wheat dataset was obtained during the “Quantitative Remote Sensing the-
ory and application for Land Surface Parameters (QRSLSP)” campaign that was car-
ried out in North China in April 2001. The main concern of this experiment was for
quantitative remote sensing applications in agriculture. The winter wheat fields located
in Shunyi district, north of Beijing (116°34’ E, 40°12' N) were selected as the chief ob-
servation target. The winter wheat with row structure and regular irrigation is one of the
main agricultural crops in North China, and usually the growing period after the winter
starts from the end of March through the beginning of April. The experiment was car-
ried out in April in order to obtain the in-situ data during the rapid growing period of the
winter wheat. There are three observation sites, NW3, NW4 and NW5 that are adjacent
from south to north, with different planting and management measures, such as wheat
cultivar, sowing date, irrigation/fertilization date and amount due to the fields belonging
to different farmers, which resulted in different surface conditions among the three sites
especially the soil moisture. During the experiment period, soil moisture condition was
the best in NW4 and the worst in NW5, which resulted in evident difference in heat
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fluxes and surface temperature between the fields.

Turbulent heat fluxes and meteorological data were measured with Bowen-ratio (BR)
systems and auto-weather stations (AWS) at the 3 sites, respectively (see Table 1).
The interchange of high- and low- layer measurements takes place for every 10-min for
sites NW3 and NW4, and 5-min for site NW5, from which 20-min (NW3 and NW4)/10-
min (NW5) average turbulent fluxes (H and LE) were computed in order to eliminate
the discrepancy of equipments at the two sides of the system. While 10-min averages
of net radiation and soil heat flux were stored. In addition, 10-min averaged ancillary
meteorological data, such as air temperature, relative humidity, and wind speed were
also recorded. 10-min average surface brightness temperature was measured and
recorded by TIR radiometers, from which the radiative surface temperature was ob-
tained by correction of atmospheric effect and emissivity (Olioso et al., 1996). Hence,
every 20-min (NW3 and NW4)/10-min (NW5) averaged heat fluxes, net radiation, soil
heat flux, meteorological data, and surface temperature during daytime (when both
sensible and latent heat fluxes are positive) were collected as a group of data, and
regarded as a sample (see Table 2). The period of available data of the 3 sites are
different due to the different beginning/ending time of TIR observation.

As a necessary input for the model, canopy structure data (including leaf area in-
dex (LAIl), canopy height, leaf shape, and row width and space) were also measured
manually by a specific team at the 3 sites regularly during the experiment.

So the winter wheat dataset contains 3 sub-datasets, which represent different soil
moisture condition as well as different vegetation density as shown in Table 2. The
3 sub-datasets are used independently to evaluate TSEBPS. More detailed information
about the experiment can be found in Liu et al. (2002) for the interested.

3.2 Maize in Gansu

The maize dataset was obtained during “Watershed Allied Telemetry Experimental Re-
search (WATER)” project carried out in Heihe River Basin of Gansu province, North-
west China from May to July 2008 (Li et al., 2009). The main concern of this experi-
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ment was to study hydrology and ecology processes using remote sensing techniques,
therefore evapotranspiration is one of the main concerns in this project. Heihe River
Basin of Gansu province is located in the arid/semi-arid region in the northwest of
China, where the agricultural and natural ecosystems suffer from deficit of precipitation
frequently. The agriculture is supported mostly by the irrigation system, which takes the
melted snow/ice water from the upper-stream Qilian mountain area to the flat middle-
and lower-stream oasis.

The site Yingke (YK) is located in the artificial oasis to the south of Zhangye city
(100°24' E, 38°51' N), where the main crop is maize with row structure and regular ir-
rigation. The turbulent heat fluxes and meteorological data were measured with eddy-
covariance system (EC) and auto-weather station (AWS). Half-hourly averaged turbu-
lent fluxes (H and LE) were computed, while 10-min averages of net radiation and
soil heat flux were stored. In addition, 10-min average ancillary meteorological data,
such as air temperature, relative humidity, and wind speed were also recorded. About
80% energy closure ratio was found in the EC data. Since the two-layer model re-
quires energy conservation, closure in the flux measurements was enforced through
a Bowen-ratio method; that is, Bowen-ratio was calculated using H and LE of the EC
measurements, and then Hgr and LEgz were recalculated with Bowen-ratio method
using net radiation and soil heat flux. 10-min average surface brightness temperature
was measured and recorded by TIR radiometers, from which the radiative surface tem-
perature was obtained by correction of atmospheric effect and emissivity (Olioso et al.,
1996). Hence, every 30-min averaged heat fluxes, net radiation, soil heat flux, meteo-
rological data, and surface temperature during daytime (when both sensible and latent
heat fluxes are positive) were collected as a group of data, and regarded as a sam-
ple (see Table 2). As a necessary input for the surface models, canopy structure data
(including leaf area index (LAI), canopy height, leaf shape, and row width and space)
were measured manually from 21 May to 15 July throughout the whole growing period
before tasseling stage of maize.
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Unlike the field campaign of QRSLSP, the experiment of the WATER project had
lasted for several months. The data collected during the experiment covers the main
growing period of maize, which allows us to evaluate TSEBPS with data of different veg-
etation coverage states, i.e., from very sparse vegetation at the beginning (LAI<0.5),
to very dense vegetation at the end (LAI>5). In order to evaluate the performance of
TSEBPS at different canopy coverage, the dataset of maize was separated into 3 sub-
sets according to LAI; that is YK-sparse for the data when LAI<1.0, YK-medium for
1.0<LAI<3.0, and YK-dense for LAI>3.0.

Table 1 gives the brief information about the turbulent fluxes and TIR radiometric
measurements. Table 2 lists the datasets or subsets that are used in the evaluation.

4 Results

The accuracy of TSEBPS will be assessed using the datasets listed in Table 2. Radia-
tive surface temperature as well as ancillary meteorology and canopy structure data
were input to the TSEBPS, and the sensible and latent heat fluxes are estimated as
discussed previously. All other input variables are measured including net radiation and
soil heat flux. The difference between estimation and measurement of the sensible and
latent heat fluxes will be analyzed for each of the datasets.

4.1 Results of the winter wheat datasets

The canopy sensible and latent heat fluxes predicted versus the measured values of
winter wheat sites are shown in Fig. 3. On the whole, TSEBPS estimated heat fluxes
agree very well with the field measurements over winter wheat canopies. The perfor-
mance of TSEBPS at the 3 sites is very close besides the difference in the magnitude
of sensible and latent heat fluxes, which can be explained to some extent by the sur-
face condition of the fields. As we have mentioned before, the canopy density and soil
moisture condition are different at the 3 sites (Table 2), which resulted in different mag-
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nitude of sensible and latent heat fluxes (therefore the Bowen ratio). For the latent heat
flux, the best agreement appears at NW4, and followed by NW3 and NW5, and all of
the predictions are within acceptable accuracy. The data points are scattered closely
to the 1:1 line and the bias is confined mostly to within around 50 Wm™2, indicating
good agreement with measured values. There is no obvious trend of overestimate or
underestimate of the heat fluxes.

Table 3 to Table 5 show the error statistics of the predicted heat fluxes. Root-
Mean-Squared-Error (RMSE), Mean-Absolute-Difference (MAD) and Mean-Absolute-
Percentage-Difference (MAPD) are shown in the tables. RMSE of the 3 sites are all
within 35 Wm™2 and MAD within 30 Wm™2, which means that the predicted heat fluxes
agree well with the field heat fluxes observation. Mean and standard deviation of the
predicted heat fluxes compare very well with those measured as shown in Table 3 to
Table 5. The best agreement is found at NW4 dataset, where both mean and standard
deviation of predicted sensible and latent heat fluxes are very close to the measure-
ments. The discrepancy between measurements and simulation is within the uncer-
tainty of turbulent heat fluxes measurements. Coefficients of determination (RZ) for
sensible and latent heat fluxes are high at the three sites, indicating TSEBPS can pre-
dict heat fluxes with high accuracy. The highest and lowest R? of the predicted latent
heat flux appear at site NW4 and NW5, respectively.

In order to investigate the bias of TSEBPS-estimated L E, we compared the relation-
ship between the bias and input parameters and found that the surface temperature
gradient (surface temperature minus air temperature) is the mostly related factor with
the bias as shown in Fig. 4. We can see that the temperature gradient is mostly under
2K at NW4, and the bias of estimated LE is also small, mostly within £20 Wm™2. At
point No. 8 (12:00, 13-April), the temperature gradient is the largest (about 8K, and
the bias of estimated LE is also the largest (about —60 Wm'z). At NW5, the tempera-
ture gradient is much higher than that of NW4 (mostly between 5 ~ 20 K, and the bias
of estimated LE is also larger than that of NW4 (mostly within £50 Wm‘2). On the
whole, the trend of bias is opposite to that of temperature gradient. Similar to NW4, the
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points with largest bias (L E was much underestimated in Fig. 3) also have very large
temperature gradient.

4.2 Results of the maize dataset

The canopy sensible and latent heat fluxes predicted versus the measured values are
shown in Fig. 5. Similar to the winter wheat dataset, the estimated sensible and latent
heat fluxes agree very well with the measurement. Table 6 shows the error statistics of
the predicted heat fluxes. RMSE and MAPD of the estimated latent heat flux are low
and the coefficient of determination (RZ) is very high, which means that the TSEBPS-
estimated latent heat flux with TIR measurements can reach high accuracy. Mean and
standard deviation of the predicted heat fluxes compare very well with those measured
as shown in Table 6.

In order to investigate the performance of TSEBPS at different vegetation coverage
conditions, the error statistics are recalculated separately for the 3 subsets of the maize
according to Table 2. The results are shown in Table 7, from which we can see that
there is no evident difference in the R? between the subsets, but the RMSE shows
much more variability between the subsets, i.e., RMSE increases with increasing LAI.
On the other hand, MAPD decreases with increasing LAI. Comparison of mean and
standard deviation shows that datasets of medium and dense canopy have larger bias
than that of sparse canopy. However, the difference between the subsets is not evident,
and the performance of TSEBPS is stable from very sparse to very dense canopies. It
means that TSEBPS can estimate heat fluxes accurately above surfaces with different
density of vegetation.

4.3 Error analysis

According to the flow chart of TSEBPS (Fig. 2), the actual heat fluxes are derived
from the heat fluxes of the limiting cases with an interpolating method. So the error of
TSEBPS-estimated heat fluxes comes from these two aspects, i.e., the heat fluxes of
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the limiting cases and the interpolating methods. The sensitivity of the estimated heat
flux to the error of the heat flux at the limiting cases is described by the following way.

Ay = YE01Y) -V ()
YY)

where Y represents the derived actual heat flux, and Y; the heat flux at the limiting

cases (i.e., wet- and dry-limits, and transition state). From Egs. (27) and (29), we can

see that the non-linear interpolation takes place for soil latent heat flux when T, o <

T, <T, yans» and for foliage sensible heat flux when 7, .5 <T, <T, 4. And at other

cases, the interpolation is linear. Sensitivity to the error of LE . in Eq. (27) and the
error of H, 4, in EQ. (29) can be expressed in a same way:

1

104p"
10+ T

AY =+

where A represents LE; ..s/LEs et and p for x for Eq. (27), and A represents
H, wrans/Hy ary @nd p for y for Eq. (29). According to the assumption of TSEBPS
(Egs. 25 and 26), A equals to O or is very close to 0 (no negative value of the heat
fluxes is allowed in the calculation), which results in that the sensitivity to the error of
LEg et and H, 4y is nearly £10%. It means that the error of component heat fluxes at
the dry- and wet-limiting cases is propagated to the estimated heat fluxes in a linear
way.

Sensitivity to the error of LE .06 in EQ. (27) and the error of H, 4,0 in EQ. (29) can
also be expressed in a same way:

1

10(1-p")
10+ A5

AY =+

Because A equals to 0 or is very close to 0, the sensitivity to the error of LE 4,5 and

H, wans i Very small and can be regarded as 0. It means that the error of component

heat fluxes at the transition state has no obvious influence on the estimated heat fluxes.
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Sensitivity to the error of p (x in Eq. 27 and y in Eq. 29) can be expressed as:
1-(1£0.1)"

1
A !

AY =

Because A equals to 0 or is very close to 0, the sensitivity to the error of p mainly
varies with p. The magnitude of p is within the range of [0, 1]. When p is close to 0, the
sensitivity is small, and when p is close to 1, the sensitivity becomes relatively larger.
And the sign of the error in the estimated heat fluxes is opposite to that of p. In our
datasets, the average value of p is about 0.5 ~ 0.6, which leads to about £10 ~ 20%
error in the estimated heat fluxes for £10% of error in p.

From above analysis we can see that £+10% error in the component heat fluxes at
the wet- and dry-limiting cases will result in about £10% error in TSEBPS- estimated
heat fluxes, and the error in the component heat fluxes at the transition state will result
in no obvious error in TSEBPS- estimated heat fluxes. The component heat fluxes
at the limiting cases are calculated using Eq. (10) with the aerodynamic temperature
and component temperatures, which are calculated based on the assumptions of the
limiting cases. In this study, the assumptions and calculations are physics-based and
the error in the estimated component heat fluxes is regarded within acceptable range.

On the other hand, the error in the simulated surface temperature at the limiting
cases has obvious influence on the results. The error of p comes from the error
of TIR observation, as well as the error of the simulated surface temperature at the
limiting cases. In our study, a directional canopy TIR radiation transfer model by
Francois (1997) is used to simulate the surface temperature at the limiting cases. This
model is of reasonable physics-basis and has performed well in the experimental study
in the reference. In their study, the error of the simulated temperature is relatively
small and acceptable. In this study, we believe that the simulated temperature is of
good quality and comparable to the field TIR observation. Furthermore, from Eqgs. (28)
and (30) we can see that the error in x and y can be relatively small because the index
is constructed by the difference between the temperatures, which means that the error
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of the temperature can wipe one another out.

At last, some may argue that the error may come from the coefficient n. This coeffi-
cient is empirical and we took n = 0.25 because it gives the best accuracy in the results.
And this value is identical for both winter wheat and maize datasets, which implies that
the coefficient may have a universal value for all of the surfaces, but this still needs to
be proved by more investigations.

5 Discussions

TSEBPS is proposed to estimate surface heat fluxes using TIR data obtained by space-
borne sensors such as AVHRR, MODIS, etc. This kind of data is easily available and
economical for the users, which is important for applications at regional or global scale
with routinely schedule. For regional or global estimation of land surface evapotranspi-
ration, sparsely vegetated surface is one of the situations of relatively larger uncertainty,
where single layer model associated with TIR data can not simulate the canopy heat
fluxes accurately. As a parameterization of the classical two-layer model, TSEBPS is
reliable on the theory basis. It was shown in the evaluation using datasets over dif-
ferent vegetation canopies that TSEBPS-estimated evapotranspiration compared very
well with the field measurement. The parameterization is based on the limiting cases
of soil moisture, which is commonly accepted. The difference of TSEBPS is to con-
sider foliage and soil independently at the limiting cases, and bring a key state of soil
moisture into the model, i.e., transition state, which is based on the process of drying
off after a rain or irrigation event when the soil surface is dry and the root zone is still
wet. By the concept of transition state, we can hence define two different states of soil
moisture in the canopy, i.e., before and after the transition, which represent the limit
of soil moisture is only on evaporation (E) or on both evaporation (£) and transpira-
tion (T). The canopy heat fluxes are then easily predictable using the assumptions of
the limiting cases associated with an interpolation method using TIR data. Commonly,
all of the states of soil moisture can be described by such assumptions. However,
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there are exceptions when the soil surface is wet and root zone is relatively drier, which
could be possible when there is heavy dew or light precipitation while the field has been
under drought already. Under this circumstance, the relationship between surface tem-
perature and soil moisture would be different from the assumption of TSEBPS, and
TSEBPS-estimated heat fluxes would be of substantial error. Fortunately, this kind of
exception is not a frequent event, i.e., once or twice during the whole growing season
of crop, which will not affect the applicability of TSEBPS in the long term.

It can be found in the results that the TSEBPS-estimated heat fluxes under dense
and wet canopy are similar to that under sparse and dry canopy with high accuracy.
The empirical method that tries to relate TIR measurements with actual heat fluxes is
able to produce good results and can be used widely for surfaces with different soil
moisture and vegetation conditions.

According to the sensitivity analysis, the TSEBPS-estimated heat fluxes are not sen-
sitive to the assumed heat fluxes at the limiting cases as well as the error of the sim-
ulated temperature. On the other hand, it was found that higher accuracy can be
obtained by using more complex model to allocate net radiation into soil and foliage.
However, this could restrict the applicability of TSEBPS in satellite data. Compromise
between accuracy and convenience has to be made. Fortunately, a simple method
such as shown in Eqgs. (4) to (6) can calculate soil and foliage net radiation reasonably
and result acceptable heat fluxes in this study. On this meaning, the method proposed
and used in this study is applicable for regional estimation of ET using satellite data.
Results of evaluation of TSEBPS using satellite data will be reported by the authors in
the near future.

6 Conclusions

Two-layer energy balance model has been validated and approved at many references.
However, its application in remote sensing is still of problem because of short of com-
ponent temperatures data. In this study, a parameterization scheme (TSEBPS) was
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proposed to utilize the two-layer model with traditional TIR observation data. The pa-
rameterization is based on the assumption of the changing process of sensible and
latent heat fluxes of the foliage and sub-layer soil with the change of soil moisture at
surface layer and root zone. The actual canopy heat fluxes are derived from the ob-
served radiative surface temperature by comparing with the simulated temperatures at
the limiting cases. Two datasets obtained in two different field experiments were used
to evaluate the reliability of TSEBPS. The estimated canopy heat fluxes agreed well
with the field measurements of heat fluxes. The uncertainties of the estimation are
comparable to in-situ measurement uncertainties. The errors of TSEBPS mainly come
from the following aspects, i.e., the assumption of the limiting cases, and the interpola-
tion method of heat fluxes using the TIR observations. Although extensive evaluation
should be carried out using more in-situ or remotely sensed data, the results of this
study showed that the method proposed in this paper is reliable and can be used to
estimate heat fluxes over sparsely vegetated surfaces.
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Table 1. Information about the turbulent and TIR measurements.

HESSD
6, 67956832, 2009

TSEBPS for
estimation of land
surface heat fluxes

X. Xin and Q. Liu

Surface Turbulent heat fluxes measurement TIR radiometric measurement
Site  location type Instrument Height Instrument Height View zenith angle
NW3 Beijing Winter  Bowen-ratio system made 2.74mand TIR Radiometer made by 2m 0
wheat by Peking University 0.74m Chinese Academy of Sciences
NW4 Beijing Winter  Bowen-ratio system made 24mand  MINOTA TIR Radiometer 2m 45
wheat by Peking University 0.4m made in Japan
NW5  Beijing  Winter ~ Bowen-ratio system made 1.6mand BS-32T TIR Radiometer 2m 45
wheat by Chinese Academy of Sciences 0.6 m made in Japan
YK Gansu  Maize Eddy-covariance system made 2.81m IRR-PN TIR Radiometer 35m 0

by Campbell company

made by Apogee Company
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Table 2. Datasets used for the evaluation of TSEBPS.
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Dataset Sample number (n) date Leaf areaindex (LA/)
NW3 230 2001-4-1~22 0.776~2.402
NW4 188 2001-4-13~21 2.087~3.577
NW5 885 2001-4-5~24 1.028~3.094
YK-sparse 436  2008-5-21~6-9 0.24~0.989
YK-medium 284 2008-6-10~6-23 1.02~2.879
YK-dense 368 2008-6-24~7-15 3.057~5.298
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Table 3. Statistics of TSEBPS estimated versus observed heat fluxes at site NW3 (RMSE:
Root Mean Squared Error; MAD: Mean Absolute Deviation; MAPD: Mean Absolute Percentage
Deviation; R?: coefficient of determination).
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Statistics RMSE MAD MAPD R? Mean Standard Deviation
Wm™?)  (Wm™?) (%) (Wm2) (Wm™)

estimated measured estimated measured

‘g X H 31.4 25.4 25.3 0.8241 113.2 100.5 68.4 60.8

T+ LE 31.4 25.4 11.3 0.9046 211.4 224.0 92.8 90.2
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Table 4. Statistics of TSEBPS estimated versus observed heat fluxes at site NW4 (RMSE:
Root Mean Squared Error; MAD: Mean Absolute Deviation; MAPD: Mean Absolute Percentage
Deviation; R?: coefficient of determination).
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Statistics RMSE MAD MAPD R? Mean Standard Deviation
Wm™?)  (Wm™?) (%) (Wm2) (Wm™)

estimated measured estimated measured

‘g X H 26.6 20.6 37.4 0.704 54.2 55.4 48.9 39.8

T+ LE 26.6 20.6 7.5 0.9107 2771 276.0 87.1 88.7
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Table 5. Statistics of TSEBPS estimated versus observed heat fluxes at site NW5 (RMSE:
Root Mean Squared Error; MAD: Mean Absolute Deviation; MAPD: Mean Absolute Percentage
Deviation; R?: coefficient of determination).
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Statistics RMSE MAD MAPD R? Mean Standard Deviation
Wm™?)  (Wm™?) (%) (Wm2) (Wm™)

estimated measured estimated measured

‘g X H 26.4 21.2 21.6 0.8722 99.2 98.1 64.0 72.9

T+ LE 26.4 21.2 19.7 0.7581 106.0 107.2 53.6 47.0
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Table 6. Statistics of TSEBPS estimated versus observed heat fluxes at site YK (RMSE: Root
Mean Squared Error; MAD: Mean Absolute Deviation; MAPD: Mean Absolute Percentage De-
viation; R?: coefficient of determination).
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Statistics RMSE MAD MAPD R? Mean Standard Deviation
Wm™?)  (Wm™?) (%) (Wm2) (Wm™)

estimated measured estimated measured

‘g X H 31.0 23.7 32.3 0.7610 79.9 73.4 56.0 61.8

T+ LE 31.0 23.7 9.0 0.9722 255.5 262.0 169.9 178.2
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Table 7. Statistics of TSEBPS estimated versus observed heat fluxes at three different growing
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stages of maize at site YK (RMSE: Root Mean Squared Error; MAD: Mean Absolute Deviation;
MAPD: Mean Absolute Percentage Deviation; R?: coefficient of determination).

MAD MAPD_LE Standard Deviation_LE

estimated measured
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Fig. 1. Energy balance (a) and resistance network (b) of the two-layer model.
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Fig. 2. Flow chart of the parameterization scheme of the two-layer models.
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Fig. 3. Comparison between observations and TSEBPS modeled sensible and latentheat
fluxes over winter wheat canopy: (a) NW3, (b) NW4, (c) NW5. Dashed line represents per-

fect agreement.
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Fig. 4. Time series of TSEBPS estimated latent heat flux bias (TSEBPS estimated minus
measured latent heat flux) versus surface temperature gradient (radiative surface temperature
minus air temperature).

I b i

(8)
S

o
2

6831


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/6795/2009/hessd-6-6795-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/6795/2009/hessd-6-6795-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

Sensible heat flux H

Measured (W/m?)

Measured (W/m?

0 50 100 150 200 250 300 350 400

Simulated (W/m?)

Fig. 5. Comparison between observations and TSEBPS modeled sensible and latentheat
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