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ABSTRACT

Aims: In this paper, we aim to assess different parameterization schemes for quantifying
the surface energy portioning process, in particular, the latent and sensible heat fluxes,
and their applicability to various surface cover types.
Study Design: This study intercompares theoretical models that predict the relative
efficiency of the latent heat (evapotranspiration) with respect to the sensible heat flux.
Model predictions are compared with field measurements over surface covers with
different physical characteristics and soil water availability.
Place and Duration of Study: This study was carried out at the Arizona State University,
Tempe, AZ, between August 2012 and December 2012.
Methodology: Three theoretical models for prediction of the relative efficiency of the
latent heat were investigated, based on the lumped heat transfer (Priestley), the linear
stability analysis (LSA) and the maximum entropy principle (MEP), respectively. Model
predictions were compared against field measurements over three different land cover
types, viz. water, grassland and suburban surfaces. An explicit moisture availability
parameter β is incorporated in the MEP model, to facilitate direct comparison against the
LSA and field measurements. Standard post-processing and quality control were applied
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to field measured turbulent fluxes using the eddy-covariance (EC) technique. To be
consistent with the premise of all theoretical models, diurnal series of sensible and latent
heat fluxes were filtered such that only data points under convective conditions were
selected.
Results: Among all three models, the application of Priestley model is restricted to
saturated land surfaces, and generally overestimates the relative efficiency of the latent
heat for water-limited surfaces. The LSA and MEP models predict similar β ranges, i.e.,
0.05-0.3 in summer and 0.1-0.7 in winter over suburban area, and 0.1 to 0.5 over lake
surface. Over vegetated surfaces, the MEP model predicts a reasonable β range around
unity by taking transpiration into consideration, while the LSA model consistently
underestimated the relative efficiency.
Conclusion: Moisture availability plays an essential role in regulating the surface energy
partitioning process. The introduction of the moisture availability parameter enables
versatile theoretical models for latent heat (and evapotranspiration) predictions over a
wide range of land cover types. This study provides a physical insight into the
thermodynamics mechanism governing the surface energy balance, and the potential to
develop novel surface energy parameterization schemes based on the concept of relative
efficiency. The MEP model is found to have the greatest potential in terms of future
theoretical model development.

Keywords: relative efficiency; surface energy partitioning; Bowen Ratio; land cover;
evapotranspiration; land-atmospheric interactions.

1. INTRODUCTION

Observational data and model simulations indicate that our globe is undergoing an
unprecedented change of climate patterns, in response to increasing concentrations of
greenhouse gases in the atmosphere [1]. As a consequence, we have seen, and will
continue to see more frequent occurrence of extreme meteorological and climatic events,
such as flooding, droughts, hurricanes, etc., [2,3,4]. These changes of climatic patterns have
significant impacts on the integrated Earth system, including geophysics, ecosystems,
hydrology and atmospheric dynamics. One of the key physical components of the integrated
Earth system is the transfer of heat and water fluxes across the land-atmosphere interface,
coupled through the terrestrial evapotranspiration process [5,6,7]. Partitioning of solar
energy at the land surface provides lower boundary conditions for the atmospheric dynamics
of energy and water cycles, and dictates the land-atmospheric interactions [8,9]. Energy
balance for an infinitesimally thin surface layer can be written as:

  nR H LE G (1)

where nR S L S L       is the net radiation with S and L denoting shortwave and
longwave radiative components respectively; downward and upward arrows denote the
down welling and upwelling components respectively; H is the sensible heat flux; LE is the
latent heat flux; and G is the ground heat flux (measured at the land surface).

Individual heat flux terms on the right-hand side of equation (1) have their own significance
in different geophysical, meteorological and hydrological processes. The latent heat LE is
directly related to the hydrological cycle through the evapotranspiration process, which in
turn affects processes such as cloud forming and moisture exchange. The sensible heat H
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affects surface heating and drying, the structure of air temperature in the boundary layer,
and the dynamics and thermodynamics of the lower troposphere. The ground heat G
determines the soil thermal profile and geochemical reactions of solutes. Thus the efficiency
of dissipating the available radiative energy into these dissipative fluxes is important in
determining dynamics and thermodynamics of the integrated soil-vegetation-atmosphere-
climate system.

Turbulent, i.e. sensible and latent, heat fluxes of the surface energy balance (SEB) system
have been routinely observed at selected locations using eddy covariance (EC) towers.
However, the deployment of EC towers is usually constrained by practical difficulties, e.g.
logistics and maintenance. In addition, flux tower measurements have limited representative
elementary area (REA) or the so-called “footprint”, resulting in discrepancies in comparison
with numerical modeling due to the scale variability [10,11]. For measurements or mapping
of heat fluxes at relatively large scales, remote sensing techniques are advantageous in
terms of large spatial coverage but susceptible to their indirect nature of measurements.
Alternatively, numerical approaches have been developed using land surface temperature
(LST), vegetation indices (VI) and soil moisture or other directly sensed variables to estimate
the turbulent fluxes based on empirical relations [12,13,14], flux retrieval models [15,16,17],
or physical parameterization schemes [18,19,20].

An alternative group of methods to parameterize turbulent fluxes is to build intrinsic relations,
here referred to as relative efficiencies, among flux terms in the SEB. In this paper, relative
efficiency of a heat flux is defined as the ratio of the flux to the sensible heat flux H. The
beauty of relative-efficiency-based approaches is that they usually admit simple theoretical
derivations based on basic physical laws of heat transfer and thermodynamics constraints.
This class of approaches is also computationally more economic than the EC technique by
imbedding physical processes of surface energy partitioning in theoretical formulations of
relative efficiency coefficients. Historically, the concept of relative efficiency has been
adopted to parameterize turbulent heat fluxes arising from the land surface, a prominent
example being the Bowen ratio method [21]. Priestly [22] derived relative efficiencies of the
ground and latent heat with respect to the sensible heat, as functions of the air-soil interface
temperature and properties of the contacting media. More recently, Wang and Bras [23,24]
developed numerical models for relative efficiencies based on the maximum entropy
production (MEP) theory and the second law of thermodynamics. Bateni and Entekhabi [25]
applied linear stability analysis (LSA) to calculate the relative efficiencies of LE, G and
longwave radiation, by introducing LST perturbations to the SEB equation and quantifying
the relative rate of energy dissipation to restore the thermodynamic equilibrium. In all these
approaches, it was found that LST contains the signature of the partitioning of available solar
radiation at the land surface. To date these models have been independently tested and
evaluated against field measurements, while an intercomparison among them is still absent.
In this study, we carry out an intercomparison among these mechanistic models, with a
focus on the relative efficiency of the latent heat with respect to H (i.e. LE/H, or the reciprocal
of the conventional Bowen ratio). Field measurements over various land covers were
collected to evaluate different model performance.
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2. METHODOLOGY

2.1 Theoretical Models

In this study, the classical method [22], the LSA model [25] and the MEP theory [23,24] were
selected to represent the family of methods using the concept of relative efficiency. The
principles, assumptions and results of the three methods are discussed below. Detailed
descriptions of these approaches can be found in original manuscripts.

In Priestley model, the soil-atmosphere continuum is divided into two separate one
dimensional (1D) semi-infinite columns by the interface, where heat transfer is dominated by
diffusion. Heat is transferred through the soil-atmospheric interface at the rate governed by
the temperature difference and effective diffusivity. By assuming horizontal homogeneity and
small diurnal variation, the relative efficiency over a saturated surface is given by:
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where Bo is the Bowen ratio; Lv is the latent heat of vaporization for water; cp is the specific
heat of air; and Ts is the land surface temperature. The saturated specific humidity qs

* in Eq.
(2) is given by:
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where ε = 0.622is the ratio of the specific gas constant of dry air to that of water vapor; p is
the atmospheric pressure; and es

*(T) is the saturated vapor pressure given by the Clausius-
Clapeyron equation:
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where T0 and e0 are the reference temperature and vapor pressure, respectively (usually
taken as T0 = 298.15 K and e0 = 3617 Pa); and Rv = 461.5 J/kg•K is the specific gas constant
of water vapor.

The LSA model adopts the well-known force-restore method [26,27] to approximate the
subsurface heat transfer. The following assumptions are used in the fore-restore method: (a)
the ground heat flux has a strong diurnal behavior; and (b) soil thermal properties are
invariant with depth. LE and H are estimated using bulk resistance formulations in the model.
Surface temperature Ts and air temperature Ta are treated as two independent variables,
where higher order terms of Ts are linearized using Taylor expansion. The relative efficiency
of latent heat is given by [25]:

 LE
H





 (5)

where  = des
*/dT is the slope of the saturated vapor pressure curve;  = cpp/0.622Lv is the

psychometric constant; andβis the moisture availability parameter: β= 0 for completely dry
surface and 1 for the saturated surface.
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In the LSA model, computations of both  andare based on the atmospheric temperature,
with land surface temperature as the controlling parameter of perturbation analysis. For
liquid water surface varying from -50ºC to 102ºC, the Goff-Gratch equation is used here for
vapor pressure [28,29]:
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Comparing Eqs. (2) and (5), it is found that Priestley and the LSA models have similar
functional forms due to the usage of similar bulk transfer mechanism for estimating LE and H
in both models. The computation for es

* is different, and is given by Eqs. (4) and (6) for
Priestley and the LSA models, respectively. Besides, Priestley model is based on surface
temperature while the LSA model is based on air temperature.

In the MEP model, Wang and Bras [24] considered the condition where a time-varying
source of heat due to solar radiation is present at the interface (i.e. the land surface)
between two semi-infinite soil-atmosphere columns. Available energy at the surface will be
dissipated by heat fluxes entering the two columns according to the thermodynamic
constraint. As postulated by the MEP theory, among all attainable thermodynamic states, the
system will be driven to the state where a maximum rate of entropy production is achieved
[30,31,32]. Thus the MEP theory serves as a general thermodynamic limit towards which
complex and non-equilibrium systems will evolve. The original formulation for the relative
efficiency between latent and sensible heat derived from the MEP theory is given by [24]:

116 1 1
36
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(7)

where σ is an implicit moisture stress parameter: σ = 0 for dry soils and σ = / for saturated
soils. To explicitly introduce the soil moisture parameter β(same as the one in Eq.(5) ) into
the MEP formulation, Eq. (7) can be slightly rearranged as:
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(8)

Equation (8) facilitates direct comparison between the LSA and the MEP model predictions.
Note that the computation of / in the MEP model is based on the LST rather than the
atmospheric temperature in the LSA model. For bare soils, the LST can be measured at the
soil surface, leading Eq. (8) for prediction of the latent heat associated with the evaporation
process. For vegetated land surface, on the other hand, the MEP model can be separately
applied to quantify the transpiration process, leading to the formulation identical to Eq. (8)
with /computed using effective leaf temperature.

In the three approaches discussed above, Priestley model applies to saturated land
surfaces, while the actual water availability is accounted in the LSA and MEP models. For
water surfaces, SEB is further complicated by the direct penetration of solar radiation into
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water surface layer, as well as the variation of surface radiative property with solar zenith
angles. As a remedy, the MEP theory is modified such that the SEB equation accounts only
for the dissipation of longwave radiative energy while the shortwave component is assumed
to be in equilibrium states during a diurnal cycle (Wang, private communication).

2.2 Field Measurements

To evaluate the theoretical methods of relative efficiency discussed above, three EC
datasets over different land covers were collected in this study, namely, the grassland, the
lake and the suburban surfaces, respectively. For the lake dataset, EC systems were
installed near shore in a shallow part of the Lake Geneva (Switzerland) about 4 m deep.
Four sets of sensors were arranged in a vertical array to measure the meteorological data at
the height of 1.66 m, 2.31 m, 2.96 m and 3.61 m, respectively. Detailed information can be
found in Vercauteren et al. [33,34]. For the grassland dataset, EC tower was installed over a
dense short grass field near Princeton campus with a sampling rate of 10 Hz [35,36]. In
addition, sensing instruments were deployed for continuously monitoring of a suburban area
at Princeton campus, which consist of a wireless network of 12 meteorological stations and
an EC station on a rooftop sampling at 20 Hz frequency [20,37]. The land cover
characteristics and detailed instrumentation at each site are summarized in Table 1.

Table 1. Land cover characteristics and instrumentation for all sites

Suburban Lake Grassland
Land cover
type

Mix of buildings, roads,
parking lots and vegetation

Water without
significant aquatic
vegetation

Short and dense
grass

Measurement
period

Continuous since Summer
2009

August to October
2006

Continuous since
2008

Radiation Hukseflux 4-component
net-radiation sensor NR01

Kipp & Zonen NR-
Lite

Hukseflux 4-
component net-
radiation sensor
NR01

Air temperature
and humidity

Vaisala HMP45C LICOR LI-7500 Vaisala HMP45C

Wind Campbell scientific
CSAT3, Young R.M. wind
monitor

Campbell Scientific
CSAT3, Young
R.M. Wind Monitor

Campbell Scientific
CSAT3

Pressure LICOR LI-7500 LICOR LI-7500 LICOR LI-7500

High frequency EC data were post-processed using standard techniques including linear
detrending, Wilczak coordinate rotation [38] and Webb’s correction [39], using an integral
time of 30 minutes. In addition, only daytime data points under convective conditions were
selected for subsequent analysis, since Priestley and LSA models were derived based on
the unstable atmospheric condition. Under convective conditions, the surface layer is
dominated by buoyancy to generate strong turbulent mixing. Over the lake surface, field
measurements show that the air temperature can exceed the surface temperature around
noon, known as the oasis effect [40]. The oasis effect leads to downwelling sensible heat
flux; and data points within this period need to be filtered. Fig. 1 illustrates typical time
intervals (shaded) in measured diurnal time series that are selected for analysis over water
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and land surfaces, respectively. For each diurnal cycle, mean values of the selected time
period were calculated and used for subsequent analysis.

Fig. 1.Diurnal temperature variation and selected periods (shaded) under convective
conditions for subsequent analysis over (a) water (lake), and (b) land (vegetated or

impervious) surfaces

3. RESULTS AND DISCUSSION

3.1 Intercomparison among Theoretical Models

We first carried out intercomparison of theoretical models to identify possible similarities and
differences among them. As shown in Fig. 2, in general, all models predict the same trend of
the relative efficiency of latent heat flux (1/Bo) as increasing with the scaling temperature.
The surface water availability parameter β quantitatively dictates the evolutional trend of the
relative efficiency with temperature: the drier the surface, the less model sensitivity to
temperature variation. When β = 1, i.e. the surface is fully saturated, model predictions by
the LSA and Priestley model are nearly identical, as shown in Fig. 2(a). Deviation between
the two models for the saturated surface is caused by the usage of Clausius-Clapeyron
relation (Eq. (4)) or the corrected Goff-Gratch equation (Eq. (6)) in computing saturated
vapor pressure. Note that the parameter β can also be incorporated into Priestley model to
reflect the soil water availability scaling from 0 to 1, which will result in the prediction by
Priestley model very close to that of the LSA model. Given the similarity between Priestley
and LSA models, for brevity, we will focus on the comparison of the LSA and MEP models
for subsequent discussion of the effect of surface water availability. In addition, Fig. 2(b)
shows that predictions by the MEP model are consistently lower than that of Priestley (as
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well as the LSA) model. This discrepancy is essentially due to the inherent difference in the
underlying mechanistic parameterization schemes associated with formulations of turbulent
heat transfer, namely, the bulk transfer approach in Priestley and LSA models in contrast to
the Monin-Obukhov similarity theory (MOST) in the MEP model.

Fig. 2. Model comparison for relative efficiency of LE between (a) the LSA and
Priestley models, and (b) the MEP and Priestley models

In both LSA and MEP model, the relative efficiency is sensitive to the surface water
availability parameter β. For low β values (< 0.2), the relative efficiency increases slightly
(LE/H< 1) when temperature increases from -10ºC to 40ºC. While for fully saturated
condition (β = 1) the relative efficiency increases more significantly (more than 4 folds) with
the same temperature rise. For a given temperature, the evaporation process attains
maximum rate when the soil is fully saturated, limited by available energy and the
atmospheric demand (Stage I evaporation, see [41] for more details). As β decrease,
evaporation becomes limited by water availability at the surface (or more precisely, at the
drying front) through soil water transport, such that the actually evaporation decreases
rapidly below its potential value (Stage II evaporation). From results in Fig. 2, it is clear that
the evaporation rate and the process of latent heat transport are more efficient at higher
temperature and wetter surfaces.

3.2 Model Comparison against Field Measurements

Comparisons of the predicted relative efficiency of LE by the LSA model and field
measurements over the suburban area are shown in Fig. 3. One summer (May to August
2011) and one winter (November 2010 to February 2011) periods were selected to
demonstrate the impact of seasonal variability of local climate. Field measurement data
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points concentrate in the range of β = 0.05 to 0.3 for the summer period. For the winter
period, same trend of data is observed but with larger values of β, ranging from 0.1 to 0.7.
As daily mean value is used in the analysis, specific values of β, in general, vary from day to
day, but tend to concentrate within certain ranges to reflect the seasonal variability of the
surface moisture availability. As shown in Fig. 3, deviations are reasonable with 11.89% and
10.24% of data points outside the predicted range in summer and winter, respectively.
Extreme large values from field measurements in both seasons are likely caused by
prolonged clouds and rains that reduce available solar energy and suppress sensible heat
flux at the surface.

Fig.3. Comparison of the LSA model predictions and field measurements for relative
efficiency of LE over suburban area, for (a) summer (May to August 2011), and (b)

winter (November to February 2011) seasons respectively

Results of comparison between the MEP and Priestley model predictions are shown in Fig.
4. Priestley model overestimates the relative efficiency of LE for water-limited land surfaces,
as expected. Field datasets are in reasonably good agreement with the MEP model
predictions withβ ranging from 0.05 to 0.3 in summer and 0.1 to 0.7 in winter, which is
consistent with the LSA model. Compared to LSA model, deviations in MEP model is slightly
larger with 15.08% and 11.76% outside the predicted range in summer and winter
respectively. The predicted higher efficiency of latent heat transport (thus the evaporation
process) in winter is likely due to the snow-melting that continuously wetted and maintain
high saturation level of the surface through the season. In addition, snow cover in winter will
decrease the temperature difference between the surface and overlying air layer, leading to
smaller sensible heat fluxes and eventually larger relative efficiency of LE.
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Fig.4. Comparison of Priestley and MEP predictions and field measurements for
relative efficiency of LE over suburban area, for (a) summer (May to August 2011), and

(b) winter (November to February 2011) seasons respectively

Fig. 5 shows comparisons for relative efficiency of LE over the lake surface between the LSA
model predictions and field measurements. Field measurement data points generally fit in
the range ofβ from 0.1 to 0.5. Besides, trends for field measurement at four different heights
are similar. A total 16 out of 136 data points fall slightly outside the predicted range. It
apparently suggests that, close to the water surface, the measurement height is not playing
an important role in affecting the relative efficiency. Over the lake, the surface is fully
saturated such thatβ is expected to be close to unity, whereas the predictedβ range in Fig. 5
is much smaller. This is mainly due to the limitation associated with the theoretical models, in
which the efficiency of evaporation is assumed to be dominated by the surface energy
partitioning with an unlimited capacity of atmospheric demand. This assumption is valid for
land surface with limited surface water availability where the stage II evaporation prevails.
Over the lake surface, however, the atmospheric demand determines the actual rate of
evaporation. Close to the surface, the atmosphere over a large fetch of water surface is
nearly saturated, such that the actual evaporation rate depends on the rate that the water
vapor is transported away by wind advection. Thus the parameterβ,in this case, reflects the
efficiency of water vapor advection by wind, rather than the surface water availability as over
land surfaces. Similar results of comparison between the MEP model and field measurement
are shown in Fig. 6. Due to high heat capacity of water, Fig. 6 has a smaller range of
(surface) temperature variation and the increasing trend is not as obvious, as compared to
Fig. 5.
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Fig. 5. Comparison for relative efficiency of LE over a lake surface between LSA
predictions and field measurements at height (a) H = 1.66m, (b) H = 2.31m, (c) H =

2.96m, and (d) H=3.61m, respectively

Fig. 6. Comparison for relative efficiency of LE over a lake surface between Priestley
and MEP predictions and field measurements at height (a) H = 1.66m, (b) H = 2.31m,

(c) H = 2.96m, and (d) H=3.61m, respectively

Over the grassland, comparisons between the LSA model predictions and field
measurements are plotted for different months in Fig. 7. In September 2010, field data points
fit in model prediction with β ranging from 0.2 to 0.5, whereas for the other two months, data
points fall largely out of the physical range ofβ. The underestimation of latent heat transport
in the LSA model is largely due to the lack of physical resolution of the transpiration process
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in the model. In May and June, grasses at the experimental site underwent rapid growing
and the root uptake of water contributes a significant fraction to the total latent heat arising
from the grassland due to transpiration process. Since the LSA model only accounts for pure
evaporation from the surface, it is not surprising that the model consistently underestimates
the actual latent heat (due to evapotranspiration) during the growing season of vegetated
surfaces.

Fig. 7. Comparison for relative efficiency of LE over a grassland surface between LSA
predictions and field measurements for (a) September 2010, (b) May 2011, and (c)

June 2011, respectively

In contrast, as discussed in Section 2, the MEP model is capable of resolving the
transpiration process by considering thermodynamic conditions at leaf surfaces instead of
the land surface. For the grassland dataset available, field measurements of leaf
temperature were missing. To demonstrate the contribution of transpiration to total latent
heat, we resort to empirical relations reported in the literature. Under strong radiative
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exposure (convective atmospheric surface layer), the difference between the air and leaf
temperature varies approximately from 3ºC to 16ºC for thin leaf plants [42,43]. Here we
adopt an average temperature difference of 5ºC between grass leaf and the overlying
atmosphere, for the purpose of illustration the performance of the MEP model with
incorporated transpiration process. Results of comparison between the MEP predictions and
field measurements are shown in Fig. 8.

Fig. 8. Comparison for relative efficiency of LE over a grassland surface between
Priestley and MEP predictions and field measurements for (a) September 2010, (b)

May 2011, and (c) June 2011, respectively

With the incorporation of the transpiration process, the relative efficiency of latent heat
predicted by the MEP is clearly in more reasonable agreement with field measurements,
particular in May and June (Fig. 8b and 8c). Thus to fully utilize the strength of the MEP
model when applied to vegetated surfaces, the leaf temperature needs to measured
separately from the land (soil) surface temperature, and a two source energy transport
model is preferred to account the evaporation and transpiration processes separately [44].
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4. CONCLUSION

The relation between turbulent fluxes in the surface energy budget can be expressed in
terms of the relative efficiency. In this study, three theoretical models for relative efficiency
predictions based on different mechanisms were intercompared and evaluated using
experimental measurements. For applications to land surfaces with limited surface moisture
availability, water availability parameter β is incorporated into the MEP model in this study.
Results show that β is a critical parameter for regulating the actual evolutional trends of
relative efficiency with temperature variation. The incorporation of β parameter enables the
LSA and MEP models for predicting the actual evaporation efficiency, over a wide range of
realistic land cover types with limited water availability. The conventional Priestley model, on
the other hand, provides an upper bound of the relative efficiency of latent heat over the
saturated surface. All model predictions of the relative efficiency show an increasing trend of
latent heat transport with scaling temperatures (air temperature in the LSA model and LST in
Priestley and MEP models).

Comparing against datasets obtained using field measurements, the LSA and MEP models
predicted the relative efficiency with similar β ranges over the lake surface and the suburban
area. The parameter β, scaling from 0 to unity, represents the physical constraint of
evapotranspiration due to either the availability of water over land surfaces or the efficiency
of water vapor advection over large water surfaces. For vegetated surfaces, while only
evaporation is accounted, the LSA model consistently underestimates the efficiency of latent
heat transport, resulting β > 1 for measured datasets especially during the growing season
of vegetation. Incorporation of the transpiration process in the MEP model significantly
improves the model performance by bringing β to the physical range.

Lastly, it is noteworthy that all three theoretical models discussed in this study are based on
the surface energy balance given in Eq. (1). In comparison to field measurements by EC
towers, we omitted the fact that the sum of total turbulent heat fluxes (H + LE) in field
measurements usually underestimate the available energy (Rn – G) over long time scales,
leaving an energy residual (up to 30% of the available energy) unexplained by the SEB
equation. This is known as the surface energy imbalance closure problem [45,46,47]. The
magnitude of the energy residual is significant such that its re-partitioning can largely affect
the actual magnitude and the relative distribution of all dissipative energy budgets in
measurement datasets. Up to date, the surface energy closure problem remains outstanding
[48] and needs to be addressed in future investigations.
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