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Abstract

To explain the inequality between aerodynamic and radiometric surface temperature, we used an analytical surface energy
balance model where evaporation is directly estimated by constraining the state equations of aerodynamic temperature and
biophysical conductances through radiometric temperature. While the derived aerodynamic temperature was comparable
with a flux-inverted counterpart, evaporation and sensible heat fluxes also showed good correspondence with in-situ eddy
covariance observations over contrasting aridity in Australia. Results showed aerodynamic temperature frequently exceeds
the radiometric temperature in arid and semiarid ecosystems for two reasons: (i) declining canopy-surface conductance and
evaporative fraction due to escalated water stress and vapor pressure deficit, and (ii) a simultaneous increase in aerodynamic
conductance, air temperature and sensible heat flux. The analytical approach provides valuable insights into the long-lasting
debate of aerodynamic versus radiometric temperature paradox by recognizing the feedback between biophysical conductances

and the supply-demand limit of solar radiation, soil moisture, and vapor pressure deficit.
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Key Points:

e Aerodynamic temperature and evaporation well estimated from physical principles and
available energy-water limits over contrasting aridity

e Water stress predominantly influences the difference between aerodynamic and
radiometric temperatures under sparse vegetation cover

e Analytical model offers an alternative parameter-sparse approach describing evaporation,
canopy conductance and VPD interactions
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Abstract
To explain the inequality between aerodynamic and radiometric surface temperature, we used an

analytical surface energy balance model where evaporation is directly estimated by constraining
the state equations of aerodynamic temperature and biophysical conductances through
radiometric temperature. While the derived aerodynamic temperature was comparable with a
flux-inverted counterpart, evaporation and sensible heat fluxes also showed good correspondence
with in-situ eddy covariance observations over contrasting aridity in Australia. Results showed
aerodynamic temperature frequently exceeds the radiometric temperature in arid and semiarid
ecosystems for two reasons: (i) declining canopy-surface conductance and evaporative fraction
due to escalated water stress and vapor pressure deficit, and (ii) a simultaneous increase in
aerodynamic conductance, air temperature and sensible heat flux. The analytical approach
provides valuable insights into the long-lasting debate of aerodynamic versus radiometric
temperature paradox by recognizing the feedback between biophysical conductances and the

supply-demand limit of solar radiation, soil moisture, and vapor pressure deficit.

Plain Language Summary
One of the longstanding research challenges in thermal remote sensing of evaporation is to

resolve the incongruity between aerodynamic and radiometric surface temperature. Aerodynamic
temperature drives the sensible heat flux from surface to atmosphere, and consequently affects
evaporation through the surface energy balance. Yet, this temperature is an unobserved
component in the surface energy balance models and is typically estimated from radiometric
temperature using empirical parameterizations, which causes substantial uncertainty in
evaporation estimates. Direct retrieval of this temperature will reduce uncertainties in global
evaporation models. This study uses an analytical approach to directly retrieve the aerodynamic

temperature and evaporation, based on the physical theory of surface energy balance without
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involving any parameterizations of surface roughness and atmospheric stability. While
comparison of the retrieved aerodynamic temperature with a locally derived counterpart
indicated the role of empiricism in the aerodynamic conductance for causing their differences,
evaporation and sensible heat fluxes compared reasonably well with observations across
contrasting aridity and biomes. Overall, the results of this study demonstrate that the components
of surface energy balance and associated state variables can be estimated from physical
principles, offering an alternative and novel perspective to investigate the highly complex land-

atmosphere interactions and feedback mechanisms.

1 Introduction
Radiometric surface temperature (T,) obtained from thermal infrared (TIR) remote sensing is

routinely used as a surrogate for aerodynamic temperature (To) in single-source surface energy
balance (SEB) models for mapping evaporation (E) and sensible heat (H) fluxes (Kustas et al.
2007; Lhomme et al. 2000; Troufleau et al. 1997) However, the relationship between the two
temperatures is both non-unique and poorly understood. While T, corresponds to a weighted soil
and canopy temperature as a function of radiometer view angle, T, represents an extrapolated air
temperature at an ‘effective depth’ within the canopy at which the sensible heat flux arises
(Boulet et al. 2012; Kustas et al. 2007). This depth is often referred to as the ‘source-sink’ height
of the canopy at which T, and T, can differ by several degrees. As a result, using them
interchangeably may lead to large errors in evaporation estimates, particularly in arid and
semiarid climates (Verhoef et al. 1997). The most common approaches adopted in the SEB
models to accommodate the inequality between T, and T involve either empirical fitting

parameters (e.g., kB™- extra resistance) (Boulet et al. 2012; Garratt and Hicks 1973; Lhomme et
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al. 1997; Verma 1989) or contrasting parameterizations of biophysical conductances (Troufleau
et al. 1997), which lack theoretical soundness.

Although a host of structurally different TIR-based models can reproduce the magnitude and
variability in evaporation for a variety of ecosystems, many require parameter adjustments to
reconcile with observations (Boulet et al. 2012; Li et al. 2019). This implies that there is still a
major need to reduce the uncertain parameterizations in thermal evaporation modeling to
describe such variations from the fundamental theoretical principles, which will provide methods
to derive the environmental and biophysical impacts on global evaporation variability and
ecosystem water use strategies. A fundamental challenge, however, is the non-linear dependency
of evaporation not only on the environmental variables (e.g., radiation, temperature, humidity,
wind speed, and soil moisture availability) but also on the biophysical states like aerodynamic
and canopy-surface conductance, Ty, and vapor pressure. One approach to address this challenge
is to use analytical modeling principles to constrain the magnitude and variability of these
biophysical states and simultaneously estimate evaporation.

To constrain evaporation and understand the differences between the aerodynamic versus
radiometric temperature using an analytical approach, we perceive the vegetation-atmosphere
system as a box and consider the SEB fluxes as both the driver and driven by these biophysical
states in the vegetation-atmosphere system. Assuming the surface-atmosphere exchange inside
the box is operated within the available environmental and water limits, we can constrain the
biophysical states by finding their analytical solution from the known boundary conditions of the
box i.e., radiation, air temperature, humidity and T,. This yields an analytical formulation of the
SEB. Such an analytical formulation, called Surface Temperature Initiated Closure (STIC) has

been shown to provide reasonable estimates of the evaporative fluxes across contrasting biomes



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

manuscript submitted to Geophysical Research Letters

and aridity in the northern and southern hemisphere (Bai et al. 2021; Bhattarai et al. 2018;
Bhattarai et al. 2019; Mallick et al. 2014; Mallick et al. 2018a; Mallick et al. 2016; Trebs et al.
2021). Additionally, the conductances showed specific sensitivities to radiation and water
limitations (Mallick et al. 2018b; Trebs et al. 2021).

Here, we employ this analytical approach to gain insights into the physical connection between
To and Ty, and to understand the influence of the interactions between evaporation and
conductances on controlling their differences. We used meteorological and SEB observations at
eight eddy covariance sites from different ecological transects in Australia representing three
different aridity classes and biomes. We also used remote sensing-based T, in conjunction with
observed solar radiation (Rg), air temperature (T,), humidity (rH) as the main forcings and
predicted the Ty, which was compared with a flux-inverted reference value. We evaluated Tpand
analyzed its difference to T, across a range of aridity conditions using data of eight years. We
subsequently investigated the extent to which the response of canopy-surface conductance to soil
water content and vapor pressure deficit alters the differences between Ty and T,, and evaluated
the performance of the analytical solution of Ty and conductances to derive evaporation and H.
Section 2 provides a brief description of the analytical model, remote sensing data, and the
observations used at the eight Australian sites. Section 3 focuses on analyzing the predicted Tg
with respect to a local T, and in-situ T, and assessing the role of radiative energy and available
water on their differences. The effects of interactions between the biophysical conductances,
vapor pressure deficit, temperature and surface energy balance observations are subsequently
investigated to understand the paradox of T, versus T,. We conclude with an outlook on a

potential step forward for rethinking and simplifying thermal evaporation models and the utility
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of the analytical approach to study water stress induced effects on evaporation and land-

atmosphere interactions.

2 Methods and data

2.1 Model based retrieval of Ty
For retrieving To, we used the non-parametric yet physically based Surface Temperature Initiated

Closure (STIC) model (Mallick et al., 2018; Trebs et al., 2021; Bhattarai et al., 2018). STIC is
based on integration of T, information into the Penman—Monteith Energy Balance (PMEB)
equation (Monteith, 1965). One of the fundamental assumptions in STIC is the first order
dependence of Ty, aerodynamic and canopy-surface conductance (g, and gcs) on an aggregated
moisture availability index (Ism), which is retrieved through T,. In STIC, the vegetation—substrate
complex is considered as a single slab and it hypothesizes that Ty is the temperature to which the
stomatal and non-stomatal elements of canopy-air space respond.

By integrating T, with standard SEB theory and vegetation biophysical principles, STIC
formulates multiple state equations of Ty, ga, gcs to eliminate the need of using any empirical
parameterizations of these variables. The state equations are connected with T, through Isy, and
the effects of T, are subsequently propagated into their analytical solutions. The equations are
based on the aerodynamic bulk transfer hypothesis, advection-aridity hypothesis (Brutsaert and

Stricker 1979), and evaporative fraction (Fg) theory (Shuttleworth et al. 1989; Mallick et al.

2016). Their detailed derivations are provided in S1 of the supporting information.

g = Ry — G (1)
’ pCy (TO - Ta) + (80 ; ea)
(eo — eq) ()

YGes = gam
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(eo — eq) (1 — Fg) (3)
T, =T,
2as 4)
FE == g
2s + 2y + y(1 + Ig,) =+
-gCS

Ry and G are net radiation and ground heat flux (W/m?), e, and ey are the saturation vapor
pressure and ambient vapor pressure at the source-sink height (hPa), e, is the atmospheric vapor
pressure (hPa) at the level of T, measurement, p is the air density (kg/m3), c, is the specific heat
of air at constant pressure (j/kg/K), y is the psychrometric constant (hPa/°C), s is the slope of the
saturation vapor pressure at T, (hPa/°C), and a is the Priestley-Taylor coefficient (Priestley and
Taylor, 1972), respectively. The inputs needed for computation of Ty, conductances and SEB
fluxes through STIC are T,, T,, relative humidity (rH) or e,, downwelling and reflected global
radiation (Rg and Ry). Estimation of Ry follows the method of Bhattarai et al. (2018) and G
follows Santanello and Friedl (2003) where the original method is modified by introducing Isy in

the G formulation (details provided in S1 of the supporting information.). Given the estimates of

Ism, RN, G, the four state equations can be solved simultaneously to derive their analytical
solutions. However, the analytical expressions contain three accompanying unknowns; e, €o ,
and [1. Therefore, an iterative solution was needed to determine the three unknown variables.
Once the analytical solutions of g, and g.s are obtained, both variables are returned into the
PMEB equation to directly estimate E.

Ism IS a unitless quantity, which describes the relative wetness of the surface and it controls the

transition from potential to actual evaporation; which implies Isy—1 under saturated surface
and Isy—0 under dry surface. Therefore, Isw is critical for providing a constraint against which

the Ty and conductances are estimated. Since T, is extremely sensitive to the surface moisture

variations, it is extensively used for estimating Isy in a physical retrieval scheme (Bhattarai et
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168  al., 2018; Mallick et al., 2016, 2018a). In STIC, Ism is expressed as a function of the dewpoint
169  temperature difference between the source-sink height and air to T, and air dewpoint temperature

170  difference and the details of Isy estimation are provided in S1 of the supporting information. In

171 STIC, an initial value of o was assigned as 1.26; initial estimates of o Were obtained from T,
172 through temperature-saturation vapour pressure relationship, and initial estimates of e, were
173 obtained from Isy as o = €, + Ism(€o” - €). Initial Top and Isy are estimated according to

174 Venturini et al. (2008) (detail in S1 supporting information), and initial estimation of G was

175  performed from Ry and initial Isy (detail in S1 supporting information). With the initial

176  estimates of these variables; first estimates of the conductances, To, Fg, H, and E were obtained.
177 The process was then iterated by updating eq, €0, Ton, Ism, and a (using eq. A9, A10, All, Al7,
178  Al6 and Al5 in Mallick et al., 2016), with the first estimates of gcs, ga, To, and E, which was
179  followed by re-computing G, gcs, 9a, To, Fe, H, and E in the subsequent iterations with the

180  previous estimates of eq , €, Top, Isw, and a until the convergence of E was achieved. Stable

181  values of E are obtained within ~10-15 iterations.

182 2.2 Datasets and study sites
183  We used in-situ and remote sensing observations for model simulation and analysis. Level 3

184  post-processed and gap-filled meteorological, soil moisture, and SEB flux observations from the
185  Australian eddy covariance (EC) flux tower network OzFlux

186  (http://data.ozflux.org.au/portal/home.jspx) (Beringer et al. 2016) is used. SEB fluxes,

187  conductances, and T, were simulated for the years 2011-2018 for eight OzFlux sites distributed
188 in different ecological transects in Australia. The sites represent three broad ecological habitats
189  namely arid, semiarid and mesic, covering a broad range of climate and ecosystem types (Table

190 1)
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Daily clear-sky T, observations from MODIS onboard Terra and Aqua at 1 km spatial resolution
were obtained from the European Space Agency, Climate Change Initiative (ESA CCI+) land
surface temperature (LST) consortium (Ghent et al. 2019) for the corresponding tower pixels
using their location information (Table 1). In addition, the MODIS Terra-Aqua combined 4-day
LAI (MCD15A2Hv006) product with a spatial resolution of 500 m was used for estimating the

fractional vegetation cover (f).

Table 1: An overview of general characteristics of the measurement sites of the OzFlux
network used in this study as reported in Trebs et al. (2021). Model simulations were made for
the period 2011-2018 (except GWW 2013-2018).

Aridity | Ecological Site name Lat/ Lon P (x) Mean World LAI Source-sink
transect (mm) aridity ecoregion range height (m)
index
(range)
Arid NATT Alice Springs -22.2828 / 302 (61) 31 Deserts and 0.16 - 0.85 4.9
Mulga (ASM) 133.2493 (6-133) xeric
shrublands
TREND Calperum (CPR) | -34.0027/ 207 (66) 21 Mediterranean | 0.17 - 0.66 21
140.5877 (8 - 40) woodlands
SWATT Great Western -30.1913/ 283 (52) 11 Mediterranean | 0.29 - 0.49 11
Woodlands 120.6541 (5-22) woodlands
(GWW)
Semiarid SWATT Gingin (Gin) -31.3764 / 560 (44) 8 Mediterranean | 0.58 - 1.27 478
115.7139 4-22) woodlands
NATT Sturt Plains (Stp) | -17.1507 / 581 (48) 7 Tropical 0.15-1.35 0.39
133.3502 (2-26) grasslands
NATT Dry River (Dry) | -15.2588/ 708 (43) 6 Tropical 0.7-20 8.58
132.3706 (2-12) savannas
Mesic TREND Wombat (Wom) | -37.4222/ 1116 (34) 4 Tropical 22-49 16.3
144.0944 (3-10) savannas
BATS Tumbarumba -35.6566 / 1400 (46) 1.6 Temperate 1.0-34 31.2
(Tum) 148.1517 0.8-2) broadleaf and
mixed forest

P = mean annual precipitation; LAI = leaf area index; Source-sink height was calculated from the Table 3 of Trebs et al. (2021) as zon, + d
where zqr, is the roughness length for momentum transfer and d is the displacement height.

NATT: North Australian Tropical Transect; SWATT: South West Australian Transitional Transect; TREND: TRansect for ENvironmental
Monitoring and Decision Making; BATS: Biodiversity and Adaptation Transect Sydney
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2.3 Data analysis
Since MODIS T, was used to retrieve STIC Ty, their relationship and differences were analyzed

in light of satellite view zenith angle (vza), Rg, soil water content (SWC) and vegetation cover
(f,) limits. Additional analysis and verification was also done by comparing in-situ T, with a

reference Toderived from EC (inverted T, hereafter) (details in S2 of SI).

Inverted T, estimation requires information about Rg, Ry, Ta, Ty, and the value of ga, Qcs,
respectively. For the first three variables, we directly use the observations. In-situ T, was
estimated from the observations of upwelling and downwelling longwave radiation and surface
emissivity using the expression from Wang et al. (2005) (details in S2). In-situ g, was estimated
from direct observations of wind speed (u) and friction velocity (u"). In-situ gcs was estimated
from Ry, G, atmospheric vapor pressure deficit (D,) observations and g,. A detailed description

of the estimation of individual variables is provided in S2 of SI.

3 Results and discussion
STIC and inverted T, estimates were significantly correlated (r = 0.84 - 0.96, p<0.05) (Fig. 1a -

c) for the observed range of H. However, the scatterplots revealed unequal variability of the two
temperatures, particularly in arid and semiarid ecosystems. The mean bias and root mean square
difference (RMSD) between the two temperatures were about -0.73 to 3.26°C and 2.57 to
5.50°C, with systematic RMSD of 35-43%. The residual difference between STIC versus

inverted T, appeared to be robustly related to tower-based g, estimates (r = 0.42 - 0.87, p<0.05)

(inset of Fig. 1a-c). This implies that assuming a constant inverse Stanton number (kB™ = 2) in
the numerator of equation S2.9 does not adequately capture the expected variations in flux-
inverted To. Additionally, the range of errors associated with MODIS T, could be partly

responsible for the differences between STIC Ty and inverted T.
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Figure 1. (a)-(c) Comparison between STIC T, versus inverted T, by combining data of all arid, semiarid, and mesic sites. The
figures in the inset show how the differences between T, estimates depend on tower-derived aerodynamic conductance (ga).
(d)-(f) Comparison between STIC T, and in-situ T, by combining data of all the arid, semiarid, and mesic sites. The figures in
the inset show the relationship between T,-T, differences with shortwave radiation (Rg) for a wide range of fractional
vegetation cover (f,). (9)-(i) Scatterplot showing the relationship between T,-T, differences with Rg for a wide range of soil
water content (SWC) representing fully stressed to unstressed conditions. (j)-(I) Scatterplot showing the systematic root mean
square difference (RMSD) and Kling Gupta Efficiency (KGE) between the two T, estimates and the difference between T,
versus T, was significantly correlated with the source-sink height.
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221 Comparison of STIC T, with MODIS T, revealed T, differed from T, by +4-6°C in arid and

222 semiarid ecosystems and T, consistently exceeded T, in the mesic ecosystems. While their

223 relationship (r = 0.96 - 0.99, slope = 0.89 - 0.95, intercept = 2.76 - 4.25) was independent of

224 satellite view zenith angle (vza) variations (Fig. 1d-f), T,-T, was significantly correlated with R¢
225 and H for the entire range of fractional vegetation cover (f,) and soil water content (SWC) in all

226 the ecosystems (r = 0.22 - 0.64, p<0.05) (inset Fig. 1d-f, Fig. 1g-h, Fig. S2 in Sl). In arid and

227 semiarid ecosystems, T,-Ty increased with increasing Rg, and Ty increasingly exceeded T, with
228  declining SWC at constant Rg when the magnitude of Rg was high (600 W m). No distinct
229  pattern between T,-T and Rg was found in the mesic ecosystems (Fig 1i). A comparison

230  between the inverted T and in-situ T, revealed the similar pattern as found in Fig. 1d-i (Fig. S3
231 inSl).

232 The statistical errors (RMSD and Kling Gupta Efficiency, KGE) between STIC versus inverted
233 Tpand the mean difference between MODIS T, and STIC T, was significantly correlated with
234 the ‘source-sink’ height (r = 0.32 - 0.82, p<0.05; Fig. 1j - I). Nevertheless, results indicate that Ty
235 s retrievable with the analytical approach and Figure 2 (below) discusses the reasons for Ty

236 versus T, inequality based on the interactions of STIC derived conductances with SEB

237 observations under different soil water stress.

238 Depending on aridity and vegetation characteristics, evaporation response to increasing vapor
239 pressure deficit (D,) varies from strongly decreasing to increasing (Massmann et al. 2019). The
240  present study revealed two distinct patterns of T,-T, depending on canopy-surface conductance
241 (gcs) and evaporative fraction (Fg) responses to D, and vegetation characteristics. In arid and

242 semiarid ecosystems, sparse vegetation in conjunction with high D,, radiative heating, and water

243 stress triggers a decline in gcs (Grossiord et al. 2020), Fe and humidity at the source-sink height
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(Fig. S4 in Sl). This leads to a substantial increase in vapor pressure deficit at the source-sink
height (Do) (Do >> D,). A cascade of subsequent impacts followed an increase in H, T,, and g, at
the cost of a decline in Fg and the g.s/g, ratio due to high Dy - D, (Fig 2a-b; 2d-e). The scatterplot
of H versus Fg for a range of gcs/ga showed that while H increases with decreasing gcs/da at a
constant Fg, H also increases with declining Fg for a constant gcs/g. (Fig. 2d-e). For a constant
dT,, H increases with increasing g,; and for a constant H, dT, increases with decreasing ga.
However, when both g, and H vary together, dT, decreases with increasing H and g, (inset of
Fig. 2d-e). While high g, leads to high H at the cost of reduced Fg and g, close vegetation-
atmospheric coupling, rising soil water stress, and high Dy leads to an escalation of T, beyond T,
(Fig. 2g-h). However, for sparse vegetation, when soil temperature is higher than the vegetation
temperature due to high water stress, T, exceeds Ty due to the larger impact of soil temperature
on T, (Boulet et al. 2012; Huband and Monteith 1986). In mesic ecosystems with high SWC,
consistently lower T, than Ty was due to high evaporative cooling from the transpiring vegetation
(Linetal. 2017).

Figure 2 (j-1) compares the evaporation (E) (as latent heat fluxes) and H derived from STIC with
observations, showing good agreement with regression coefficients of 0.70 - 0.91 for H and a
slightly lower correlation for E (0.51 - 0.70). One of the major factors shaping evaporation in
radiation-controlled (mesic) and water-controlled (arid and semiarid) ecosystems is soil water
availability, and STIC clearly distinguished the water stress impacts on evaporation. Water stress
mainly affects gs to reduce evaporation, which is reasonably captured by the analytical model.
Interestingly, the substantial difference in surface roughness between these ecosystems

apparently had little effect on E and H retrieval through STIC.
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Figure 2. Scatterplots showing how the increase in source-sink height vapor pressure deficit (Do) and its
departure from D, leads to a decline in g.s/g, ratio and evaporative fraction at the cost of increasing the H and T,
(a-b, d-e). Under low to moderate fractional vegetation cover, elevated water stress and high H leads to increased

To and Dy at the source-sink height (g-h), thus increasing T, beyond T,. (j-1) Retrieved versus measured E and H
by combining data of all sites in an individual aridity class.

Some limitations of our approach are worth mentioning. First, our approach does not explicitly

consider atmospheric stability. However, we anticipate such effects are embedded in the dT,.
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Second, it relies on an aggregated water stress factor to derive lumped estimates of canopy-
surface conductance. Retrieving a pure canopy-stomatal conductance signal needs an explicit
description of soil-canopy energy balance, which tends to shed more light on this analysis. This
needs more work, and it is beyond the scope of the present study. Yet, the highly explained
variance of the T, and conductances from mid-morning and afternoon hours suggests that the
analytical approach captures the fundamental biophysical factors that shape up the SEB fluxes,
thereby providing relevant insights into thermal-based evaporation modeling and land-
atmosphere interactions across a large spectrum of biomes and climates.

TIR-based evaporation retrievals have been validated over the last decades using several
structurally different models with diverse soil-canopy conductance parameterizations (Boulet et
al. 2012; Kustas and Anderson 2009). Some studies also emphasized the pivotal role of Ty
estimation and concluded that empirical parameterizations and adjustments of the conductances
to accommodate the inequality between Ty and T, are not appropriate to estimate evaporation
over sparse canopies (Lhomme et al. 1997; Troufleau et al. 1997). These parameterizations are
not stationary and vary with vegetation structure, water stress and climatic conditions, and they
should therefore be used with caution before being used in an operational manner (Bhattarai et
al. 2018; Kustas et al. 2007; Trebs et al. 2021; Verhoef et al. 1997). We advance the
understanding of land surface processes by showing that the differences between T, and T, is
primarily shaped by water stress induced variations in canopy-surface conductance and
evaporation in arid and semiarid ecosystems, along with their subsequent influence on sensible
heat flux, air temperature and aerodynamic conductance. STIC reproduces the variability in Ty,
conductances, and evaporation across the seasons and over highly contrasting climate and

biomes. It is somewhat remarkable that H was relatively less dynamic as compared to
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evaporation across different ecosystems, despite contrasting water availability and surface
roughness. This indicates that surface roughness is also likely to play a significant role in shaping
the interactions between the Ty and conductances. Such interactions are likely to be reproduced
in STIC, despite being independent of any surface roughness parameterization. This suggests that
from the reliable information of available energy and water stress limits, it is possible to
understand the differences between T, and T, while simplifying the complexities in TIR-based
evaporation modeling. The analytical framework of STIC sets the available energy and water
limits through T, which is why the interactions between conductances, evaporation and T, are
explained without the need for knowing wind speed information or applying corrections for

atmospheric stability.

4 Conclusions
We showed that the aerodynamic versus radiometric surface temperature paradox can be

explained across different types of climate and ecosystems using the analytical surface energy
balance framework of STIC. This provides novel, non-parametric means to retrieve evaporation
and opens perspective to further investigate the effects of water stress on canopy conductance
and global evaporation variability. The framework is set by algebraic reorganization of bulk-
transfer equations and a coupled net available energy formulation constrained by radiometric
surface temperature variations, which leads to the analytical solutions of aerodynamic
temperature and biophysical conductances. Results show that the differences between
aerodynamic and radiometric temperature occur due to constrained evaporation triggered by soil
water stress and rising atmospheric water deficits at the arid and semiarid ecosystems, and due to
evaporation induced cooling in mesic ecosystems. Comparison of modeled versus observed

evaporation and sensible heat flux suggests that the surface energy balance components can be
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constrained with radiometric surface temperature for all ranges of vegetation cover and water
availability, without any need of specifying explicitly an aerodynamic surface roughness

function.

We conclude that our approach represents an appropriate basis to understand the differences
between long debated aerodynamic (To) versus radiometric surface temperature (T,). It gives a
novel perspective and motivates the need to understand temperature-evaporation interactions
from the first principles and how such interactions are driven by (and drives) the biophysical
variables in a broad range of water and radiation-controlled environments. These interactions are
reflected in STIC at the fundamental level and our study indicated the potential role of
biophysical homoeostasis. The homoeostasis of T is evidenced by a coordinated response of the
canopy-surface conductance to vapor pressure deficit during high soil water stress and radiative
heating of the canopy. The inequality between T, and T, is likely to have evolved largely as a
consequence of homoeostasis for a given fractional canopy cover and surface to root zone water
stress. The reshaping of T, due to homoeostasis is a thermoregulation of vegetation for surviving
in water-scarce environments. This leads to the self-organization of vegetation, yet the
magnitude of T, is well constrained by relative apportioning of evaporation and sensible heat
fluxes. This self-organization then affects the biophysical conductances quite substantially.
Consequently, our results indicate that Ty versus T, inequality is powered by the interaction
between biophysical conductance and the supply-demand limit of solar radiation, soil water

stress and vapor pressure deficit.
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ner.id=2021351&viewType=anonymous (Wom), respectively. Archiving of the harmonized time

series datasets over the study grids is being underway and will be available in Zenodo.org upon
the acceptance of the manuscript. Codes of the analysis are available to the first author upon
reasonable request.
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