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Abstract
Evaporation from porous surfaces is part of our daily experiences from drying of cloths or food
products to garden soil drying after rainfall. The deceptively common process of evaporation
involves complex coupling between heat and mass transfer mechanisms that occur at different
scales and affect processes of global importance ranging from land-atmosphere and climatic
interactions to crop and forest functioning. Evaporation is the entry point to the hydrological
cycle and determines energy exchanges between land surface and the atmosphere. The
prediction of evaporation rates and description of energy partitioning over drying porous
surfaces are in the core of many industrial and natural applications.
The thesis presents a novel approach to linking evaporative fluxes and temperature of drying
porous surfaces supported by experimental studies. This new pore-centric modeling framework
departs from the standard approaches that often treat surfaces as homogeneous media and install
resistances to predict the surface energy balance components. The dissertation highlights the
critical role of pores in nonlinear nature of drying and surface temperature adjustments
associated with energy partitioning dynamics during surface drying. The modeling approach
solves the coupled fluxes in a representative unit cell comprised of a prototypic evaporating
pore surrounded by dry surface at a proportion that preserves the surface moisture content.
Gradual drying of the surface involving sequential invasion of surface pores is represented by an
increased dry area around the unit cell pore. At the core of the model is simultaneous
quantification of evaporation rate and temperature distribution on the surface of unit cell. Model
predictions of evaporative flux and surface temperature were in good agreement with measured
evaporation in the laboratory and by remote sensing of surface temperature. The basic
assumptions of the Pore-scale Coupled Energy Balance (PCEB) model were systematically
evaluated with direct observations of thermal fields around evaporating pores obtained from
microscopic infrared thermography for different boundary conditions and pore configurations.
The joint predictability of latent and sensible heat fluxes by the PCEB model enabled estimation
of the Bowen ratio and the widely used α parameter of Priestly and Taylor [1972] in good
agreement with field measurements. Unlike most approaches that offer analyses in a hindcast
mode only, the PCEB provides predictive capabilities based on routine measurements. The
i

physically based estimation of α parameter reduces empiricism in the P-T formulation for
estimating evaporative fluxes over large areas.
The last part of this dissertation focuses on the role of feedbacks due to surface drying dynamics
on a heuristic framework known as the Complementary Relationship (CR) postulated by
Bouchet [1963]. The work proposes a hypothetical steady state surface temperature of an
evaporating surface for prescribed atmospheric inputs that, in turn, offers a means to define a
corresponding potential evaporation. The newly derived reference (potential) evaporation paved
the way for generalizing the CR between actual and potential evaporation through analytical
prediction of b parameter of Kahler and Brutsaert [2006]. The new definition of reference
evaporation is in good agreement with pan evaporation, removes key empirical components
from the CR, and offers a physical meaning for the b parameter. The CR concept was then
extended to address evaporative fluxes from spatially heterogeneous land surfaces comprised of
bare soil and vegetation. Preliminary results demonstrated that the heterogeneity of surface
evaporative fluxes relative to a uniformly drying homogeneous surface alters representation of
complementary relationship considering different drying states and areal fractions of soil and
vegetation.
The core of the dissertation is a new approach to predicting evaporation rates and energy
portioning over drying surfaces. The concepts that were tested in laboratory and field settings
offered advantages over empirical or resistance based approaches. The physical basis and
predictability offered by the PCEB model enabled significant advances in predicting
evaporation over large surfaces from routine meteorological measurements and showed promise
for improving algorithms that rely on calibration or empirical coefficients for remote sensing of
fluxes.

Keywords: Evaporation; Porous media; Surface temperature; Infrared thermography; Energy
partitioning; Bowen ratio; Priestley-Taylor α ; Potential evaporation; Complementary
relationship; CR asymmetry parameter; Heterogeneous surface
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Zusammenfassung
Verdunstung von Wasser aus porösen Medien entspricht unserer täglichen Erfahrung; sei es das
Trocknen von Kleidern oder Nahrungsmitteln oder die Austrocknung des Gartenbodens nach
dem Regen. Der vermeintlich einfache Prozess der Verdunstung ist jedoch ein komplexes
Zusammenspiel von Energie und Massenflüssen, die auf verschiedenen Grössen- und Zeitskalen
erfolgen. Die Verdunstung beeinflusst Prozesse von globaler Bedeutung, von den Interaktionen
zwischen der Erdoberfläche und der Atmosphäre bis hin zur Funktionsweise von forst- und
landwirtschaftlich genutzten Systemen. Die Verdunstung ist ein auch ein wichtiges Element des
Wasserkreislaufs und bestimmt den Energieaustausch zwischen Erdoberfläche und Atmosphäre.
Die Vorhersage von Verdunstungsraten und die Beschreibung der Energieaufteilung über sich
austrocknenden porösen Oberflächen sind somit für vielerlei Anwendungen in Industrie und
Naturwissenschaft von grosser Bedeutung.
Diese

Doktorarbeit

präsentiert

einen

neuen

Ansatz,

um

die

Kopplung

zwischen

Verdunstungsrate und der Temperatur der trocknenden porösen Oberfläche zu beschreiben.
Dieser neue Modellansatz wird auf der Porenskala formuliert und erklärt den nicht-linearen
Zusammenhang zwischen Verdunstungsrate und Wassergehalt eines porösen Mediums. Im
Modell wird der Prozess der Austrocknung und der Wärmefluss für eine repräsentative Einheit
berechnet, bestehend aus einer mit Wasser gefüllten Pore, die von trockener Oberfläche
umgeben ist. Durch kontinuierliches Austrocknen ändert sich das Grössenverhältnis zwischen
der Pore und der trockenen Oberfläche und somit auch Verdunstungsrate und Temperatur.
Vorhersagen des gekoppelten Wärme- und Massenflusses zeigen eine gute Übereinstimmung
mit gemessenen Verdunstungsraten und Oberflächentemperauren.
Das entwickelte Modell (im folgenden PCEB genannt, für die auf der Porenskala gekoppelte
Energiebilanz) wurde für verschiedene Porenanordnungen und Geometrien systematisch mit der
direkten Beobachtung des Temperaturfeldes verglichen. Die gleichzeitige Berechnung des
latenten und fühlbaren Wärmeflusses mit dem PCEB-Modell ermöglichte die Berechnung des
Bowen-Verhältnisses und die Vorhersage des üblicherweise verwendeten α-Parameters von
Priestley und Taylor [1972]. Entgegen der meisten Modellansätze, welche eine Validierung nur
iii

in einem Rückberechnungsverfahren ermöglichen, macht das PCEB Modell Vorhersagen
basierend auf Routinemessungen und ermöglicht so die Abschätzung der Verdunstungsflüsse
grosser Gebiete.
Der letzte Teil der Dissertation behandelt den komplementären Zusammenhang zwischen
potentieller und aktueller Verdunstung (“Complementary Relationship“, Bouchet [1963]). Die
Anwendung des PCEB-Modells ermöglicht die Vorhersage und physikalische Interpretation
dieses Zusammenhangs (ausgedrückt als “b-Parameter“). Dazu wird eine hypothetische,
stationäre Temperatur der Verdunstungsoberfläche bei vorgegebenen atmosphärischen
Eingangsgrössen vorgeschlagen, um die dazugehörige potentielle Evaporation zu definieren.
Diese neue Definition der Referenz-Verdunstung stimmt gut überein mit Messungen der
Verdunstung von kleineren freien Wasserflächen (“pan evaporation“). Die komplementäre
Beziehung zwischen aktueller und potentieller Verdunstung wurde schliesslich erweitert, um die
Verdunstungsflüsse von räumlich heterogenen Bodenoberflächen zu berechnen. Erste Resultate
zeigen bereits, dass die Heterogenität der Verdunstungsströme unter Berücksichtigung der
verschiedenen Trocknungszustände und räumlichen Verteilungsmuster von Boden und
Vegetation die aktuelle Verdunstungsrate verändern.
Im Kern dieser Dissertation steht folglich ein neuer Ansatz zur Vorhersage der
Verdunstungsraten und der Energieaufteilung von trocknenden Oberflächen. Die Konzepte,
welche wir in Labor- und Feldsituationen getestet haben, bieten Vorteile gegenüber empirischen
oder widerstandsbasierten Ansätzen. Die physikalische Basis und die Vorhersagefähigkeiten des
PCEB-Modells ermöglichen so signifikante Fortschritte in der Abschätzung der Verdunstung
über grossen Flächen aus routinemässig erhobenen meteorologischen Messungen und stellen die
Verbesserung von Algorithmen in Aussicht, die die Verdunstungsflüsse mittels Fernerkundung
abschätzen.

Schlüsselwörter: Evaporation; Verdunstung; poröse Medien; Oberflächentemperatur; InfrarotThermographie; Energieaufteilung; Bowen-Verhältnis; Priestley-Taylor Koeffizient; potentielle
Evaporation; Komplementarität zwischen aktueller und potentieller Verdunstung; CRAsymmetrie-Parameter; heterogene Oberfläche
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Chapter 1

Introduction
Quantification of energy partitioning over evaporating porous surfaces and its coupling with
evaporative flux is of central importance for various engineering and natural processes at
different scales; from drying industries and cooling processes to land-atmosphere coupling and
global hydrologic cycles. The evaporative drying of porous media involves the coupling
between heat and mass transfer processes and depends on porous media transport properties,
available energy and evaporative demand of the air and vapor transport dynamics between the
surface and air mass. Drying of initially saturated porous media is often accompanied by a
relatively constant and high evaporative flux where capillary transport sustains liquid pathways
from the receding drying front within porous medium to the vaporization plane at the surface.
Continuous migration of the primary drying front into the porous medium during the so-called
stage 1 evaporation results in gradual reduction of surface moisture and thus drying of the
surface. At a certain drying front depth hydraulic continuity with the surface is interrupted and
subsequently the vaporization plane that was anchored at the surface during stage 1 migrates
below the surface where process becomes diffusion controlled. This transition of transport
mechanism from capillary flow to vapor diffusion within the porous medium marks onset of the
stage 2 evaporation with a significant reduction in mean evaporative flux.
The strong coupling between heat and mass transfer processes during gradual drying of the
surface induces significant energy consumption inherent to the evaporative phase change and
alters local thermal fields at the surface. Surface temperature which is in the core of surface
energy balance determines the energy exchanges with the surrounding environment through
dictating thermal and concentration gradients in conductive, radiative, latent and sensible heat
fluxes. In hydrological models, thermal remote sensing methods are often employed to deduce
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surface energy balance components and estimate evaporative losses from remotely sensed
surface temperature by invoking aerodynamic resistances to heat and vapor transfers. The
accuracy of remotely observed surface temperatures might be affected by atmospheric
conditions, sensor calibration or surface properties (e.g., emissivity) that, in turn, induce
uncertainties in estimation of surface fluxes. Alternatively, latent and sensible heat fluxes could
be estimated from measurements of vertical gradients of momentum, air temperature and water
vapor concentration within fully adjusted air boundary layer (e.g., eddy covariance or Bowen
ratio methods). However, the atmospheric based methods require continuous and direct
measurements of vertical gradients and deduced surface fluxes are sensitive to the estimations
of soil heat flux and net radiation often obtained from the remotely measured surface
temperature.
Despite simplicity and widely used application of surface energy balance methods, present
models remain largely empirical with limited predictability beyond calibrated scenarios
highlighting the lack of physically based and predictive models for quantification of surface
temperature and surface evaporative fluxes in the context of hydrology. The primary objective
of the present PhD thesis was to provide a physically based analytical framework for
quantification of the coupling between surface temperature and evaporative flux during gradual
drying of natural porous surfaces and thus predict dynamics of energy partitioning over
evaporating terrestrial surfaces. The proposed approach links components of surface energy
balance at pore-scale and offers a framework for mechanistic estimates of mass and energy
exchanges between drying terrestrial surfaces and overlying air flow that, in turn, affect landatmosphere coupling and provide reliable inputs for climatological models.

1.1. Methodology and Layout of the Dissertation
For uniform spatial distribution of surface pore sizes, the gradual drying of surface that involves
sequential invasion of surface pores by air phase (according to their respective capillary size)
results in an increase in the average spacing between remaining actively evaporating pores. The
emptying of an evaporating pore is accompanied by changes in the thermal field forming on the
surface around the invaded pore and dynamics of diffusive vapor flux from neighboring wet
pores that consequently affect surface temperature and energy partitioning over the drying
surface. To account for these pore-scale adjustments, we employ a “pore-centered” approach for
known external boundary conditions to systematically quantify dynamics of surface temperature
and thus energy partitioning during drying of porous surfaces.

Introduction
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This new modeling approach based on the “atomistic” representation of drying surface is
introduced in chapter 2 of the thesis where we defined a representative unit cell centered on a
prototypic evaporating pore whose (constant) characteristic size was determined based on the
soil type or texture. In this scheme, the gradual drying of surface during stage 1 evaporation is
translated to the incremental increase of dry region around the representative pore so that the
ratio of pore surface area to the unit cell area accounts for variation of surface water content.
The representative unit cell is thus exposed to prescribed boundary conditions and input energy
to simultaneously quantify evaporation rate and surface temperature during gradual surface
drying. The analytical approach links diffusive vapor flux from the unit cell’s pore to the
components of surface energy balance through the energy balance of near-surface pore liquid
providing necessary boundary conditions for describing details of radial temperature
distribution on the surface of unit cell. The results are subsequently integrated over the surface
of unit cell and upscaled to represent the entire surface. In contrast with interfacial isothermal
approaches that tacitly ignore temperature difference between evaporating surface and air flow,
our model explicitly accounts for surface temperature variations in quantifying vapor
concentration gradients between evaporating surface and air mass. The predictive model
addressed the strong coupling between nonlinear evaporative flux and temperature of drying
porous surfaces and provided promising predictions of latent heat flux in good agreement with
direct mass loss measurements and flux estimates based on the remotely measured surface
temperature.
We then evaluated key ingredients and assumptions of this so-called Pore-scale Coupled Energy
Balance (PCEB) model in chapter 3. A novel experimental setup using well defined porous
surfaces was designed to systematically investigate the effect of pore spacing and boundary
conditions on the diffusive vapor flux from discrete surface pores and its coupling with
formation and interaction of adjacent thermal fields. Highly resolved microscopic infrared
thermography was used to observe details of thermal fields around individual evaporating pores
and evaluate the steady state representation of gradual surface drying in PCEB model where
temporal evolution of microscopic thermal adjustments are considered based on a sequence of
stepwise variations of surface saturation. Systematic experiments provided a solid basis
supporting upscalability of pore based representation of energy balance based on the PCEB
model and highlighted the crucial role of pore-scale thermal adjustments in description of
coupled heat and mass transfer processes during gradual surface drying.
The above-mentioned systematic evaluation that was not published chronologically confirmed
PCEB model’s capability for prediction of energy partitioning dynamics over drying terrestrial
surfaces in chapter 4. Notwithstanding the small-scale basis, the PCEB model offers a
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physically based framework for prediction of surface energy balance components in
hydrological applications. The salient physical processes considered in the model enable us to
predict the widely used empirical parameter α of Priestley and Taylor [1972] and the Bowen
ratio which are in the core of many hydrological and climatological models for estimating
surface evaporative fluxes.
Capitalizing on the insights gained from pore-scale representation of surface energy balance
which explicitly accounts for nonlinearity of drying process and its coupling with surface
temperature, we aimed to provide a physical basis for definition and quantification of “potential
evaporation”. Potential evaporation that often serves as a reference state for estimating
evaporative losses under nonlimiting surface diffusive resistance is in the core of the concept of
Complementary Relationship (CR) between actual and potential evaporation for deducing actual
evaporation from measurable meteorological variables [Bouchet, 1963]. The CR hypothesis
postulates that a fraction of energy that is not used for evaporation during surface drying
becomes available in form of sensible heat flux that, in turn, increases potential evaporation and
yields a complementarity between actual and potential evaporation. We thus build on feedback
processes between drying land surface and overlying air properties central in the CR hypothesis
to define a hypothetical steady state surface temperature and invoke it to quantify a
representative evaporative flux describing dynamics of potential evaporation with surface
drying. This so-called “reference evaporation” enables physically based description of the
asymmetric complementary relationship through analytical prediction of the b parameter for a
range of climatic inputs. The parameter b that is commonly quantified empirically determines
the generalized form of asymmetric CR over uniformly drying land surfaces based on the
analysis of Kahler and Brutsaert [2006]. The newly derived reference evaporation and
application of b parameter for estimating actual evaporation from homogeneous drying surfaces
using standard atmospheric measurements are discussed in more details in chapter 5. We then
extended the concepts of steady state temperature and reference evaporation to investigate CR
dynamics over heterogeneous land surfaces made up of bare soil and vegetation (chapter 6).
Considering spatial scale required for completion of land-atmosphere feedback processes in
terms of equilibrium steady state temperature, we investigate different types of averaging
schemes to address relative changes in actual and potential evaporations with land surface
drying and propose expressions for estimating CR dynamics and evapotranspiration of
heterogeneous landscapes.

Chapter 2

Temperature dynamics during nonisothermal
evaporation from drying porous surfaces1

Abstract: The partitioning of incoming shortwave radiative energy on evaporative surfaces
determines mass and energy exchange with the atmosphere, and influences measurements of
various climatic and hydrologic processes. We quantified the coupling between an evaporative
flux from a drying porous surface and the corresponding surface temperature dynamics. The
analytical approach employs a pore-scale diffusion model for the evaporative flux from a unit
cell (representing the porous surface) based on Schlünder’s [1988] model. The evaporation flux
from the unit cell’s pore was linked with other components of the surface energy balance
through heat exchange across the pore’s solid walls. Model predictions for evaporative flux and
associated mean thermal fields during the drying of porous surfaces were in good agreement
with experimental results. The model was used to predict the so-called soil evaporation transfer
coefficient ( ha ), yielding good agreement with measurements. Analysis shows that commonly
assumed interfacial isothermal conditions (where surface and air temperatures are similar) may
yield 15 to 40% overestimation in evaporation rates relative to nonisothermal conditions (where
evaporation rates affect surface temperature). Theoretical results indicate that when shortwave
radiation is significant, an evaporating porous surface may gradually warm up as it dries
resulting in enhancement of evaporation rates and energy partitioning. The analytical model
addresses the long standing challenge of nonlinear evaporative fluxes from drying surfaces
while providing predictions for surface energy partitioning over evaporating surfaces.

1

Published as: Aminzadeh, M., and D. Or (2013), Temperature dynamics during nonisothermal
evaporation from drying porous surfaces, Water Resour. Res., 49, doi:10.1002/2013WR014384.
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2.1. Introduction
The partitioning of shortwave radiative energy received on terrestrial surfaces and its coupling
with evaporation fluxes is of central importance for hydrologic and climatic models and for
various methods based on remotely sensed surface temperature [Norman and Becker, 1995;
Troufleau et al., 1997; Bastiaanssen et al., 1998a]. Interactions between porous media transport
properties and external boundary conditions exert significant control on surface evaporation
dynamics. A relatively constant and high evaporation rate during stage 1 is sustained by
capillary transport via continuous liquid pathways to vaporization plane at the surface [van De
Griend and Owe, 1994; Shokri et al., 2008]. At a certain drying front depth [Lehmann et al.,
2008] stage 1 evaporation abruptly ends, and the process becomes diffusion controlled (stage 2)
with the vaporization plane migrating below the surface [Shokri and Or, 2011; Prat, 2002; van
Brakel, 1980]. Even during the constant rate stage, numerous changes take place including the
gradual drying of the surface and the continuous migration of the primary drying front into the
subsurface [Lehmann et al., 2008; Shokri et al., 2008]. Shahraeeni et al. [2012] have shown that
the maintenance of a constant evaporation rate involves complex diffusive adjustments that
include a nonlinear vapor flux enhancement from remaining pores as the surface dries and pore
spacing increases. We note that the analyses of Shahraeeni et al. [2012] were based on the
implicit assumption of isothermal conditions, namely that the evaporative surface and
overlaying air are at the same temperature.
Evidence suggests that the temperature of an evaporative surface may be significantly different
than the ambient air temperature [Shahraeeni and Or, 2010; Jacobs and Verhoef, 1997;
Belhamri, 2003; Kaviany and Mittal, 1987; Lu et al., 2005], hence, accounting for surface
temperature could be important for quantifying evaporation rates and modeling the components
of surface energy balance [Noilhan and Planton, 1989; Mahfouf and Noilhan, 1991].
Temperature variations during drying of porous surfaces are likely to affect the vapor pressure
gradient between evaporating water menisci and the air mass (relative to isothermal conditions).
Such effects have been evaluated experimentally by Kaviany and Mittal [1987] and numerically
by Metzger and Tsotsas [2005] demonstrating significant differences between isothermal and
nonisothermal evaporation with warmer air flow increasing both surface temperature and
evaporation rate. In contrast with many laboratory measurements, evaporation under natural
conditions with a significant component of shortwave radiation could induce surface
temperatures exceeding air temperature even for high evaporation rates [Qiu et al., 1998; Jacobs
and Verhoef, 1997]. Such conditions (surfaces warmer than air) would affect vapor gradients
and evaporation rates relative to isothermal conditions and deserve special attention.
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Various remote sensing methods have been proposed for linking surface water content with
evaporation rates and energy partitioning on natural surfaces as recently reviewed by Kalma et
al. [2008] and by Kustas and Anderson [2009]. An interesting application of surface
temperature information for estimation of evaporative flux was proposed by Qiu et al. [1998]
based on their “three temperatures” model (3T). The model uses information on air temperature,
wet and dry soil temperatures to establish bounds on evaporation rates from soil surfaces [Qiu et
al., 2006]. The core of the 3T model is the soil evaporation transfer coefficient ( ha ) used by
Zhao et al. [2010] for linking such thermal measurements with surface soil water content. A
logarithmic relation between ha and soil water content has been proposed which was in good
agreement with field measurement data.
The primary objective of this study was to analytically quantify the coupling between
evaporation fluxes and surface temperature evolution during stage 1 evaporation. We then apply
the analytical derivations to the empirical soil evaporation transfer coefficient ( ha ) proposed for
remote estimation of evaporation rates of large areas [Qiu et al., 1998]. Finally, we evaluate the
magnitudes of evaporation rates under isothermal and nonisothermal conditions from porous
surfaces.
Following this introduction, we present the theoretical background and model derivation for
coupled evaporation and energy balance for a unit cell that represents an evaporating porous
surface. Next, we compare model predictions for evaporation rates and surface temperature
evolution with measurements including effects of surface temperature on evaporation rate from
sand samples. Finally, we assess effects of shortwave radiation on evaporation dynamics for
isothermal and nonisothermal conditions.

2.2. Theoretical Considerations
The pore-scale implications of gradual drying of porous surfaces during evaporation involve the
sequential invasion of surface pores by air replacing the lost liquid volume (from largest to
smallest [Prat, 2002; Shahraeeni et al., 2012]), and an associated increase in spacing between
remaining active pores (for uniformly distributed pore sizes on the surface). For purposes of
modeling and derivation of an analytical description of a drying surface, we define a prototypic
unit cell that includes an evaporating pore (of representative radius) surrounded by dry surface
as shown in Figure 2.1 (where the proportion of the pore to total area defining surface water
content). The diffusing water vapor from water menisci at the surface is transported across an
air viscous sublayer (determined by mean air velocity, see Shahraeeni et al. [2012]) at a rate
defined by the local concentration gradient between the surface and the air and the geometry of
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the diffusion field. The model for vapor diffusion from a pore across a prescribed boundary
layer considers the nonlinear evolution of the vapor field above the saturated surface from a
layered and uniform 1D field into a collection of 3D vapor shells as spacing between pores
increases. Such adjustment in the vapor field is responsible for the enhanced per-pore
evaporation rate relative to the 1D scenario and is the key to maintenance of the often-observed
constant rate during stage 1 evaporation [Shahraeeni et al., 2012].

Figure 2.1: Schematic sketch of an evaporating surface and the elementary unit cell that
composes of a single evaporating pore and the dry surface surrounding it.
Quantification of the combined thermal and diffusive processes at the pore-scale requires
solution of the coupled energy and diffusion equations formulated for the unit cell in Figure 2.1.
The results are subsequently upscaled to represent the entire surface. We investigated the
coupling between heat and mass transfer at the surface of drying porous media by considering
details of temperature fields forming around individual evaporating pores. This in turn permits
explicit account of the water vapor concentration at the surface of water menisci for different
surface water temperatures. The relatively slow dynamics of evaporation permit consideration
of quasi-steady conditions in terms of variation of surface water content meaning that the
governing equation is solved time independently. The key step is translating boundary
conditions for a gradually drying surface into an increased dry surface region surrounding the
prototypic pore described in Figure 2.1. The energy balance for an infinitesimal element of dry
region surrounding an evaporating pore in radial coordinates is defined as:
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a ≤ r ≤ b (2.1)

where T is the unit cell temperature [K] at radial coordinates r [m], k is the effective thermal
conductivity of the soil [W/mK], hair is the air thermal convection coefficient [W/m2K], T∞ is
the ambient air temperature [K], σ is the Stefan-Boltzmann constant [ 5.67 × 10 −8 W/m2K4], ε is
the soil emissivity, ∆h is the thickness of surface evaporating pore [m] (unit cell) considered to
be equivalent to one grain size in the model, ∆H is the thermal decay depth below the surface
[m] or the depth at which the evaporative thermal perturbation at the surface decays to
prescribed value [Shahraeeni and Or, 2011], a is pore radius [m], and b is the dry surface area
radius around the pore [m] (that varies with surface water content). The first term in Eq. (2.1),
considers radial heat conduction within the unit cell; the second and third terms represent the
long and shortwave radiation fluxes, respectively; the fourth term represents the convective heat
transfer between surface and air flow (the sensible heat flux); and last term is the soil heat flux
towards (or from) the evaporative surface.
The slightly nonlinear shape of the vertical temperature distribution below an evaporating
surface [Shahraeeni and Or, 2011] was linearized from the surface to the thermal decay depth
(as described in detail shortly). Due to symmetry, no thermal conduction takes place between
adjacent unit cells. An important element in the coupling of heat and mass transfer equations is
the latent heat of vaporization that results a conductive heat flux ( qcond ) across the pore wall due
to evaporation cooling with lower temperature within the pore. This thermal flux serves as a
boundary condition for Eq. (2.1):
∂T
∂r

=
r =a

∂T
∂r

qcond
k

=0

(2.2a)

(2.2b)

r =b

where k is the effective thermal conductivity of the soil. For clarity, we distinguish the soil heat
flux considered as a vertical heat flux towards the surface (G), from the internal radial heat flux
from the dry region to the water-filled pore ( qcond ) within the unit cell (given in Eq. 2.2a). The
value of qcond is obtained from energy balance applied to near-surface ( ∆h ) pore water:

qcond × 2p a ∆=
h

(q

evap

− [ qconv + qrad + G ]) × p a 2

(2.3)
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where qevap , qconv and qrad are evaporative flux, convective flux and radiative flux on the surface
of the pore, and G is the soil heat flux. Eq. (2.3) expresses the dependency of the radial
conductive heat flux on the evaporation rate from the pore.
The thermal decay depth ( ∆H ) is defined as the depth at which the value of the temperature
reaches 0.99 of the initial soil temperature ( T∞ ). The linearized temperature profile leads to the
following expression for the thermal decay depth ( ∆H in Eq. 2.1):

∆H =
LE − Rs

(T

∞

−T )

k

(

− hair + 4sε T

3
∞

(2.4)

)

with k the effective soil thermal conductivity [W/mK], E is the evaporation rate [kg/m2s], L is
the latent heat of vaporization for water [2.45 MJ/kg] considered as a constant and T is the
mean temperature of the evaporating surface [K]. The thermal imaging experimental results of
Shahraeeni and Or [2011] yielded values of ∆H in the range of 30 to 60 mm below the surface
(for mean evaporation rate of 5 mm/day), these results were in general agreement with earlier
measurements by Gardner and Hanks [1966] that used soil heat flux plates.
A key variable in Eq. (2.3) is the evaporative heat flux ( qevap ) from a pore that determines the
boundary condition required for solving Eq. (2.1). The evaporative flux from an individual pore
is obtained from the diffusion model of Schlünder [1988] that has been used recently to
determine resistance to evaporation from drying soil surfaces by Haghighi et al. [2013]. The
diffusion based model determines the evaporative flux from individual but interacting pores as a
function of pore size (a), pore spacing (b) and the thickness of air viscous sublayer ( δ m ) given
in terms of an easy-to-determine mean surface water content as:
1

qevap =
1+

2 a

p δm


p  p
− 1

4q  4q


D Cs ( T

r =a

δm

)−C

a

  L 
 
q 

(2.5)

where qevap is the evaporative heat flux from the pore surface [W/m2], D is the vapor diffusion
coefficient in air [m2/s], θ is the surface water content (determined as the ratio of pore area to
total unit cell area), L is the latent heat of vaporization for water [2.45 MJ/kg], and Cs and Ca
are water vapor concentrations at the water meniscus surface and in the flowing air mass
[kg/m3] (above the viscous boundary layer), respectively. Based on the analysis of Haghighi et
al. [2013], the contribution of convective air flow to vapor transfer between the surface and the
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air is negligible (other than setting the boundary layer thickness), and the process is dominated
by diffusion (especially for low wind speeds: v < 4 m/s).
Application of Eqs. (2.3) and (2.5) enables analytical solution of Eq. (2.1) for the radial
temperature distribution around individual evaporating pores on the surface for the assumed
quasi-steady conditions (solution details are provided in Appendix A):

(
(
(
(

)
(
)
)
(
)

 K1 ψ b

I0
qcond (T )  I1 ψ b
=
T (r )
×
 K1 ψ b
k ψ

I1
 I1 ψ b

)

ψ r + K0

)

ψ a − K1

(
(


ψ r 
k
4
T∞
 4sε T∞ + hair T∞ + Rs +
∆H
+
k

4sε T∞3 + hair +
ψ a 
∆H


)

a≤r≤b

)

(2.6a)
where I 0 and I1 , and K 0 and K1 are the modified Bessel functions of the first and second kind,
respectively, and the variable ψ is defined as:

ψ =

4σε T∞3 + hair +

k
∆H

k ∆h

(2.6b)

For simplicity, the nonlinear dependency of long wave radiation flux on surface temperature has
been linearized according to Shahraeeni and Or [2011]:
T∞4 −=
T 4 4T∞3 (T∞ − T )

(2.7)

Details of temperature distribution over the water meniscus surface are replaced by mean water
surface temperature at r = a . A central feature of the model is the explicit temperature
dependency of vapor concentration [ Cs (T

r =a

) ] over the water menisci that contributes to the

coupling between evaporation rate and temperature distribution of the unit cell. We thus solve
the coupled energy balance and vapor diffusion equations simultaneously for prescribed values
of surface water content. Equation (2.6a) is solved iteratively for surface temperature, but it is
also solvable in closed-form for linearized values of saturated vapor concentration ( Cs ) with
minor errors. In the following we summarize the main assumptions made in the derivation of
the analytical solution in Eq. (2.6):
1. Considering the small size of the unit cell, we assume uniform shortwave radiation flux
( Rs ) on the surface, and soil albedo is considered directly in the value of net Rs . Also,
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the air temperature ( T∞ ) and sensible heat flux coefficient ( hair ) are constant over the
surface.
2. For laminar air flow over a horizontal flat surface, the coefficient of convective heat
transfer ( hair ) is determined based on average Nusselt number [Incropera and DeWitt,
2001] as:
=
Nu

hair l
= 0.664 Re1/l 2 Pr1/3
k air

(2.8)

where k air is the heat conduction coefficient for air, l is the characteristic length of the
surface in direction of flow, and Re and Pr are the Reynolds and Prandtl numbers,
respectively. A similar relation ( Nu = 0.037 Rel Pr ) for turbulent flow over flat
0.8

1/3

surfaces can also be used as input to estimate convection heat transfer coefficient ( hair )
in Eq. (2.1).
3. The air boundary layer thickness for mass exchange is defined based on the Schmidt
number as:
Sc1 3 =

δv
δm

(2.9)

that links the aerodynamic ( δ v ) and mass ( δ m ) boundary layers. For laminar flow over a
flat surface, the thickness of the aerodynamic layer is given based on the Blasius
solution as [White, 2002]:

δv =

5x

(2.10)

Re x

where x is the distance from the leading edge of the surface. Similar expressions
established experimentally by Shahraeeni and Or [2012] and Hisatake et al. [1995] for
thickness of viscous sublayer as a function of wind speed in laminar and turbulent flows
over evaporating surfaces can be used for quantification of ( δ m ) in Eq. (2.5).
4. The thickness of unit cell ( ∆h ) is considered as a single grain size and is also related to
the pore size, roughly three times mean pore size [Glover and Walker, 2009].
5. The evaporative heat flux is solved based on Schlünder’s diffusion model (Eq. 2.5) and
provides the essential coupling in the form of a boundary condition for the temperature
field solution (Eq. 2.6a).
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6. Considering the thickness of the unit cell we consider only radial heat conduction and
ignore axial conduction within the unit cell (not to be confused with the macroscopic
soil heat flux G).
7. We assume that the relatively slow evaporation process permits neglecting convective
heat transfer due to water flow from within the porous medium.
8. The soil thermal conductivity is a strong function of soil texture and water content. As
the soil surface is drying and the dry solid region surrounding a pore expands, we
assume that the dry region is composed of solid particles and air-filled voids (i.e. water
saturation equals to zero) hence the value of thermal conductivity is estimated using the
empirical relation of Chen [2008]:
1− n

k ( n, S ) =
7.5

× 0.61

n

[(1 − 0.0022 ) S + 0.0022]

0.78 n

(2.11)

where n is the porosity and S is the water saturation.
9. The temperature distribution on the pore water surface is replaced by a mean value
meaning that the temperature at r=a is assumed to represent pore water temperature.
With the progression of evaporative drying and the concurrent increase of the dry surface area
surrounding evaporating pores, we seek simultaneous solutions of Eqs. (2.5) and (2.6) to obtain
the temperature distribution over the unit cell surface and the coupled evaporation rate from the
pore. The obtained temperature distribution from Eq. (2.6a) is averaged to obtain a mean value
for the surface according to:

∫
T =

b

0

T ( r )2π r dr

π b2

(2.12)

In the following, we investigate model predictions for the coupling between surface temperature
and evaporation rate. Note that in this analysis we represent the entire evaporating surface by
mean values of surface temperature and the evaporation rates calculated for the unit cell.

2.3. Materials and Methods
2.3.1. Experimental Drying Rates of Lu et al. [2005] and Belhamri [2003]
We have used published experimental data of drying of quartz sand [Lu et al., 2005] and a
porous brick [Belhamri, 2003] for comparison with model predictions of evolution of surface
temperature and evaporation rate during drying of these two porous media. The first scenario
considers drying of quartz sand (45 mm in diameter and 15 mm in height) with particle size
ranging from 1 to 1.5 mm subjected to a prescribed air flow velocity within a wind tunnel. The
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air flow velocity and temperature were 1.9 m/s and 321 K, respectively, and the relative
humidity was 33% [Lu et al., 2005]. The second scenario describes drying of a porous brick in
laboratory dryer using hot air flowing over the brick. The temperature of the air flow was 323
K, relative humidity was 14%, and flow velocity was 3 m/s [Belhamri, 2003]. Using the
reported laboratory conditions, we employ our model to predict the variation of surface
temperature and coupled evaporative flux during drying of samples.
2.3.2. Evaluation of the 3T Method of Qiu et al. [1998]
Various methods have been proposed for using surface temperature to estimate evaporation rate
[Carlson, 1986; Shahraeeni and Or, 2010; Kalma et al., 2008]. Qiu et al. [1998] have proposed a
method based on three-temperature values (the temperatures of the evaporating surface, the dry
surface, and the air) that are used to define a coefficient for surface energy partitioning
according to:

LE = Rn − G − ( Rnd − Gd ) ha

(2.13)

Where LE is the evaporative heat flux, Rn and Rnd are net radiation of evaporating soil surface
and dry soil, respectively, with G and Gd are the corresponding soil heat fluxes for
evaporating soil and dry soil surfaces, respectively. The function ha is termed the soil
evaporation transfer coefficient and is defined as:
ha =

Ts − Ta
Tsd − Ta

(2.14)

where Ts , Tsd and Ta are evaporating soil surface, dry soil, and air temperatures, respectively.
The parameters required for Eq. (2.13) are the three temperatures, soil heat flux and net
radiation flux. Soil heat fluxes ( G and Gd ) and temperatures ( Ts , Tsd and Ta ) can be measured
and net radiation fluxes ( Rn and Rnd ) can be measured or estimated [Qiu et al., 1998]. We
evaluated our analytical solution with this temperature-based method trying to predict the soil
evaporation transfer coefficient ( ha ) and evaporation rates with Qiu and Ben-Asher’s [2010]
experimental results. Their experiment was carried out under controlled laboratory conditions
on a sample of coarse sand with air temperature of 25 oC, relative humidity of 50%, shortwave
radiation at intensity of 635 W/m2 and initial water content of 0.27 m3/m3 [Qiu and Ben-Asher,
2010]. For the conditions above, we obtained mean temperature of the surface in form of ha and
latent heat flux during “drying” of the unit cell.
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2.3.3. Drying Sand Experiments
We compared the analytical model with our own evaporation and surface temperature
experimental results. Data were obtained from a series of evaporation experiments using a
sample of coarse sand subjected to different evaporation demands (determined by air speed over
the sample). A cylindrical sample (height 300 mm and diameter 55 mm) was filled with sand
(grain size 0.7 to 1.2 mm) to a porosity of 0.4 and was consequently fully water saturated.
Figure 2.2 shows the measured water retention curve (WRC) of the sand sample (symbols) and
fitted van Genuchten model (line). The WRC enables prediction of the transition from stage 1
evaporation to stage 2 based on the concept of evaporative characteristic length [Lehmann et al.,
2008] which was determined as 80 mm. To minimize heat exchange between the sand sample
and surrounding air, we isolated the exterior of the sample. Details of the experimental setup
can be seen in Figure 2.3.
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Figure 2.2: Measured water retention curve of the sand sample with grain size ranging
from 0.7-1.2 mm (dots) and fitted van Genuchten model. Note the linearization of the
water retention curve used in this study with a sketch of surface water content evolution
( θ surf (t ) ) with primary drying front depth L(t ) .
Mass loss as a function of time during the evaporation experiment was monitored using a digital
balance (METTLER TOLEDO, PB4002-S/FACT, Switzerland). The evolution of surface
temperature was recorded using a thermal imager (FLIR SC6000, USA) at 10 min interval and

Chapter 2

18

at a spatial resolution of 640 × 512 (yielding thermal information at 0.01 mm2 resolution). The
air temperature and relative humidity in the lab were monitored and values were in the range of

25 ± 1 oC (0.1 oC accuracy) and 22 ± 4 % (1% accuracy), respectively (Vaisala HUMICAP®,
HMT337, Finland). Mean air flow velocity was measured above the sample surface using a hot
wire anemometer with 0.01 m/s accuracy (Dostmann Electronic, P600, Germany).
Two tensiometers were installed at 190 and 290 mm below the surface and used to mark the
initial invasion of air into the saturated sand and thus the onset of evaporation from the column.
Such information coupled with linearized water retention curve for quasi-hydrostatic conditions
[Lehmann et al., 2008] enable estimation of surface water content variations with time (or with
cumulative evaporation). Shokri et al.’s [2008] experimental study of water content distribution
above the drying front using neutron radiography clearly shows that the reduction in surface
water content with drying front depth is linear (Figure 7 in Shokri et al., [2008]). Hence, for a
relatively constant evaporation rate during stage 1, the evaporated water depth (total evaporated
water volume per surface cross section) can be expressed (approximately) as:

=
et

1
2

−
(θθ
s

surf

(t ) ) L (t )

(2.15)

where θ surf is the surface water content, θ s is saturated water content of the sample, e is the
evaporation rate [mm/day], t is the elapsed time since onset of evaporation [day], and L(t ) is the
drying front depth [mm]. L(t ) is linked with the evaporative characteristic length ( LG ) based on
the assumptions above (similarity of triangles in Figure 2.2):
L (t ) =

−
(θθ
s

surf

(t ) )

− res )
(θθ
s

LG

(2.16)

from Eqs. (2.15) and (2.16), we estimate variations in surface water content with time as:

θθ
(t=
)
−
surf
s

2 (θθ
− res ) e t
s
LG

(2.17)

In the following section we present experimental results and comparisons with model
predictions of the evolution of surface temperature and evaporation rate.
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Figure 2.3: Evaporation experimental setup depicting the insulated sand column
mounted on a digital balance (with 0.01g accuracy) and surface temperature monitoring
using an IR camera (FLIR SC6000). Two tensiometers installed at 190 and 290 mm
below the surface were used to mark the invasion of air into the saturated sample and
thus the onset of evaporation.

2.4. Results and Discussion
2.4.1. Comparison of Drying Surface Temperature Dynamics with Literature Data
Figure 2.4 depicts a comparison between the measurements of Lu et al. [2005] and Belhamri
[2003] and model predictions for the variations of surface temperature and evaporation rates
during drying of quartz sand subjected to air flow (relative humidity 33%, temperature 321 K,
flow velocity 1.9 m/s) in a wind tunnel [Lu et al., 2005]; and drying of a porous brick in a
laboratory dryer (relative humidity 14%, temperature 323 K, flow velocity 3 m/s) [Belhamri,
2003].
Model estimates were in reasonable agreement with measurements (with slight over prediction
of surface temperature by the model for high values of surface water content). A remarkable
feature of the drying process seen in the experimental results (and captured by the model) is the
sharp increase in surface temperature with the reduction in evaporative flux as the surface
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gradually dries and the number of evaporating pores on the surface decreases significantly. The
effect of high air temperature on the evaporation rate can be seen in Figure 2.4a where high
evaporative fluxes (15 and 25 mm/day) were sustained for a wide range of surface water
contents (in contrast with experimental results of Shahraeeni et al. [2012] conducted under room
temperature).
These limited comparisons confirm general attributes of the analytical model with the inherent
links between evaporative fluxes and surface temperature dynamics (including the thermal
signature marking the end of stage 1 evaporation). Next, we expand model testing to remote
sensing applications that use surface temperature to estimate evaporation [Qiu et al., 1998].
2.4.2. Evaluation of the Concept of ha
The model was used to reevaluate measurements obtained by Qiu and Ben-Asher [2010] and
offers analytical estimation of the relation between ha and evaporation rate (Eqs. 2.13 and 2.14)
from sandy surfaces. For the conditions of Qiu and Ben-Asher’s [2010] experiment (listed
above) we obtained simultaneous solutions of Eqs. (2.5) and (2.6) during drying (the
progression of dry area surrounding the pore with radius of 250 m m ) to determine the
evaporative heat flux and mean surface temperature of the unit cell. In order to compare model
predictions of the coupling between surface temperature and evaporative flux with Qiu and BenAsher’s [2010] measurements, evolution of surface temperature in form of ha and its
corresponding evaporative flux (line) are plotted in Figure 2.5. In this figure, the measured
evaporation flux (diamonds) has been obtained by using the microlysimeter and the estimated
values (circles) are related to the application of 3T model (Eq. 2.13) for estimating evaporative
flux from the surface [Qiu and Ben-Asher, 2010].
The results in Figure 2.5 illustrate that high evaporation rates during stage 1, depress the
temperature of the evaporative surface [Shahraeeni and Or, 2010] and the associated ha values
are also reduced. In the basis of the coefficient ha is the assumption that the reduction in
evaporation rate with surface drying is associated with a concurrent increase in surface
temperature. The transition from stage 1 to stage 2 evaporation is indeed accompanied by a
significant reduction in evaporative flux and is expected to result in a rapid increase of ha .
Model predictions (line) depicted in Figure 2.5 were obtained with no parameter fitting, thereby
offering physically based predictive capabilities for this mostly empirical approach.
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The comparisons depicted in Figure 2.5 emphasize the inherent links between surface
temperature and evaporative flux from a drying surface. In the following, this coupling has been
considered for different evaporation rates during evaporation from a sand sample using IR
thermography of the drying surface.
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Figure 2.4: The evolution of mean evaporation rate (a) and mean surface temperature
(b) with surface water content during evaporation from quartz sand data of Lu et al.
[2005] (squares) and a porous brick results of Belhamri [2003] (triangles). Model
predictions (lines) were based on reported experimental information. The surface water
content data were extracted from Lu et al. [2005] and Belhamri [2003].
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Figure 2.5: Variations in latent heat flux vs. coefficient ha during evaporation from
coarse sand. Measured evaporative flux (diamonds) and estimated values (circles) were
obtained using microlysimeter and application of 3T method [Qiu and Ben-Asher, 2010],
respectively, and analytical model predictions are based on the reported values (line).
2.4.3. Experimental Results Using Infrared Imaging of a Drying Sand Surface
We then compared model predictions with results from our own experimental studies of
evaporation from sand under three different evaporative demands. We used infrared
thermography to monitor the evolution of mean surface temperature during the experiments and
recorded rates of mass loss and ambient conditions. The comparison between model predictions
and experimental results is depicted in Figure 2.6 for air flow velocities of 0.3, 0.6 and 0.8 m/s.
The comparison shows good agreement between measurements and model predictions for a unit
cell considering mean particle size of 0.9 mm and estimated pore size as 1/3 of the mean particle
size [Glover and Walker, 2009].
Increasing wind speed resulted in an increase in evaporation rate due to decreasing boundary
layer thickness (and thus increasing mean vapor gradient). For a wide range of surface water
contents, increasing pore spacing enhances vapor diffusion from evaporating pores and results
in a nearly constant evaporation rate as described by Shahraeeni et al. [2012]. The end of stage 1
with a transition to diffusion-controlled evaporation (stage 2) is clearly marked by a precipitous
decrease in evaporation rate and a concurrent increase in surface temperature as seen in Figure
2.6b.
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Figure 2.6: Comparison between experimental data (symbols) and model predictions
(solid lines) for evaporation rate (a) and mean surface temperature (b) from sand
column and estimated surface water content for three different evaporative demands
(defined by mean air velocity). The evaporative characteristic length and hydrostatic
conditions were invoked to estimate evolution of surface water content with time.
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2.4.4. Evaporation under Isothermal and Nonisothermal Conditions
We analyzed differences in evaporative fluxes for isothermal and nonisothermal conditions. The
ratio of nonisothermal to isothermal evaporation rates ( eNI eI ) is depicted in Figure 2.7 for the
experimental conditions in Figure 2.6. The key difference between these two estimates was
neglecting the effect of evaporative cooling for isothermal conditions (note that the experiments
were conducted with no shortwave radiation input). Consequently, the vapor pressure gradient
between the evaporating surface and the air was assumed constant. In contrast, the temperature
depression due to evaporation may decrease vapor concentration at the surface and thus the
difference with the air mass resulting a lower evaporation rate for nonisothermal conditions. As
shown in Figure 2.7, the evaporation rate was reduced by 20 to 40% for evaporation rates
ranging from 3 to 10 mm/day, respectively, in comparison with isothermal conditions. The
results imply that with increasing evaporation rate the deviation between isothermal and
nonisothermal evaporation is expected to increase due to evaporative cooling effect on the vapor
gradient between the surface and the air.
2.4.5. Effects of Shortwave Radiation on Temperature Dynamics and Evaporative Flux
For completeness, we analyzed the potential role of shortwave radiation on surface temperature
dynamics and evaporation rates during drying of porous surfaces (an ingredient missing in most
laboratory drying experiments [e.g. Shahraeeni and Or, 2010; Belhamri and Fohr, 1996]). For
standardized comparison, we introduce a dimensionless surface temperature ( T * ) defined by
mean temperature of the evaporating surface under full saturation ( T (θ s ) ), the air flow
temperature ( T∞ ), and mean surface temperature during evaporative drying ( T ) expressed as:

T* =

T − T∞
T (θ s ) − T∞

(2.18)

Figure 2.8 depicts the variation of T * during evaporation from a hypothetical porous surface
with a characteristic length of 100 mm and an average pore radius of 250 m m for different
shortwave radiation fluxes and wind speeds. In the absence of shortwave radiation, like our
experimental results for evaporation from sand, evaporative cooling decreases mean surface
temperature relative to air temperature resulting in a lower vapor pressure gradient in
comparison with the often assumed isothermal conditions [e.g. Shahraeeni et al., 2012]. The
result is eNI eI < 1 (Figure 2.9), where eNI and eI are nonisothermal and isothermal
evaporation rates, respectively. As seen in Figure 2.8, for a wide range of surface water contents
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the surface temperature remains nearly constant (despite gradual drying) indicative of constant
evaporation rate and evaporative flux compensation due to increased pore spacing [Shahraeeni
et al., 2012]. At the end of stage 1, when the surface becomes dry and the amount of remaining
active pores drops significantly, surface evaporation rate drops sharply and the variable T *
approaches zero indicating that mean surface temperature gradually approaches to air
temperature (no evaporative cooling).
1

Surface Drying

eNI /eI

0.9

0.8

4 mm/day
6 mm/day

0.7

8 mm/day

0.6
0

0.1

0.2

0.3

0.4

Surface Water Content (m3/m3)
Figure 2.7: Model predictions for the ratio of nonisothermal to isothermal evaporation
rate ( eNI eI ) as a function of surface water content. The increased mean surface
temperature at the end of stage 1 enhances vapor concentration gradient to the
isothermal condition where surface temperature depression is ignored.
In the presence of significant shortwave radiation, however, the surface temperature increases
relative to that of the air temperature. The increase in surface temperature increases water vapor
density at the surface and enhances evaporation rates relative to isothermal conditions
( eNI eI > 1 ) . Figure 2.8 depicts enhanced difference between surface and air temperatures with
the reduction in evaporation rate at the end of stage 1 (Figure 2.9), as a larger fraction of the
radiative energy heats the surface and increases the sensible heat flux from the surface. As the
temperature of the evaporating surface increases, the vapor pressure gradient between the
evaporating surface and the air increases accordingly and with it, the ratio eNI eI (as the
surface dries out).
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Figure 2.8: Variations in mean surface temperature ( T − T∞ ) (T (θ s ) − T∞ ) vs. surface
water content. Zero shortwave radiation (dashed lines), and shortwave radiation flux
(solid lines) for two different wind speeds.

2.5. Summary and Conclusions
The coupling between heat and mass transfer during stage 1 evaporation from porous media was
quantified using an analytical model. A representative unit cell composed of an evaporating
pore surrounded by dry solid surface was used to systematically evaluate effects of shortwave
radiation, wind speed, relative humidity and air temperature on evaporation rates and associated
mean surface temperature dynamics during evaporative drying. The two key features in the
pore-scale model include: (1) the explicit account of nonlinear evaporative flux as the surface
dries; and (2) the coupling between latent heat flux and the thermal field forming around an
evaporating pore. Model predictions were in good agreement with experimental results for
drying porous surfaces [Lu et al., 2005; Belhamri, 2003]. The model provides a physical basis
for the empirical soil evaporation transfer coefficient ( ha ) [Qiu et al., 1998; Qiu and Ben-Asher,
2010] used for linking remotely sensed surface temperature with evaporation rate. We
conducted evaporation experiments under various boundary conditions and used infrared
imaging to monitor mean surface temperature during drying [Shahraeeni and Or, 2010]. Model
predictions for controlled experiments were in good agreement with measurements. The
experimental results illustrated that during stage 1 evaporation (with a nearly constant flux),
surface temperature remains practically constant until transition to stage 2 marked by a sharp
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increase in surface temperature as vaporization plane migrates below the surface [Shokri and
Or, 2011].
An important and underappreciated phenomenon is the critical role of naturally occurring
nonisothermal ( eNI ) conditions on evaporation rates from porous surfaces. In contrast with
many models that tacitly assume similarity between the surface and air temperatures for
estimation of the vapor gradient, we capitalize on the feedback between evaporation rate and
surface temperature to solve for the effective evaporative flux under nonisothermal conditions.
The analysis shows that, in the absence of shortwave radiation, the cooling effect during surface
drying may dramatically reduce evaporation rate relative to isothermal conditions ( eI ). In the
absence of shortwave radiation, nonisothermal evaporation rate ( eNI ) was consistently lower
than equivalent isothermal evaporation rate ( eI ) by 20 to 40% for evaporation rates ranging
from 3 to 10 mm/day, respectively. The picture was dramatically different for evaporation under
natural conditions considering shortwave radiation. For standard values of shortwave radiation
fluxes, nonisothermal evaporation rate ( eNI ) was considerably higher than for isothermal
evaporation conditions ( eI ), often exceeding eI by a factor of 2.0, depending on mean wind
speed and shortwave radiation as shown in Figure 2.9.
The proposed model offers a simple and physically based analytical framework that may reduce
empiricism associated with several of the temperature-based algorithms for estimation of
surface evaporation. Moreover, the inherent feedback embedded in the model points to a bias in
our overprediction of evaporation under assumed isothermal conditions in laboratory studies (no
shortwave radiation), and under estimation under natural conditions with shortwave radiation.
Finally, work is underway to implement the model for the prediction of energy partitioning over
evaporating surfaces and derive analytical expressions for the Bowen Ratio and the Priestley
and Taylor “ α ” coefficient [Priestley and Taylor, 1972] for different porous surfaces and
ambient conditions.
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Figure 2.9: The ratio of nonisothermal to isothermal evaporation rate ( eNI eI ) vs.
surface water content. In the absence of shortwave radiation flux, evaporative cooling
depresses the surface temperature thereby reducing vapor pressure gradient relative to
isothermal conditions. Considering shortwave radiation reverses the picture, and the
temperature of the evaporating surface becomes higher than the air resulting in an
increase in the ratio eNI eI .

Appendix A
The radial temperature differential equation for dry region surrounding an evaporating pore is
written as:
k ∂  ∂T
r
r ∂r  ∂r

k
 1 

4
4
T ] 0
[T∞ −=
+
 sε T∞ − T  + Rs + hair [T∞ − T ] +
∆H
 ∆h 


a≤r≤b

(A1)

qcond
∂T
∂T
0
= =
∂r r a=
∂r r b
k
=
Where k is the effective thermal conductivity of the soil [W/mK], T∞ is the ambient air
temperature [K], hair is the air thermal convection coefficient [W/m2K], σ is the StefanBoltzmann constant ( 5.67 × 10 −8 W/m2K4), ε is the soil emissivity, ∆h is the thickness of unit
cell [m], ∆H is the thermal decay depth below the surface [m], Rs is the shortwave radiation
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flux [W/m2], a is pore radius [m], and b is the dry area radius [m] (that varies with surface water
content).
In order to solve the temperature equation, we linearize the long wave radiation as:
T∞4 −=
T 4 4T∞3 (T∞ − T )

(A2)

So, Eq. (A1) can be written as:

∂ 2T
∂r

2

1 ∂T

+

r ∂r

ψT +ϕ 0
−=

a≤r≤b

(A3)

in which variables ϕ and ψ are defined as:

ϕ
=

1 
k

4sε T∞4 + hair T∞ + Rs +
T∞ 

∆H 
k ∆h 

ψ
=

1 
k 
4σε T∞3 + hair +

k ∆h 
∆H 

The solution of Eq. (A3) with the mentioned boundary conditions in Eq. (A1) is:

T ( r ) =c1 I 0 ( ψ r ) + c2 K 0 ( ψ r ) +

=
c1

=
c2

qcond
k ψ

qcond
k ψ

ϕ
ψ

(A4)

1

×


I1 ( ψ b ) 
 I 1 ( ψ a ) − K1 ( ψ a ) ×

K1 ( ψ b ) 


×

1

 K1 ( ψ b )

× I 1 ( ψ a ) − K1 ( ψ a ) 

 I1 ( ψ b )


Based on the mentioned parameters, the final solution for the temperature differential equation
is:

(
(
(
(

)
(
)
)
(
)

 K1 ψ b

I0

I
ψ
b
qcond (T )  1
=
T (r )
×
 K1 ψ b
k ψ

I1
 I1 ψ b

)

ψ r + K0

)

ψ a − K1

(
(


ψ r 
k
4
T∞
 4sε T∞ + hair T∞ + Rs +
∆
H
+
k

4sε T∞3 + hair +
ψ a 
∆H


)

a≤r≤b

)

(A5)
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where I 0 and I1 , and K 0 and K1 are the modified Bessel functions of the first and second kind,
respectively. Applying the energy balance to near-surface ( ∆h ) pore water reveals the
dependency of qcond on the evaporative flux from the pore ( qevap ):

qcond × 2p a ∆=
h

(q

evap

− [ qconv + qrad + G ]) × p a 2

(A6)

Schlünder’s [1988] analytical model is used to determine evaporative flux ( qevap ) from the pore:
1

qevap =
1+

2 a

p δm


p  p
− 1

4q  4q


D Cs ( T

r =a

δm

)−C

a

  L 
 
q 

(A7)

Where qevap is the evaporative heat flux on the surface of the pore [W/m2], D is the vapor
diffusion coefficient in the air [m2/s], θ is the surface water content (determined as the ratio of
pore area to total unit cell area), L is the latent heat of vaporization for water [2.45 MJ/kg], and

Cs and Ca are water vapor concentrations at the surface of water meniscus and within the
flowing air mass [kg/m3], respectively. We obtain simultaneous solutions of Eqs. (A5) and (A7)
to find evaporative flux and temperature distribution on the surface of unit cell during evolution
of dry region surrounding the pore.
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Chapter 3

Pore-scale study of thermal fields during
evaporation from drying porous surfaces1
Abstract: The drying of a porous surface and subsequent pore emptying resemble a sequence of
drainage whereby pores are invaded according to their respective capillary size (large pores are
invaded first). The emptying of pores modifies both the local evaporative fluxes and surface
thermal fields adjacent to invaded pores. These local adjustments could result in a gradual
decrease in evaporation rate and a potential increase in surface temperature thereby altering
energy partitioning over the drying surface as described by the Pore-scale Coupled Energy
Balance (PCEB) model of Aminzadeh and Or [2014]. This study aims to observe and quantify
these dynamic pore-scale mass and energy interactions to test key assumptions in the basis of
the PCEB model and gain new insights into these important processes. We used a novel
experimental system consisting of individual and clustered evaporating pores drilled into rough
glass surfaces. Thermal fields around individual evaporating pores and their interactions were
observed using highly resolved infrared imager under different radiative fluxes. Thermal
observations and direct measurements of evaporative fluxes were in good agreement with
predictions by the PCEB model. Drying of a glass beads surface was captured by optical and
thermal imaging to provide links between pore emptying sequence and surface thermal
adjustments. The results highlight the upscalability of pore-based representation of surface
drying and the predictability of energy partitioning over drying porous surfaces.

1

Published as: Aminzadeh, M., and D. Or (2017), Pore-scale study of thermal fields during evaporation
from drying porous surfaces, Int. J. Heat Mass Trans., 104, 1189–1201.
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3.1. Introduction
During gradual drying of initially saturated porous media surface pores are sequentially invaded
by the air phase from largest to smallest [Scherer and Smith, 1995; Prat, 2002] in a process
resembling drainage [Shaw, 1987]. The resulting local capillary pressure gradients induce liquid
flow from the invaded larger pores to liquid filled smaller pores with menisci anchored at the
surface [Scherer and Smith, 1995; Lehmann and Or, 2009] until smallest pores at the surface are
ultimately invaded marking the end of stage 1 evaporation. The so-called stage 1 evaporation is
characterized by a relatively constant evaporative flux where capillary transport sustains
continuous liquid pathways from the receding drying front within the porous medium to the
vaporization plane at the surface [Shokri et al., 2008]. At a certain drying front depth termed the
evaporative characteristic length by Lehmann et al. [2008], hydraulic continuity with the surface
is interrupted and subsequently the primary vaporization plane migrates below the surface. The
migration of vaporization plane below the surface marks the onset of diffusion controlled stage
2 evaporation that is often accompanied by a significant reduction in evaporative flux [van
Brakel, 1980; Prat, 2002; Yiotis et al., 2006; Shokri and Or, 2011; Or et al., 2013].
For a uniform spatial distribution of pore sizes on the surface, the gradual drying of surface
results in an increase in the average spacing between remaining actively evaporating pores. This
increased spacing affects the evaporative flux from remaining evaporating pores through a
nonlinear adjustment of diffusive resistance to vapor transport across the air boundary layer that
maintains a nearly constant evaporative flux during stage 1 evaporation [Schlünder, 1988;
Shahraeeni et al., 2012; Haghighi et al., 2013; Or et al., 2013]. The capacity of a surface to
maintain a nearly constant evaporation rate during stage 1 results in a nearly constant mean
surface temperature reflecting the coupling between heat and mass transfer processes during
surface drying [Metzger and Tsotsas, 2005; Aminzadeh and Or, 2013]. Temperature dynamics
of individual evaporating capillaries including variation of temperature gradients beneath the
meniscus have been widely studied [Höhmann and Stephan, 2002; Buffone and Sefiane, 2004;
Buffone et al., 2005; Wang et al., 2008; Chauvet et al., 2010]. Sefiane and Ward [2007] have
used infrared thermography to show a significant increase of meniscus temperature due to the
reduction of evaporative flux as it recedes into a capillary. Such local changes in surface
temperature during pore emptying are in the core of the Pore-scale Coupled Energy Balance
(PCEB) model of Aminzadeh and Or [2014]. The pore-based representation of vapor and heat
fluxes from drying surfaces seeks to quantify thermal fields around invaded pores that modify
lateral conductive heat fluxes and thus shape mean surface temperature.
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The PCEB model links variations of evaporative flux as surface pores gradually empty with
adjustments of surface temperature hence providing a mechanistic (and analytical) framework
for prediction of energy partitioning over drying porous surfaces. The complex adjustments of
evaporative and thermal fields around individual surface pores are represented using a porecentered unit cell in which surface gradual drying is translated to increased spacing (dry area)
around the representative pore. The PCEB solves the coupled steady state heat and mass transfer
equations to quantify evaporative flux and corresponding temperature distribution on the surface
of unit cell around the representative pore and then average it to represent mean temperature of
the drying surface. Experimental evaluations of the PCEB model for prediction of macroscopic
surface energy balance components [Aminzadeh and Or, 2013; Aminzadeh and Or, 2014] have
demonstrated the great potential of such pore-centered modeling approach. Nevertheless, key
ingredients and assumptions of the PCEB model have not been systematically tested such as the
thermal fields forming around individual and clusters of pores, the upscalability of pore-based
representation of energy balance, the sensitivity of surface temperature to pore emptying
sequences and more. We thus designed evaporation experiments using high resolution infrared
imaging to assess the formation of lateral thermal fields around individual pores (and pore
clusters) and the steady state representation of gradual surface drying in which the temporal
evolution of microscopic thermal adjustments are considered as a sequence of stepwise
variations of surface saturation.
The specific objectives of this study are: (1) to experimentally test key elements and
assumptions in the unit cell used in PCEB model by comparing observed temperature
distributions around individual and clusters of pores and associated evaporative flux with model
predictions, (2) to investigate the effect of pore spacing and radiative flux on the per-pore vapor
diffusion and formation of interacting surface thermal fields using microscopic infrared
thermography, (3) to systematically observe dynamics of microscopic thermal adjustments and
evaluate the assumption of steady state representation of surface drying resolved by variation of
surface liquid content, and (4) to link the pore-scale thermal adjustments around individual
pores with evaporative pore emptying process during sequential invasion of surface pores.
Following a brief introduction of the PCEB model, details of the experimental system used to
study thermal fields around individual pores and porous glass beads surfaces are presented. The
experimental results for a range of external conditions are compared with PCEB model
predictions of temperature and evaporative fluxes. Finally, the pore emptying sequence of glass
beads sample and evolution of thermal fields are observed by optical and thermal imaging and
the upscalability of the pore-centered approach for surface energy partitioning is assessed.
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3.2. The Pore-scale Coupled Energy Balance (PCEB) Model
The coupling between surface temperature and evaporative flux during gradual drying of a
porous medium has been analytically studied by the Pore-scale Coupled Energy Balance
(PCEB) model [Aminzadeh and Or, 2014]. The physically based modeling framework offers
unique capabilities for prediction of surface energy balance components in hydrological
applications. It obviates the need for empirical resistances to heat and mass exchanges between
evaporating surfaces and air by linking intrinsic resistance to vapor diffusion from discrete
pores (whose spacing increases with surface drying) with microscopic thermal changes around
individual surface pores.
To simplify the complex dynamics of sequential invasion of surface pores during evaporative
drying, the PCEB considers a unit cell comprised of a characteristic evaporating pore
surrounded by non-evaporating surface around it. The ratio of pore area to the unit cell area
defines the surface liquid content under consideration. Accordingly, the gradual surface drying
is translated to an increase in the dry region around representative pore in the unit cell
(reduction of surface liquid content). This increase affects both diffusive vapor flux [Shahraeeni
et al., 2012] and mean surface temperature of the unit cell that are analytically determined
assuming steady state conditions for each surface liquid content. This pore-scale approach
allows us to systematically investigate the coupling between diffusive vapor transfer across the
air boundary layer and evolution of thermal fields around surface pores by variation of dry area
around the unit cell’s pore representing the effect of surface drying on the spacing around
remaining wet pore on the surface.
The PCEB considers components of the surface energy balance for an infinitesimal element of
solid region around the representative pore including lateral conductive heat flux, long wave and
shortwave radiation, convective heat flux between surface and air flow (sensible heat flux), and
vertical conductive flux towards (or from) the surface which lead to the following differential
equation for the surface temperature distribution around the pore:

k ∂  ∂T  1 
k
4
4
[Ts − T=
]  0
r
+
 sε aTa − sε sT + RS + ha [Ta − T ] +
r ∂r  ∂r  ∆h 
∆H


a ≤ r ≤ b (3.1)

where T is the unit cell temperature [K] at radial coordinates r [m], k is the effective thermal
conductivity of the medium [W/mK], RS is the net incoming shortwave radiation flux [W/m2],

Ta is the ambient air temperature [K], σ is the Stefan-Boltzmann constant [ 5.67 × 10−8
W/m2K4],

ε s is the surface emissivity, ε a is the atmospheric emissivity, ∆h is the thickness of
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surface evaporating pore [m] (unit cell) that is assumed as a single grain size,

∆H is the

thermal decay depth below the surface [m] [Shahraeeni and Or, 2011] and Ts is the linearized
vertical temperature [K] at ∆H [Shahraeeni and Or, 2011; Aminzadeh and Or, 2014]. In Eq.
(3.1), ha is the mean convective heat transfer coefficient between the surface and air flow
[W/m2K] that is quantified based on the air flow regime (laminar or turbulent) over a flat
surface with finite characteristic length of l using average Nusselt number as [Incropera and
DeWitt, 2001]:

Nu
=

=
Nu

ha l
= 0.664 Re1/l 2 Pr1/3
ka
ha l
= 0.037 Rel4/5 Pr1/3
ka

(laminar air flow)

(3.2a)

(turbulent air flow)

(3.2b)

where l is the characteristic length of the surface in principle direction of air flow, ka is the heat
conduction coefficient of air, and Re and Pr are the Reynolds and Prandtl numbers, respectively.
Considering the small size of unit cell, air temperature and convective heat transfer coefficient
are assumed constant over the surface.
A key aspect of the PCEB model is the definition of boundary conditions for the energy balance
equation (Eq. 3.1). Considering the interaction between thermal fields around adjacent pores we
define a zero heat flux at the border of unit cell (

∂T
∂r

= 0 , with b as the radius of dry region).
r =b

In addition, evaporation cooling within the pore results in a lateral conductive heat flux across
the pore wall which defines the boundary condition between liquid and solid phases
(

∂T
∂r

=
r =a

qcond
k

, with a as the pore radius). Solution of energy balance equation with the

described boundary conditions yields the following equation for temperature distribution around
the evaporating pore at the surface:
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(
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where I 0 and I1 , and K 0 and K1 are the modified Bessel functions of the first and second kind,
respectively, qcond is the conductive heat flux across the pore wall which is a function of
temperature, and the argument ψ and parameter ϕ are defined as:

ψ =

ϕ=

4sε sTa3 + ha +

k
∆H

(3.3b)

k ∆h

s (ε a + 3ε s )Ta4 + haTa + RS +
4sε sTa3 + ha +

k
∆H

Ts

k

(3.3c)

∆H

The conductive heat flux across the pore wall is quantified based on the energy balance for pore
liquid near the surface as:
qcond × 2p a ∆=
h

(q

evap

− [ qrad + qconv + G ]) × p a 2

(3.4)

where qrad , and qconv are radiative and convective flux on the surface of the pore, G is the
vertical conductive flux (e.g., soil heat flux) and qevap represents evaporative flux from pore
surface that is characterized based on the vapor concentration difference:

(

=
qevap C1 Cs ( T

r =a

)−C )
a

(3.5)

in which Cs is vapor concentration at the surface of pore [kg/m3] that is quantified at a mean
temperature representing the temperature distribution on the surface of pore liquid estimated as
unit cell temperature at r = a , Ca is vapor concentration in air mass [kg/m3], and parameter C1
represents the mass transfer coefficient quantified based on the Schlünder [1988] vapor
diffusion model as:
C1 =

Da L / θ



ππ
δm +
− 1

4  4
πθθ


(3.6)

2a

where θ is the surface liquid content [m3/m3], Da is the vapor diffusion coefficient in air
[m2/s], L is the latent heat of vaporization [J/kg], and δ m is the mass boundary layer thickness
that is linked to the aerodynamic boundary layer thickness ( δ v ) through the Schmidt number
(Sc) as [Brodkey and Hershey, 2003]:

δ m = Sc −1/3 δ v

(3.7)
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in which thickness of the aerodynamic layer for laminar flow over a flat surface is given based
on the Blasius solution as [White, 2002]:

δv =

5x

(3.8)

Re x

where x is the distance from the leading edge of the surface. Alternatively, for turbulent flow
over an evaporating (flat) surface the value of δ m in Eq. (3.6) can be quantified based on the
analysis of Haghighi and Or [2013]:

δm =

Cv
0.1 u

(3.9)

in which v is the kinematic viscosity of air [m2/s], u is mean air velocity [m/s], and C = 22 is a
dimensionless constant.
Originally, an iterative solution of energy and vapor diffusion equations (Eqs. 3.3 and 3.5) was
proposed to obtain the evaporative flux and temperature distribution on the surface of
representative unit cell [Aminzadeh and Or, 2013]. More recently, however, it was shown that
linearization of saturated vapor concentration ( Cs ) enables a closed-form solution for the
temperature of an evaporating surface under prescribed atmospheric conditions [Aminzadeh and
Or, 2014] (see Appendix A for details).
Equations (3.3) and (3.5) will be employed to present temperature distribution on the surface of
unit cell and diffusive vapor fluxes in PCEB model and systematically investigate thermal
interactions between adjacent pores at the surface of drying porous media. In the following
section, systematic experiments were designed to evaluate model performance at pore-scale for
representation of evaporating surfaces with sparse and dense pore spacing under different
boundary conditions and examine its ability to capture dynamics of microscopic thermal
adjustments that shape mean surface temperature over drying porous media.

3.3. Experimental Considerations
Single pores and clusters of pores were drilled into rough glass plates to investigate dynamics of
diffusive vapor flux and interacting thermal fields around evaporating pores during evaporation
process (Figure 3.1). The diameter of pores was 550 ± 10 µm and size of glass plates was
2

60 × 40 mm with thickness of 1.8 mm. A small liquid reservoir was connected to a cylindrical

tank to supply evaporating pores at constant head during experiments (Figure 3.2). The
cylindrical tank with inner diameter of 20 mm and height of 40 mm was filled with evaporating
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liquid (ethanol or water) and capped with a rubber stopper to ensure evaporation takes place
only at the surface of drilled pores into the glass plate located on the reservoir. A thin needle
was inserted into the rubber to resemble the Mariotte bottle principle and sustain a constant flow
rate (considering evaporation rate from pores) from cylindrical tank to the liquid reservoir with
depth of 7 mm below the glass plate.

(a)

(b)

Figure 3.1: (a) A single pore (diameter = 0.55 mm), and (b) a cluster of 17 pores (with
diameter of 0.55 mm) drilled into the roughened glass plates with surface area of 60×40
mm2 and thickness of 1.8 mm. Surfaces with different values of pore spacing (denoted by
S) were considered in the study.
The resulting surface temperature during evaporation and interactions of thermal fields around
individual surface pores were recorded using a sensitive thermal imager (FLIR SC6000, USA)
with a modified and calibrated lens that enabled us to detect microscopic thermal signatures on
evaporating surfaces at a spatial resolution of 640 × 512 pixels (see Shahraeeni and Or [2010]
for more information on IR thermography). The evaporative mass loss rate from surface pores
was measured using a digital balance (KERN, ABT 220-5DM, Germany) with readability of 0.1
mg and repeatability and linearity of 0.1 and 0.2 mg, respectively. Air temperature and relative
humidity for water vapor (RH) were monitored using an HMT337 sensor (Vaisala HUMICAP,
HMT337, Finland) with stated accuracy of 0.1 oC and 1%, respectively. We used a hotwire
anemometer with 0.01 m/s accuracy (Dostmann Electronic, P600, Germany) to measure mean
air flow velocity over the sample generated by a small fan. A 150 W Tungsten lamp (Dedolight,
Germany) was used to provide radiative flux over the sample (the spectrum similar to sunlight
with a peak at 0.9 µm due to the 3200 K temperature). The intensity of shortwave radiation
over the surface was measured with a solar radiation power meter (Voltcraft, PL-110SM,
Germany) with accuracy of 10 W/m2.
A monolayer sample of glass beads on a thin glass plate with particle size ranging from 1.6 to
2.4 mm (Figure 3.2) was initially saturated to link evaporative pore emptying sequence at the
surface of drying porous media with adjustment of thermal fields around individual surface
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pores. Pore-scale thermal adjustments on the surface of drying sample were recorded with
infrared camera (at 10 s interval) while pore emptying sequence was monitored with a digital
microscope (Dino-Lite, Taiwan). Degassed dye solution (brilliant blue) at a concentration of
0.04 g/l was used to enhance visibility of the liquid phase.

(a)

(b)
IR Camera

Light
(c)

Fan

Figure 3.2: (a) Infrared thermography of evaporating surface using IR camera (FLIR
SC6000), (b) drilled pores into the glass plate located on the reservoir; liquid is supplied
to the reservoir from cylindrical tank considering the evaporative loss from surface
pores, (c) monolayer glass beads surface (1.6 - 2.4 mm) on a glass plate.
In the following, results of microscopic thermography during evaporation experiments are
presented and model predictions of pore-scale thermal interactions and evaporative flux are
compared with measurements.

3.4. Results and Discussion
3.4.1. Thermal Field around an Individual Evaporating Pore
Figure 3.3 shows an example of thermal fields around individual evaporating pores that were
observed by microscopic infrared thermography. The steady state IR images in Figure 3.3 were
obtained during ethanol and water evaporation from individual pores (with diameter of 550 µm)
under different mean air velocity over the surface. Increasing air velocity decreases the
thickness of air boundary layer and results in higher evaporative flux from the pore that is
accompanied by lower surface temperature of the evaporating pore. For similar boundary
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conditions over the surface, the higher vapor pressure of ethanol relative to water resulted in
higher evaporative fluxes and more pronounced surface temperature depression. Note that
during evaporation experiments the pore was continually supplied to ensure it remains liquid
filled with the meniscus anchored at the glass surface as assumed in the PCEB model.
Evaporation cooling within the pore yields a conductive heat flux across the pore wall and
shapes a sharp temperature gradient in solid region around the pore that is evident in IR images.
Comparison between measured radial temperature distribution around an evaporating pore from
IR thermography and PCEB model predictions is depicted in Figure 3.4. The diffusive
resistance in the pore-scale model expresses evaporating surface pore density in terms of surface
liquid content (area of evaporating pores per unit surface area). For the special case of a single
evaporating pore, the effective surface liquid content ( θ e ) was determined for the radius at
which the diffusive resistance reaches a constant value and thus per-pore evaporative flux
remains constant with increasing dry region around the pore (decrease of θ ) (Figure 13b in Or
et al. [2013]). Hence, the effective liquid content representing the radius of unit cell in PCEB
model (hypothetical pore spacing) is obtained from the derivative of pore evaporative flux
( qevap ) with respect to θ assuming constant boundary conditions over the surface as:

∂qevap

a2
a2
=0 ⇒ q e =
=
4pδ m2 re2
∂q

re = 2 π δ m

(3.10a)

(3.10b)

where a is the characteristic pore size (pore radius for circular pores), re is the radius of unit
cell corresponding to θ e , and δ m is the thickness of mass boundary layer over the surface.
Considering the range of air velocity in our experiments (0.35 to 4.5 m/s), re varies from 15.2
to 4.25 mm for ethanol, and from 19 to 5.3 mm for water experiments.
Both PCEB model predictions and experimental results show relatively intense surface
temperature gradients around individual evaporating pores that monotonically decrease with
radial distance (Figure 3.4). In addition to thermal measurements, evaporation rates were also
measured using a digital balance and results were in reasonable agreement with model
predictions for different evaporating liquids (ethanol and water) and boundary conditions
(Figure 3.5).
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Figure 3.3: Infrared images of thermal field around an individual evaporating pore with
diameter of 550 µm drilled into the glass plate during ethanol and water evaporation for
two different air velocities over the sample (Ta=24±0.5 oC and RH=40±2%). The arrow
depicts air flow direction.
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Figure 3.4: The radial temperature distribution around an individual evaporating pore
with diameter of 550 µm; experimental results (symbols) obtained from microscopic
infrared thermography and PCEB model predictions (solid lines) for air velocity of
4.5 m/s.
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Figure 3.5: Model predictions (lines) and experimental results (symbols) of evaporation
rate from a single evaporating pore (d=550 µm) during water and ethanol evaporation
for three different air velocities as 0.35, 2.5, and 4.5 m/s with Ta=24±0.5 oC and
RH=40±2%.
3.4.2. Effects of Pore Spacing on Per-pore Evaporation Rate and Surface Temperature
A critical aspect of PCEB model is the representation of changes in evaporation rates from
individual pores as the surface dries (during stage 1) attributed to increased spacing between
pores [Shahraeeni et al., 2012; Or et al., 2013]. We evaluated measurements and predictions of
evaporative fluxes from pore clusters with different spacing reflecting the variation of vapor
flux from individual pores and its coupling with pore surface temperature to test this aspect of
the model also in the context of energy balance. A cluster of 17 pores with same diameters
( 550 ± 10 µm) was drilled into the rough glass plates with three different spacing between
adjacent pores as 2, 4, and 6 mm. Evaporation experiments were conducted with air velocities of
0.35, 2.5, and 4.5 m/s while recording the surface thermal patterns using infrared camera during
ethanol evaporation. The high volatility of ethanol and resulting significant temperature
depression on the surface of evaporating pores (Figure 3.3) provided resolved images that
clearly capture differences between surface thermal signatures due to the variations in pore
spacing and corresponding evaporation rates from pores in the cluster.
The infrared images in Figure 3.6 depict thermal fields in pore clusters subjected to different air
velocities and for different pore spacing during ethanol evaporation. For constant pore spacing,
the increase in air velocity increases evaporative flux from the pore cluster and consequently
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results in larger temperature depression on the surface. Interestingly, pores located at the
periphery of the cluster exhibit higher temperatures (despite lower diffusive resistance due to
less neighboring pores and thus higher evaporative flux), probably due to higher lateral
conductive energy flux from the surface. The center pore in the cluster with maximal number of
neighboring pores exhibits the lowest surface temperature in the cluster due to thermal
screening of peripheral pores.
u= 0.35 m/s

u= 4.5 m/s

u

S= 2 mm

2 mm

S

S

S= 6 mm

2 mm

Figure 3.6: Infrared images of surface thermal fields forming around evaporating pore
clusters with different pore spacing (2 and 6 mm) and air velocities (0.35 and 4.5 m/s)
during ethanol evaporation with Ta=24±0.5 oC. The clusters consist of 17 similar pores
with diameters of 550±10 µm. Higher pore temperatures with increasing spacing are
reflected in scale bars with different temperature ranges.
Increasing pore spacing for similar number of pores and prescribed air velocity offers a means
for systematic evaluation of the effects of pore spacing on surface thermal fields and
evaporative losses. As seen in Figure 3.6, for constant boundary conditions, pore temperature
increases with increasing pore spacing. PCEB model predictions of evaporation rates from
cluster (expressed as evaporative mass loss, i.e., g/hr), and mean pore temperature (average of
17 pores) were compared with experimental results as illustrated in Figure 3.7. Model
predictions were obtained based on spatial superposition of individual pores predictions. The
results in Figure 3.7 demonstrate that evaporation rate from the cluster increases with increasing
air velocity and with increased pore spacing for the same air velocity as expected from the
theoretical study of Lehmann and Or [2013]. Despite higher evaporation rates from the cluster
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with larger pore spacing implying higher evaporative flux from the surface of individual pores,
higher pore temperature is observed in experiments and predicted by PCEB model. Increase of
pore spacing increases surface of energy input into the unit cell (for a constant energy flux over
the surface) and it occurs at a higher rate than the increase in per-pore evaporation rate due to
the reduction of diffusive resistance (Appendix B). Consequently, conductive heat flux towards
the evaporating pores increases yielding warmer pores that, in turn, contribute in the
enhancement of vapor flux from individual pores by increasing vapor concentration gradient
from pore surface across the mass boundary layer.
Figure 3.8 shows the evaporation ratio defined as mean per-pore evaporation rate from the
cluster normalized by single pore evaporation rates for similar conditions (Figure 3.5) to
illustrate the combined effects of pore spacing and air velocity on evaporation rates. The
experimental results and model predictions confirm that per-pore evaporation rates increase
with increasing pore spacing. As pore spacing exceeds the boundary layer thickness, the
evaporative resistance (and thus evaporation rates) for pores in the cluster approaches that of
individual pores; while for smaller spacing, interaction of vapor fields around individual surface
pores increases diffusive resistance and suppresses evaporation rates [Shahraeeni et al., 2012;
Lehmann and Or, 2013]. This important aspect is evident in Figure 3.8 where pores in the
clusters with different spacing evaporate at a rate similar to single pore by increasing air
velocity (i.e., u=4.5 m/s) that provides thinner mass boundary layer over the surface. The new
aspect here is the role of energy input as reflected in surface temperature where the increased
area of the unit cell dominates energetic aspects and yields warmer pores that, in turn, contribute
in the enhancement of vapor diffusion with increasing spacing.
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Figure 3.7: Model predictions (lines) and experimental results (symbols) of ethanol
evaporation rate (a), and mean pore surface temperature (average of 17 pores) (b);
model predictions obtained based on spatial superposition of individual pores
predictions.
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Figure 3.8: Model predictions (lines) and experimental results (symbols) of the
evaporation ratio obtained by scaling the mean per-pore evaporation rate from the
cluster with single pore evaporation results for ethanol shown in Figure 3.5.
To complete the picture, we conducted experiments using water as the evaporating liquid and
compared these results with the ethanol tests to assess the roles of vapor diffusion process and
latent heat of vaporization on evaporation rate and pore surface temperature. The comparisons
between water and ethanol experimental results along with model predictions are shown in
Figure 3.9. For the same air velocities the evaporation ratio defined as the ratio of water to
ethanol evaporation rate ( Ew Ee ) increases by increasing spacing. This could be attributed to
the lower Schmidt number of water (Scw=0.66) in comparison with ethanol (Sce=1.31) resulting
in thicker mass boundary layer ( δ m ) for water with the same air velocity over the surface (i.e.,
similar δ v ). Hence, the evolution of vapor shells above individual surface pores with increasing
spacing is more efficient for water evaporation and is also accompanied by a reduction of pore
temperature ratio (i.e., Tw Te ). The temperature depression on the surface of evaporating pores
during ethanol evaporation was larger than for water due to the higher evaporative heat flux of
ethanol that yields lower enhancement of vapor concentration gradient by increasing spacing.
Considering different vapor concentration gradients and diffusion coefficients of water and
ethanol, the water mass evaporation rate (i.e., E= Da DC / δ m ) in the present experiments is
almost 1/6 of ethanol mass loss. Consequently, the higher latent heat of vaporization for water
( Lw / Le = 2.93 , see Table A2) results in an evaporative heat flux (i.e., LE) that is about half of
the ethanol and yields warmer pores (Figure 3.9).
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Figure 3.9: Experimental results (symbols) and model predictions (lines) of evaporative
mass loss ratio of water to ethanol ( Ew Ee ), and the equivalent evaporative heat flux
ratio of these two liquids ( Lw Ew Le Ee ) (a) and the resulting pore surface temperature
ratio ( Tw Te ) (b) vs. air velocity for pore spacing of 2 and 6 mm.

Chapter 3

50

3.4.3. Effects of Shortwave Radiation on the Temperature of Evaporating Surfaces
The crucial role of shortwave radiation on pore-scale evaporation dynamics was studied
experimentally by contrasting thermal fields and evaporation rates in the presentence and
absence of shortwave radiation flux over the surface (i.e., RS=0 W/m2 and RS=300 W/m2). The
resulting IR images for a cluster with spacing of 6 mm during water evaporation are depicted in
Figure 3.10. The results show that increasing shortwave radiation affects mean surface
temperature and dynamics of thermal fields forming around surface pores. The measured radial
temperature distributions around the center pore in the cluster were compared with PCEB model
predictions in the presence and absence of radiation as depicted in Figure 3.11. The resulting
temperature field around evaporating pores in the presence of shortwave radiation shows
sharper temperature gradients indicative of higher conductive heat flux towards the pore relative
to no radiation case. The different radiation regimes were expected to affect mean surface
temperature as also seen in model predictions in Figure 3.12 (focusing on the hexagonal areas),
with significantly higher surface temperature for irradiated surfaces. Consequently, the vapor
concentration over evaporating pores increases and results in higher evaporation rates from the
radiated pore cluster relative to the surface with no shortwave radiation.
RS= 300 W/m2

RS= 0 W/m2

u
2 mm

Figure 3.10: IR images of thermal fields on the surface of pore cluster with spacing of
6 mm during water evaporation for shortwave radiation fluxes of 0 and 300 W/m2, air
velocity of 4.5 m/s, and Ta=24±0.5 oC. The expected increase in surface temperature with
increasing radiation is evident in temperature scale bars.
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Figure 3.11: Model predictions (left) and experimental results (right) of temperature
distribution around the center pore of the cluster (marked in Figure 3.10) with respect to
the pore temperature (Tp) measured as 22.1 oC and 25.2 oC for RS=0 W/m2 and
RS=300 W/m2, respectively. The inclined thin lines represent thermal gradients at pore
wall (r=0.275 mm).
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Figure 3.12: Model predictions (lines) and experimental results (symbols) of mean
surface temperature (marked area by hexagons in Figure 3.10) (a), and evaporation rate
from the cluster of water filled pores (b) vs. air velocity for different radiative fluxes over
the sample.
3.4.4. Dynamics of Pore-scale Thermal Adjustment
The dynamic nature of surface drying raises the question of how quickly a surface adjusts
thermally to pore emptying and whether the PCEB solution strategy based on steady state steps
is justified. This aspect has been investigated experimentally using microscopic infrared
thermography. A pore in a cluster was blocked by a wire (a piece of soldering wire) and the
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evaporating surface was allowed to reach thermal and evaporative steady state before removing
the wire and observing the thermal field adjustment around the previously blocked pore as it
resumes evaporation. Figure 3.13 depicts a typical temporal evolution of the thermal field
around the center pore of cluster for dense (S=2 mm) and sparse (S=4 mm) pore spacing during
ethanol evaporation. The IR images at t=0 s depict temperature distribution around the blocked
pore. The sequence of surface IR images demonstrates that surface temperature attains a steady
state within a short time (less than 2 s) and the equilibration occurs faster in dense pore spacing
(higher surface liquid content). These experimental results support the assumption of steady
state conditions in application of PCEB model for stepwise drying of a surface as a function of
surface liquid content (through a series of steady state steps).
t=0 s

t=0.5 s

t=1.5 s

t=0.4 s

t=1.7 s

S=2 mm
t=0 s

u
S=4 mm

Figure 3.13: Infrared images of thermal adjustment dynamics around individual pores in
pore clusters with pore spacing of 2 and 4 mm, constant air velocity of 2.5 m/s over the
surface and RS = 0 W/m2. Blockage of the center pore is removed at t=0 s marking the
onset of evaporation from that pore and subsequent adjustment of the thermal field.
3.4.5. Evaporative Pore Emptying and Thermal Adjustments over a Porous Surface
The mechanistic picture for evaporative drying of porous surfaces in which invasion of surface
pores affects the average spacing between remaining wet pores and

modifies energy

partitioning has not been tested at pore-scale. Figure 3.14 depicts optical and thermal images of
a porous surface made up of a monolayer of glass beads with diameter ranging from 1.6 to
2.4 mm. The surface was initially fully saturated with ethanol and sequential emptying of
surface pores during evaporation and concurrent adjustments of thermal fields were recorded
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using an optical microscope and highly resolved IR thermography. Comparing optical images at
different time steps demonstrates that sequential invasion of surface pores is governed by
capillary processes determined by pore geometry from larger to smaller pores. It is relatively
simple to predict the pore emptying sequence at a surface of such coarse glass beads sample
based on the size of inscribed circles within surface pores that represents the air-entry pressure
at pore invasion for all surface pores. The agreement between predicted pore emptying sequence
based on pore geometry and observed pore emptying from optical imaging was very good
(Figure 3.15) suggesting a means for linking predictable pore emptying sequences with

surface drying

variations in mean surface temperature (Appendix C).

t = t0

1 mm

u

t = t0+200 s

Figure 3.14: Optical (left) and thermal (right) images of glass beads surface during
ethanol evaporation with air velocity of 4 m/s, RS=0 W/m2, and Ta=24.5 oC. Significant
temperature depression due to the ethanol vaporization marks evaporating pores while
pore emptying (circles) is accompanied by rapid temperature increase of adjacent glass
beads and neighboring wet pores.
As seen in thermal images of Figure 3.14, the emptying of surface pores is accompanied by
rapid temperature adjustment in adjacent glass beads and neighboring “wet” pores. The
intercepted energy flux at the surface of drying sample that is not used by evaporation from
empty surface pores primarily increases the temperature of adjacent glass beads and modifies
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the conductive heat fluxes around the neighboring wet pores. Accordingly, an evaporating pore
that is surrounded by invaded pores has higher temperature in comparison with evaporating
pores with wet neighboring pores (see dashed circles in Figure 3.14). This pore-scale (nearly
instantaneous) adjustment of temperature distribution induced by evaporative pore emptying
confirms the coupling between surface temperature and evaporative flux during drying of
porous surfaces that is in the basis of PCEB model. It also supports the proposed quasi steady
state solution of PCEB as the dynamics are very rapid.
The evolution of evaporative flux from the glass beads sample (measured by a digital balance)
and the corresponding mean surface temperature (monitored by IR imager) along with PCEB
predictions are presented in Figure 3.16. Model predictions were obtained based on the unit cell
representation of surface drying where reduction of surface liquid content is attributed to the
increase of dry region around the representative pore whose diameter was estimated as 1/3 of
the mean particle size [Glover and Walker, 2009]. The results demonstrate that reduction of
evaporative mass loss during surface drying (less evaporating sources) yields concurrent
increase of mean surface temperature [Aminzadeh and Or, 2013]. The agreement between
model predictions and experimental results highlights potential applicability of PCEB to
represent mean surface temperature and evaporative fluxes over drying porous media.

3.5. Summary and Conclusions
The Pore-scale Coupled Energy Balance (PCEB) model of Aminzadeh and Or [2014] enables
analytical description of the coupling between surface temperature and evaporative flux from
drying porous surfaces formulated as a collection of evaporating pores [Shahraeeni et al., 2012].
The derivation of an analytical solution that enables prediction of energy partitioning over the
surface relies on several untested assumptions. We aimed to test some of the building blocks in
the basis of the PCEB model, specifically, the following questions are addressed: (1) are the
pore-centered description of drying porous surfaces and the lateral exchanges assumed in the
PCEB justified and they resemble pore-scale (idealized) experimental conditions? (2) is the
pore-scale description upscalable to represent surfaces with different pore patterns and liquid
contents? and (3) can the pore-scale representation of evaporating surface capture dynamics of
energy partitioning over drying surfaces?
Microscopic infrared thermography and well defined porous surfaces were employed to
measure details of thermal fields around individual surface pores and their interactions.
Evaporation rates and temperature distribution measured around pores and pore clusters drilled
in rough glass enabled systematic evaluation of PCEB model predictions. Good agreement was
obtained for the thermal field around a single evaporating pore based on highly resolved
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infrared images. The model was then employed to investigate the effect of pore spacing on the
enhancement of diffusive mass loss from individual surface pores for sparse and dense pore
spacing based on spatial superposition of individual pores predictions [Schlünder, 1988;
Lehmann and Or, 2013]. Both PCEB and experimental results showed that increase of pore
spacing increases per-pore evaporative flux through the evolution of diffusive vapor shells and
pore-scale adjustment of energy partitioning on the surface. Model prediction of temperature
distribution around surface pores in the presence of radiative flux over the sample was in good
agreement with experimental results demonstrating that existence of shortwave radiation results
in sharper thermal gradients around surface pores and enhances evaporative mass loss by
increasing mean surface temperature.
The drying dynamics of a monolayer of glass beads was observed using optical and thermal
imaging to address the link between pore emptying sequence during evaporative drying and
adjustment of thermal fields around surface pores. The pore emptying sequence obtained from
optical imaging was in excellent agreement with the emptying order predicted from pore
geometry (and capillary forces) confirming that pore size distribution governs the order of pore
invasion during evaporative surface drying. Additionally, surface thermal signatures recorded
by thermal camera showed that pore emptying process is accompanied by rapid temperature
increase of adjacent glass beads that, in turn, adjusts lateral conductive heat fluxes towards the
neighboring wet pores.
Results of this study confirm PCEB model’s capability to predict energy partitioning during
drying of porous surfaces and highlight the crucial role of pore-scale thermal adjustments in
description of coupled heat and mass transfer processes when porous surfaces gradually dry.
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Figure 3.15: Pore emptying sequence during ethanol evaporation based on the size of
inscribed circles in surface pores of monolayer glass beads sample with grain size
ranging from 1.6 to 2.4 mm (a); comparison between emptying order based on pore
geometry and observed pore emptying sequence (b).
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Figure 3.16: Model predictions (lines) and experimental results (symbols) of mean
evaporative flux and mean surface temperature during drying of the glass beads sample
in Figure 3.14. For the comparison with model predictions, variations in surface liquid
content during drying experiment were extracted from the sequence of optical images
(estimating the wet area loss with pore invasion).

Appendix A: A Closed-form Expression for Predicting Surface Temperature
The closed-form of surface temperature distribution on the surface of unit cell (Eq. 3.3) is
obtained based on linearization of saturated vapor concentration curve and quantification of
conductive heat flux across the pore wall [Aminzadeh and Or, 2014].
Assuming liquid vapor as an ideal gas, saturated vapor concentration at the surface of
evaporating pores is obtained as:

Cs =

MPs
RTl

(A1)

where M is the molar mass of evaporating liquid [kg/mol], R is the molar gas constant
[8.314 J/mol K], Tl is the mean liquid surface temperature [K] and Ps is the saturated vapor
pressure [Pa] that can be quantified based on the Antoine equation as a function of liquid
temperature ( Tl in degree of Celsius [oC]) [Dean, 1999]:
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=
Ps 133.32 × 10

A−

B
C +Tl

(A2)

in which A, B and C are Antoine equation parameters (Table A1). Physical properties of water
and ethanol have been presented in Table A2.
Based on Eqs. (A1) and (A2), Cs is a non-linear function of temperature. Hence, we linearize

Cs for a finite range around air temperature ( ±10 K) that leads to the following expression for
saturated vapor concentration at pore surface as a function of pore temperature:

Cs a′Tl + b′
=

(A3)

where a′ and b′ are linearization constants obtained as a′ = 0.007 kg/m3K and b′ = −1.937
kg/m3 for ethanol, and a′ = 0.001125 kg/m3K and b′ = −0.3116 kg/m3 for water in evaporation
experiments of this study with air temperature around 24 oC (297.15 K). Accordingly, insertion
of Eq. (A3) into the pore liquid energy balance (Eq. 3.4) near the surface ( ∆h ) leads to the
following expression for conductive heat flux across the pore wall:

=
qcond

a
2∆h

( C2Tl + C3 )

(A4)

where C2 and C3 are defined as:

C2 = C1a′ + ha + 4σε l Ta3 +

k

C3 = C1b′ − C1Ca − RS − haTa − (3ε l + ε a )s Ta4 −
in which

(A5)

∆H

k
Ts
∆H

(A6)

ε l is the liquid emissivity and parameter C1 represents the mass transfer coefficient

(Eq. 3.6). To facilitate quantification of mean liquid temperature at pore surface we assume that
pore surface temperature is simply the temperature of unit cell at r = a ( T ( a ) = Tl ). Hence, Tl is
quantified using surface temperature equation (Eq. 3.3) as:

(
(
(
(

)
(
)
)
(
)

 K1 ψ b

I0

ψ
I
b
qcond  1
=
×
Tl
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Introducing variable C4 , the liquid temperature is written as:

)

)

a≤r ≤b

(A7)
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)

Tl =C4 × qcond + ϕ

(A9)

inserting qcond from Eq. (A4):

a

=
Tl

2∆h

C4 ( C2Tl + C3 ) + ϕ

(A10)

finally, mean liquid temperature is found by rearrangement of Eq. (A10) as:

Tl =

C4 C3

a
2∆h

1 − C4 C2

+ϕ
(A11)

a
2∆h

Determination of pore surface temperature provides closed-form of temperature distribution
equation (Eq. 3.3) on the surface of unit cell by quantification of conductive heat flux across the
pore wall using Eq. (A4).
Table A1: Antoine equation parameters for water and ethanol.
Substance

A

B

C

Range of Validity

Water

8.07131

1730.63

233.426

1 to 100 oC

Ethanol

8.20417

1642.89

230.300

-57 to 80 oC

Table A2: Physical properties of water and ethanol at 25 oC.
Substance

L (kJ/kg)

Da (m2/s)

Water

2450

2.5 × 10

Ethanol

837

1.1 × 10

−5

−5

ρ (kg/m3)

M (kg/mol)

εl

Sc

998

0.018

0.95

0.66

786

0.046

0.95

1.31

Appendix B: Pore-scale Adjustments of Surface Energy Balance Closure
The increased dry area around evaporating pores on the surface during gradual surface drying is
accompanied by an incremental increase in energy input intercepted by the expanding unit cell
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surface. The resulting increase in energy available for evaporation occurs while increased
spacing decreases diffusive vapor resistance from the pore and increases evaporation capacity.
We have investigated the potential effects of these two processes (increased available energy for
evaporation and variations in diffusive resistance) that are in the core of the often observed
constant surface temperature during stage 1 evaporation (see Aminzadeh and Or [2013]) by
increasing unit cell dry area around individual evaporating pores. In other words, we seek to
find the pore spacing (water content) at which the input energy exceeds the evaporation capacity
of the pore and thus inability to maintain a constant surface temperature by evaporative cooling.
To address these important aspects during surface drying, the change in energy budget of unit
cell ( Eb ) with incremental increase of the unit cell radius was investigated:
∂Eb 2
r 2 − LE × r 2
= ( Rn − G − H ) × ππ
∂r
r

(

)

(B1)

where Rn is the net radiation flux, H is the convective heat exchange between surface and air,
G is the vertical conductive heat flux and LE is the evaporative flux. Figure B1 depicts
variations of energy input ( ( Rn − G − H ) × π r 2 ) and evaporative cooling capacity ( LE × π r 2 )
with increase of unit cell’s radius assuming constant surface temperature. As depicted, the
increase of surface temperature decreases available energy in the unit cell thorough heat losses
(e.g., outgoing long wave radiation) while evaporation capacity increases nonlinearly due to
increased pore spacing [Shahraeeni et al., 2012]. For a prescribed constant surface temperature,
the intersection of the input energy and the evaporation capacity curves represents a specific
radius where surface energy balance occurs. This specific radius ( r * ) is found through the
nuanced representation of surface energy balance equation based on the pore-scale diffusive
vapor flux as:

1

( Rn − G − H ) −
1+

r

δm

 π

r − 1

π  2a


Da L DC

δm

=
0

(B2)

that yields the following expression for r * :

r* =

a

π

+

 Da L DC

+ 2a 
− δm 
π
 ( Rn − G − H )


a2

(B3)

As seen in Figure B1, for smaller radii than r * the evaporation capacity exceeds the available
energy meaning that ∂Eb ∂r < 0 and evaporation is constrained by input energy; thus surface
temperature adjusts to meet energy balance closure (as enforced by PCEB model). For larger
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unit cell radii the available energy exceeds evaporation capacity and the surface temperature for
energy balance closure is higher suggesting surface warming and a shift in energy partitioning
between latent and sensible heat fluxes with surface drying. Such adjustment in surface
temperature is sharper at low surface water contents marking transition to stage 2 evaporation
with concurrent decrease in evaporative flux whereas in higher surface water contents the
adjustment in diffusive resistance around evaporating pores could accommodate the increase in
input energy per evaporating pore without significant modifications of surface temperature.
These nuanced adjustments are captured by PCEB but not by models that homogenize the
evaporating surface and enforce energy balance.
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Figure B1: Variation of the available energy for evaporation (left axis) and evaporative
cooling capacity (right axis) with radius of unit cell (and corresponding water content)
for two different surface temperatures assuming Ta=20 oC, RH=50%, RS=300 W/m2,

u = 1 m/s, and pore radius of 50 µm. The intersection of the curves marked by symbols
depicts unique dry region radius around the representative pore where surface energy
balance closure occurs.

Appendix C: Linking Pore Size Distribution with Mean Surface Temperature
The predictable pore emptying sequence inferred from pore geometry highlights the potential
applicability of PCEB model to link pore size distribution with variation of mean surface
temperature. We thus considered three systems with different ranges of pore size distributions
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inferred from the capillary pressure curves (Figure C1) based on the van-Genuchten model [van
Genuchten, 1980]:
1 −1/ n

1


=
Θ
= 
n 
θθ
− r  1 + (α h) 
s

θθ
− r

(C1)

where Θ is effective saturation, θ s and θ r are saturated and residual water content,
respectively, α and n are van-Genuchten parameters, and h is the capillary head:

h=

2σ
(C2)

ρ ga

in which σ and ρ are surface tension and water density, respectively, g is the gravitational
acceleration, and a is the pore radius. The volumetric pore size distribution function is defined
as [Kosugi et al., 2002]:

F=

dθ
(C3)

da

where F × ∆a represents the volume of pores with radii a and a + ∆a per unit volume of
sample. For the van-Genuchten model, F is expressed as (Figure C2):

dθ 2s (θθa
− r )( n − 1) h
s
=
F =
n ( 2 −1/ n )
2
da
ra
ga 1 + ( h )
n

(

)

n −1

(C4)

After deducing pore size distribution from capillary pressure curve for each sample, PCEB
model is employed to investigate variation of mean surface temperature during gradual drying
of samples with different pore size distributions. Hence, the representative pore radius
corresponding to each surface liquid content in PCEB model is inferred from the weighted
average of remaining active pores (full pores) on the surface:

a=

∑F a
∑F
i

i

(C5)

i

Results in Figure C3 demonstrate that main difference emerges for low surface liquid contents
where most of surface pores are invaded by the air. Thus, for similar boundary conditions and
surface liquid content, a surface with pore size distribution dominated by smaller pores would
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produce a higher evaporative flux that, in turn, will induce lower mean surface temperature
relative to surfaces with larger pore sizes as the dominant fraction.
In consideration of the full picture of surface evaporation behavior, one must consider that
porous media with different pore size distributions would have different characteristic
evaporative lengths [Lehmann et al., 2008] which determines the cumulative mass loss during
stage 1 (or its duration) and thus affects mean surface temperature especially in the regional
context of a patchwork of surfaces with different properties.
1
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Figure C1: Capillary pressure curve of three different samples deduced from
van-Genuchten model assuming θ s =0.4 m3/m3 and θ r =0 m3/m3.
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Figure C2: Pore size distribution extracted from capillary pressure curve.
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Figure C3: Model predictions of the variation of evaporative flux (a) and mean surface
temperature (b) during surface drying. Ta=25 oC, RH=50%, RS=200 W/m2, u=2 m/s.
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Chapter 4

Energy partitioning dynamics of drying
terrestrial surfaces1
Abstract: The dynamics of radiative energy partitioning on drying terrestrial surfaces reflects
the strong coupling between evaporation and surface temperature that shapes latent and sensible
heat fluxes. We used a new pore-scale analytical model that explicitly links evaporative fluxes
with temperature dynamics of drying surfaces. Model predictions were in good agreement with
measured evaporation rates and surface temperature variations observed during drying of a
homogeneous sand surface. The model was extended to heterogeneous surfaces by considering
responses of representative elements of a complex surface and weighing relative contributions
to formulate area averaged fluxes. Notwithstanding the small-scale basis of the model, the fully
coupled surface energy balance provides a physically based framework for predicting the
Bowen ratio and the Priestley-Taylor α [Priestley and Taylor, 1972] for a range of boundary
conditions using readily available input variables (radiation, air temperature, etc.). Analyses
show that α is not constant (typically assumed as α =1.26), it decreases with surface drying
and increasing net radiation, and increases with increasing wind speed. The physically based
predictability offers new opportunities for generalization of algorithms that rely on remotely
sensed surface temperature to estimate surface fluxes.

1

Published as: Aminzadeh, M., and D. Or (2014), Energy partitioning dynamics of drying terrestrial
surfaces, J. Hydrol., 519, 1257–1270.
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4.1. Introduction
The quantitative description of energy partitioning over evaporating terrestrial surfaces is
important for hydrological and land-atmosphere exchange models, for water resource
management, and for interpretation of various remote sensing measurements. The partitioning
of incoming radiative energy over evaporating (and drying) surfaces affects the exchange of
heat and mass transfer and, in turn, defines the relation between sensible and latent heat fluxes.
Thermal remote sensing methods often use surface temperature estimates within various
modeling frameworks to deduce surface energy balance components and indirectly estimate
surface evaporative fluxes [Kustas and Anderson, 2009; Kalma et al., 2008].
Various approaches have been proposed to estimate evaporative fluxes based on Surface Energy
Balance (SEB). A common approach estimates the sensible heat flux directly and deduces the
evaporative flux as the residual of SEB equation [Su, 2002; Norman et al., 1995; Choi et al.,
2009]:

LE = ( Rn − G ) − H

(4.1)

Where LE and H are evaporative and sensible heat fluxes [W/m2], respectively. In Eq. (4.1),

Rn is the net radiation and G is the soil heat flux [W/m2], both are measured directly or
estimated using measured surface temperature [Sellers et al., 1990; Jiang et al., 2004; Zhao et
al., 2010]. Hence, measurement of surface temperature ( Tsurf ) along with the estimation of
aerodynamic resistance to heat transfer ( rah ) are used to quantify sensible heat flux according to
[Kalma and Jupp, 1990; Liu et al., 2007; Kanda et al., 2007]:

H = raC p

Tsurf − Ta
rah

(4.2)

with ρ a , C p and Ta as density, specific heat and temperature of air, respectively.
Surface temperature is central to the surface energy balance. It determines the emitted long
wave radiation, the temperature gradients that drive soil heat flux and sensible heat flux, and the
vapor pressure gradient driving the evaporative flux. All methods based on remotely sensed
surface temperature for estimation of evaporative and sensible heat fluxes are sensitive to errors
accompanying surface temperature measurement. The accuracy of remotely observed surface
temperatures is affected by atmospheric conditions, sensor calibration, surface emissivity and
viewing angle. Uncertainties in estimation of the net radiation and soil heat flux from remote
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measurements of surface temperature compound errors in estimation of evaporative fluxes
[Kalma et al., 2008; Evett et al., 2012a].
Surface energy balance (SEB) methods often invoke the Bowen ratio (the ratio of sensible to
evaporative heat fluxes) to estimate the evaporative flux as:
LE =

Rn − G
1+ β

(4.3)

where the Bowen ratio ( β ) is determined from the vertical gradients of air temperature and
relative humidity established from measurements at two heights above the surface [Brotzge and
Crawford, 2003] with additional assumptions. Despite its apparent simplicity, Bowen ratio
methods are sensitive to net radiation and soil heat flux measurements and results may be
affected by the assumption of equality between vapor and temperature turbulent transport
coefficients, and that the pair of measurements is done within the fully adjusted boundary layer
[Evett et al., 2012b]. Irrespective of these issues, the method offers no predictability as it is
based primarily on direct and continuous measurement of vapor and temperature gradients.
In their seminal paper, Priestley and Taylor [1972] (denoted as P-T) proposed a simplification
of the Penman equation [Penman, 1948] for estimation of evaporation from saturated surfaces
based solely on energy considerations:
LE =

α s ( Rn − G )
s +γ

(4.4)

where s is the slope of saturation vapor pressure vs. temperature at surface temperature
[kPa/K], and γ is the psychrometric constant [kPa/K]. The coefficient α was proposed to
account for the contribution of the adiabatic component of the Penman equation (i.e., the drying
power of air [Mallick et al., 2014]). The P-T equation enables expression of the Bowen ratio
according to:
1−α

β=
α

s
s +γ
s

(4.5)

s +γ

The mean value of the parameter α estimated from measurements over saturated surfaces (e.g.
oceans) was found as 1.26, often considered as a constant. Subsequent studies have shown that

α may vary with radiation regime, relative humidity, air temperature and wind speed, and
among geographical sites [Kustas and Anderson, 2009; Flint and Childs, 1991; Jury and Tanner,
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1975]. Various studies embarked on establishing site-specific values for α based on local
measurements and by empirically correlating α with surface water content and other variables
[Davies and Allen, 1973; Barton, 1978; Bastiaanssen et al., 1998b; Flint and Childs, 1991]. The
widespread use of the P-T relation using constant α value is often unwarranted and should be
limited to well calibrated conditions. We note also that the value of s is strongly dependent on
rarely measured surface temperature (often only by remote sensing). In summary, despite its
simplicity, the Priestly-Taylor estimation of potential evaporation and related formulations
remain largely empirical with limited predictive capabilities beyond calibrated conditions.
The primary objective of this study is to implement an analytical pore-scale based model for
linking evaporative fluxes and surface temperature proposed by Aminzadeh and Or [2013] to
the prediction of the dynamics of surface energy partitioning over drying (evaporating)
terrestrial surfaces. Subsequently, we aim to extend the results to predict the dynamics of mean
surface temperature and evaporative fluxes from heterogeneous surfaces. Finally, we rely on the
physically based model to systematically predict the dependencies of the Bowen ratio and P-T

α parameter on different surface and climatic conditions and compare results with laboratory
and field measurements.
Following this introduction, the theoretical background of the Pore-scale Coupled Energy
Balance (PCEB) model was presented. Then, model predictions of energy partitioning and
surface temperature evolution during drying were compared with experimental data for
homogeneous and heterogeneous sand surfaces. Finally, the PCEB model was employed to
predict the Bowen ratio and P-T α parameter for drying evaporating surfaces under different
atmospheric conditions reported in the literature.

4.2. Theoretical Considerations
4.2.1. Pore-scale Model for Linking Evaporation and Surface Temperature Dynamics
The complex sequential invasion of water-filled surface pores by air during gradual drying of an
evaporating porous surface [Prat, 2002; Shahraeeni et al. 2012; Or et al., 2013] is simplified by
considering a representative unit cell comprised of an evaporating pore surrounded by dry solid
area (the ratio of pore area to unit cell area defines the surface water content). We define a
characteristic pore size for a surface based on soil type or texture. The pore is kept fixed as the
surrounding area gradually increases to represent surface drying (reduction in surface water
content), and systematically investigate effects of boundary conditions and surface properties on
the evaporation dynamics and the linked surface temperature [Aminzadeh and Or, 2013]. The
key feature in this model is the explicit link between the vapor flux and heat exchange with the
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evaporating pore where the geometry permits consideration of diffusive resistances and the
lateral (local) thermal field around the pore. The resulting evaporative flux per unit surface area
(considering pore and dry areas), and the area averaged surface temperature are physically
coupled and constrained by the surface energy balance on this unit cell (pore and dry solid area)
and consider the air boundary layer as well as soil heat flux. We emphasize that the coupling
between the evaporation rate and temperature distribution over the surface of the unit cell
considers the important temperature dependency of vapor concentration over water menisci in
the pores.
In the following we briefly describe the key steps involved in quantifying surface temperature
and evaporative flux. The energy balance for an infinitesimal surface element of dry region in
the unit cell (Figure 4.1) considers the energy balance over a unit cell comprised of an
evaporating pore surrounded by dry surface (the proportion of pore to dry area represents the
surface water content). The primary components of the pore-scale coupled energy balance
(PCEB) model consider radial heat conduction around the pore, the long and shortwave
radiation fluxes, convective heat transfer between surface and air flow (i.e., the sensible heat
flux), and finally the vertical soil heat flux towards (or from) the evaporative surface:
k ∂  ∂T
r
r ∂r  ∂r

k
 1 

4
4
T ] 0
[Ts −=
+
 sε aTa − sε sT + Rs + ha [Ta − T ] +
∆
h
∆
H




a≤r ≤b

(4.6)

where T is the unit cell temperature [K] at radial coordinates r [m], k is the effective thermal
conductivity of the soil [W/mK], Rs is the net incoming shortwave radiation flux [W/m2], ha is
the air thermal convection coefficient [W/m2K], Ta is the ambient air temperature [K], σ is the
Stefan-Boltzmann constant [ 5.67 × 10 −8 W/m2K4], ε s is the soil surface emissivity, ε a is the
atmospheric emissivity, ∆h is the thickness of surface evaporating pore [m] (unit cell), ∆H is
the thermal decay depth below the surface [m] [Shahraeeni and Or, 2011] and Ts is the
linearized soil temperature [K] at ∆H .
Interactions between the thermal fields forming around adjacent evaporating pores result in a
zero heat flux between the domains (

∂T
∂r

= 0 , with b as the radius of dry region). Moreover,
r =b

the effects of evaporative cooling within the water-filled pore induce radial conductive heat flux
across the pore wall, a flux used as the boundary condition for the energy equation
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qcond
k

r =a

, with a as the pore radius). Accordingly, this formulation yields the following

solution for the radial temperature distribution at the surface around the evaporating pore:

(
(
(
(

)
(
)
)
(
)

 K1 ψ b

I0
qcond (T )  I1 ψ b
T (r )
=
×
 K1 ψ b
k ψ

I1
 I1 ψ b

)

(

ψ r + K0

)

ψ a − K1

(


ψ r 

+Φ

ψ a 


)

a≤r≤b

(4.7a)

)

where I 0 and I1 , and K 0 and K1 are the modified Bessel functions of the first and second kind,
respectively, qcond (T ) is the conductive heat flux across the pore wall, the argument ψ is
defined as:

ψ =

4sε sTa3 + ha +

k
∆H

k ∆h

(4.7b)

and parameter Φ is expressed as:

k
Ts
s (ε a + 3ε s )Ta4 + haTa + Rs +
∆H
Φ=
k
4sε sTa3 + ha +
∆H

(4.7c)

A key parameter in Eq. (4.7) is the conductive heat flux ( qcond ) across the pore wall due to
evaporative cooling from the pore. Considering the energy balance for pore water, qcond is
dependent on the evaporative flux from the pore ( qevap ) that, in turn, is quantified based on the
Schlünder’s [1988] diffusion model:

Cs (T r = a ) − Ca 
q
=

2a p  p
δ+
− 1

p 4q  4q 
Da L

qevap

(4.8)

where qevap is the evaporative heat flux from the pore surface [W/m2], θ is the surface water
content (the ratio of pore area to total unit cell area) [m3/m3], Da is the vapor diffusion
coefficient in air [m2/s], L is the latent heat of water vaporization [J/kg], and Cs and Ca are
water vapor concentrations at the water meniscus surface and in the air mass [kg/m3],
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respectively. The parameter δ is the boundary layer thickness of the flowing air over the
evaporating (flat) surface [m] that is estimated based on the analysis of Haghighi and Or [2013]
as:

δ=

Cv

(4.9)

0.1 U a

in which v is air kinematic viscosity [m2/s], U a is mean air velocity [m/s], and C =22 is a
dimensionless constant.
An iterative solution of Eqs. (4.7) and (4.8) had been proposed [Aminzadeh and Or, 2013],
yielding mean evaporative flux and corresponding surface temperature. In this study, we
propose a scheme that avoids the iterative steps and yields a closed-form solution for surface
temperature. We estimate the value of Cs at the surface of water menisci using the linearized
saturated vapor concentration-temperature curve:

=
Cs a′Tw + b′

(4.10)

where a′ and b′ are linearization constants (obtained from linearization of saturated vapor
concentration-temperature curve around air temperature), and Tw is the mean pore water
temperature at the surface of meniscus. This step simplifies Eq. (4.8) as:
q=
C1 ( a′Tw + b′ − Ca )
evap

(4.11)

where C1 is defined as:
C1 =

Da L / θ



ππ
δ+
− 1

πθθ
4  4


(4.12)

2a

The energy balance for near-surface pore water is expressed as:
qcond × 2p a ∆=
h

(q

evap

− [ qrad + qconv + G ]) × p a 2

(4.13)

where qrad , qevap , qconv are radiative flux, evaporative flux, and convective flux on the surface of
the pore, and G is the soil heat flux. Using Eqs. (4.11) and (4.13), we may express qcond as:

=
qcond

a
2∆h

( C2Tw + C3 )

(4.14)
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where C2 and C3 are defined as:

C2 = C1a′ + ha + 4σε wTa3 +

k

(4.15a)

∆H

C3 = C1b′ − C1Ca − Rs − haTa − (3ε w + ε a )s Ta4 −

k
∆H

Ts

(4.15b)

with ε w as the water emissivity. We assume that water meniscus temperature is simply the
temperature at r = a ( T ( a ) = Tw ) which greatly simplifies the quantification of Tw (Appendix
A). The linearized saturated vapor concentration and pore water energy balance yield a closedform expression for the temperature distribution around an evaporating pore (Eq. 4.7):

(
(
(
(

)
(
)
)
(
)

 K1 ψ b

I
( C2Tw + C3 )  I1 ψ b 0
=
×
T ( r ) 2∆h
 K1 ψ b
k ψ

I1
 I1 ψ b
a

)

ψ r + K0

)

ψ a − K1

(
(


ψ r 

+Φ

ψ a 


)

a≤r≤b

(4.16)

)

Subsequently, the temperature distribution (Eq. 4.16) is spatially averaged to yield the mean
surface temperature of the unit cell ( T ). Following the estimation of surface pore water
temperature (Appendix A), the evaporative flux from the unit cell is obtained from Eq. (4.8):

LE = q qevap

(4.17)

A key aspect of the present model is prediction of the mean surface temperature for an
evaporating porous medium that enables estimation of the sensible heat flux as:
=
H ha (T − Ta )

(4.18)

with ha as the air convective heat transfer coefficient quantified as [Gaikovich, 2000]:

ha =

ka

δ

(4.19)

where ka is the air thermal conductivity [W/mK].
The analytical estimation of the evaporative and sensible heat fluxes enables direct calculation
of the Bowen ratio for different boundary conditions and surface water contents:
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β=

ha (T − Ta )

(4.20)

q qevap

The P-T α coefficient is determined by rearrangement of Eq. (4.5):

α=

s +γ

(4.21)

s (1 + β )

Finally, we determine the component of soil heat flux by linearization of the subsurface vertical
temperature distribution from the evaporating surface to the thermal decay depth ( ∆H ):

=
G

k
∆H

(T − Ts )

(4.22)

where k is the effective thermal conductivity of soil, and ∆H is quantified using Shahraeeni
and Or’s [2011] study of subsurface temperature distribution beneath evaporating porous
surfaces under constant laboratory conditions and based on surface energy balance equation
[Aminzadeh and Or, 2013] as:
∆H =
LE − Rs

(T

a

−T )

k

(

− ha + 4sε Ta3

)

(4.23)

For (sinusoidal) diurnal variations of soil surface temperature, the thermal damping depth below
the surface is estimated as [Jury et al., 1991]:

DH =

PDT

π

(4.24)

where P is the period of sinusoidal surface temperature variations [24 hr] and DT is the
effective thermal diffusivity of soil [m2/hr]. For laboratory conditions, the corresponding soil
temperature at thermal decay depth ( Ts ) is estimated as the ambient air temperature, or could be
estimated as the mean annual air temperature for field conditions.
In the following, we extend the PCEB model to estimate surface temperature and evaporation
dynamics from heterogeneous surfaces using different characteristic unit cells for different parts
of the surface and integrating their responses to various boundary conditions.
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Figure 4.1: Schematic sketch of an evaporating porous surface and the ingredients of the
new pore-scale coupled energy balance (PCEB) model depicting a representative unit
cell comprised of an evaporating pore and dry region surrounding it.
4.2.2. Surface Energy Balance Dynamics for Heterogeneous Evaporating Surfaces
The agreement between the PCEB model predictions and measurements of surface temperature
dynamics and evaporative fluxes from texturally homogeneous porous media [Aminzadeh and
Or, 2013] inspires confidence in extending the model to estimation of energy partitioning over
heterogeneous evaporating porous surfaces. We considered evaporating surfaces comprising of
different soil types and textures that may give rise to spatially distributed drying dynamics and
surface energy balance. Natural terrestrial surfaces may also involve variations in surface cover
(albedo, vegetation), topography and roughness that, in turn, may interact with turbulent
airflows and incoming radiation and result in distributed evaporative fluxes [Holland et al.,
2013; Shahraeeni and Or, 2010].
For the simplest case of evaporation from a flat but heterogeneous surface, we extend the
analytical model by selecting different representative unit cells for different regions on the
heterogeneous surface and weighing their relative contribution to the area averaged fluxes
(using their relative surface area). We classify the heterogeneous surface into homogeneous
subunits; each is modeled independently using the analytical pore-scale based model. The
specific properties of the subunit including the pore size distribution and boundary condition
over the surface enter into the characteristics of the unit cell and integration of fluxes and
temperatures over the fraction of the area. We consider differences in surface albedo and surface
emissivity that control energy partitioning over surfaces by affecting radiative exchange
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between the surface and atmosphere based on the variation of surface water content during
evolution of the unit cell (increase of dry region around the pore).
For the experimental tests of the concept (small laboratory samples), we evaluated the effect of
capillary interactions between elements of a heterogeneous surface composed of fine sand
inclusions in a background of coarse sand on the surface temperature and evaporation dynamics
(note that such detailed considerations may not be required for larger scales). Studies by
Lehmann and Or [2009] and Shahraeeni and Or [2010] have illustrated that lateral mass
exchange between the hydraulically coupled heterogeneous domains (i.e., fine inclusions)
influences evaporation dynamics from the surface and generally increases evaporative losses
from the heterogeneous system. Lehmann and Or [2009] have shown that evaporation from
such hydraulically coupled heterogeneous systems results in preferential drying of the coarse
background while the fine textured inclusions remain saturated for an extended period of time.
When the drying front depth in the coarse sand exceeds its evaporative characteristic length
[Lehmann et al., 2008], a transition to diffusion controlled stage 2 evaporation is expected for
most of the coarse surface while the fine sand inclusions remain nearly saturated and
evaporating at stage 1. This in turn, affects surface temperature while the drying front remains
shallower than the evaporative characteristic length of the sample that is quantified as:

LG= LGf + ∆hb

(4.25)

where LGf is the evaporative characteristic length of the fine sand and ∆hb is the difference
between air-entry pressures of fine and coarse sand domains. Thus, the coupling between
adjacent elements of a heterogeneous surface in terms of lateral exchange is investigated by
considering the capillary exchange in a hydraulically coupled heterogeneous system (small sand
sample) to characterize its effect on the surface water content and consequently energy
partitioning over the entire surface.
For heterogeneous surfaces comprising of different soil textural pairs, Lehmann and Or [2009]
have established a lateral length scale for hydraulic interactions of less than a few meters for
most textural pairs and evaporation rates (beyond which surface subunits become independent).
Such short range of hydraulic interactions supports application of representative unit cells for
surface subunits to predict the composite (area averaged) energy balance dynamics of drying
heterogeneous surfaces at field scale.
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4.3. Materials and Methods
4.3.1. Experimental Observations of the Evolution of Surface Heat Fluxes
We conducted evaporation experiments under well controlled laboratory conditions to observe
evaporation from homogeneous and heterogeneous sand samples and monitor the components
of the surface energy balance during surface drying.
4.3.1.1. Homogeneous Sand Surfaces
In the first set of experiments we have used homogeneous coarse-textured sand (grain size 0.71.2 mm) exposed to different levels of shortwave radiation. A Plexiglas box ( 0.2 × 0.2 × 0.2
m3) was filled with sand (porosity of 0.4) and initially fully water saturated. The exterior walls
of the box were insulated (using 20 mm thick closed-cell Styrofoam boards) to minimize heat
exchange with the surrounding air.
Evaporative mass losses from the sample were monitored using a digital balance (Sartorius,
CPA34001S, Germany) with repeatability and linearity of 0.1 and 0.2 g, respectively, while the
evolution of surface temperature was recorded using a sensitive infrared thermal imager (FLIR
SC6000, USA) at 20 min interval and at a spatial resolution of 640 × 512 pixels (more
information on the IR thermography is provided in Shahraeeni and Or [2010]). The soil heat
flux was measured using three miniature heat flux plates each with an area of 8.5 × 8.5 mm2
and thickness of 0.4 mm (gSKIN, Heat Flux Sensor, Switzerland) installed at 5 mm below the
surface with stated relative error of ±5% . Air temperature and relative humidity were jointly
monitored using an HMT337 sensor (Vaisala HUMICAP, HMT337, Finland) with stated
accuracies of 0.1 oC and 1%, for the air temperature and RH, respectively. We used two 150 W
halogen lamps (Heitronic, R7s, Germany) to provide the radiative flux over the surface (the
Tungsten-Halogen spectrum is similar to sunlight with a peak at 0.9 µ m due to the 3200 K
temperature). The net radiative flux over the evaporating surface was measured using a
calibrated net radiometer (Kipp & Zonen, NR-Lite2, Netherlands) with  10 W/m2 accuracy.
The intensity of incoming shortwave radiation over the surface was monitored with a solar
radiation power meter (Voltcraft, PL-110SM, Germany) with accuracy of 10 W/m2. Mean air
flow velocity generated by a fan was measured at 10 mm above the sample surface using a hot
wire anemometer with 0.01 m/s accuracy (Dostmann Electronic, P600, Germany). Figure 4.2
illustrates details of the evaporation experimental setup.
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Figure 4.2: Experimental setup for evaporation from sand samples (a). Surface
temperature was monitored using an IR camera (FLIR, SC6000) mounted on the sample.
Shortwave and net radiation fluxes were measured using radiometer. Surface IR image of
an evaporating homogeneous sand surface (b) and IR image of evaporating
heterogeneous surface with fine sand inclusions (blue) embedded in coarse sand
background (the coarse material is already in stage 2, whereas the fine inclusions are
still in stage 1) (c).
The water retention curves for the two sand types used in this study (symbols), and the fitted
van Genuchten model [van Genuchten, 1980] (lines) are depicted in Figure 4.3. We deduced the
respective evaporative characteristic lengths for the sands based on the concepts outlined in
Lehmann et al. [2008]. The resulting characteristic lengths were LcG = 80 mm and LGf = 100
mm for the coarse and the fine sands, respectively. For estimation of surface water content
during evaporative drying we invoked the assumption of near-hydrostatic conditions for the
capillary pressure distribution above the receding drying front [Shokri et al., 2008]. This
assumption enables estimates of surface water content as a function of drying front depth (or
elapsed time) [Aminzadeh and Or, 2013]:
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θθ
(t=
)
−
surf
s

2 (θθ
− res ) e t
s

(4.26)

LG

where θ surf , θ s and θ res are surface water content, saturated water content, and residual water
content [m3/m3], respectively; e is the evaporation rate [mm/day], LG is the evaporative
characteristic length [mm] and t is the elapsed time since onset of evaporation [day]. Equation
(4.26) has been tested by Shokri et al. [2008] and was used in this study to estimate surface
water content for comparison with model predictions.
350

Fine sand (0.3-0.9 mm)

Pressure Head (mm)

300

Coarse sand (0.7-1.2 mm)

250
200
150
100
50
0
0

0.1

0.2

0.3

0.4

𝜃𝜃 (m3/m3)

Figure 4.3: Measured water retention curves for the sand samples (symbols) and
corresponding van Genuchten water retention curves (lines).
4.3.1.2. Heterogeneous Sand Surfaces
The heterogeneous surface was created by introducing three cylindrical inclusions of fine sand
into the coarse background sand. Each fine sand inclusion with diameter of 50 mm and grain
size ranging from 0.3 to 0.9 mm was extended from the surface to the bottom of the coarse
sample (grain size ranging from 0.7 to 1.2 mm). The resulting heterogeneous sample is expected
to remain hydraulically coupled across the sharp textural contrasts. Capillary interactions are
expected to yield differences in evaporation dynamics for different sands expressed by spatially
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variable evaporative fluxes and surface temperatures similar to systems studied by Lehmann and
Or [2009] and Shahraeeni and Or [2010].
In such a hydraulically coupled system, the vaporization plane of the coarse background sand
recedes into the porous medium when its drying front depth exceeds the evaporative
characteristic length of the coarse sand (80 mm) marking the onset of stage 2 evaporation for
most of the surface (coarse background sand), while the fine sand inclusions remain in stage 1
and mainly support the evaporative flux from the sample until the drying front depth exceeds
the evaporative characteristic length of the sample (Eq. 4.25).
The contribution of vapor diffusion from the coarse region after its transition to stage 2
evaporation to the evaporative flux from the sample was approximated as [Or et al., 2013]:
C s − Ca

e2 (t ) = Ds

ξ +
2

2 Ds (Cs − Ca )

ρ w Dθ

(4.27)
t

where e2 (t ) is the evaporative flux during stage 2 evaporation [kg/m2s], Cs and Ca are vapor
concentration at the surface of evaporating water menisci and air mass [kg/m3], respectively, ξ
is the initial depth of the secondary drying front [m], ρ w is the water density [kg/m3], t is the
elapsed time from the onset of stage 2 [s], and ∆θ is the difference between the water content
below the primary drying front and residual water content [m3/m3]. Ds is the water vapor
diffusion coefficient through dry sand [m2/s] characterized as [Moldrup et al., 2000]:
Ds =

θ a2.5
n

Da

(4.28)

where θ a is the volumetric air content [m3/m3], n is the porosity and Da is the vapor diffusion
coefficient in air [m2/s]. Note that the contribution to the total evaporative flux by Eq. (4.27)
exerts only a small effect on surface energy balance components as the phase change occurs
within the sample and is not directly influencing surface temperature.
To obtain estimates of the surface temperature and SEB dynamics we employed the model (Eqs.
4.16 and 4.17) with unit cells representing the fine and coarse sand domains separately. For the
purpose of modeling, the pore size of the unit cell is estimated as 1/3 of the mean particle size
[Glover and Walker, 2009] of the corresponding fine or coarse sand domain and a uniform
atmospheric boundary condition over the composite surface is assumed. Next, the model
predictions obtained as a function of surface water contents of fine and coarse sands are
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presented based on the elapsed time since onset of the evaporation process (Eq. 4.26) by
considering the effect of hydraulic coupling and mass transfer between fine and coarse materials
[Lehmann and Or, 2009] on the surface water content. We then average the evaporative flux and
surface temperature of the fine and coarse sand domains (obtained as a function of time) based
on their relative surface area to quantify the area averaged mean surface temperature and overall
evaporative flux of the complex surface.
4.3.2. Prediction of the Surface Bowen Ratio and the Priestley-Taylor α Parameter
Various practical methods for estimation of evaporative fluxes rely on surface energy balance
[Agam et al., 2010; Su, 2002; Anderson et al., 1997]. For field applications, the Bowen ratio is
either measured directly or estimated from the P-T relation (Eq. 4.5) and used to estimate
evaporation based on the SEB. We propose the use of Eqs. (4.17) and (4.18) as an analytical
framework for prediction of the Bowen ratio (Eq. 4.20) to evaluate effects of different surface
and climatological conditions on the Bowen ratio and the related P-T α parameter (Eqs. 8 and
9 in Priestley and Taylor [1972]). The dependency of P-T α on the Bowen ratio highlights the
limitations of the use of constant α =1.26. We use the present model to systematically
investigate effects of shortwave radiation, air temperature and relative humidity, wind speed,
soil texture, and surface water content on the resulting values of the Bowen ratio. Accordingly,
Eq. (4.21) is employed to quantify variation of α by considering the effect of the abovementioned conditions on the Bowen ratio (Eq. 4.20) and corresponding s (quantified based on
the mean surface temperature obtained from the model). Model predictions of β and α will be
compared with published field data from measurements at Simcoe in Ontario [Davies and Allen,
1973] and in UC Davis, CA, USA [Pereira, 2004]. Finally, we present a generalized expression
for P-T α parameter with a range of radiation, wind speed and air temperature conditions for
nuanced application of P-T relation across different sites and conditions.

4.4. Results and Discussion
4.4.1. Experimental Results of Drying Sand Samples
4.4.1.1. Homogeneous Sand Sample
Model predictions for the evolution of surface temperature and heat fluxes were compared with
our own experimental results of evaporation from homogeneous coarse sand. To quantify the
important role of shortwave radiation on evaporation and SEB dynamics, we conducted
evaporation experiments under two radiation conditions ( Rs = 0 and Rs = 280 W/m2). Figure
4.4 shows key experimental results and model predictions for Rs = 0 W/m2 and Rs = 280
W/m2. The recorded values of airflow velocity over the sample and the relative humidity were
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0.5 m/s and 20 ± 4 %, respectively; and ambient air temperature was measured as 26 ± 2 oC and

24 ± 2 oC for experiments with and without shortwave radiation, respectively. Considering the
sand’s mean particle size of 0.9 mm (for the PCEB model) and estimating the pore size as 1/3 of
mean particle size [Glover and Walker, 2009], we found good agreement between model
predictions and experimental results with no parameter calibration.
The results in Figure 4.4 show that the application of shortwave radiation results in a significant
increase in the evaporative flux from the surface. As the surface temperature increases with

Rs = 280 W/m2, the saturated vapor pressure at the surface of water menisci increases, and with
it, the vapor pressure gradient between the evaporating surface and the air [Aminzadeh and Or,
2013; Shahraeeni et al., 2012], that enhances evaporative fluxes from the surface.
The nearly constant evaporation rate observed during stage 1 surface drying reflects a complex
adjustment of vapor exchange through the boundary layer as the area or number of evaporating
sources gradually decreases (lower water content). In the core of this process is the nonlinear
enhancement of vapor diffusion as the spacing between remaining active (wet) pores increases
with surface drying [Shahraeeni et al., 2012]. The constancy of the evaporation rate during stage
1 affects the observed mean surface temperature and soil heat flux; both remain constant
mirroring the constant evaporation rate. At the end of stage 1 evaporation, with decoupling
between the receding drying front and the surface [Lehmann et al., 2008] and the sharp decrease
in evaporation rate, the surface temperature and soil heat flux change concurrently. The changes
in the values of these surface quantities clearly mark the end of stage 1 evaporation. The
reduction in evaporation during the transition to the diffusion controlled stage 2 results in an
increase in the surface temperature reaching the value of ambient air temperature in the absence
of Rs . In the presence of shortwave radiation, the post stage 1 surface temperature exceeds the
ambient air temperature thereby giving rise to a sensible heat flux from the surface to the air
(and potentially higher soil heat flux) [Aminzadeh and Or, 2013].
Despite the higher evaporation rate for the experiment with shortwave radiation and the
potential for evaporative cooling, the resulting surface temperature (during stage 1) was higher
than for a similar evaporating surface with Rs =0 W/m2 as predicted by Aminzadeh and Or
[2013]. An increase in surface temperature above ambient air enhances the downward soil heat
flux for Rs = 280 W/m2; whereas a depression of surface temperature below ambient air
temperature leads to an upward soil heat flux towards the surface in the absence of shortwave
radiation ( Rs = 0 W/m2).
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4.4.1.2. Evaporation and Surface Temperature from Heterogeneous Sand Surface
We compared model predictions of the evolution of surface temperature and evaporation rates
with experimental results for the drying heterogeneous sand sample. The evolution of surface
temperature was recorded by a thermal imager during the experiment. The measured ambient air
temperature and relative humidity during the experiment were 26 ± 2

C and 23 ± 4 %,

o

respectively, and shortwave intensity over the evaporating composite surface was measured as
170 W/m2 (the lower value relative to uniform surface experiment was due to different light
source configuration relative to surface).
We modeled domains in the heterogeneous surface by representing the fine and coarse sand
domains using unit cells with mean particle sizes of 0.6 and 0.9 mm, respectively. Figure 4.5
illustrates the experimental results and model predictions of the evolution of mean surface
temperature and overall evaporation rate during drying of the sample obtained based on the area
averaging of the temperatures and fluxes of fine and coarse sand domains. Considering the
hydraulic coupling between coarse and fine sand domains, a lateral water flow is supplied from
the coarse to the fine material due to the capillary gradient [Lehmann and Or, 2009] that extends
stage 1 evaporation from fine sand inclusions.
The transition of the coarse background sand to stage 2 decreases the overall evaporation rate
from the sample and is accompanied by an increase in mean surface temperature. Subsequently,
evaporation is primarily supported by the extended stage 1 evaporation from the three finetextured sand inclusions. The higher surface temperature of coarse sand background in
comparison with fine sand inclusions depicted in Figure 4.6 confirms the observed reduction in
evaporative flux from coarse sand background while the fine sand inclusions remain in stage 1.
Considering the extended evaporative characteristic length of the composite sample, the
duration of stage 1 evaporation from the fine inclusions was extended as can be seen in Figure
4.5 marked by a nearly constant evaporation rate and mean surface temperature sustained from
4th to 12th day. The transition of the fine sand inclusions to stage 2 evaporation is marked by
reduction of evaporative flux and a concurrent increase in mean surface temperature (13th day).
The difference between model predictions and measurement of the fine sand temperature could
be attributed to the neglect of lateral energy coupling between the inclusions and the
background sand.
These limited comparisons between model predictions and experimental results obtained under
well controlled laboratory conditions highlight the potential applicability of the PCEB model for
prediction of SEB over evaporating surfaces. Next, we employ the model to predict variations in
the Bowen ratio and P-T α parameter under different surface and climatological conditions.
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Figure 4.5: Measured values (symbols) and model predictions (lines) of surface
evaporation rate (a), and surface temperature (b) for the heterogeneous sand sample.
Predictions of overall evaporation rate and mean surface temperature were obtained
based on area averaging of representative unit cell estimates specific to each domain
(and considering capillary interactions between the two domains).
4.4.2. Prediction of the Bowen Ratio and P-T α
The analytical framework for linking evaporative flux with surface temperature and sensible
heat flux from drying surfaces was used to obtain predictions of Bowen ratio and P-T α
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parameter guided and constrained by available measurements. Figure 4.7 depicts the estimated
values of Bowen ratio as a function of air temperature for different sites (symbols and
references) bounded by model predictions (dashed lines) obtained for assumed two net radiation
values of 100 and 500 W/m2 (Eq. 4.20). Model predictions were obtained by assuming constant
surface water content of 0.2 m3/m3 (well within stage 1 evaporation), relative humidity of 50%
and wind speed of 0.5 m/s. The results show that for the range of net radiation considered,
model predictions contain most of the experimental results depicting reduction of Bowen ratio
with decrease of net radiation flux and increase of air temperature. Figure 4.7 also demonstrates
the variation of α parameter for the mean net radiation flux of 200 W/m2 obtained from the
PECB model (Eq. 4.21) highlighting the value of α is not constant and it changes with
variation of boundary conditions.
The general consideration of the P-T α > 1 as a compensation factor for the adiabatic term in
the Penman equation [Mallick et al., 2013] suggests that different advective conditions for
evaporating surfaces could affect the value of P-T α . Hence, the analytical model (Eqs. 4.20
and 4.21) was used to systematically investigate how wind speed affects α assuming constant
net radiation and air temperature. The results in Figure 4.8 show a comparison between model
predictions (solid lines) obtained for mean air temperature of 25 oC, relative humidity of 50%
and surface water content of 0.2 m3/m3 and the experimental results (symbols) compiled by
Pereira [2004] from lysimeter measurements at Davis, CA, USA. The results show that with
increasing wind speed, the value of P-T α increases as expected. In reference to the Penman
equation for potential evaporation, advection results in increasing P-T α with increasing wind
speed that enhances the air drying power [Brutsaert and Stricker, 1979; Mallick et al., 2014].
Capitalizing on analytical model predictions of the variation of Bowen ratio and P-T α
parameter, and the agreement with experimental results under different boundary conditions,
motivated our pursuit of developing simple and general expressions for prediction of P-T α for
different air temperatures, net radiation and wind speeds (Appendix B). Equation (4.29)
obtained for relative humidity of 50% and surface water content of 0.2 m3/m3 (well within stage
1 evaporation) is thus proposed for the prediction of the α parameter as a function of air
temperature, net radiation and wind speed across a wide range of conditions:

a= λ (Ta − A) + B

(4.29a)

where Ta is the air temperature [oC], and the parameters A and B are functions of wind speed
( U a [m/s]):
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=
A 5.6 U a + 50.4
=
B (13.9 U a + 115) × 10 −2

(4.29b)

the parameter λ is determined as:

l
=

[ (1.3 ln( R ) − 9)(U
n

a

+ 7.2) + 17.8] × 10 −3

(4.29c)

with Rn and U a as net radiation flux [W/m2] and wind speed [m/s], respectively.
t=0 day

t=5 days

t=10 days

t=15 days

Figure 4.6: Measurements of the spatial distribution of surface temperature for the
heterogeneous sand sample at different times since the onset of evaporation expeiment.
The positions of the fine inclusions (diameter of 50 mm) are marked on the IR images.
To complete the analyses, we evaluated the variations of the Bowen ratio and α parameter as
the surface gradually dries. Figure 4.9 shows values of Bowen ratio and corresponding α
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parameter (lines) estimated for the data (symbols) reported by Davies and Allen [1973] from
measurements at Simcoe, Ontario. The nearly constant evaporative flux reflects the vapor
diffusion compensation during surface drying for a wide range of water contents [Shahraeeni et
al., 2012] resulting in nearly constant Bowen ratio and P-T α . For low water contents (as the
surface becomes nearly dry) the reduction in evaporative flux and concurrent increase in surface
temperature increases the Bowen ratio and decreases α dramatically.
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Figure 4.7: Experimental results (symbols) bounded by the model predictions (dashed
lines) of variations in the Bowen ratio with air temperature along with the variations of
β (blue full line, left axis) and α (red full line, right axis) for the mean net radiation flux

of 200 W/m2 predicted by the new PCEB model. The model predictions obtained for two
values of net radiation as 100 and 500 W/m2, surface water content of 0.2, and relative
humidity of 50%.

4.5. Summary and Conclusions
An analytical pore-scale based model that explicitly links evaporative fluxes with surface
temperature dynamics (constrained by SEB) was extended by obtaining a direct closed-form
solution for drying surface temperature. This enabled the prediction of radiative energy
partitioning during the gradual drying of homogeneous and heterogeneous surfaces that led to
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obtaining physically based estimates of the P-T α often used for estimation of evaporative
fluxes at large scales.
We conducted evaporation experiments from homogeneous sand surfaces considering the role
of shortwave radiation. Model predictions of the evolution of surface energy components during
drying of the surface were in very good agreement with experimental results. A more complex
evaporating surface was created by introducing inclusions of fine sand in a coarse background
sand to form a hydraulically coupled evaporating surface with sharp vertical contrasts [Lehmann
and Or, 2009; Shahraeeni and Or, 2010]. The temperature distributions and the dynamics of the
drying surface including transition to stage 2 evaporation for the coarse background medium
and fine inclusions were predicted by the model.
The physically based pore-scale model was employed to estimate the Bowen ratio and PriestleyTaylor α parameter for different surface and climatological conditions. Model predictions of
the variation of Bowen ratio versus temperature were compared with a broad range of field
measurements demonstrating that despite the large-scale differences between the data sources
and the model assumptions, the salient physical processes considered were able to describe
observed Bowen ratios from typically available inputs (air temperature, radiation). Model
predictions were in good agreement with measurements at different scales and conditions and
clearly demonstrated that the P-T α value decreases with surface drying, and increases with
increasing wind speed. Model predictions also demonstrated the reduction of α with increasing
net radiation flux assuming constant climatological conditions (air temperature, wind speed,
etc.). The predictability offered by the PCEB model enabled derivation of expression for
adjusting the α parameter with changes in surface and climatological variables (wind speed,
radiation, and air temperature). These expressions reduce some of the empiricism embedded in
certain remote sensing algorithms, and place convenient and widely used P-T formulation on a
more general and locally nuanced basis. The framework offers elements of systematic upscaling
and integration of spatially resolved measurements to predict SEB components and dynamics as
illustrated for the experimental surface used in this study. However, despite the physical basis,
additional aspects including energy coupling between the components of heterogeneous
surfaces, and the potential role of vegetation cover and heterogeneity of boundary conditions
over terrestrial surfaces must be evaluated to reconcile potential mismatch between the porescale model and remotely sensed variables at larger scales.
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Figure 4.8: Variations of the P-T α parameter with air wind speeds. The experimental
data (symbols) are from Pereira [2004] (originally obtained from lysimeter
measurements of Pruitt [1964] in Davis, CA, USA). Model predictions (solid lines) bound
the results between two values of net radiation extracted from Jensen and Haise [1963]
for Davis considering the criteria described in Pereira [2004] for evaporative flux.
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data of Davies and Allen [1973]. Model predictions (solid lines) obtained based on
average wind speed of 1 m/s, air temperature of 20 oC, and relative humidity of 50%.

Appendix A: A Closed-form Expression for Predicting Surface Temperature
Saturated vapor concentration ( Cs ) at the surface of water menisci is a function of water
temperature ( Tw ) that is expressed based on the Clausius-Clapeyron relation [Hartmann, 1994]
and considering the water vapor as an ideal gas:
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 LM w  1
1 
− 

 R  273 Tw  

611exp 

(A1)

where M w is the molar mass of water [kg/mol], L is the latent heat of vaporization [J/kg] and

R is the molar gas constant [8.314 J/mol K]. As seen in Eq. (A1), Cs is a nonlinear function of
temperature. In order to propose a closed-form for the surface temperature distribution on the
surface of unit cell (Eq. 4.7), we linearize Cs to explicitly link evaporative flux from the pore
with thermal field around the pore. Hence, we start with energy balance of the water within the
pore:

qcond × 2p a ∆=
h

(q

evap

− [ qrad + qconv + G ]) × p a 2

(A2)

where qevap , qconv and qrad are evaporative flux, convective flux and radiative flux on the surface
of the pore, G is the soil heat flux and qcond is the conductive heat flux across the pore wall.
The evaporative heat flux from a pore is expressed based on the Schlünder [1988] model:

Cs (T r = a ) − Ca 
q
=

2a p  p
δ+
− 1

p 4q  4q 
Da L

qevap

(A3)

with Ca as the vapor concentration in air mass. By definition of the variable C1 we have:
C1 =

Da L / θ



ππ
δ+
− 1

πθθ
4  4


(A4)

2a

=
qevap C1 ( Cs − Ca )

(A5)

Linearized form of the Cs is expressed as:

=
Cs a′Tw + b′

(A6)

where a′ and b′ are linearization constants. Eq. (A5) is written as:
=
qevap C1 ( a′Tw + b′ − Ca )

Thus, Eq. (A2) is expressed as:

(A7)
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=
qcond  C1 ( a′Tw + b′ − Ca ) − sε aTa4 − sε wTw4 + Rs + ha (Ta − Tw ) +




k
∆H

 a
(A8)
  2∆h

(Ts − Tw )   ×

where ε a and ε w are the atmospheric and water emissivity, respectively. By definition of
variables C2 and C3 , conductive heat flux across the pore wall is mentioned as:

C2 = C1a′ + ha + 4σε wTa3 +

k

C3 = C1b′ − C1Ca − Rs − haTa − (3ε w + ε a )s Ta4 −

=
qcond

a
2∆h

(A9)

∆H
k
∆H

Ts

(A10)

( C2Tw + C3 )

(A11)

We already found the solution of temperature differential eq. on the surface of the unit cell:
k ∂  ∂T
r
r ∂r  ∂r

k
 1 
4
4
[Ts − T=
]  0
+
 sε aTa − sε sT + Rs + ha [Ta − T ] +
∆
∆
h
H
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(A12)
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)
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(A13)

)

where parameter Φ is defined as:

k
s (ε a + 3ε s )Ta4 + haTa + Rs +
Ts
∆
H
Φ=
k
4sε sTa3 + ha +
∆H

(A14)

Assuming water temperature same as the unit cell temperature at r = a ( T ( a ) = Tw ), we have:
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)

Introducing variable C4 , the water temperature can be expressed as:

(
(
(
(

)
(
)
)
(
)

 K1 ψ b

I0
 I1 ψ b
1
=
C4
×
k ψ  K1 ψ b

I1
 I1 ψ b

)

ψ a + K0

)

ψ a − K1

(
(


ψ a 


ψ a 


)

(A16)

)

Tw= C4 × qcond + Φ

(A17)

where qcond is expressed using Eq. (A11):

a

=
Tw

2∆h

C4 ( C2Tw + C3 ) + Φ

(A18)

Finally, water temperature is found as:

Tw =

C4 C3

a
2∆h

1 − C4 C2

+Φ
(A19)

a
2∆h

Following the determination of temperature at the surface of water meniscus, the temperature
distribution on the “dry” surface around the evaporating pore (Eq. A13) is quantified:

(
(
(
(

)
(
)
)
(
)

 K1 ψ b

I
( C2Tw + C3 )  I1 ψ b 0
T ( r ) 2∆h
=
×
 K1 ψ b
k ψ

I1
 I1 ψ b
a

)

ψ r + K0

)

ψ a − K1

(
(


ψ r 

+Φ

ψ a 


)

a≤r≤b

(A20)

)

Figure A1 depicts the comparison between mean surface temperature and evaporation rate
obtained using the newly proposed closed-form solution and the iterative solution of Aminzadeh
and Or [2013].
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Figure A1: Variation of mean surface temperature (a) and evaporation rate (b) vs.
surface water content obtained using the proposed closed-form and the iterative solution
of Aminzadeh and Or [2013]. Ambient air temperature is 295 K, relative humidity is 50%
and wind speed is 1 m/s.

Appendix B: Physically Based Estimates of P-T α
Physically based predictions of the P-T α parameter were based on estimates of the Bowen
ratio (Eq. 4.20) and surface temperature (Eq. 4.16) obtained from the model. The predicted
surface temperature was used to quantify s (the slope of saturation vapor pressure vs.
temperature). For an estimated s and Bowen ratio α is determined as:
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α=

s +γ

(B1)

s (1 + β )

We assume constant wind speeds and then calculate α for different air temperatures at constant
net radiation fluxes. Figure B1 shows an example of the variations of α vs. air temperature for
constant wind speed of 1 m/s and different net radiation fluxes obtained from the PCEB model
(Eqs. 4.16, 4.20 and 4.21). Assuming the same ranges of air temperature and net radiation flux,
we obtain similar plots for different wind speeds. Using the interception point of linearized α
curves (e.g. in Figure B1) and based on the variation of slope ( λ ) for different net radiation
fluxes (in each plot corresponds to a constant wind speed), we propose a general expression for
estimation of P-T α parameter in stage 1 evaporation as:

a= λ (Ta − A) + B

(B2)

where Ta is the air temperature [oC] and parameters A and B are the coordinates of the
interception point that are functions of wind speed ( U a [m/s]):

=
A 5.6 U a + 50.4
=
B (13.9 U a + 115) × 10 −2

(B3)

The parameter λ varies for a constant net radiation in different plots obtained for different wind
speeds. Figure B2 illustrates variation of λ for constant net radiation fluxes at different wind
speeds. Using the interception point of fitted curves (assuming linear) in Figure B2 we can
propose the following relation for estimation of λ :

λ = η (U a + 7.2) + 0.0178

(B4)

The parameter η is the slope of fitted curves in Figure B2 that is a function of net radiation flux
[W/m2] (Figure B3):
=
η

[1.3ln( R ) − 9] × 10
n

−3

(B5)

To test the proposed expression for prediction of α parameter, we compared α values obtained
from measurements with Eq. (B2). We used the experimental data of Davies and Allen [1973]
from measurements at Simcoe in Ontario including estimated values of α , wind speed and net
radiation, and data obtained from FLUXNET measurements (eddy covariance systems) in
deciduous forests and tundra including estimated α and air temperature in Cho et al. [2012].
The net radiation flux for FLUXNET data were extracted from Wilson et al. [2002]. We
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employed Eq. (B2) to evaluate estimated values of α by Davies and Allen [1973] using the
reported values of wind speed and net radiation and assuming the relative humidity of 50% and
air temperature of 25 oC. For FLUXNET sites we used the reported values of net radiation and
air temperature along with the assumed relative humidity of 50% and wind speed of 0.5 m/s to
predict the value of α using Eq. (B2). For example, net radiation flux and lower and upper
limits of wind speed were reported as 3.074 kWh/m2day (=128.1 W/m2), 0.6 m/s and 1.5 m/s,
respectively, for July 22 in Table 1 of Davies and Allen [1973]. Using the measured value of net
radiation flux and assuming mean air speed as 1.05 m/s ( (0.6 + 1.5) / 2 m/s) and air temperature
of 25 oC, Eqs. (B3) to (B5) lead to A = 56.28 [ oC], B = 1.30 [-], η =
−2.7 × 10 −3 [(oC m/s)-1],

−4.48 × 10 −3 [1/oC]. Finally, Eq. (B2) yields the value of α as 1.43 while the estimated
and λ =
value of α is reported as 1.36 in Davies and Allen [1973]. Figure B4 shows the comparison
between estimated values of α using the model (Eq. B2) (solid symbols) and experimental
values obtained from measurements [Davies and Allen, 1973; Cho et al., 2012]. We also
compared our physically based estimation of the α parameter with PT-JPL model developed to
modify P-T formulation for estimation of evaporative flux as the sum of soil, canopy and
interception evaporation [Fisher et al., 2008; Ershadi et al., 2014]. The modified P-T α
parameter for evaporation from soil is expressed in PT-JPL model as [Fisher et al., 2008]:

α 1.26 ( f wet + f SM (1 − f wet ))
=

(B6)

where f wet and f SM are relative surface wetness and soil moisture constraint, respectively, and
quantified as:

f wet = RH 4

(B7)

f SM = RH VPD / µ

(B8)

with RH and VPD as relative humidity and vapor pressure deficit, respectively, that are
quantified at midday conditions (RHmin and Tmax). The parameter µ defines the relative
sensitivity to VPD which is quantified as 1 kPa. We used estimated values of α obtained from
measurements [Davies and Allen, 1973; Cho et al., 2012] to compare our model prediction of α
(Eq. B2) with predicted values of α using PT-JPL approach (Eq. B6) (Figure B4). Daily
averaged air temperature and RH were used to quantify α parameter from PT-JPL model for
Simcoe measurements, while midday RH and air temperature resulted in more deviation in
comparison with estimated α from measurements.

Dynamics of surface energy partitioning

101

1.8
Rn=100 W/m2

1.6
1.4

𝛼𝛼

1.2
200 W/m2

1
300 W/m2

0.8
500 W/m2

0.6
0

10

20

Ta

30

40

(oC)

Figure B1: Model predictions of the variation of α vs. air temperature for constant wind
speed 1 m/s and different net radiation fluxes obtained for the average relative humidity
of 50%, and surface water content of 0.2 m3/m3.
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Figure B2: Variation of λ (slope of α curves in Eq. B2) vs. wind speed. Symbols depict
the values obtained from the PCEB model and lines are the fitted curves.
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(for deriving simple and analytical expression).
1.7
Cho et al. [2012] : Tundra
Cho et al. [2012] : Deciduous Forests
Davies and Allen [1973]
1:1

1.5

𝛼𝛼 (Prediction)

1.3

1.1

0.9

0.7

0.5
0.5

0.7

0.9

1.1

1.3

𝛼𝛼 (Measurement)

1.5

1.7

Figure B4: Comparison between predicted values of the α parameter based on the PTJPL (empty symbols) and the new PCEB (solid symbols) models. Estimates are derived
from measurements at Simcoe in Ontario (diamonds) [Davies and Allen, 1973] and
FLUXNET sites (circles and triangles) [Cho et al., 2012] (RH data for FLUXNET sites
were extracted from Falge et al. [2005]).

Dynamics of surface energy partitioning

103

Acknowledgments
The authors gratefully acknowledge funding by the Swiss National Science Foundation
(200021–113442) and the generous assistance of Dr. Peter Lehmann, Hans Wunderli, and
Daniel Breitenstein in various aspects of the study.

Chapter 5

A generalized complementary relationship
between actual and potential evaporation defined
by a reference surface temperature1
Abstract: The definition of potential evaporation remains widely debated despite its centrality
for hydrologic and climatic models. We employed an analytical pore-scale representation of
evaporation from terrestrial surfaces to define potential evaporation using a hypothetical steady
state reference temperature that is common to both air and evaporating surface. The feedback
between drying land surfaces and overlaying air properties, central in the Bouchet [1963]
complementary relationship, is implicitly incorporated in the hypothetical steady state where the
sensible heat flux vanishes and the available energy is consumed by evaporation. Evaporation
rates predicted based on the steady state reference temperature hypothesis were in good
agreement with class A pan evaporation measurements suggesting that evaporation from pans
occurs with negligible sensible heat flux. The model facilitates a new generalization of the
asymmetric complementary relationship with the asymmetry parameter b analytically predicted
for a wide range of meteorological conditions with initial tests yielding good agreement
between measured and predicted actual evaporation.

1

Published as: Aminzadeh, M., M. L. Roderick, and D. Or (2016), A generalized complementary
relationship between actual and potential evaporation defined by a reference surface temperature, Water
Resour. Res., 52, doi:10.1002/2015WR017969.
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5.1. Introduction
Notwithstanding its centrality to hydrology and climate, the definition and application of the
concept of potential evaporation remain heavily debated [Granger, 1989; Nash, 1989; Morton,
1991; Lhomme, 1997; Donohue et al., 2010; McMahon et al., 2013; Shuttleworth, 2014; Milly
and Dunne, 2011]. Potential evaporation is often used to define a reference state for evaporative
losses under nonlimiting surface diffusive resistance [Bateni and Entekhabi, 2012], or for
deducing actual evaporation from measurable meteorological variables or from pan evaporation
measurements [Brutsaert and Stricker, 1979; Hobbins et al., 2001; Brutsaert, 2005; Kahler and
Brutsaert, 2006]. The potential evaporation concept is especially interesting in the framework of
the complementary relationship (CR) that links potential evaporation and actual evaporation as
postulated by Bouchet [1963]. The key idea behind the CR formalism is that as a surface dries, a
fraction of the energy not used for evaporation becomes available in the form of increased
sensible heat flux [Brutsaert and Parlange, 1998; Brutsaert, 2005] that increases potential
evaporation and gives rise to a complementary relation between actual evaporation and potential
evaporation. Such a relation offers a simple and attractive framework for estimating actual
evaporation based on calculated potential evaporation (or measured pan evaporation) without
detailed knowledge of surface properties.
Implicit to the Bouchet hypothesis is a hypothetical evaporation rate around which the
symmetric complementary relation forms denoted as Ew “wet environment evaporation” which
is the evaporation from an extensive well-watered surface where input energy is the limiting
factor. A general form of the CR relation was proposed by Kahler and Brutsaert [2006]:

(1 + b) Ew =bEa + E p

(5.1)

where b is an empirical constant, and Ea and E p are actual and potential evaporation,
respectively. This form was also implicit in the earlier studies of Brutsaert and Stricker [1979],
Brutsaert and Parlange [1998], and Brutsaert [2005]. The symmetric CR hypothesized by
Bouchet requires that b = 1 . However, theoretical and experimental evidence shows that b
generally exceeds 1 [Kahler and Brutsaert, 2006; Pettijohn and Salvucci, 2009; Yang et al.,
2013] implying an asymmetric form of the CR. As of yet, it is unclear how and why the
parameter b varies across systems and conditions.
The objectives of this study are: (1) to provide a new definition of potential and “wet
environment” evaporation rates based on steady state surface temperature at which the sensible
heat flux vanishes; (2) to use the new formulation of steady state evaporation and analytically
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generalize the asymmetrical complementary relationship through physically based prediction of
b parameter; and (3) to estimate actual surface evaporation rates for a range of atmospheric
conditions based on predicted b parameter and steady state reference evaporation.
Following this introduction, a brief overview of the asymmetric CR is presented. We then
present a new formulation that defines a reference state using a hypothetical steady state
temperature that is common to both air and evaporating surface. The reference state is obtained
by finding the surface-air temperature that satisfies the surface energy balance (SEB) while
assuming the vapor concentration of the near-surface air remains constant. With this reference
state definition we were able to a priori calculate the parameter b and use it to estimate actual
evaporation through the generalized complementary relationship.

5.2. Overview of the Asymmetric Complementary Relationship (CR)
5.2.1. Conceptual Difficulties
Previous investigations of the CR have demonstrated that a symmetric complementary
relationship between actual and potential evaporation (i.e., b=1 in Eq. 5.1) rarely occurs, and the
increase in potential evaporation with surface drying is often higher than the reduction in actual
evaporation [Kahler and Brutsaert, 2006; Pettijohn and Salvucci, 2009; Yang et al., 2013]. The
asymmetric nature of the CR has been attributed to the definition of potential evaporation and
its variation with changes in air characteristics during surface drying [Brutsaert, 2005]. Many of
the methods used for potential evaporation estimation have evolved from Penman’s [1948]
combination method (combining energy balance with vapor transfer) that expresses potential
evaporation from a free water surface as:
=
LEPe

D
D+γ

Rn +

γ
D +γ

DPA

(5.2)

where Rn is the net radiation, γ is the psychrometric constant, ∆ is the slope of saturated vapor
pressure curve at air temperature, and DPA is the drying power of air often characterized by an
empirical wind function and vapor pressure deficit. Monteith [1965] extended the Penman
formulation to include the physiological control by vegetation on the evaporation from leaves
and canopies. The Penman-Monteith equation [Monteith, 1965] is often used to estimate
potential evapotranspiration by measuring real-world meteorological conditions under realworld surface conditions but then arbitrarily assigning the surface resistance to be zero in order
to complete the calculations. However, land-atmosphere coupling means that the meteorology is
not independent of the surface conditions (i.e., the surface resistance) [Shuttleworth, 2012]. In
other words, if the surface resistance was truly zero then the measured meteorology would have
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been different. One way to address the coupling between surface resistance and meteorological
variables using the Penman-Monteith approach equation is to introduce additional resistance(s)
such as the climatological resistance [Shuttleworth et al., 2009]. That represents a useful
approach but here we sought to further investigate the CR using Eq. (5.1) as a basis.
Brutsaert [2005] referred to potential evaporation estimated using meteorological data under
nonpotential conditions (i.e., when the surface resistance was greater than zero) as the “apparent
potential evaporation” (e.g., Penman equation) arguing that interactions between air flow and
land surface alter potential evaporation relative to values obtained for a wet surface. The
feedback and nature of air-surface interactions require particular attention to the surface wetness
and its effect on energy partitioning as a surface gradually dries [Aminzadeh and Or, 2014].
Aspects of land-atmosphere coupling were also implicit in Bouchet’s original hypothesis, in
particular the feedback between declining actual evaporation that modifies air properties and
alters potential evaporation relative to the hypothetical condition of the evaporation from an
extensive wet environment ( Ew ). Thus, the definition of reference conditions and variation of
potential evaporation in response to the land-atmosphere feedbacks are essential for estimation
of actual evaporation based on the complementary relationship.
5.2.2. Empirical Studies of the CR
Kahler and Brutsaert [2006] have studied how pan evaporation (representative of atmospheric
evaporative demand) varies with drying of the surrounding land surface. They proposed a
generalized form of the complementary relationship (Eq. 5.1) using an empirical parameter
(b≥1) that accounts for pan evaporation enhancement with the reduction of actual evaporation
from the drying land surface, and defined by:

b=

E p − Ew
E w − Ea

(5.3)

this definition of parameter b asserts that the increase of potential evaporation ( E p ) above the
wet environment evaporation ( Ew ) is proportional to the energy flux that becomes available
with surface drying and reduction in evaporation rate. Pettijohn and Salvucci [2009] considered
variations of potential evaporation with drying of the land surface using 2D modeling of the
interaction between a standard class A evaporation pan and the surrounding environment. They
argued that lateral energy and vapor diffusion exchanges of the pan with the surrounding
environment are responsible for the asymmetry in the complementary relationship (i.e., b > 1 ) in
which a unit variation of actual evaporation is accompanied by approximately five-fold
variation of potential evaporation.
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Normalization of Eq. (5.1) leads to the following expressions for scaled actual evaporation
( Ea + = Ea / Ew ) and scaled potential evaporation ( E p + = E p / Ew ) as functions of the
dimensionless moisture index ( EMI = Ea / E p ):
Ea + =

(1 + b) EMI
1 + bEMI

E p+ =

1+ b
1 + bEMI

(5.4a)

(5.4b)

where EMI is the surface moisture index (with maximum value of 1) indicating how close the
landscape is to potential conditions. Figure 5.1 depicts variations of Ea + and E p + as functions
of the evaporative moisture index, EMI , for different values of b. The parameterization used in
Figure 5.1 demonstrates that Ea + and E p + are less sensitive to variations in b when surfaces are
close to saturation, and the main difference emerges for dry surfaces as actual evaporation ( Ea )
diminishes. At the limit of a completely dry surrounding surface (i.e., Ea = 0 ), the definition of
parameter b simplifies to:

b=

E p − Ew
Ew

(5.5)

this simplification will be used in section 5.2 to clarify the origins of b parameter based on a
physically based framework.
Previous empirical investigations have used pan evaporation data to calibrate b with Ew defined
by the Priestley and Taylor [1972] estimate [Kahler and Brutsaert, 2006]:
=
LEP −T α P −T

∆
∆+γ

( Rn − G )

(5.6)

where the Priestley-Taylor parameter ( α P −T ) was determined from local measurements.
Additionally, as the surrounding dry surface becomes wetter and actual evaporation increases,
surface temperature is expected to decrease as will the outgoing long wave radiation thereby
increasing the net radiation. Such adjustments are not accounted for if net radiation under drier
(wetter) conditions is assumed to remain constant under wetter (drier) conditions. Hence, it is
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clear that variations of surface temperature with surface drying (or wetting) must be considered
when quantifying wet environment evaporation ( Ew ) that is central to the CR approach.
5.2.3. Previous Derivations of the CR
A previous theoretical investigation of the CR has considered, in principle, the possibility of
changes in surface temperature with wetting or drying [Granger, 1989]. In that study Granger
[1989] defined Ea , Ew , and E p via the corresponding vapor pressure gradients quantified at the
relevant (surface) temperatures according to:
=
∂E Ew =
− Ea

f (u )(ew* − ea ) − f (u )(es =
− ea )

f (u )(ew* − es )

(5.7a)

∂=
E p E p −=
Ew f (u )(e*p − ea ) − f (u )(ew* −=
ea ) f (u )(e*p − ew* )

(5.7b)

where f (u ) is an empirical wind function, ea is the air vapor pressure, es is the vapor pressure
*

at the drying surface, e p is saturated vapor pressure at surface temperature ( Ts ) and ew* is
saturated vapor pressure of a hypothetical wet surface at temperature Tw . Combining Eqs. (5.7a)
and (5.7b) yields:

E p − Ew
E w − Ea

=

e*p − ew*
ew* − es

(5.8)

Without explicitly invoking the asymmetry b parameter (Eq. 5.3), the relationship expressed in
Eq. (5.8) implicitly represents this parameter based on vapor pressure gradients for unknown
surface temperatures. Granger [1989] assumed the net radiation is constant as the surface
wetness changes which implies that the change in sensible heat flux (H) was of equal and
opposite sign to the change of latent heat flux (LE), leading to the relation:
∂H
∂LE

=−1 =γ

Tw − Ts
ew* − es

(5.9)

However, as noted above, and elsewhere [Aminzadeh and Or, 2013], the surface temperature
does change during surface drying or wetting which, in turn, changes the net radiation and limits
the applicability of Eq. (5.9). The critical role of surface temperature variation with surface
drying in definition of b parameter based on Eq. (5.8) will be presented in section 5.5.2.
Combining Eqs. (5.8) and (5.9) results in the asymmetrical complementary relationship as:
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∆*

γ
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∆*

γ
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(5.10)

An important point in derivation of Eq. (5.10) through Eqs. (5.7) to (5.9) is the definition of ∆*
using the (unknown at this stage) surface temperatures as:

(e*p − ew* )
∆* =
(Ts − Tw )

(5.11)

Although Granger [1989] provided an unambiguous definition of ∆* in this context, some
researchers have interpreted it as the slope of saturated vapor pressure at air temperature (e.g.,
Venturini et al. [2012]). The crucial point here is that ∆* is defined using two unknowns, the
drying surface temperature ( Ts ) and the hypothetical wet surface temperature ( Tw ) and both
must be specified in this version of the asymmetrical complementary relationship. A similar
relationship representing the “b” parameter in Eq. (5.1) as b = ∆* / γ (see Eq. 5.10) was
proposed by Szilagyi [2007] considering ∆* as an effective slope of the saturation vapor
pressure curve. In the absence of surface temperatures ( Ts and Tw ) for quantifying ∆* , Szilagyi
[2007] proposed an empirical correction coefficient,

ε , to express ∆* = ε ∆ in which ∆ is

quantified based on air temperature. The correction parameter

ε is determined through a

calibration process, and in some cases it has been tacitly assumed to be unity [Yang et al.,
2013].
In summary, there is broad consensus supported by limited experimental evidence regarding
some sort of complementarity between actual and potential evaporation as a surface dries.
Presently, the definitions of potential evaporation as a reference state using meteorological
variables (for the complementary relationship) are critically dependent on assumptions
regarding aerodynamic effects in Penman’s equation [Brutsaert and Stricker, 1979; Granger,
1989]; on locally calibrated coefficients [Priestley and Taylor, 1972]; or on generally
unavailable surface temperature for prediction of energy partitioning and quantification of vapor
pressure deficit [Granger, 1989; Crago and Crowley, 2005; Szilagyi, 2007]. Moreover, the wet
environment evaporation ( Ew ) serves as a reference state in the complementary relationship,
yet, it has often been quantified based on the meteorological data obtained under nonwet
conditions (e.g., using P-T equation) [Brutsaert and Stricker, 1979], or unknown surface
temperatures [Granger, 1989]. Consequently, the general form of the complementary
relationship and estimation of actual evaporation from the CR approach remain ambiguous.
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5.2.4. A New Reference Surface Temperature-based Approach to the CR
We propose a new framework for the CR that explicitly resolves the surface temperature of a
drying surface ( Ts ) and defines a hypothetical wet surface temperature ( Tw ) thereby allowing
for consistent estimates of the net radiation and air properties as a surface wets or dries. The
new formulation employs a surface element centered around an evaporating pore (i.e., a porescale representation) and directly links surface energy balance components including surface
resistance due to pore-scale diffusive interactions [Aminzadeh and Or, 2014]. We then postulate
a hypothetical steady state condition where the drying surface and the air reach a common
equilibrium temperature. This state implicitly considers complete air-surface feedback that
concurrently adjusts surface and air temperatures to a common reference temperature while a
surface wets/dries. Evaporation from a small saturated surface surrounded by a large drying
region represents potential evaporation in our model. Accordingly, the hypothetical reference
temperature is used to quantify wet environment evaporation (i.e., the evaporation from an
extensive wet surface) and the subsequent variation of potential evaporation with changes in
surface water content during surface drying. The theoretical background of the steady state
surface temperature and model derivation of potential evaporation are presented in the following
section.
5
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Figure 5.1: Ea + = Ea / Ew and E p + = E p / Ew , as functions of the evaporative moisture
index EMI = Ea / E p . The curves were obtained with Eqs. (5.4a) and (5.4b), respectively,
for different values of the effectiveness parameter, b [Kahler and Brutsaert, 2006].
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5.3. Theoretical Considerations
5.3.1. Steady State Surface Temperature for Potential Evaporation
We propose a physically based approach for prediction of potential evaporation through explicit
calculation of surface energy balance components including long wave radiation and soil heat
flux. A closed land-atmosphere system with negligible dry air entrainment at the top of the
convective boundary layer (CBL) is assumed [McNaughton, 1976; Perrier, 1980; Raupach,
2001] to investigate surface energy balance and feedback processes between surface and air
flow that is also similar to the closed-box model [Lhomme, 1997]. Energy exchange across the
system boundaries occurs via radiation and soil heat flux. Hence, the net available energy within
the system is partitioned between evaporative and sensible heat fluxes:

(1 − a ) RS + RL ,in − RL ,out − G = H + LEa

(5.12a)

where α is the surface albedo, RS is the incoming shortwave radiation flux while RL ,in and
RL ,out are incoming and outgoing long wave radiation, respectively, and G is soil heat flux. The

first term on the left hand side of Eq. (5.12a) represents the net shortwave radiation at the
surface denoted as RS , net . We use theory developed previously based on a pore-scale
representation of coupled mass and energy exchange over evaporating and drying porous
surfaces to explicitly describe each of the energy fluxes in Eq. (5.12a) [Aminzadeh and Or,
2013] (Figure 5.2). That theory enables consideration of dynamic effects of water availability on
energy partitioning and surface heat fluxes. The formulation considers intrinsic resistance to
vapor diffusion from drying surfaces [Schlünder, 1988; Haghighi et al., 2013; Haghighi and Or,
2015] with the SEB for a surface unit cell (with an evaporating pore at its center) written as:

(1 − a ) RS + sε aTa4 − sε sTs4 −

k
DZ

(Ts − TZ )= ha (Ts − Ta ) +

Da λ [Csat ( Ts ) − Ca ]

δ (1 + Φ )

(5.12b)

in which Schlünder’s diffusive resistance parameter Φ is defined as:

=
Φ

2a

πδ



ππ
− 1

4θθ
 4


(5.12c)

where ε s and ε a are surface and atmospheric emissivity, respectively, a is the characteristic
pore size, δ is the boundary layer thickness that is characterized using the wind speed ( U a )
[Haghighi and Or, 2013], θ is the mean surface water content, Da is the vapor diffusion
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coefficient in air, ha is the air convection heat transfer coefficient, Ta is the air temperature and

TZ is the linearized soil temperature at thermal decay depth ( ∆Z ) beneath the evaporating
surface [Shahraeeni and Or, 2011; Aminzadeh and Or, 2014]. In Eq. (5.12b) Csat represents
saturated vapor concentration at the surface of unit cell’s evaporating pore and Ca is the vapor
concentration within the air mass (characterized based on air temperature and relative humidity)
interacting with drying surface, which, alternatively, could be expressed in terms of specific
humidity.
While in real conditions the CBL may grow and entrain drier and warmer air from the free
atmosphere, the concept of closed land-atmosphere system has been used by McNaughton
[1976], Perrier [1980] and Lhomme [1997] to characterize land-atmosphere feedbacks showing
that the effect of entrainment on evaporation dynamics is relatively weak. Accordingly, this is
the starting point for theoretical analyses in this study enabling considerations of feedbacks
between surface and air temperatures that impact sensible heat flux and air warming feedbacks
as the surface wets or dries (Figure 5.3). We seek conditions for estimating potential
evaporation described by Raupach [2001] as “the long-term limit of evaporation into a closed
system supplied steadily with energy”. We set the upper limit of evaporation where the sensible
heat flux is zero ( H = 0 ), and the system will therefore attain a hypothetical reference
temperature such that the temperature of the evaporating (drying) surface is equal to that of the
air (Appendix A):

T=
T=
Tss
s
a

(5.13)

we define this as the “steady state temperature” ( Tss ) under the hypothetical imposed condition
where most of the available energy drives the latent heat flux (a small amount goes to soil heat
flux and adjusts long wave radiation). Hence, for a surface building block composed of an
evaporating pore surrounded by dry surface (Figure 5.2) the resulting coupled energy balance
(Eq. 5.12) can be expressed explicitly in terms of Tss as:

(1 − a ) RS + s Tss4 (ε a − ε s ) −

Da λ [Csat ( Tss ) − Ca ]
(Tss − TZ ) =
δ (1 + Φ )
DZ
k

(5.14)

We further assume that the mean vapor concentration in the near-surface air mass ( Ca ) remains
constant while the system is brought to the imposed condition and that evaporation from the
drying land surface does not modify the air column’s specific humidity significantly
[McNaughton and Spriggs, 1989]. The only unknown in Eq. (5.14) is the steady state
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temperature; a solution (root finding) thus yields the value of Tss during surface evaporation for
the assumed condition of H = 0 .

Figure 5.2: Schematic sketch of an evaporating porous medium with surface energy
balance components and a surface overlain by unit cells centered on an evaporating pore
(see Aminzadeh and Or [2014] for details). The reduction of surface water content during
surface drying is represented by an increase in the dry region around individual wet
pores on the surface (brown circles).

Figure 5.3: Conceptual diagram showing the effect of feedback process between
overlying air flow and land surface on the variation of actual and potential evaporation
during surface drying (CBL stands for the convective boundary layer whose vertical
dimension may vary with time).
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5.3.2. Estimation of Reference Evaporation Based on Steady State Surface Temperature
We consider evaporation from a saturated surface with no surface resistance, and follow
Lhomme’s [1997] definition of potential evaporation as “the evaporation that would occur from
a hypothetical saturated surface, with radiative properties similar to those of the whole area
and small enough that the excess moisture flux does not modify the characteristics of the
convective boundary layer”. The steady state reference temperature provides a link between
components of the surface energy balance at this hypothetical steady state condition. In
addition, we made the assumption of zero sensible heat flux that defines a particular state of
feedbacks between the surface and the air as described by Eq. (5.14). Accordingly, we consider
a small saturated surface surrounded by a large drying region, and evaporation from this
saturated surface (e.g., a pan) represents the resulting potential evaporation expressed as
diffusive vapor transfer across air boundary layer of thickness δ at the steady state surface
temperature [Machin, 1970; Hisatake et al., 1995; Lim et al., 2012; Haghighi and Or, 2013] as:

LER (Tss )
=

Da λ

δ

[C (T ) − C ]
sat

ss

a

(5.15)

The steady state reference evaporation ( ER , Eq. 5.15) is used to represent effects of the drying
land surface on potential evaporation ( E p ) through effects of land-atmosphere feedback process
on steady state surface temperature and saturated vapor pressure. Note the language in many of
the complementary relationships is “small potential evaporation surface” where the dimension is
not really important as long as the evaporation from the small wet surface does not appreciably
alter the characteristics of the overlying air.
Estimation of potential evaporation based on an equilibrium surface temperature has been
previously proposed by Morton [1983] who considered equality between steady state surface
energy balance (neglecting soil heat flux) and aerodynamic vapor transfer for evaporation from
a wet surface. A similar definition of equilibrium temperature has been proposed by Edinger et
al. [1968] as the surface temperature at which the net rate of energy exchange over water
surfaces is zero. Accordingly, the resulting equilibrium surface temperature has been used to
quantify components of surface energy balance (net radiation and sensible heat flux) and
calculate potential evaporation as the residual of SEB over moist surfaces [Morton, 1983]. Note
that our definition of potential evaporation presented in Eq. (5.15) should not be confused with
either the equilibrium temperature potential evaporation of Morton [1983], or the equilibrium
evaporation of Slatyer and McIlroy [1961]. A definitive review of the various forms of
equilibrium evaporation is provided in Raupach [2001].
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5.4. Methods and Materials
5.4.1. Reference Surface Temperature ( Tss ) and Steady State Evaporation ( ER )
The left hand side (LHS) of Eq. (5.14) represents the available energy for evaporation including
net radiation and soil heat flux, while the right hand side (RHS) is the aerodynamic
representation of the evaporative flux (at a hypothetical steady state with zero sensible heat
flux). Figure 5.4 illustrates variations of LHS and RHS of Eq. (5.14) with temperature for
different values of net shortwave radiation during stage 1 evaporation, transition to stage 2, and
at stage 2 evaporation. The increase in surface temperature increases outgoing long wave
radiation and soil heat flux that, in turn, decreases the LHS for a constant net shortwave
radiation flux. On the other hand, increased surface temperature enhances evaporative flux by
increasing the vapor pressure gradient for a constant surface wetness. The intersections of the
curves (marked by symbols) in Figure 5.4 depict unique values where the energetic (LHS) and
aerodynamic (RHS) representation of evaporative flux are equal and yield a specific steady state
surface temperature, Tss , that fulfills the condition of zero sensible heat flux as per the original
definition (Eq. 5.14). Note that details of the variation of LHS and RHS functions with surface
temperature are not central to this analysis, only their intersection.
To compare model predictions of the reference evaporation based on steady state surface
temperature (Eq. 5.15) with widely used measures, we compare ER (Tss ) with the PenPan
[Rotstayn et al., 2006], Penman (Eq. 5.2), and Priestly-Taylor (Eq. 5.6) estimates. The PenPan
model is a generalized form of the Penman’s equation that has been designed and calibrated to
represent class A pan evaporation. The radiative and aerodynamic components in PenPan are
calculated based on Linacre [1994] and Thom et al. [1981], respectively (see Rotstayn et al.
[2006] and Roderick et al. [2007] for details). For further tests of the model we also compare

ER (Tss ) with monthly average pan evaporation made at Tucson and Yuma (Arizona), and
Grand Junction (Colorado) where associated meteorological data [Western Regional Climate
Center, 2014; Jensen and Haise, 1963] needed for evaluation of the model were available.
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Figure 5.4: Solution for steady state temperature at three different evaporative regimes
as stage 1, transition, and stage 2 assuming U a =1 m/s, ε s =0.9, ε a =0.8, Ta =25 oC,

Ca =0.011 kg/m3 ( RH =50%), k =1 W/mK, TZ =25 oC, and ∆Z =0.1 m. The left and right
vertical axes depict variations of the available energy for evaporation (LHS of Eq. 5.14)
and aerodynamic representation of evaporative flux (RHS of Eq. 5.14) with temperature,
respectively. The wet and dry surface conditions are marked as different stages of surface
evaporation. The intersections of the curves (symbols) show unique values of steady state
surface temperature, Tss , for the given radiative and evaporation regimes.
5.4.2. Physically Based Prediction of the b Parameter
Generalization of complementary relationship proposed by Kahler and Brutsaert [2006] remains
widely empirical with parameter b quantified through the measurements. We aim to analytically
predict variation of b parameter represented in Eq. (5.3) using a physically based framework
that employs the steady state reference evaporation for quantification of potential and wet
environment evaporation. The model predicted b parameter is evaluated using actual and pan
evaporation data obtained from measurements in Kansas, US (Konza Prairie and Tuttle Creek
Reservoir) [Kahler and Brutsaert, 2006], and in Walnut Creek watershed (Iowa, US) [Yang et
al., 2013]. For data from Kansas we use average meteorological inputs as RS , net =310 W/m2,

U a =3 m/s, Ta =22 oC, Ca =0.011 kg/m3 obtained from day-time (06:00 to 18:00 CST) averages
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of half-hourly measurements at stations 40 (May-October, 1987) and 944 (July and August,
1989) [Fritschen, 1994]; and for Walnut Creek watershed the mean meteorological data (10:00
to 16:00 CST) is obtained based on measurements from 16 June to 9 July 2002, at site WC13 as

RS , net =550 W/m2, U a =3.6 m/s, Ta =30.8 oC, Ca =0.017 kg/m3 [Jackson and Cosh, 2003; Prueger
et al., 2009].
5.4.3. Estimation of Actual Evaporation through the Generalized CR
The most important utility of predicted parameter “b” would be estimation of actual evaporation
based on the asymmetrical complementary relationship defined by rearrangement of Eq. (5.1) to
give:

Ea =

(1 + b) Ew − E p

(5.16)

b

We employ analytical derivation of b parameter to estimate actual evaporation through the CR
framework (Eq. 5.16) in which potential and wet environment evaporations are quantified based
on the steady state reference evaporation. The actual evaporation obtained from the newly
derived b parameter and reference evaporation is evaluated with field evaporation data. We have
used the experimental data of Davies and Allen [1973] obtained from measurements at Simcoe
in Ontario, the FIFE project at Konza Prairie (station 40) [Sellers et al., 1992; Fritschen, 1994;
Kanemasu, 1994], the SMACEX experiments conducted in Walnut Creek watershed (Iowa, US)
[Jackson, 2003; Jackson and Cosh, 2003; Prueger et al., 2009], and lysimeter evaporation data
of Katul and Parlange [1992] obtained from measurements in Davis, US. Summary and some
details of experimental data are briefly presented in Table 5.1.
Table 5.1: Characteristics of experimental data used for evaluation of Eq. (5.16)
Field

Julian Day

Year

Data

Simcoe (Ontario, Canada)

163-168-169174-181-203204

1971

Davies and Allen [1973],
Environment Canada [2014]

Station 40 (FIFE project),
Konza Prairie (Kansas, US)

166-177-184190-246

1987

Sellers et al. [1992], Fritschen
[1994], Kanemasu [1994]

Davis (California, US)

257-271-279286-297

1990

Katul and Parlange [1992]

Site WC23 (SMACEX02),
Walnut Creek watershed
(Iowa, US)

182-185-187

2002

Jackson [2003], Jackson and
Cosh [2003], Prueger et al.
[2009]
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In the following section, we present dynamics of steady state evaporation and analytical
prediction of b parameter which are employed to estimate actual evaporation using the
generalized complementary relationship.

5.5. Results and Discussion
5.5.1. Dynamics of Steady State Evaporation at Reference Surface Temperature LER (Tss )
The evolutions of the reference temperature ( Tss ) and associated steady state evaporation at the
reference surface temperature (i.e., LER (Tss ) as the representative of potential evaporation) as
functions of the surface moisture are illustrated in Figure 5.5 for different values of initial air
temperature and shortwave radiation flux. The nearly constant evaporative flux during stage 1
evaporation is the result of complex micro-adjustments of vapor diffusion exchange through the
air boundary layer [Shahraeeni et al., 2012] that yield a nearly constant steady state temperature
for a wide range of surface water contents. The subsequent large reduction in evaporative flux at
the end of stage 1 evaporation (transition to stage 2) [Monteith, 1981; Aminzadeh and Or, 2014]
results in changes in energy partitioning. The excess energy not able to be used for evaporation
as the surface dries, manifests itself as an increase in the sensible heat flux associated with an
increase in the hypothetical steady state temperature (Figure 5.5a). Note that the value of vapor
concentration in air ( Ca ) is held constant during surface drying while the air relative humidity
(RH) will vary with changes in Tss . These changes are consistent with the notion of drier and
warmer air as the surface dries as postulated in the earlier concepts that underpin the
complementary relationship [Bouchet, 1963; Brutsaert and Stricker, 1979].
Figure 5.5b depicts variations in LER (Tss ) with surface drying obtained from Eq. (5.15)
corresponding to Tss in Figure 5.5a. The differences in the resulting LER values with surface
drying illustrate that a symmetrical complementary relationship as postulated by Bouchet [1963]
is not common. Notwithstanding the similarity between the present model and the analysis of
Pettijohn and Salvucci [2009] for enhancement of potential evaporation with surface drying we
note the underlying physical reasons are different. The increase of LER (Tss ) with surface drying
as reported here (Figure 5.5b) is the result of an increase of Tss that is inferred from the
condition of zero sensible heat flux over the drying surface, whereas the increase of potential
evaporation in Pettijohn and Salvucci [2009] with surface drying was attributed to negative
sensible heat flux towards the pan.
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To assess model predictions of the reference evaporation based on the steady state surface
temperature concept (Eq. 5.15) we plotted potential evaporation predictions by the PenPan,
Penman, and P-T equations normalized by estimates of ER (Tss ) as a function of the incoming
shortwave radiation in Figure 5.6. Potential evaporation predictions by Penman and P-T
equations are typically lower than ER (Tss ) by about 20% to 30%. That is anticipated because
our reference surface assumes no sensible heat flux, while the saturated surfaces studied by
Priestley and Taylor (see Figure 2 in Priestley and Taylor [1972]) have a Bowen ratio of around
0.3 which accounts for the above-noted differences.
Natural evaporating surfaces at steady state temperature (with H = 0 ) are probably rare;
however, measurements show that evaporation from class A pans often occurs with near-zero
sensible heat flux, especially during summer [Lim et al., 2013]. Those observations would also
explain the close agreement of ER (Tss ) with PenPan estimates (black dashed-line in Figure 5.6)
under typical sunny conditions (e.g., RS > 400 W/m2).
We sought further tests of the approach and have also compared ER (Tss ) with both pan
evaporation measurements and Priestly-Taylor estimates of evaporation (Figure 5.7). We
calculated EP −T (Eq. 5.6) and ER (Tss ) (Eq. 5.15) and compared the results with the pan
evaporation measurements conducted in Arizona and Colorado, US [Western Regional Climate
Center, 2014]. Model estimates of steady state reference evaporation show good agreement with
pan evaporation data. The widely used EP −T (with α P −T = 1.26 ) was only around 68% of the pan
evaporation and consistent with typical values of the pan coefficient (~0.7-0.8).
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Figure 5.5: Dependence of steady state reference temperature (a) and LER (Tss ) (b) on the
surface wetness. Results were obtained for different values of net shortwave radiation and
initial air temperature assuming U a =1 m/s, ε s =0.9 and ε a =0.8, k =1 W/mK,

TZ =25 oC, and ∆Z =0.1 m. Different stages of surface evaporation are characterized
based on surface wetness. The value of Ca was quantified for RH =50%.
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Figure 5.6: Normalized values of the PenPan, Penman and P-T equations with ER (Tss )
versus shortwave radiation obtained based on the surface water content of 0.2 m3/m3,
RH =50%, Ta =25 oC, U a =2 m/s, ε s =0.9, ε a =0.8, pan albedo of 0.15, and soil albedo

of 0.25. The commonly applied class A pan evaporation coefficient (0.7 to 0.8) is evident
in the values of Penman and P-T models.
5.5.2. The Origins of the Asymmetrical Parameter b and its Physically Based Prediction
The agreement between model predictions of potential evaporation and pan evaporation
measurements motivated application of the model to describe the asymmetrical complementary
relationship. We seek to develop a physically based estimation of the efficiency parameter “b”
of Kahler and Brutsaert [2006] by using steady state reference evaporation ( ER (Tss ) ) to estimate
potential and wet environment evaporation in Eq. (5.3) as:

bss =

ER (Tss ) − Ew (Tss )
Ew (Tss ) − Ea (Ts )

(5.17)

The physically based prediction of b parameter based on Tss and ER (Tss ) is hereby denoted as

bss to differentiate it from the b parameter that is deduced from measured evaporation data
[Kahler and Brutsaert, 2006]. The various terms can be readily plotted on a standard
temperature-vapor concentration curve (Figure 5.8). Accordingly, the parameter bss can be
expressed as:
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bss

(C

(

)

D
(Tss θθ
) − Ca ) − a Csat (Tss ) − Ca
z−x
δ
δ
=
Da
Da
y
Csat (Tss θθ
) − Ca −
Csat (Ts ) − Ca ) x −
(
1+ Φ
δ
δ (1 + Φ )
Da

sat

(

sat

sat

)

(5.18)

where Ts is the surface temperature, Tss is the steady state surface temperature and Φ
represents vapor diffusion resistance parameter (Eq. 5.12c).
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Figure 5.7: Comparison between values of ER (Tss ) obtained from Eq. (5.15) with
monthly average pan evaporation for Tucson (May, June, July, August, September,
October), Yuma (July, August), and Grand Junction (August) [Western Regional Climate
Center, 2014] assuming surface water content of 0.2 m3/m3 for the surrounding land.
Squares depict comparison between pan data and estimations of wet surface evaporation
using the P-T relation obtained with α P −T =1.26. The regression line with slope of 0.68
for P-T estimations follows the pan coefficient. The radiation fluxes were estimated from
Jensen and Haise [1963].
The extent of the Tss on the horizontal axis of Figure 5.8 between saturation and dry conditions
( θ sat and θ = 0 ) reflects the properties of the drying surface and places the system at different
locations of temperature-vapor pressure relations thereby defining the value of bss with
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y
1+ Φ

) and potential evaporation (z)

with respect to the (constant) wet environment evaporation (x) is captured by the constant bss
for the entire range of surface moisture content. The representation in Eq. (5.18) is similar to the
interpretation of Granger [1989] expressed here in Eq. (5.8). The essential difference is that the
approach proposed here allows estimation of the appropriate surface temperature that is
essential for prediction of this important CR asymmetry parameter (b).
Assuming that the value of b is constant for the entire range of surface moisture content, we
employ Eq. (5.5) that is the simplified form of Eq. (5.3) for dry condition where Ea = 0 (i.e.,
y
1+ Φ

=0) to analytically predict the value of b parameter for various atmospheric inputs. The

values of potential and wet environment evaporation are then calculated using model estimates
of reference evaporation ( ER in Eq. 5.15) and based on the steady state reference temperature
( Tss ) obtained from Eq. (5.14) for wet and dry conditions to quantify Ew and E p , respectively,
for given atmospheric data such that:

=
bss

(C

(

)

(Tss θθ
) − Ca ) − Csat (Tss ) − Ca
sat
z −x
=0
= 0
x
Csat (Tss θ ) − Ca

(

sat

)

sat

(5.19)

Figure 5.9 depicts the range of variations of bss values from Eq. (5.19) over a large range of
differences in Tss between saturated ( θ sat ) and completely dry ( θ = 0 ) surface conditions. The
range of differences in Tss (schematically marked by green shaded area in Figure 5.8) varies
with atmospheric conditions (radiation, wind speed, air vapor concentration). The gray dashed
lines in Figure 5.9 show how bss and steady state surface temperature difference vary with input
radiative flux for a constant wind speed across three values of air vapor concentrations. A
crucial point that differentiates this study from Granger [1989] and others, is the direct
prediction of the corresponding surface temperatures that, in turn, enables closure of the energy
balance and latent heat fluxes and permits analytical prediction of the b parameter.
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Figure 5.8: Schematic representation of variation of actual, potential and wet
environment evaporation depicted as y / (1 + Φ ) (thick dashed-line), z, and x, respectively,
during surface drying. The parameter z0 represents reference evaporation for dry
condition. The saturation vapor concentration curve ( Csat ) was obtained from the
Clausius-Clapeyron relation. The range of steady state temperature on horizontal axis is
related to the properties of the drying surface and the atmospheric inputs, and it reflects
the origins of the CR asymmetry and how bss varies with surface properties (affecting the
range of temperature increase) and atmospheric inputs (the position of green shaded
area).
The parameter bss based on Eq. (5.19) was evaluated using experimental data depicted in
Figure 5.10. The results make used of actual and pan evaporation measurements from Kansas,
US, expressed in normalized forms ( Ea + = Ea / Ew and E p + = E p / Ew ) as functions of moisture
index ( EMI = Ea / E p ) [Kahler and Brutsaert, 2006]. The solid lines in Figure 5.10 depict the
variations of Ea + and E p + versus EMI (Eqs. 5.4a and 5.4b) with b = 4.33 yielding the best fit
to measured data in the study by Kahler and Brutsaert [2006]. For the meteorological inputs of
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stations 40 and 944 in Konza Prairie [Fritschen, 1994], Eq. (5.19) was used to predict bss
(dashed lines in Figure 5.10). We emphasize that the parameter bss was obtained directly from
input meteorological data and not from curve fitting to experimental evaporation results.
Next, we employed Eq. (5.19) to systematically extend a physically based prediction of b
parameter based on reference evaporation (Eq. 5.15) calculated for a range of atmospheric
conditions. The correlation based estimate of bss driven by atmospheric inputs is denoted as bss* .
The expressions in Eq. (5.20) were obtained as a function of net shortwave radiation, wind
speed and air vapor concentration across a range of conditions (see Appendix B):

=
bss* A RS , net + B

(5.20a)

where RS ,net is the net shortwave radiation flux ( (1 − α ) RS [W/m2]) and the parameter A is a
function of wind speed ( U a [m/s]):

A= (3U a + 2) ×10−3

(5.20b)

The parameter B is also determined as function of wind speed ( U a [m/s]) and vapor
concentration ( Ca [kg/m3]) as:

=
B (24.3U a − 1.44)(Ca + 22 × 10 −3 ) + 0.3

(5.20c)

We tested physically based expression in Eq. (5.20) using measurements from the Walnut Creek
watershed (Iowa, US) [Yang et al., 2013] (Figure 5.11). Relevant meteorological data from the
Soil Moisture-Atmosphere Coupling Experiment (SMACEX02) conducted in Walnut Creek
[Jackson and Cosh, 2003; Prueger et al., 2009] were used to calculate bss* . The solid curves in
Figure 5.11 have been obtained using bss* = 10.7 and compared with normalized measurements
(our estimate of bss* was calculated a priori using Eq. (5.20) and was not the result of curve
fitting).
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Figure 5.9: Variation of bss versus the difference between steady state surface
temperature at dry and wet condition. The dashed and solid colored lines represent
variations in bss and steady state temperature difference for constant wind speeds of 1 and
3 m/s, respectively, and constant vapor concentrations. The gray dashed lines mark
constant (shortwave) radiative fluxes ( RS , net ).
5.5.3. Estimation of Actual Evaporation ( Ea )
Physically based prediction of the b parameter highlights applicability of the generalized
complementary relationship proposed by Kahler and Brutsaert [2006] for estimation of actual
evaporation. We evaluated the procedure of estimating actual evaporation through the
generalized CR with our derivation of b parameter and reference evaporation by comparing
measured (actual) evaporation with predictions based on Eq. (5.16). Figure 5.12 depicts
comparison between values of actual evaporation obtained from Eq. (5.16) and experimental
evaporation data measured at Simcoe in Ontario [Davies and Allen, 1973], Konza Prairie
[Sellers et al., 1992; Fritschen, 1994; Kanemasu, 1994], Walnut Creek watershed (Iowa, US)
[Jackson, 2003; Jackson and Cosh, 2003; Prueger et al., 2009], and Davis, US [Katul and
Parlange, 1992]. Based on the reported meteorological data, the parameter b was predicted from
Eq. (5.20). In addition, the values of Ew and E p in Eq. (5.16) were quantified as ER (Tss )
considering the values of Tss (Eq. 5.14) at saturation ( θθ
= sat ) and the reported surface water
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content for each data point, respectively. Hence, surface-atmosphere coupling, central to the CR
approach, is embedded in the calculation of Ew and E p based on meteorological data for the
corresponding surface wetness conditions. We provide a worked example in Appendix C to
clarify the application of Eq. (5.16) for estimating actual evaporation.
The good agreement between experimental data and estimated actual evaporations in Figure
5.12 represents the usefulness of the complementary relationship for estimating actual
evaporation from drying surfaces via prediction of the efficiency parameter (b), and potential
and wet surface evaporation rates based on the present model.
4
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4.33 [Kahler and Brutsaert, 2006]
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Figure 5.10: Normalized evaporation data from Kansas and parameterized curves (solid
curves) with b=4.33 [Kahler and Brutsaert, 2006]. The dashed curves depict the model
predicted bss parameter obtained for day-time (06:00 to 18:00 CST) with average
meteorological inputs [Fritschen, 1994]: RS , net =310 W/m2, U a =3 m/s, Ta =22 oC,

Ca =0.011 kg/m3 (RH=60%), assuming ε s =0.9 and ε a =0.8.
5.6. Summary and Conclusions
We employed a pore-scale representation of evaporation from drying porous surfaces
constrained by surface energy balance to define a reference evaporation for steady state
conditions with zero sensible heat flux. A unique steady state surface temperature ( Tss ) that
links surface energy balance and evaporation from surfaces at any water content was used to
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quantify evaporation from a small saturated surface surrounded by drying land surface as the
representative of potential evaporation ( ER (Tss ) ). The predicted reference evaporation ER (Tss )
was in agreement with class A pan evaporation measurements (and with PenPan model
predictions) suggesting that the standard class A pan evaporates with minimal sensible heat flux
(as also seen in observations of Lim et al. [2013]). The model was not designed to predict pan
evaporation, but instead it enables extension of the asymmetric complementary relationship
with analytical prediction of the b parameter of Kahler and Brutsaert [2006]. The newly derived

ER (Tss ) and b were used in the asymmetric complementary relationship framework to estimate
actual evaporation from standard atmospheric measurements yielding good agreement with
actual evaporation measurements. The formulation provides insights regarding the meaning of
the parameter b, supports the broad interpretation of Granger [1989] (compare Eq. 5.8 with Eqs.
5.17 and 5.18), and links the CR asymmetry to the surface temperature increase as the surface
dries and steady state input energy as modulated by the nonlinearity of temperature-vapor
pressure relations [Lintner et al., 2015].

Scaled Evaporation
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Ea+
Series4
b*ss= 10.7 Model Predicted
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EMI
Figure 5.11: Normalized evaporation data from Walnut Creek (symbols) - site: WC13
[Yang et al., 2013]. The solid curves depict model predicted b parameter ( bss* from Eq.
5.20) obtained based on mean values of reported meteorological data [Jackson and
Cosh, 2003; Prueger et al., 2009]: RS , net =550 W/m2, U a =3.6 m/s, Ta =30.8 oC, Ca=0.017
kg/m3 (RH=55%).
The concepts presented here, offer a physical framework for quantifying the asymmetric
complementary relationship and can be used for prediction of actual evaporation of drying
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surfaces. The key concept is the recognition that surface temperature (and hence net radiation)
changes with variation of surface wetness (wetting or drying) affecting the wet environment
evaporation ( Ew ) and potential evaporation ( E p ) in the context of complementary relationship.
Hence, the key innovation has been the use of a pore-scale model to explicitly calculate the
surface temperature coupled with atmospheric conditions as a function of moisture content and
use it to quantify Ew and E p . Clearly, aspects such as spatial heterogeneity of terrestrial
surfaces and meteorological variables, and specific role of vegetation cover must be further
investigated to link this pore-scale based approach with large-scale phenomena of hydrologic
and climate interest.
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Figure 5.12: Comparison between estimated actual evaporation (Eq. 5.16) and measured
values of actual evaporation using data from four different field experiments: day-light
average experimental data of Davies and Allen [1973] obtained from measurements in
Simcoe, Ontario; Konza Prairie (station 40) [Sellers et al., 1992; Fritschen, 1994;
Kanemasu, 1994]; SMACEX experiments in Walnut Creek (site: WC23) [Jackson, 2003;
Jackson and Cosh, 2003; Prueger et al., 2009], and lysimeter evaporation data of Katul
and Parlange [1992]. A worked example of the actual evaporation calculation based on
Eq. (5.16) is presented in Appendix C for the data point marked by the arrow.
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Appendix A: Temporal and Spatial Scales for Steady State Reference
Temperature ( Tss )
Based on the assumption of feedback process between drying land surface and overlying air
flow in a closed land atmosphere system (section 5.3) [McNaughton, 1976; Perrier, 1980;
Lhomme,1997] we invoke the following assumptions to resolve the temporal and spatial scales
in which the hypothetical steady state condition takes place:
1. Considering the structure of convective boundary layer we focus on the air column below the
surface layer (in the CBL that is coupled with the land surface underneath) where vertical fluxes
of momentum and heat are almost constant and atmospheric profiles including temperature,
wind and moisture profiles change with height significantly [Driedonks and Tennekes, 1984;
McNaughton and Spriggs, 1986; Metzger et al., 2007]. Above the surface layer there is a wellmixed layer in which heat, momentum and moisture are thoroughly mixed due to turbulence
[Kaimal et al., 1976; Stull, 1988]. Diurnal growth of the CBL in response to the large-scale
vertical velocity or air entrainment from top of the CBL [Wallace and Hobbs, 2006] during
feedback process between a drying surface and the adjacent air is neglected and for estimating
the relevant time scales we assume a constant height for the CBL to facilitate mathematical
modeling of the interaction between land and air column below the surface layer. Accordingly,
assuming the constant height of ζ for surface layer (5 to 10% of the CBL height [Stull, 1988;
Leclerc and Foken, 2014]) the volume averaged temperature ( Tav ) is introduced to represent the
temperature of air column below the surface layer.
2. Regarding the vertical temperature distribution below soil surface we use the assumption of
PCEB model [Aminzadeh and Or, 2014] in which vertical temperature gradients in the unit cell
with thickness of ∆z (a single grain size) are neglected. We investigate the energy balance of a
surface soil layer with thickness of ∆z and temperature of Ts . The Biot number for the soil
layer is defined as:

Bi =

ha ∆z
k

(A1)

where ha is the air thermal convection coefficient and k is thermal conduction coefficient of
soil layer. For a range of conditions (e.g., ha = 5 − 30 W/m2K, =
k 0.5 − 2 W/mK, ∆z= 0.1 − 1
mm) the Biot number is of order 10

−4

to 10

−2

that is much smaller than 1 and supports the

assumption of uniform temperature in a thin soil surface layer.

Generalized CR defined by a reference surface temperature

133

The unsteady energy balance for the air column with height ζ and soil surface layer with
thickness of ∆z is written as:

dT

av
ha (Ts − Tav )
ρ a caζ =

dt

ρ s cs Dz

(A2)

dTs
Da λ
k
=(1 − a ) RS + sε aTav4 − sε sTs4 − ha (Ts − Tav ) −
(Ts − TZ ) −
C (T ) − Ca 
dt
d (1 + Φ )  sat s
DZ
(A3)

in which ρ and c are density and specific heat, respectively. The simultaneous solution of Eqs.
(A2) and (A3) leads to the condition in which feedbacks between surface and air temperatures
in terms of sensible heat flux and air warming feedbacks result in the thermal equilibrium
condition. Temporal discretization of Eq. (A2) and (A3) is written as:
h ∆t
Tavi +1 =
Tavi + a
(Tsi − Tavi )
ρ a caζ

Tsi +1 =Tsi +

(A4)


Da λ
k
Dt 
 C ( T i ) − Ca  
(1 − a ) RS + sε aTavi 4 − sε sTsi 4 − ha (Tsi − Tavi ) −
(Tsi − TZ ) −

z 
Z
ρ s cs DD
δ (1 + Φ)  sat s

(A5)

We then compare steady state temperature of the system including soil surface and air obtained
from analytical solution of steady state surface energy balance equation in which zero sensible
heat flux reflects the effect of feedback process (Eq. 5.14) with numerical solution of Eqs. (A4)
and (A5). Figure A1 depicts the model prediction (Eq. 5.14) of the variation of steady state
temperature with surface water content. For the sake of comparison we have plotted evolution
of surface and air temperatures for two different surface water contents as 0.2 and 0.02 m3/m3 as
function of dimensionless time (t*) (Figure A2) defined as:

t* =

ha t
ρ a caζ

(A6)

*

The system reaches the steady state condition after t ~ 3 (Figure A2) when both the analytical
model (Eq. 5.14) and numerical solution of unsteady energy balance equations (Eqs. A4 and
A5) yield the same temperature.
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Figure A1: Variation of steady state temperature with surface water content obtained
from solution of Eq. (5.14) (root finding). U a =1 m/s, ε s =0.9, α =0.2, ε a =0.8, Ta =25 oC
and Ca =0.011 kg/m3 (RH=50%), RS , net =400 W/m2. The symbols mark the value of Tss for
two different surface water contents used in Figure A2.
We invoke the time scale at which the completion of feedback process between overlying air
flow and land surface results in a zero sensible heat flux to resolve the spatial scale of the
proposed hypothetical steady state condition. Accordingly, the time scale in Eq. (A6) that was
primarily obtained based on vertical transport and mixing processes [Moene and van Dam,
2014] between drying land surface and air is used to propose the spatial scale in which the
completion of the feedback process takes place. Assuming that spatial heterogeneity of the land
surface is negligible, the spatial scale of the expected steady state condition is obtained based on
the horizontal distance an air parcel traverses [Wallace and Hobbs, 2006] during the feedback
process until it reaches the steady state condition as:

X = Ua t

(A7)

where X is the surrogate for lateral spatial scale of land-atmosphere exchanges, U a is the
average horizontal wind speed near the surface (e.g. 2 m) and t is the elapsed time since onset of
feedback process between land surface and overlying air flow which is obtained from Eq. (A6).
For the mentioned condition in Figures A1 and A2, temporal (t) and spatial (X) scales are
quantified as 4.5 hr and 16.5 km, respectively.
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Figure A2: Evolution of soil surface temperature ( Ts ) and volume averaged air
temperature ( Tav ) obtained from numerical solution of Eqs. (A4) and (A5). The solution
was obtained for surface water content of 0.2 m3/m3 (solid lines) and 0.02 m3/m3 (dashed
lines) and same boundary conditions as in Figure A1. The steady state temperature of the
system including soil surface with thickness of ∆z =1 mm and air column with height of

ζ =50 m is same as steady state temperatures in Figure A1 (symbols).
Appendix B: Model Prediction of the b Parameter for a Range of Conditions
The prediction of the b parameter is based on estimates of the reference evaporation (Eq. 5.15).
We use the physically based model to systematically vary meteorological conditions and
estimate the resulting value of the bss parameter in Eq. (5.19). The physical correlation of bss
driven by atmospheric inputs is accordingly denoted as bss* . For example, we assume constant
wind speed and then calculate bss for different net shortwave radiation fluxes at constant vapor
concentration in the adjacent air mass. Figure B1 shows an example of the variations of bss
versus radiative flux for constant wind speed of 2 m/s and different vapor concentrations
obtained from the current model (Eqs. 5.15 and 5.19). Using the same ranges of vapor
concentration and radiation flux, we obtain similar plots for different wind speeds. Assuming
linear fitted curves with same slopes, we propose the following expression for estimation of bss :

=
bss* A RS , net + B

(B1)
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where RS ,net is the net shortwave radiation flux (W/m2) and the parameter A (slope of fitted
curves) is a function of wind speed (Figure B2):

A
= (3U a + 2) ×10−3

(B2)
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Figure B1: Model predictions of the variation of bss (Eq. 5.19) vs. net shortwave
radiation flux for constant wind speed of 2 m/s.
The parameter B (intercepts of fitted curves in Figure B1) varies for a constant vapor
concentration in different plots obtained for different wind speeds. Figure B3 illustrates
variation of B with vapor concentration for different wind speeds. Using the interception point
of fitted curves in Figure B3 the parameter B can be expressed as:

=
B (24.3U a − 1.44)(Ca + 22.3 × 10 −3 ) + 0.3

(B3)

The vapor concentration is also quantified based on air temperature ( Ta ) and relative humidity
(RH) using the Clausius-Clapeyron relationship (assuming air as an ideal gas) as:

=
Ca 611 RH

M
RTa

 λM  1
1 
− 

 R  273 Ta  

exp 

(B4)

in which M is the water molar mass, R is the universal gas constant, and λ is the latent heat of
vaporization.
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Figure B2: Variation of A in Eq. (B1) (e.g., the slope of fitted curves in Figure B1 that is
related to wind speed of 2 m/s) vs. wind speed. Symbols depict the values obtained from
the model and line is the fitted curve.
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Figure B3: Variation of B (e.g., the intercepts of fitted curves in Figure B1 that is related
to wind speed of 2 m/s) with vapor concentration for different wind speeds.
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Appendix C: Worked Example
We provided an example for calculation of actual evaporation using Eq. (5.16) for the marked
data point in Figure 5.12. To calculate actual evaporation based on the generalized
complementary relationship we need to quantify E p , Ew , and b. The values of Ew and E p are
obtained from Eq. (5.15) considering the value of Tss at saturation ( θθ
= sat ) and surface water
content of the drying land surface, respectively. Accordingly, Eq. (5.14) is employed to
calculate Tss (θ sat ) and Tss (θ ) and then quantify ER (Tss

θ sat

) and ER (Tss θ ) in Eq. (5.15) as Ew and

E p , respectively. The parameter b is then calculated using Eq. (5.20) obtained through the
physically based model considering the meteorological conditions including net shortwave
radiation flux, wind speed and vapor concentration in the near-surface air mass. The associated
inputs and calculations are presented in Tables C1 and C2, respectively.
Table C1: Inputs for the calculation of actual evaporation ( Ea )
Input

Comments
2

RS , net = 300 W/m

net shortwave radiation flux

U a = 2.2 m/s

mean air velocity

Ta = 25 oC

air temperature

θ = 0.28 m3/m3

surface water content

Ca = 0.016 kg/m3

vapor concentration in air

2
D=
2.5 × 10 −5 m /s
a

vapor diffusion coefficient in air

=
v 1.5 × 10 −5 m2/s

air kinematic viscosity

λ = 2.45 MJ/kg

latent heat of water vaporization

o

linearized soil temperature at ∆Z

TZ = 23 C
−8

σ = 5.67 × 10 W/m2K4

Stefan-Boltzmann constant

ε a = 0.8

atmospheric emissivity

ε s = 0.9

soil emissivity

=
a 150 × 10 −6 m
Φ = 0.072

δ = 0.0015 m

characteristic pore size
Schlünder’s diffusive resistance parameter
in Eq. (5.12)
22v
boundary layer thickness (
)
0.1U a
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Table C2: Calculations for actual evaporation ( Ea )
Parameter
Tss

θ sat

= 24.75 oC

Tss θ = 0.28 = 24.9 oC
ER (Tss

θ sat

) = 8.5 mm/day

Calculation
Eq. (5.14)
Eq. (5.14)
Eq. (5.15) ( Ew in Eq. 5.16)

ER (Tss θ = 0.28 ) = 8.8 mm/day

Eq. (5.15) ( E p in Eq. 5.16)

bss* = 4.9

Eq. (5.20) (b in Eq. 5.16)

Ea = 8.45 mm/day

Eq. (5.16)
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Chapter 6

The complementary relationship between actual
and potential evaporation for spatially
heterogeneous surfaces1
Abstract: The Complementary Relationship (CR) between actual and potential evaporation
offers an attractive framework for estimating actual evaporation of drying land surfaces from
simple meteorological measurements. Land surfaces are often heterogeneous with variable soil
types, land cover, and local hydrologic conditions that give rise to spatially variable evaporation
dynamics. The main aim is to incorporate effects of spatial heterogeneities on estimates of
actual evaporation in the CR framework. The study extends the physically based approach of
Aminzadeh et al. [2016] and proposes upscaling schemes for land-atmosphere interactions
affecting reference evaporation from heterogeneous surfaces comprised of vegetation and bare
soil patches. For small-scale surface heterogeneity relative to the extent of convective boundary
layer (CBL), area averaged atmospheric boundary conditions were imposed over the domain of
interest to integrate contributions from patches with different dynamics (drying stages). For
large-scale heterogeneity (large patches relative to the CBL), fluxes from each patch were
weighted by their respective areas. In the core of CR framework is an areal estimate of reference
evaporation that considers heterogeneous land drying into the CR dynamics. Preliminary results
are in reasonable agreement with available field measurements and illustrate various effects of
heterogeneous surface evaporative fluxes on the CR response (relative to a homogeneous
surface). The results also highlight hidden dynamics not captured by standard CR, such as the
ability of vegetated patches to support steady evaporative fluxes until the onset of water stress
while bare soil has already dried out. Such extended steady periods collapse onto a single point
in standard CR curves. The study provides new insights into the roles of different vegetation
types, land cover fraction, and atmospheric conditions on regional CR behavior hence
advancing predictive capabilities of actual evapotranspiration from spatially heterogeneous land
surfaces.
1

Submitted as: Aminzadeh, M., and D. Or (2016), The complementary relationship between actual and
potential evaporation for spatially heterogeneous surfaces, Water Resour. Res. (under review).
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6.1. Introduction
The estimation of evapotranspiration (ET) from terrestrial surfaces is in the core of regional and
global hydrological modeling and an essential element of water resource management. The
magnitude of ET is not only important for quantifying water losses, it also affects energy
partitioning over land surfaces. Regional ET is typically estimated from direct observations
(e.g., Bowen ratio and eddy covariance systems) and remote sensing techniques; or computed
from land surface models with limitations of scale and data availability [Kalma et al., 2008;
Kustas and Anderson, 2009]. The Complementary Relationship (CR) between actual and
potential evaporation postulated by Bouchet [1963] offers a relatively simple framework for
estimating actual evapotranspiration based on estimates of potential evaporation obtained from
pan evaporation measurements or deduced from meteorological variables [Brutsaert and
Stricker, 1979; Hobbins et al., 2001; Huntington et al., 2011; Brutsaert, 2015].
The CR approach postulates that for given atmospheric conditions and in the absence of largescale advection [Lhomme, 1997], a decrease in areal evaporation would result in an increase in
potential evaporation through alteration of air characteristics. In other words, the energy not
used for evaporation (as a surface dries out) affects the temperature and humidity of the
overlying air that, in turn, increase the potential evaporation in a prescribed manner yielding the
complementary relationship [Brutsaert, 2005; Pettijohn and Salvucci, 2009].
Notwithstanding the simplicity of CR framework for estimating actual evaporation, its utility
lies in properly accounting for land-atmosphere interactions that may involve different states
and drying dynamics within a landscape. Bouchet [1963] tacitly assumed that the increase in
potential evaporation due to decreasing actual evaporation over large and uniform surfaces is
complementary (symmetric) relative to a reference wet surface evaporation (denoted as Ew ).
Evidence suggests that the increase in potential evaporation with surface drying may be higher
than the reduction in actual evaporation resulting in asymmetric complementarity (see
Aminzadeh et al. [2016] for overview of the asymmetric CR). Considering the effectiveness of
heat transfer that provides the available energy for increased potential evaporation with surface
drying, Kahler and Brutsaert [2006] proposed a general parameterization for the CR as:

(1 + b) Ew =bEa + E p

(6.1)

where b is an effectiveness parameter that accounts for enhancement of potential evaporation
( E p ) with reduction of actual evaporation ( Ea ) from land surface:
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E p − Ew
E w − Ea

(6.2)

Note that the symmetric CR postulated by Bouchet [1963] implies b=1. This parameterization
tacitly assumes that b remains constant for the entire range of moisture availability for a
(uniform) drying surface. Hence, the normalization of Eq. (6.1) leads to the following
expressions for the scaled actual evaporation ( Ea + = Ea / Ew ) and scaled potential evaporation
( E p + = E p / Ew ) as functions of a dimensionless moisture index ( EMI = Ea / E p ):

Ea + =

(1 + b) EMI

E p+ =

1 + bEMI
1+ b
1 + bEMI

(6.3a)

(6.3b)

where EMI is an evaporative moisture index that indicates how close the landscape’s moisture
condition is to the wet surface evaporation conditions.
The parameter b was originally determined empirically by curve fitting using measured actual
evaporation and estimation of potential evaporation (e.g., based on the Penman equation or pan
evaporation measurements). Recently, Aminzadeh et al. [2016] have provided a physically
based framework for direct estimation of b from meteorological measurements thereby
removing empirical elements from the CR. Capitalizing on feedback between a drying land
surface and overlying air flow in terms of sensible heat flux and air warming, Aminzadeh et al.
[2016] proposed using a steady state reference surface temperature (a unique value for the
conditions that would be established at the end of feedback process) to quantify potential
evaporation with land surface drying. In summary, the newly proposed framework for the CR
removes reliance on pan evaporation for E p and empirical estimates of Ew (often based on the
Priestly and Taylor’s [1972] equation), and offers direct estimate of the parameter b. The
derivations in Aminzadeh et al. [2016], however, assume drying of uniform surfaces; whereas
most natural surfaces at the regional scale of interest are heterogeneous. The question addressed
in this study is how to systematically estimate the reference evaporation and actual evaporation
for heterogeneous surfaces composed of vegetated and bare soil patches?
Inherent spatial heterogeneity of land surfaces and variations of meteorological inputs in time
and space may induce different drying dynamics of surface elements (i.e., vegetation using
deeper soil water storage may remain hydrated relative to bare soil patches) and result in
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heterogeneity of surface fluxes [Raupach, 1991]. Such heterogeneous surface fluxes may, in
turn, affect the interactions between land and near-surface air properties thereby altering the
dynamics of complementarity between actual and potential evaporation relative to uniform
drying surfaces [Bouchet, 1963]. Previous studies have attempted to address the characteristics
of the CR over spatially heterogeneous landscapes, however, most have been largely empirical
in their reliance on deducing CR dynamics from measurements of actual, potential and wet
environment evaporation [Ramirez et al., 2005; Huntington et al., 2011; Jaksa et al., 2013; Ma
et al., 2015]. The primary objective of this study is to extend the analytical concept of steady
state reference evaporation [Aminzadeh et al., 2016] and provide a predictive and physically
based CR framework for considering evaporation from heterogeneous land surfaces comprising
of bare soil and vegetation patches. The framework proposed in this study will consider two
upscaling scenarios for the effective CR based on small-scale and large-scale variability along
the proposed formulations of Raupach [1991] and Koster and Suarez [1992].
Following this introduction, we present a brief overview of the concept of steady state surface
temperature of evaporating surfaces and estimation of reference evaporation. We then discuss
the effect of surface heterogeneity on the representation of reference evaporation and propose
expressions for estimating complementary relationship and actual evapotranspiration of simple
composite surfaces made up of bare soil and vegetation with different areal fractions. The
framework will be then compared with available data and conclusions will be made regarding
the roles of vegetation and atmospheric variables on the observed CR.

6.2. Theoretical Considerations
6.2.1. The Concept of Steady State Surface Temperature and Reference Evaporation
Aminzadeh et al. [2016] studied the effects of surface drying on the land-atmosphere coupling
and potential feedbacks with air properties by considering a (hypothetical) closed landatmosphere system with negligible air entrainment at the top of the Convective Boundary Layer
(CBL) [McNaughton, 1976; Perrier, 1980; Raupach, 2001]. This closed system exchanges
energy with the surrounds via radiation and soil heat flux; hence, the net available energy within
the system is partitioned between evaporative (LE) and sensible (H) heat fluxes:

Rn − G = H + LEa

(6.4)

where Rn is the net radiation flux over the surface and G is soil heat flux. A pore-scale
representation of evaporation from porous surfaces constrained by surface energy balance was
employed to quantify effects of surface soil water availability on energy partitioning and surface
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fluxes as a surface gradually dries. A hypothetical condition where surface temperature ( Ts ) and
air temperature ( Ta ) adjust to yield zero sensible heat flux was instrumental in defining a
specific reference surface temperature (linking all energy balance components):

T=
T=
Tss
s
a

(6.5)

We adopt Lhomme’s [1997] definition of potential evaporation as the evaporation from a
hypothetical small saturated surface with radiative properties similar to those of the entire
domain. The steady state temperature ( Tss ) is employed to quantify the vapor flux from the
saturated surface (no surface resistance to diffusion) surrounded by large drying land surface as
an estimate of potential evaporation under the specific atmospheric and land conditions:

LER (Tss )
=

Da λ

δ

[C (T ) − C ]
sat

ss

a

(6.6)

The steady state reference evaporation ( ER , Eq. 6.6) was found to be in good agreement with
pan evaporation measurements and the detailed PenPan model [Rotstayn et al., 2006] for similar
meteorological inputs. Pan measurements were traditionally used to represent effects of land
surface drying on potential evaporation ( E p ) through land-atmosphere feedback processes
[Kahler and Brutsaert, 2006; McMahon et al., 2013].
Next, we extend and upscale these concepts towards estimation of reference and actual
evaporation from spatially heterogeneous land surfaces.
6.2.2. Reference Evaporation for Heterogeneous Land Surfaces
The heterogeneity of surface evaporative fluxes and thus energy partitioning over land surfaces
may arise from different factors including surface characteristics (e.g., soil type, surface cover,
topography), different drying dynamics induced by spatially heterogeneous meteorological
inputs (e.g., radiative flux and wind), or spatial heterogeneity of initial conditions (e.g., rainfall)
[Kalma et al., 2008; Shahraeeni and Or, 2010; Holland et al., 2013]. We focus here on spatially
heterogeneous land surfaces comprised of distinctly different surface cover types distributed as
patches (Figure 6.1) where heterogeneity within individual patches is neglected and each patch
is considered as a homogenous element [Raupach, 1991; Koster and Suarez, 1992; Raupach,
1993; Giorgi and Avissar, 1997; de Verse and Hagemann, 2016]. The length scale required for
attaining steady state equilibrium and completion of feedbacks between land surface and an air
column in the CBL traveling at mean wind speed gives rise to two scales of surface
heterogeneity, small- and large-scale heterogeneity. Aminzadeh et al. [2016] investigated the
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hypothetical length scales required for completion of thermal feedback processes based on a
dimensionless time scale that is a function of wind speed and height of the surface layer within
CBL (5-10% of the CBL height [stull, 1988; Leclerc and Foken, 2014]). The approximated
lateral length scale is of the order of 1 to 10 km for typical heights of surface layer within CBL
(i.e., 50-100 m) and wind speeds (i.e., U a < 4m/s). Similarly, Raupach [1993] considered
simplified dynamics of turbulence equilibration and CBL mixing over heterogeneous surfaces
by defining averaging schemes based on the length scales of patches compared with the CBL
height scale. Based on such distinction, the dynamics of land-atmosphere interactions and thus
the upscaling/averaging scheme for quantification of reference evaporation for heterogeneous
land surfaces will be different for these two scenarios (i.e., heterogeneity or patch sizes < 1 km
as small-scale, and patches > 10 km as large-scale averaging).
500 m

(a)
(b)

N

Figure 6.1: (a) A spatially heterogeneous land surface in Joveyn, Iran, made up of bare
soil and vegetation patches (reproduced from Google Earth [2013]) with characteristic
lengths represented by Xi ; (b) conceptual diagram of changes in surface cover and landatmosphere interactions along a hypothetical transect (red line on the image in part (a)).
6.2.2.1. Small-scale Heterogeneity
Landscapes with “small-scale” heterogeneity are those with characteristic length scales of
individual patches smaller than the required length for completion of land-atmosphere thermal
feedback (typically < 1 km [Aminzadeh et al., 2016; Raupach, 1993]). Considering the smaller
length scale of surface patches relative to CBL height (typically 1 km [Stull, 1988; Raupach,
1993]), the overlying air flow and its near-surface properties do not completely adjust to
successive alternations of land surface properties while a hypothetical air column within CBL
traverses the heterogeneous surface in a Lagrangian framework [Koster and Suarez, 1992;
Raupach, 1993]. The inter-patch advection could be significant at this condition and we thus
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assume that steady state thermal equilibration between flowing air and land surface emerges
during interaction of overlying air with the heterogeneous surface (similar to the “mixture
approach” of Koster and Suarez [1992]) resulting in a unique steady state temperature for the
entire surface. Hence, the surface energy balance is expressed based on the spatially averaged
fluxes of a heterogeneous surface (denoted by asterisks) comprised of certain number of patches
with area fraction of fi (Figure 6.2a):

Rn* − G * = H * + LEa*

(6.7)

The left hand side of Eq. (6.7) represents available energy over the entire heterogeneous surface,
while right hand side includes energy partitioning between sensible and evaporative fluxes. At
the limit of feedback between heterogeneous surface and overlying air we assume H * = 0 :

∑ f (R
i

n

− G )i =
∑ fi LEa i

(6.8)

For the simple case of a heterogeneous surface composed of bare soil and vegetation with area
fractions of f s and f v , respectively, we have:




f s  (1 − a s ) RS + s Tss*4 (ε a − ε s ) −

k



(Tss* − TZ )  + f v  (1 − a v ) RS + s Tss*4 (ε a − ε v ) −
(Tss* − TZ ) 
DD
Z
Z
s

v
k

= fs

( )

Da λ Csat Tss* − Ca 

δ (1 + Φ )

+ f v a cr β

( )

Da λ Csat Tss* − Ca 

δ
(6.9)

where ε a , ε s and ε v are atmospheric emissivity, soil and vegetation surface emissivity,
respectively, α s is soil surface albedo, α v is vegetation albedo, RS is the incoming shortwave
radiation, δ is the boundary layer thickness that is characterized by the wind speed ( U a )
[Haghighi and Or, 2013], Da is the vapor diffusion coefficient in air, TZ is the linearized soil
temperature at thermal decay depth ( ∆Z ) beneath the evaporating surface [Shahraeeni and Or,
2011; Aminzadeh and Or, 2014], Csat and Ca are saturated vapor concentration at the surface
of evaporating pores and vapor concentration within the air mass interacting with land surface,
respectively. The key to quantification of reference evaporation is the steady state reference
*

surface temperature ( Tss ) in Eq. (6.9) that represents the hypothetical equilibrium condition at
the limit of thermal feedback processes between heterogeneous surface and overlying air
( H * = 0 ).
During stage 1 evaporation from the bare soil fraction capillarity supplies water to the
vaporization plane at the soil surface. At a certain drying front depth, termed evaporative
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characteristic length ( Lc ) [Lehmann et al., 2008], hydraulic continuity with soil surface is
disconnected and vaporization plane migrates below the surface that marks the onset of socalled stage 2 evaporation with significant reduction in evaporative flux. In the small-scale
heterogeneity upscaling scheme, the resistance to vapor diffusion from a soil surface (during
stage 1) is represented by the pore-scale diffusive model of Schlünder [1988] where the surface
resistance parameter Φ is defined as a function of mean water content ( θ ) at the bare soil
surface:
=
Φ

2a

πδ



ππ
− 1

4θθ
 4


(6.10)

The vegetated patches experience different forms of resistance to vapor exchange from leaf
surface reflecting complex physiological interactions with soil water availability in their rooting
zone and stomatal resistance to vapor diffusion. To account for effects of soil water storage
within vegetation root zone, a function of rooting depth ( Z root ) and water content in root zone
( θ root ), we define a vegetation water stress index, β , based on the representation of Feddes et
al. [1978] as:
Sv ≥ Sv ,c

1

β =  Sv
S
 v ,c

Sv < Sv ,c

(6.11)

where S v is the dimensionless storage in root zone of vegetation fraction expressed as:

Sv =

S − S wp
S fc − S wp

(6.12)

in which S is the water storage in vegetation root zone ( S = Z root θ root ), with S wp and S fc as
storage at wilting point and field capacity, respectively. We thus define Sv ,c as the onset of
vegetation stress with
=
S ( S wp + S fc ) / 2 in Eq. (6.12). Note that storage in vegetation root zone
is distinguished with total storage that is represented as the relative soil water storage ( S R )
within the vegetation root zone ( Z root ), and in a near-surface bare soil layer with evaporative
characteristic depth of Lc [Lehmann et al., 2008]:

SR =

S − Sr
S fc − S r

(6.13)
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in which S is the total water storage in vegetation root zone and soil layer, S fc is the total
storage at field capacity, and S r is the residual water storage considered as the water storage at
wilting point of vegetation fraction and residual water storage within the soil layer.
In addition to effects of soil water status within vegetation rooting zone, transpiration rates from
different vegetation types (e.g., forest and grassland) reflect intrinsic stomatal control and
canopy level exchange mechanisms. Measurements of evaporative fluxes from well-watered
vegetation demonstrate that canopy resistance (representing combined effects of stomatal
resistance and aerodynamic interactions) may result in smaller evaporative fluxes than from
saturated or free water surfaces [Baldocchi et al., 1997]. To account for characteristics of
canopy resistance and differentiate among main vegetation types with similar water storage in
their rooting zone (i.e., similar β ), we define a canopy resistance index ( α cr ) that affects
evaporative fluxes from different types of vegetation fractions (see Appendix A for details):


1

α cr = 
−0.55 log( r / r ) + 0.81
c
c , ref


rc
rc , ref
rc
rc , ref

≤

1

>

1

2
(6.14)

2

where rc is the unstressed canopy resistance and rc , ref is the reference canopy resistance
determined as 70 s/m for well-watered vegetation condition [Allen et al., 1998]. The motivation
for such representation is to capture the main differences between functional vegetation units
(forests and grasslands) without characterizing the full range of physiological responses over the
landscape with its prohibitive parameterization burden (such as Monteith [1965]). Based on Eq.
(6.14), α cr =1 (that decreases monotonically with increasing canopy resistance) implies that
evaporation from vegetation fraction is not limited by canopy resistance.
As indicated above, the primary unknown in Eq. (6.9) is the steady state surface temperature.
For prescribed meteorological inputs and moisture availability, a solution (simple root finding)
*
yields a unique value for Tss during surface evaporation for the postulated condition of H * = 0

(completion of the surface-air feedback, see Figure 4 of Aminzadeh et al. [2016]). The resulting
steady state surface temperature is then used to quantify reference evaporation of the
*

*

heterogeneous surface based on Eq. (6.6) as: ER (Tss ) .
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(a)

(b)

Figure 6.2: Schematic representation of small-scale (a) and large-scale (b) averaging
schemes over a heterogeneous surface made up of two patches with areal fractions of f1
and f 2 .
6.2.2.2. Large-scale Heterogeneity
For land regions with sufficiently large patches relative to the extent of the CBL (i.e., > 10 km
[Aminzadeh et al., 2016; Raupach, 1993]) where equilibration with the overlying airflow is
likely to be completed within each patch, we assume that CR-related interactions and
equilibration occur for each patch independently. Hence, the steady state surface temperature of
each patch ( Tss ,i ) is obtained through the surface energy balance of individual surface elements
as (Figure 6.2b):

(R

− G = H + LEa )i

n

(6.15)

The steady state surface temperatures over soil and vegetation fractions are obtained as:

(1 − a s ) RS + s Tss4, s (ε a − ε s ) −

(1 − a v ) RS + s Tss4,v (ε a − ε v ) −

Da λ Csat ( Tss , s ) − Ca 
(Tss , s − TZ ) = 
DZ
δ (1 + Φ )
k

k
DZ

a cr β
(Tss ,v − TZ ) =

Da λ Csat ( Tss ,v ) − Ca 

δ

(6.16a)

(6.16b)

After quantification of Tss , s and Tss ,v from Eqs. (6.16a) and (6.16b) we quantify the
corresponding reference evaporations for the soil and the vegetation fractions using Eq. (6.6). In
this scheme the reference evaporation for the heterogeneous surface is obtained based on the
spatial averaging of individual surface fluxes:

=
ER* f s ER , s + f v ER ,v

(6.17)

where ER , s and ER ,v represent reference evaporations of soil and vegetation fractions,
respectively.
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In the following, the effects of surface heterogeneity averaging and soil moisture availability on
the dynamics of reference evaporation and complementary relationship over a heterogeneous
land surface made up of bare soil and vegetation patches are investigated.

6.3. Results and Discussion
6.3.1. Reference Evaporation Dynamics from Drying Heterogeneous Surfaces
Figure 6.3 depicts changes in reference evaporation from a heterogeneous surface comprised of
soil and vegetation patches with areal fractions of f s and f v , respectively, predicted based on
the small-scale and large-scale heterogeneity averaging schemes as a function of relative soil
water storage. Considering different evaporative dynamics of bare and vegetated surfaces
subjected to similar meteorological inputs, we identify three regions on Figure 6.3. Assuming
that vegetation patches remain unstressed as the surface of bare soil patches gradually dries out
(due to their larger soil water reservoir); the first region represents the landscape evaporation
while the bare soil fraction is at stage 1 evaporation. The gradual reductions in soil surface
moisture and thus evaporative flux result in a gradual increase in the reference evaporation due
to the increase in steady state surface temperature (see also Figure 5 of Aminzadeh et al.
[2016]). At the onset of stage 2 evaporation where the bare soil surfaces are completely dry we
neglect the residual evaporation from the bare soil fraction and consider only transpiration from
the unstressed vegetation. The area averaged evaporative flux may remain constant (while
vegetation is unstressed) even as water is lost from the landscape. Finally, with the onset of
vegetation water stress, the actual evaporation from the landscape decreases and the reference
(potential) evaporation synchronously increases. A graphical comparison between small-scale
(Figure 6.3a) and large-scale (Figure 6.3b) upscaling schemes reveals that for similar
meteorological inputs and areal fractions of vegetation and soil patches, the large-scale
averaging results in higher reference evaporation.
In the following we employ the concept of reference evaporation and analytically predict the b
parameter to systematically quantify the complementary relationship over heterogeneous
surfaces for a range of vegetation fractions and meteorological conditions.
6.3.2. CR Dynamics for Drying Heterogeneous Surfaces
The changes in actual and potential evaporation relative to wet environment evaporation define
the complementary relationship. The steady state reference evaporation provides a means for
estimating both potential and wet environment evaporation from meteorological variables and
enables determination of the asymmetry parameter b (Eq. 6.2) originally derived for uniform
surfaces [Kahler and Brutsaert, 2006; Aminzadeh et al., 2016].
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In contrast with the assumption of Kahler and Brutsaert [2006] of a constant b parameter as
surfaces dry out (Eqs. 6.3a and 6.3b), the theoretical results in Figure 6.3 suggest that the value
of b varies due to differences in the drying dynamics of a composite surface. The challenge is to
represent the relative changes in actual and potential evaporation while maintaining the
simplicity (and utility) of the CR approach at a regional scale. We thus decompose the
representation considering different regimes during surface drying. During stage 1 evaporation
from the bare soil fraction (assuming that vegetation is not yet stressed), we estimate the
parameter b using Eq. (6.2) with the reference evaporation from the heterogeneous surface
*
obtained based on either Tss (small-scale averaging) or area averaging of individual reference

evaporation fluxes (large-scale averaging). The resulting expression is analogous to that for a
uniform surface described in Aminzadeh et al. [2016]:

bss ,1 =

ER* − Ew*
Ew* − Ea*

(6.18)

where bss ,1 denotes physically based representation of b considering steady state reference
*
evaporation during stage 1 evaporation from the bare soil fraction, Ew is the wet environment
*
evaporation, and Ea is actual evaporation defined based on the areal averaging of fluxes from

soil and vegetation fractions:

=
Ea* f s Ea , s + f v Ea ,v

(6.19)

If we consider a constant b during stage 1 evaporation from the bare soil fraction, when bare soil
surfaces become completely dry at the end of stage 1 (and bare soil evaporation approaches
zero, i.e., Ea , s  0 ), the definition of bss ,1 simplifies to:

ER*
− Ew* Y
θ =0
=
bss ,1 =
Ew* − f v Ea ,v Z

(6.20)

where Y and Z represent the differences between potential and actual evaporation relative to

Ew* , respectively (Figure 6.3a). The value of Ea ,v (at the end of stage 1) is estimated assuming
that vegetation behaves as an evaporating wet surface as modified by water storage stress index
( β ) and canopy resistance ( α cr ):

Ea ,v = a cr β Ew*

(6.21)
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Figure 6.3: Changes in reference evaporation (solid curves) vs. relative water storage
within root zone of vegetation ( Z root =1 m) and soil layer ( Lc =0.25 m) with areal
fractions of f v = f s =0.5 obtained based on the small-scale (a) and large-scale (b)
averaging schemes. The dashed curve in (a) represents (schematically) how actual
evaporation changes, with Y and Z marking the relative changes in reference and actual
evaporations with respect to Ew* at the end of stage 1 evaporation from bare soil fraction
(the parameter b at that state is defined by the ratio b=Y/Z, as explained next). The
dashed curves in (b) depict reference evaporation from soil ( ER , s ) and vegetation ( ER ,v )
fractions and the solid line is the area averaged reference evaporation. The results were
obtained assuming α cr =1 for the following meteorological inputs: RS =300 W/m2, U a =1
m/s, Ta =25 oC, Ca =0.011 kg/m3 (RH=50%), α s = α v =0.2, ε s = ε v =0.9, and ε a =0.8.
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The estimation of bss ,1 enables quantification of actual evaporation from the entire
heterogeneous surface during stage 1 evaporation from the bare soil as:

Ea* =

(1 + bss ,1 ) Ew* − ER*

(6.22)

bss ,1

*
*
where Ew is equal to ER when evaporation from the vegetation fraction is not limited by water

stress and canopy resistance (i.e., β = 1 and α cr = 1 ), and soil evaporation is not also limited by
diffusive

vapor

resistances

( Φ =0 ).

Accordingly,

the

scaled

actual

evaporation

( Ea*+ = Ea* Ew* ) and the scaled potential evaporation ( E p + = E p Ew ) can be represented based
*

*

*

on Eqs. (6.3a) and (6.3b), respectively.
During stage 2 evaporation from the bare soil fraction, evaporation from the heterogeneous
surface could be influenced by different drying dynamics where transpiration from vegetation
(that may be water stressed or not) is the primary contributor to the areal actual evaporation
(recall that we have neglected low evaporation rates from dry soil surfaces at stage 2). Hence,
*
changes in actual and potential evaporation relative to Ew during stage 2 (governed by

vegetation stress) are different from those during stage 1 represented by Eq. (6.20). This
difference implies that no unique value of b represents the CR for the entire drying process (soil
and vegetated surface). To overcome the large change in evaporation dynamics of the composite
surface at the end of stage 1 evaporation, we shift the values of potential and actual evaporations
by Y and Z (as depicted in Figure 6.3a), respectively. This shift makes it possible to keep the
*
relative changes of actual and potential evaporation with respect to Ew constant during stage 2

evaporation from the bare soil fraction. Consequently, we rely on the constancy of relative
changes of actual and potential evaporation with landscape drying and invoke a hypothetical
state of completely dry vegetation (with β = 0 ) where actual evaporation from the entire
heterogeneous surface approaches zero to obtain an estimate of actual evaporation from the
*

heterogeneous surface ( Ea ) during stage 2 as:

( ER*

β =0

− Y ) − Ew*

Ew* − Z
rearranging Eq. (6.23) in terms of Ea* yields:

=

( ER* − Y ) − Ew*
Ew* − ( Ea* + Z )

(6.23)
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E
−
Y
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−
E
w 
R
=( Ew* − Z ) 1 −

*
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− Y ) − Ew* 

β =0



(6.24a)

or

=
Ea*

where ER*

θ =0

and ER*

β =0


ER* − ER*
*
θ =0
f v β Ew 1 −
ER*
− ER*

β 0=
θ
 =





0 

(6.24b)

are reference evaporation of the entire heterogeneous surface at the

end of stage 1 from soil fraction and at completely dry vegetation condition, respectively. We
note the representation of CR based on Eq. (6.3) [Kahler and Brutsaert, 2006] was originally
proposed for uniformly drying surfaces where a unique value of b represents the entire drying
process. The change in drying dynamics of the composite surface during stage 2 (primary
*
governed by vegetation transpiration) limits application of Eq. (6.3) for representation of Ea +
*

and E p + to stage 1 evaporation where vegetation remains unstressed and bare soil surfaces
uniformly dry out. Hence, we invoke quantification of actual evaporation based on Eq. (6.24)
and directly calculate scaled actual and potential evaporation of the heterogeneous surface
*
*
*
corresponding to stage 2 as Ea + = Ea Ew and E *p + = E *p Ew* , respectively.

*
*
*
Figure 6.4 depicts the scaled actual evaporation ( Ea + = Ea Ew ) and the scaled potential
*
evaporation ( E *p + = E *p Ew* ) as functions of the moisture index ( EMI
= Ea* E *p ) obtained based

on the small-scale and large-scale averaging schemes for the same meteorological inputs as in
Figure 6.3, considering two vegetation fractions of f v = 0.3 and f v = 0.7 . The higher reference
evaporation obtained from the large-scale averaging scheme (see Figure 6.3b) results in higher

E *p + relative to calculation for small-scale averaging. Hence, for similar moisture conditions and
*
vegetation fraction, the onset of stage 2 from bare soil fraction occurs at a lower EMI for large-

scale averaging (Figure 6.5). The results also show that with increase in vegetation fraction the
*

contribution of soil evaporation to the actual evaporation of heterogeneous surface ( Ea )
decreases and the transition from stage 1 to stage 2 occurs at higher overall soil water storage
*
and, in turn, higher values of EMI .
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Figure 6.4: Ea + = Ea Ew and E *p + = E *p Ew* as functions of the evaporative moisture
*
index ( EMI
= Ea* E *p ) obtained based on the small-scale (thin curves) and large-scale

(thick curves) averaging schemes for the same conditions as in Figure 6.3 and vegetation
fractions of f v =0.3 (a) and f v =0.7 (b). The inset schematically represents surface
patches that may be treated as small-scale (left side) or large-scale (right side) surface
heterogeneities considering their characteristics sizes. The dashed parts of the curves
represent area average fluxes during stage 2 of soil fraction and stressed vegetation. The
*
arrows mark constancy of EMI with reduction of storage as shown in Figure 6.5.
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There is a fundamental difference between the representation in Figure 6.3 where evaporation is
expressed in terms of relative soil water storage, and the common representation (Figure 6.4)
*
using the moisture index defined as EMI
= Ea* E *p [Kahler and Brutsaert, 2006]. These two

metrics of soil moisture conditions convey different information concerning evaporation
dynamics. Specifically, extended periods with constant actual and reference evaporation
*
associated with unstressed vegetation would collapse onto one point on the EMI curve as seen

in Figure 6.5 that relates these two metrics. While the span of solid curves (representing fluxes
during stage 1 from soil fraction) increases with increasing soil fraction, we note that during dry
down, stage 1 evaporation from bare soil fraction ends sooner and drying dynamic over the
landscape is governed by vegetation fraction (dashed parts of the curves) that utilizes deeper soil
water storage and sustains surface fluxes for longer periods.
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Figure 6.5: A comparison of the evaporative moisture index ( EMI
= Ea* E *p ) in Figure

6.4 and concurrent changes in relative soil water storage (for bare soil and vegetation).
The results highlight that constant evaporative fluxes during conditions where vegetation
*
is unstressed (and bare soil surfaces are already dry) would collapse to a constant EMI

thereby masking these changes of the system in the CR representation by Kahler and
Brutsaert [2006].
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6.3.2.1. Changes in the Parameter b with Vegetation Fraction and Meteorological
Conditions
The dynamics of vegetation transpiration vary with regional vegetation phenology where
seasonal changes in active vegetation fraction and varying meteorological conditions may affect
the value of b parameter and, in turn, the complementary relationship. The effects of changing
fractions of active vegetation and varying atmospheric conditions on the value of bss ,1 of CR for
heterogeneous surfaces are depicted in Figure 6.6 for small-scale and large-scale averaging
schemes. Increasing the vegetation fraction decreases bss ,1 for small-scale averaging where
reference evaporation is estimated from the mean steady state temperature of the composite
*

heterogeneous surface ( Tss ). Hence, an increase in active vegetation coverage during stage 1
evaporation from the bare soil fraction results in an increase in actual evaporation from the
heterogeneous surface which thus decreases feedback effects on the potential evaporation (a
colder surface). For the large-scale averaging where surface patches are energetically decoupled
(independent), surface fluxes are obtained based on the areal averaging of individual patch
responses. Consequently, changing the vegetation fraction contributes linearly to surface fluxes
and results in relatively constant values of bss ,1 based on Eq. (6.20).
6.3.3. Evaluation of the Proposed CR for Heterogeneous Surfaces Using Measurements
There are very few data sets enabling systematic evaluation of the proposed upscaling of CR
dynamics for heterogeneous surfaces, we have used some of the available data to illustrate
salient features of the new approach. First, we used actual and pan evaporation data obtained
from measurements in Kansas, US [Kahler and Brutsaert, 2006] expressed in normalized forms
*
*
*
*
( Ea + = Ea Ew and E *p + = E *p Ew* ) as functions of the moisture index ( EMI
= Ea* E *p ). The

actual evaporation was calculated based on the Bowen ratio energy balance method with data
from stations 40 (May-October 1987) and 944 (July and August 1989) in Konza Prairie
[Fritschen, 1994]. The thick curves in Figure 6.7 represent the empirical complementary
relationship obtained based on the best fit to the measurements of actual and potential
evaporation at local scale while the thin curves depict model predictions of the CR dynamics
obtained from the small-scale averaging scheme for the meteorological inputs of stations 40 and
944 of the vegetation covered Konza Prairie [Fritschen, 1994] (assumed here to represent 80%
vegetation fraction). Although these observations do not permit nuanced representation of the
potential role of vegetation fraction in the complementarity between actual and potential
evaporation, we apply the methodology here to illustrate the potential flexibility relative to
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empirical representation of CR through curve fitting [Kahler and Brutsaert, 2006] or
homogeneous representation of surface drying [Aminzadeh et al., 2016].
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Figure 6.6: Changes in the estimated value of bss ,1 with vegetation fraction based on
small-scale (a), and large-scale (b) averaging schemes for different radiative fluxes and
wind speeds. The solid and hollow symbols represent values of bss ,1 for U a =1 m/s and

U a =3 m/s, respectively, for the same radiative flux. Results were obtained assuming:
RH=50%, Ta =25 oC and α cr =1.
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Figure 6.7: Normalized evaporation data (symbols) obtained from measurements in
Kansas vs. evaporative moisture index. The thick curves represent the empirical CR (Eqs.
6.3a and 6.3b with b=4.33) [Kahler and Brutsaert, 2006] and thin curves depict model
predictions obtained with average meteorological inputs [Fritschen, 1994] as

RS =390 W/m2, U a =3 m/s, Ta =22

o

C, Ca =0.011 kg/m3 (RH=60%); assuming

ε s = ε v =0.9, ε a =0.8, and vegetation fraction of 0.8 with α cr =1. While predictions in
Aminzadeh et al. [2016] were obtained based on the uniform drying of a spatially
homogeneous surface, the solid parts of the model predicted lines here represent stage 1
from bare soil fraction and dashed parts depict stage 2 of soil fraction and stressed
vegetation response.
An additional test of the model for different active vegetation fractions and meteorological
inputs is depicted in Figure 6.8. Here we have used multi-year data of actual and potential
evaporations in normalized forms (symbols) for natural vegetated ecosystems in southern Idaho
(US) during the growing season (March-September) from 2001 to 2010 [Jaksa et al., 2013]. The
actual evapotranspiration in the study of Jaksa et al. [2013] was computed from the Noah land
surface model [Pan and Mahrt, 1987] at regional scale and potential and wet environment
evaporations were obtained using Penman [1948] and Priestley and Taylor [1972] equations,
respectively. The comparison here is primarily diagnostic, attempting to explain different parts
of the data cloud based on small-scale averaging scheme. Model predictions (curves) depict how
variations in meteorological forcing or vegetation fraction could account for changes in CR
dynamics as seen in the data depicted in Figure 6.8. As reported in Aminzadeh et al. [2016], the
complementary relationship varies with variations in meteorological inputs. For similar
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vegetation fraction, an increase in forcing inputs (e.g., wind and radiation) may result in an
increase in potential evaporation as shown by model predictions. On the other hand, for similar
external forcing, variations in active vegetation fraction between March and September alter
representation of CR for that region. For example, during peak summer months, the vegetation
cover in the study of Jaksa et al. [2013] is relatively dry with low actual transpiration resulting
in high values of potential evaporation. Such potential effect of vegetation activity is
demonstrated by model predictions where the heterogeneous surface is primarily covered by
stressed vegetation (green curves). The model could capture the effects of varying active
vegetation fraction and atmospheric inputs over a decade and envelope the multi-year data
representing the complementary relationship at regional scale. The proposed framework may
offer a physical basis for explaining studies such as reported by Jaksa et al. [2013] through
disaggregation of the effects of vegetation coverage and atmospheric inputs.
5

Scaled Evaporation

4

fv= 0.95
Rs= 400 W/m2
Ua= 3 m/s

3

Rs= 200 W/m2
Ua= 0.5 m/s

2

1

fv= 0.25

0
0

0.2

0.4

E*MI

0.6

0.8

1

Figure 6.8: Normalized evaporation data (symbols) from southern Idaho, US, during the
growing season (March-September) from 2001 to 2010 involving a wide range of climatic
conditions and different vegetation fractions [Jaksa et al., 2013]. Model predictions
(curves) depict variations in the complementary relationship with meteorological inputs
and vegetation fraction assuming mean values for Ta =25
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6.3.4. Estimation of Actual Evaporation Using the Heterogeneous CR Approach
The primary application of a physically based representation of CR dynamics for spatially
heterogeneous land surfaces is the possibility of predicting actual evaporation from standard
meteorological measurements (and remote sensing of vegetation). To assess model predictions
of actual evaporation based on the concept of CR (Eqs. 6.22 and 6.24), we use
evapotranspiration data obtained from Eddy Covariance (EC) method in Tawdeehiya farm (AlKharj, Saudi Arabia) with center-pivot irrigated crop fields interspaced by (largely dry) bare soil
surfaces (Figure 6.9). The model uses available soil moisture data and meteorological inputs
obtained from day-time (6:00 to 18:00) averages of half-hourly measurements from an EC
tower (located at the edge of pivot TE-10 in Figure 6.9) for the periods of November 2014, and
April and May 2015.

N

1 km

Figure 6.9: Tawdeehiya farm in Al-Kharj, Saudi Arabia. The position of eddy covariance
tower is marked at the periphery of pivot TE-10. The arrows depict two main wind
directions inferred from measurements of evaporative flux by EC (the inset in Figure
6.10).
Figure 6.10 shows comparison between evapotranspiration data obtained from EC method and
model predictions of actual evaporation. Despite constant vegetation coverage over the
landscape, there might be differences in sampled vegetation fraction by EC stations due to the
alternation of wind characteristics (direction and speed) that interact with land surface. We
distinguish two scales of interactions between air flow and the heterogeneous surface: (a)
interactions at scales comparable to the CBL height (~ 1000 m [Stull, 1988; Raupach, 1993])
and (b) variations affecting the footprint of EC measurements (~ 300 m [Leclerc and Foken,
2014]). Considering the diameter of irrigated fields (~ 700 m), the red circle in Figure 6.9
represents lateral extent for the CBL scale employing what we term in this study “small-scale”
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averaging. The measurements have shown a strong impact of wind direction on estimated actual
evaporation by the EC (inset in Figure 6.10). To compare model predictions of evaporative
fluxes with EC measurements, we estimated the active vegetation fraction from the satellite
image (Figure 6.9) along two main wind directions that are inferred from measurements of
evaporative flux by EC (arrows in Figure 6.9). Such nuanced aspects of land-atmosphere
interactions imply that even for constant vegetation coverage and atmospheric inputs, changes
in main wind direction may affect estimation of surface fluxes over spatially heterogeneous
landscapes [Bastiaanssen, 1998; Leclerc and Foken, 2014]. Hence, in addition to changes in
surface coverage and atmospheric forcing, directional interactions of flowing air with land
surface may also affect derivation of CR as in the multi-year data of Jaksa et al. [2013].
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Figure 6.10: Comparison between model predictions of actual evaporation and day-time
(6:00 to 18:00) averages of actual evapotranspiration measurements in Tawdeehiya
farm. Model predictions were obtained assuming θ sat =0.46 m3/m3, θ fc =0.23 m3/m3,

θ wp =0.12 m3/m3 and θres =0.08 m3/m3 with Z root =0.5 m and Lc =0.25 m. The vegetation
fraction in the model was estimated from the satellite image (Figure 6.9) considering two
main wind directions inferred from measurements of evaporative flux by EC (shown in
the inset) as f v =0.6 (hollow symbols) and f v =0.3 (solid symbols) for wind directions
less and more than 120o, respectively. The value of α cr was determined based on the
vegetation type as 0.7 for maize (November 2014), and 0.95 for alfalfa (April and May
2015).
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6.3.5. The Potential of the CR Framework for Predicting Surface Fluxes during Extreme
Events
A potential application of the proposed CR for heterogeneous surfaces is predicting the
evolution of actual evapotranspiration during rapid landscape drying leading to extreme
heatwaves [Zaitchik et al., 2006; Teuling et al., 2010]. Following Teuling et al. [2010] we
focused on the crucial roles of moisture availability and different main vegetation types on
surface fluxes. We have used evapotranspiration data obtained from FLUXENT measurements
in Oensingen grassland site (Switzerland) and Wetzstein forest site (Germany) [Teuling et al.,
2010]. Average meteorological inputs obtained from day-time (9:00 to 13:00 UTC) averages of
half-hourly measurements in Oensingen (June-August 2003) and Wetzstein (July 2006) were
used to predict variation of evaporative flux with land drying.
Figure 6.11 depicts a comparison between evapotranspiration data obtained from eddy
covariance method in grassland and forest sites and model predictions of actual evaporation
versus water storage depletion within vegetation root zone and near-surface soil layer assuming
areal fractions of f v = 0.9 and f s = 0.1 . The results demonstrate that bare soil surfaces dry even
while soil water storage remains high (low storage depletion) and actual evaporation is
governed primarily by vegetation transpiration that could remain unstressed for long periods as
the landscape progressively dries. Model predictions of evaporative flux during the constant rate
period show higher evaporative flux for grassland relative to forest (a difference of ~100 W/m2)
due to the lower canopy resistance (higher

α cr ) of the grassland. These results are similar to

estimates of Teuling et al. [2010] using measurements of surface fluxes during normal
conditions and during heatwaves obtained from FLUXNET sites located in central-western
Europe. As seen in Figure 6.11, vegetation stress occurs earlier for grassland with its shallower
rooting depth and higher evaporative flux. These results confirm the heuristic arguments of
Teuling et al. [2010], except here we consider all the components at play (vegetation types, soil,
etc.) in a quantitative and predictive framework.
For the impacts on extreme heatwaves, we investigated the coupling between declining actual
evaporation and increasing sensible heat flux during land surface drying using the CR
framework. Recall that the CR assumes the fraction of available energy not used by evaporative
flux during surface drying is released primarily in the form of sensible heat flux that warms up
*
*
near-surface air. We thus invoked measurements of net available energy ( Rn − G ) and model
*

predictions of actual evaporation ( LEa ) in grassland and forest sites to quantify changes in
*
*
*
*
sensible heat flux with landscape drying (i.e., H = Rn − G − LEa ). Figure 6.12 illustrates the
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evolution of sensible heat flux from the forest and grassland sites. Comparing Figures 6.11 and
6.12 reveals the role of canopy resistance on evaporative fluxes from vegetation surfaces. The
forest with higher canopy resistance (lower α cr ) releases more of the incoming energy in form
of sensible heat flux (also due to the more efficient turbulent heat exchange with flowing air
[Shuttleworth and Calder, 1979; Bonan, 2016]) relative to grassland surfaces with lower canopy
resistance (higher α cr ) and thus higher evaporative flux. This higher model predicted sensible
heat flux for forest relative to grassland (~ 170 W/m2) during constant rate period is consistent
with results in Teuling et al. [2010] that were obtained based on average surface fluxes in a
network of FLUXNET sites in Europe including Oensingen and Wetzstein.
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Figure 6.11: Comparison between model predictions of actual evaporation ( LEa ) and
measurements of evapotranspiration over grassland (circles) and forest (triangles) vs.
water storage depletion within root zone of vegetation and soil layer assuming f v =0.9.
*
The lines depict model predicted LEa with average meteorological inputs obtained from

measurements as RS =650 W/m2, U a =2.7 m/s, Ta =26 oC, Ca =0.011 kg/m3 (RH=45%)
for grassland and RS =620 W/m2, U a =2.6 m/s, Ta =22 oC, Ca =0.010 kg/m3 (RH=54%)
for forest assuming α s = α v =0.2, ε s = ε v =0.9, and ε a =0.8. Model predictions were
obtained assuming θ sat =0.55 m3/m3, θ fc =0.35 m3/m3, θ wp =0.21 m3/m3 and

θ res =0.1 m3/m3 for grassland with Z root =0.5 m and θ sat =0.48 m3/m3, θ fc =0.26 m3/m3,

θ wp =0.12 m3/m3, and θres =0.08 m3/m3 for forest with Z root =0.75 m. The solid part of
the curves represents stage 1 from soil fraction.
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The proposed CR framework provides a physical basis for linking soil moisture availability with
evolution of surface fluxes for a range of climates and land covers. The systematic incorporation
of different sources of information into a framework with predictive capabilities and linking
drying dynamics of land surfaces with fluxes of energy reduce much of the empiricism of
present approaches [Teuling et al., 2010].
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Figure 6.12: Model predictions of evolution of sensible heat flux with landscape drying
inferred from the coupling between evaporative and sensible heat fluxes based on the
concept of CR for the same conditions as in Figure 6.11.
6.3.6. The Data Challenge of Testing the CR for Heterogeneous Surfaces
As mentioned above, the systematic evaluation of the proposed CR approach for heterogeneous
surfaces is hindered by lack of definitive field data at the proper scales. Taking a critical look at
some of the best available data, such as reported by Kahler and Brutsaert [2006], we find that
the actual evaporation was obtained from localized flux measurements based on the Bowen ratio
method whereas potential evaporation was attributed to pan evaporation located nearly 17 km
away from stations 40 and 944 of the Konza Prairie. The fluxes of actual and potential
evaporation in multi-year data of Jaksa et al. [2013] are results of simulations from Noah land
surface model and the Penman equation, respectively, using meteorological data and remotely
sensed land cover at a relatively coarse spatial resolution. In addition to inherent uncertainties
with surface flux estimates using these data sets, wet environment evaporation based on the
Priestley and Taylor [1972] equation with meteorological inputs from non-wet conditions could
bias the representation of scaled evaporative fluxes ( Ea*+ and E *p + ). Even the best
measurements of actual evaporation such as those obtained from EC towers in Tawdeehiya farm
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and FLUXNET sites are sensitive to local effects (energy closure, wind direction-land cover,
footprint) at scales much smaller than postulated in the two CR upscaling schemes of this study.
The question is what would be the best strategy for acquiring definitive data for model testing at
scales relevant to the CR concept (km to regional scale)? One option would be to harness highly
resolved remotely sensed data of land cover indices (e.g., active vegetation cover) and surface
*
temperature (that could serve as surrogate for Tss during constant rate periods) and combine

these with local measurements of surface fluxes at multiple sites (e.g., based on EC towers
supported by definitive meteorological inputs). Availability of such data sets over long periods
(and scales > km) would provide a means for linking changes in landscape attributes (active
vegetation cover and soil water storage) with evaporative fluxes enabling testing of nuanced
aspects of the proposed CR upscaling for heterogeneous surfaces.

6.4. Summary and Conclusions
The study introduces a framework for extending the concept of steady state reference
evaporation originally proposed by Aminzadeh et al. [2016] to formalize the complementary
relationship (CR) between actual and potential evaporation from spatially heterogeneous land
surfaces. The theoretical basis of the CR has generally been limited to homogeneous (or
homogenized) surfaces [Granger, 1989; Szilagyi, 2007; Pettijohn and Salvucci, 2009; Brutsaert,
2015] and application of the CR to spatially heterogeneous landscapes has often been done
empirically [Ramirez et al., 2005; Ma et al., 2015]. This study offers a physically based
framework for addressing the CR dynamics over spatially heterogeneous surfaces. The
proposed approach would greatly benefit from availability of a wide range of satellite products
related to surface temperature and derived indices of land cover. These could be readily
incorporated into the physically based and predictive framework for estimating actual
evapotranspiration at local and regional scales. Key to the upscaling schemes developed here is
the consideration of scales of spatial variability relative to the CBL scale (and associated
turbulent mixing). Considering the required length scales for completion of land atmosphere
feedback processes in the context of steady state equilibrium temperature ( Tss ), two types of
averaging schemes were investigated to represent reference evaporation of a spatially
heterogeneous surface comprised of a certain number of constituent homogeneous patches,
“small-scale” and “large-scale” heterogeneity. For “small-scale” heterogeneity, we assume that
the interactions of the overlying air flow with the entire heterogeneous surface result in a unique
steady state temperature that could be encapsulated in reference evaporation of the
heterogeneous surface, whereas for “large-scale” heterogeneity, the reference evaporation is
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obtained based on the areal averaging of individual reference evaporation from each individual
patch interacting with the overlying air flow.
The resulting reference evaporation describes how potential evaporation varies with the gradual
drying of the surface (different dynamics for bare soil and vegetation). Ability to calculate this
central quantity provides a means for systematic evaluation of CR dynamics for heterogeneous
surfaces comprised of bare soil and vegetation at different fractions and for different
meteorological inputs. Limited comparisons with available field data highlight the capability of
the small-scale CR averaging for many heterogeneous landscapes where surface is generally
covered with small patches of soil and vegetation. Considering different drying regimes of soil
and vegetation and the crucial role of vegetation type on transpiration fluxes, we provided
analytic expressions for estimating actual evapotranspiration. The initial tests of the model
yielded reasonable agreement with ground base measurements of evapotranspiration fluxes
using eddy covariance systems. Incorporation of land surface characteristics (e.g., active
vegetation fraction) inferred from remote sensing and in-situ measurements of meteorological
inputs (e.g., wind direction) provided insights for potential role of regional interactions between
flowing air and heterogeneous surface in the complementary relationship and deduced
evaporative fluxes. The nuanced upscaling schemes considered in the model and applicability
for prediction of coupling between evaporative and sensible heat fluxes with surface drying
pave the way for deducing drying dynamics of land surfaces from the rate of changes in model
predicted surface fluxes, an aspect that is often inferred from the remotely sensed surface
temperature [Gallego-Elvira et al., 2016].
The framework has been applied to the question of quantifying land surface response to rapid
dry down and extreme heatwaves. The preliminary results of model evaluation show a promise
and highlight a range of new insights regarding the role of vegetation fraction and type, drying
regimes, and meteorological inputs that are deduced from such physically based approach
(otherwise inaccessible with empirical representation of the CR). For more nuanced inferences,
the upscaling of CR to heterogeneous surfaces requires definitive data sets and observations for
testing.

Appendix A: Canopy Resistance Index ( α cr )
We invoke the relationship between measured evaporation from well-watered vegetation
normalized by its equilibrium evaporation rate [Slatyer and McIlroy, 1961] and canopy
resistance [Baldocchi et al., 1997] to propose a resistance index ( α cr ) that accounts for the
effect of canopy resistance on evaporative flux from vegetation surfaces. Based on Plate 1 in
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Baldocchi et al. [1997], well-watered vegetation with low canopy resistance (e.g., wheat crop)
tend to evaporate at rates similar to saturated surfaces estimated by Priestley and Taylor’s
[1972] equation, that decrease with increasing canopy resistance ( rc ). Hence, we make used of
Baldocchi et al.’s [1997] data to define the following expression for


1

α cr = 
−0.55 log( r / r ) + 0.81
c
c , ref


rc
rc , ref

α cr based on Figure A1:
≤

1

>

1

rc
rc , ref

2
(A1)

2

where rc , ref represents reference canopy resistance determined as 70 s/m [Allen et al., 1998].
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Figure A1: Relationship between α cr and canopy resistance (dashed-line) inferred from
measurements of evaporative flux from well-watered vegetation. The data points
[Baldocchi et al., 1997] that represent change in evaporative flux with canopy resistance
imply that well-watered vegetation with low resistance (e.g., wheat) evaporates similar to
saturated surfaces where evaporation is not limited by surface resistances ( α cr =1). The

rc , ref represents reference canopy resistance, i.e., 70 s/m [Allen et al., 1998].
Appendix B: The Effect of Canopy Resistance on CR Dynamics
The preliminary results of predicting CR dynamics over spatially heterogeneous surfaces were
obtained assuming that canopy resistance is not a limiting factor thereby evaporation from
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vegetation fraction is characterized through aerodynamic resistance and a vegetation water
stress index ( β ) that reflects physiological interactions with availability of soil water in their
rooting zone. However, field studies [Baldocchi and Vogel, 1996; Baldocchi et al., 1997] show
that even for well-watered vegetation, canopy resistance could be a prohibiting factor resulting
in lower evaporative fluxes relative to saturated or free water surfaces.
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Figure B1: Change in reference evaporation (thick solid curve) vs. relative water storage
within root zone of vegetation ( Z root =1 m) and soil layer ( Lc =0.25 m) with areal
fraction of f v = f s =0.5 obtained based on the small-scale averaging scheme when

α cr <1. The thin solid curve depicts reference evaporation when canopy resistance is not
a prohibiting factor (i.e., α cr =1). The dashed curves represent (schematically) changes in
actual evaporation during drying process. The arrow marks relative changes in reference
and actual evaporations relative to Ew* due to the effect of canopy resistance
(represented with α cr =0.5) resulting in Ea* < Ew* and ER* > Ew* when soil moisture is not
limited (i.e., relative storage=1). The results were obtained for: RS =300 W/m2, U a =1
m/s, Ta =25 oC, Ca =0.011 kg/m3 (RH=50%), α s = α v =0.2, ε s = ε v =0.9, and ε a =0.8.
The effect of canopy resistance on change in reference evaporation is depicted in Figure B1 that
*
was obtained based on small-scale averaging. Assuming that Ew represents wet environment

evaporation where canopy resistance and water availability are not limiting factors, canopy
resistance (i.e.,

α cr <1) induces limitations to evaporative flux from vegetation fraction even
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under well-watered conditions (i.e., β = 1 ). Accordingly, the fraction of energy that is not used
by actual evaporation is released (mostly) in form of sensible heat flux and changes reference
(potential) evaporation relative to wet environment condition as seen in Figure B1. These
coupled changes in actual and potential evaporation due to the effect of canopy resistance alter
*
representation of complementary relationship depicted in Figure B2 with ( EMI
= Ea* / E *p ) < 1

reflecting the relative changes of actual and potential evaporation with respect to wet
environment evaporation under well-watered condition.
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Figure B2: Ea + = Ea Ew and E *p + = E *p Ew* as functions of the evaporative moisture
*
index ( EMI
= Ea* E *p ) obtained based on the small-scale averaging scheme for the same

*
conditions as in Figure B1. Shifts in actual and potential evaporations relative to Ew due
*
to the effect of canopy resistance ( α cr =0.5) result in EMI <1 when soil moisture is not

limited (marked by dashed arrow).
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Chapter 7

Concluding Remarks and Outlook
Notwithstanding the centrality of evaporation in a wide range of engineering and natural
processes, modeling evaporative mass loss and surface energy balance (SEB) remains largely an
empirical endeavor. The main theme of this PhD was to offer a physically based framework for
joint quantification of evaporation and surface temperature thereby enabling quantification of
energy partitioning dynamics over evaporating porous surfaces. The key step in this framework
was a pore-scale representation of vapor diffusion and heat exchange that incorporated atomistic
view of these coupled processes in drying porous media. Specifically, the coupling between
surface temperature and evaporative flux during surface drying permitted predictive formulation
of shifts in surface energy balance components over terrestrial surfaces. These derivations were
tested at the pore-scale and then extended to larger scales using the Complementary
Relationship (CR) framework. The replacement of empirical components of the original CR by
newly proposed and physically based components enables exploration of the potential
applicability of the CR framework to commonly observed complex surfaces with patches of
bare soil and vegetation.

7.1. Summary and New Insights
The dissertation addresses different aspects of evaporative drying and coupling between surface
temperature and energy partitioning dynamics of porous surfaces with the following areas
discussed extensively:
1. In the second chapter of the thesis we proposed a “pore-centered” approach for
quantifying the coupling between surface temperature and evaporative flux during
gradual drying of evaporating porous surfaces. We thus introduced an “atomistic”
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representation of a drying porous surface by defining a representative unit cell
comprised of a prototypic evaporating pore and dry area surrounding it. Gradual drying
of the surface during stage 1 evaporation which is accompanied by sequential invasion
of surface pores and increase of spacing around remaining wet pores was attributed to
the increase of dry area around the representative pore. The unit cell approach allowed
us to link components of surface energy balance at pore-scale and simultaneously solve
coupled heat and mass transfer equations to systematically evaluate effects of shortwave
radiation, wind speed, relative humidity and air temperature on evaporative flux and
associated mean surface temperature dynamics during evaporative drying.
2. The model addressed the critical role of surface temperature in quantification of vapor
concentration gradient between surface and air and highlighted the potential error
embedded in interfacial isothermal models that tacitly assume similarity between
temperature of evaporating surface and overlying air flow. The capability of the model
for predicting evaporative flux that was in good agreement with flux estimations based
on the remotely measured surface temperature offers a simple and physically based
framework that reduces empiricism associated with several temperature-based
algorithms for estimation of surface evaporation.
3. We then designed a novel experimental system consisting of individual and clustered
evaporating pores drilled into rough glass plates and samples of glass beads surfaces to
evaluate pore-centered representation of surface drying based on the so-called Porescale Coupled Energy Balance (PCEB) model (chapter 3). The PCEB model provides a
closed-from solution for temperature distribution on the surface of unit cell and avoids
iterative solution of energy and vapor diffusion equations for quantification of
evaporative flux and surface temperature as originally proposed in chapter 2 (see
chapters 3 and 4 for details). Accordingly, microscopic infrared thermography was
employed to observe formation and interaction of thermal fields around individual
surface pores and evaluate PECB predictions of evaporative flux and surface
temperature under different boundary conditions.
4. The crucial role of pore spacing on the enhancement of per-pore vapor diffusion was
theoretically addressed by Shahraeeni et al. [2012] through investigating evolution of
diffusive vapor shells and adjustment of vapor diffusion resistance. This compensation
mechanism which accounts for constancy of mean evaporative flux during stage 1
evaporation was systematically assessed here via pore-scale experiments. The PCEB
predictions supported by experimental results demonstrated that increase of pore
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spacing is accompanied by incremental increase in energy input intercepted by the unit
cell surface and pore-scale adjustments of energy partitioning that subsequently
contribute in the enhancement of diffusive vapor flux from individual surface pores.
Drying experiments on a sample of monolayer glass beads revealed that pore emptying
sequence (governed by pore size distribution) is accompanied by “rapid” thermal
adjustments around air-invaded pores where intercepted energy not used by evaporation
is transferred to the neighboring wet pores through lateral conductive fluxes. These
pore-scale thermal adjustments which finally contribute in the gradual increase of
surface temperature during surface drying support upscalability of PCEB model for
predicting dynamics of surface energy partitioning.
5. In chapter 4 of the thesis we employed PCEB model to predict components of surface
energy balance and quantify dynamics of incoming radiative energy partitioning during
drying of terrestrial surfaces. Well controlled laboratory experiments were designed to
evaluate model predictions of SEB components over homogeneous drying sand samples
and test model capability for estimating drying dynamics of texturally heterogeneous
surfaces comprised of fine and coarse textured sand samples. Capitalizing on the key
physical aspects encompassed in the model and good agreement between model
predictions and experimental results, the PCEB provided a framework to estimate
Priestley and Taylor’s [1972] α parameter and the Bowen ratio for a range of climatic
inputs. The α parameter that was empirically determined as 1.26 from measurements
over saturated surfaces is the basis for many hydrological and climatological models to
estimate evaporative flux through the convenient and widely used P–T formulation.
Hence, proposed expression for estimation of α in chapter 4 avoids the empiricism
embedded in local calibration of α and places P–T equation on a more general and
locally nuanced basis.
6. The pore-scale representation of evaporation from drying porous surfaces (constrained
by SEB) offered a solid basis for describing drying dynamics of terrestrial surfaces. We
thus invoked pore-scale representation of SEB to provide a physically based definition
for the concept of potential evaporation that is in the core of complementary
relationship between actual and potential evaporation as postulated originally by
Bouchet [1963]. Building on the feedback processes between drying land surface and
overlying air flow in terms of sensible heat flux and warming feedbacks (central in the
CR hypothesis), we defined a hypothetical steady state temperature where sensible heat
flux vanishes and most of the available energy drives the evaporative flux. The unique
steady state temperature that links surface energy balance and evaporation from
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evaporating surfaces was then used to quantify evaporation from a small saturated
surface surrounded by drying land surface. This so-called “reference evaporation” that
serves as the representative of potential evaporation was in good agreement with
measured class A pan evaporation and PenPan model [Rotstayn et al., 2006] offering a
means for analytical prediction of parameter b that describes asymmetric CR between
actual and potential evaporation [Kahler and Brutsaert, 2006]. The concept of steady
state temperature discussed in chapter 5 provided insights for the origin of the
asymmetric CR through the nonlinearity of vapor concentration-temperature curve.
Moreover, the analytical prediction of b parameter and newly derived reference
evaporation offered CR as a predictive framework for estimation of evaporative flux
from measurable atmospheric variables.
7. We finally extended the concept of reference evaporation to formulate an upscaling
framework for the CR over spatially heterogeneous land surfaces (chapter 6). Different
averaging schemes were investigated to upscale reference evaporation of a
heterogeneous surface based on the scales of heterogeneity relative to the turbulent
mixing lengths of the CBL. Different drying dynamics of a composite surface (with
vegetation and bare soil patches) relative to a uniformly drying homogeneous surface
require consideration of different regimes and their impact on areal fluxes. We derived
new analytical expressions for estimating the complementary relationship over
heterogeneous surfaces comprised of bare soil and vegetation based on drying state and
areal fraction of subsurface elements. The study highlights the important roles of
vegetation fractions and meteorological conditions on CR and helps to explain the wide
range of responses observed in experiments. More detailed observations than presently
available data are needed for a definitive testing of the proposed framework.

7.2. Outlook
Despite the solid physical basis that underlies the pore-scale approach and the new predictive
capabilities in terms of evaporative fluxes and energy partitioning dynamics of drying porous
surfaces, additional improvements of the model are required to consider complexities associated
with certain engineering applications and large-scale hydrological and climatological modeling:
1. The pore-scale approach considers 1D radial temperature distribution and ignores
vertical thermal gradients within the unit cell. Ignoring vertical thermal gradients at high
surface water contents where thickness of unit cell (assumed as one grain size) is
comparable with its radius may affect energy balance of near-surface water and thus
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estimation of evaporative flux. Hence, a more accurate “analytical solution” would
contain both lateral and vertical temperature distributions within the unit cell.
2. An important limitation to the widespread adaptation of the PCEB model is the
representation of surface temperature based on complex Bessel functions that hinder
quantification of surface fluxes. An algebraic simplification of the analytical solution
for coupled evaporation-surface temperature would pave the way for more general
acceptance and application of this pore-centric approach.
3. The physically based expression for estimation of α parameter in chapter 4 was
obtained based on the PCEB that primarily describes evaporation from flat bare soil
surfaces. Although our initial tests of the model were in good agreement with
measurements obtained from heterogeneous surfaces including vegetation, a more
definitive approach would address the crucial role of vegetation cover and heterogeneity
of atmospheric variables over terrestrial surfaces on estimation of Bowen ratio and P–T

α parameter.
4. The present representation of surface energy balance tacitly ignores potential role of
atmospheric stability in modification of near-surface vertical temperature and vapor
concentration profiles. Considering atmospheric stabilities in the definition of boundary
conditions as proposed by Haghighi and Or [2015] would complement the present
surface based approach and provide a more realistic framework for quantification of
surface fluxes at large-scale hydrological applications.
5. The potential role of plant physiology in controlling evaporation dynamics was not
explicitly considered in the derivation of CR for heterogeneous surfaces. Incorporation
of certain plant physiological traits could enhance the framework and better link plant
controls on surface energy balance and thus on the effective complementary relationship
between actual and potential evapotranspiration.
6. The proposed generalization of the CR to heterogeneous surfaces offers a predictive
framework for quantification of regional actual evaporation based on routinely
measured meteorological variables. We envision systematic upscaling schemes that
would be capable of delineating maps of global actual evaporation based on the CR for
present and future climate scenarios.
7. The physically based estimation of CR over spatially heterogeneous surfaces with
nuanced upscaling schemes considered in the model links moisture availability with
surface evaporative fluxes and provides a means for deducing drying dynamics of land
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surfaces from the rate of changes in surface fluxes predicted by the model; an aspect
that is often inferred from the remotely sensed surface temperature [Gallego-Elvira et
al., 2016].
8. There is an urgent need for detailed data sets for CR model testing. Thus far, available
data that were driven primarily by empirical approaches to the CR preclude definitive
testing of the generalized CR approach and thus hinder its potential adaptation for largescale modeling of actual evaporation.
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