JAMES

RESEARCH ARTICLE
10.1029/2019MS001685

Key Points:

« Empirical work suggests that ET
can be estimated from atmospheric
observations alone, even under
water-limited conditions

« We develop an idealized equilibrium
ET-ABL model that couples the
surface and atmospheric states

« The model reproduces and explains
the observed phenomenon

Correspondence to:
K. A. McColl,
kmccoll@seas.harvard.edu

Citation:

McColl, K. A., Salvucci, G. D., &
Gentine, P. (2019). Surface flux
equilibrium theory explains an
empirical estimate of water-limited
daily evapotranspiration. Journal

of Advances in Modeling Earth
Systems, 11. https://doi.org/10.1029/
2019MS001685

Received 12 MAR 2019
Accepted 6 JUN 2019
Accepted article online 11 JUN 2019

©2019. The Authors.

This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided
the original work is properly cited, the
use is non-commercial and no
modifications or adaptations are made.

A V ad | l ADVANCING
AGU 100 &0z,

Journal of Advances in
Modeling Earth Systems @

Surface Flux Equilibrium Theory Explains an Empirical
Estimate of Water-Limited Daily Evapotranspiration

Kaighin A. McColl'?"", Guido D. Salvucci®'*, and Pierre Gentine*

IDepartment of Earth and Planetary Sciences, Harvard University, Cambridge, MA, USA, 2School of Engineering and
Applied Sciences, Harvard University, Cambridge, MA, USA, 3Department of Earth and Environment, Boston University,
Boston, MA, USA, 4Department of Earth and Environmental Engineering, Columbia University, New York, NY, USA

Abstract Evapotranspiration (ET) plays a central role in the water, energy, and carbon cycles but is
difficult to model and estimate due to its dependence on the heterogeneous land surface. Recent studies
suggest that standard weather station atmospheric observations alone may be sufficient to estimate ET.
This is surprising since ET over land is often strongly constrained by the land surface, for instance, by
water limitation. While these studies have been empirically successful, a physical explanation for why this
is possible has been lacking. Here, we provide a physical explanation for why one of these approaches—the
ET from Relative Humidity at Equilibrium (ETRHEQ) method—works, using a simple model of a
steady-state idealized atmospheric boundary layer. We show that, across a wide range of plausible
parameter values, this model reproduces ETRHEQ, suggesting that it contains the essential physics that
lead to ETRHEQ. We derive a closed-form expression for ETRHEQ at steady state and use it to show that
ETRHEQ can be explained in terms of the near-surface relative humidity (RH) budget of the idealized
model: in particular, it is equivalent to assuming a balance between surface moistening and heating terms
in the RH budget. Negative feedbacks between surface fluxes (constrained by the surface energy budget)
and atmospheric temperature and humidity mean that these terms typically balance, explaining the
empirical success of ETRHEQ over a wide range of conditions. We define this state—in which the
moistening and heating terms balance in the RH budget—as “surface flux equilibrium.”

1. Introduction

Evapotranspiration (ET, the sum of evaporation E and transpiration T) is a major component of the water
cycle, the energy cycle (due to evaporative cooling), and the carbon cycle (due to coordination between
transpiration and photosynthesis in plants (Green et al., 2019; Humphrey et al., 2018)). Estimating ET over
inland continental regions is of particular interest because this is where climate models are particularly
prone to failure (e.g., Ma et al., 2018). An inherent challenge in modeling ET is that the land surface is
extremely heterogeneous. Since ET is a function of both the land surface and the atmosphere, it is difficult
to parameterize (Monteith, 1965). Approaches that do not require explicit parameterization of land surface
conditions are, therefore, desirable.

Under special conditions, ET reaches an interesting “equilibrium” value that does not explicitly depend on
surface conditions. While there are various definitions of equilibrium ET, arguably the most fundamental
(Raupach, 2001) is the evaporative state achieved by a closed system—forced with constant incoming radi-
ation that is partitioned at the lower boundary between latent and sensible heat fluxes—that is allowed
to evolve to a quasi-equilibrium state in which the vapor pressure deficit (VPD) is constant (McNaughton,
1976a, 1976b; Slatyer & Mcllroy, 1961). The eventual quasi-equilibrium ET in this system, regardless of
surface water limitation or initial conditions, is

AE =

€
€+1(Rn_G) (1)

where e = 44/c¢,, A = ii* , 0, is screen-level potential temperature, 4 is the latent heat of vaporization

T |T=0,,
of water, ¢, is the specific heat capacity of air, R, is net radiation, and G is ground heat flux. This result
is significant since, given enough time (with more time required for more surface-limited conditions), the

system evolves to a state in which ET is solely a function of the atmospheric state (¢(9,,)) and available energy
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(R, —G). Any surface limitation (e.g., water limitation) eventually becomes encoded in the atmospheric state
and does not enter equation (1) explicitly.

In the real world, however, the system is not closed. If the control volume is a convective boundary layer
(CBL), then on time scales of hours, relatively dry and warm air is entrained at the top of the CBL, increasing
its VPD and ET relative to the equilibrium value (De Bruin, 1983; McNaughton & Spriggs, 1986). This effect
is typically modeled empirically by multiplying the equilibrium value by the Priestley-Taylor parameter,
a (Priestley & Taylor, 1972). This value is often taken to be 1.26, based on the original field study, which
agrees reasonably with plausible model predictions (Culf, 1994; De Bruin, 1983; Raupach, 2000), although
values of @ have been observed that depart from this value considerably (Shuttleworth & Calder, 1979).
Despite the success of these methods, they are fundamentally restricted to well-watered surfaces: the time
to equilibrium increases with increasing surface limitation, meaning equilibrium is rarely achieved in the
temporally varying real world, unless surface limitation is small (Raupach, 2000, 2001). Therefore, these
approaches are incapable of modeling ET over most land surfaces. While efforts to model « as a function
of surface conditions (e.g., De Bruin (1983)) have been useful for developing physical understanding, they
still require knowledge of surface conditions if they are to be applied to estimate ET over water-limited land
surfaces.

Can equilibrium approaches be devised that allow ET to be estimated over water-limited surfaces without
explicitly parameterizing surface limitation? While the land and atmosphere are tightly coupled, it seems
reasonable to hypothesize that the near-surface atmosphere responds more rapidly to perturbations com-
pared to the land surface; this implies that, at some time scale, the near-surface atmosphere will reflect the
state of the land surface, regardless of surface limitation (Novick et al., 2016; Zhou et al., 2019), and there-
fore, atmospheric observations alone should be sufficient to estimate ET. Recent approaches broadly based
on this idea—that atmospheric observations alone contain sufficient information to estimate ET—have
proven empirically successful even under conditions where surface conditions limit ET (Gentine et al., 2013,
2016; Salvucci & Gentine, 2013). This is a major advantage since weather station data are relatively plenti-
ful compared to land surface observations of parameters controlling surface limitation (e.g., soil moisture).
In particular, the ETRHEQ (ET from Relative Humidity at Equilibrium) method parameterizes the surface
conductance based on a hypothesized relation between surface conductance and RH, namely, that the true
surface conductance (assumed constant over the course of a day) minimizes the vertical variance of the RH
profile averaged over the day (Rigden & Salvucci, 2015, 2017; Salvucci & Gentine, 2013).

However, there is currently no physical explanation for why such empirical weather station based estimates
work. Previous studies (Salvucci & Gentine, 2013) have speculated that this is a result of an “equilibrium”
state. However, no mechanistic model has so far been proposed that explains this phenomenon. Here, we
propose an idealized model of the atmospheric boundary layer (ABL) that reproduces ETRHEQ. The model's
simplicity allows us to identify the most fundamental physical mechanisms that govern this equilibrium, in
particular, that ETRHEQ is equivalent to assuming a balance between the surface heating and moistening
terms in the steady-state relative humidity budget, a state we call “surface flux equilibrium” (SFE).

This manuscript is structured as follows. We first summarize the ETRHEQ method. Next, we introduce
a simple steady-state box model of the ABL and demonstrate that it reproduces ETRHEQ. An explana-
tion is then provided in terms of the steady-state ABL relative humidity budget. Finally, limitations and
implications are discussed.

2. The ETRHEQ Hypothesis

ET is partly constrained by hydrologic and biophysical mechanisms at the land surface. A “big leaf”
formulation for evaporation reads as (Monteith, 1981)
858a

E= Ve +g. (4°(Ts) - qu) @)

where g, is the surface conductance, g, is the aerodynamic conductance, ¢"(T;) is the saturation specific
humidity evaluated at the surface temperature, and gq,, is the screen-level (often taken as 2 m above the
surface) specific humidity. The surface conductance g, is particularly difficult to parameterize, since it
is a function of the heterogeneous land surface, and reflects limitations due to water availability, plant
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Atmospheric Atmospheric physiology, and land use. However, for simplicity, we use the terms
coolin g drying “surface limited” and “water limited” interchangeably in this study.
— ) 0G,-(0r — g/ The weather station ET estimate, ETRHEQ, hypothesizes that the true
PCpgr\VR M PIdr\4dR i

value of g, minimizes the vertical variance of the RH profile, averaged
T over the course of the day (Rigden & Salvucci, 2015, 2017; Salvucci & Gen-
A tine, 2013). This implies that g, can be estimated using weather station
Sensible data, with almost no information on the land surface required (an esti-
heatin mate of vegetation height is the only necessary land surface input). More
ealing Evapo- specifically, ETRHEQ hypothesizes that the true value of g, (defined here

transpi ration as g,) satisfies the condition (Rigden & Salvucci, 2017)

E h i

— = / (RH,(t, g;) — RH(1))*dt =0 (3)

g, [T Jo _

85=8s
\ where RHy = q5/q"(Ts). For a steady-state case, the ETRHEQ condition

7 \E simplifies to
= +
2
Figure 1. Schematic of the idealized box model of the atmospheric Ol(RH(g) — RH)] =0 @)
boundary layer. The box has depth h. R, is net radiation (the difference 0g; o=2

between incoming and outgoing radiation at the surface). G is the ground

heat flux. H and AE are sensible and latent heat fluxes, respectively. The box
has potential temperature 6, and specific humidity g,,. g, is the
atmospheric cooling and drying conductance. gz and 6y are the relaxation

In Appendix A, we provide a derivation showing that, for the steady-state
case, this expression simplifies substantially to a closed-form expression

specific humidity and temperature, respectively. p is the density of air, and for the evaporative fraction (EF)
cp is the specific heat capacity of air.

AE RHe

EF =22 = _~0¢
R,—G RHe+1

5

where RH = q,,/q (Ty,) is the atmospheric relative humidity.

However, while ETRHEQ has been empirically successful (Rigden & Salvucci, 2015; Salvucci & Gentine,
2013), a physical explanation is lacking. The ETRHEQ hypothesis is a useful approximation but is unlikely
to hold exactly, implying that it is unlikely that it can be derived exactly from the governing equations.
Instead, we propose a simple model of the ABL that reproduces the ETRHEQ hypothesis to the same level
of accuracy as observed empirically. We choose the model to be as simple as possible, while still retaining
clear conceptual links to the real ABL. As we will show, the model's simplicity facilitates physical insight
and the development of intuition that would not be possible with more complex models.

3. A Box Model of the Steady ABL

The concept of equilibrium ET is fundamentally based on a closed box model (Raupach, 2001). We parsi-
moniously build on this model in this study, resulting in a model that can be interpreted as a conceptual
model of the diel-average ABL (i.e., the ABL averaged over a full day-night cycle). The model consists of a
box, forced with constant incoming shortwave and longwave radiation, which can be interpreted as daily
averages (Figure 1). In analogy with the ABL, the box is assumed to be well mixed, implying that vertical
gradients of potential temperature and specific humidity are zero.

The energy and moisture budgets for the box model are as follows:

dHM H &r
Su_ M B 6
ar = e TR0 ©)

dgy _ IE &

a i 7 @~ Q) (7
where 6, is the box potential temperature, ¢ is time, h is the height of the box, H and AE are sensible and
latent heat fluxes, respectively, g, is the conductance of the generic atmospheric cooling and drying terms,
and 0y and gy are reference temperature and specific humidity, respectively (explained below). While latent
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Table 1
Parameter Values and Ranges Used in the Sensitivity Analysis
Variable Baseline value Sensitivity test range Unit
Aerodynamic conductance g, 1/50 1/200-1/10 m/s
Surface conductance g 1/900 1/900-1/60 m/s
Ground heat flux reference temperature T, 8 0-20 °C
Ground heat flux conductivity k, 0.3 0-2 Jm~ls LK1
Downwelling shortwave radiation Fy; 700 300-1300 W/m?
Downwelling longwave radiation Fj; 300 100-700 W/m?
Surface albedo ay 0.5 0-1 —
Boundary layer height h 1,000 50-1500 m
Atmospheric cooling relaxation temperature 0y 10 0-15 °C
Atmospheric drying relaxation specific humidity gg 1073 0-3x 1073 kg/kg
Relaxation conductance g, h/(10 days) Fixed m/day

heating is a more efficient method of heat dissipation under typical daytime warm and wet conditions
(Bateni & Entekhabi, 2012), it is often constrained at the land surface by water limitation and other fac-
tors. The air temperature and specific humidity in the box increase in response to H and E, respectively. A
generic cooling flux balances the surface heating, and a drying flux balances the surface moistening from E.
Both terms are represented as linear relaxation terms, in which the box temperature and specific humidity
are both relaxed back to a reference temperature and reference specific humidity, respectively, over the time
scale h/g,. Linear relaxations are commonly used forms (e.g., see Byrne & O'Gorman, 2016, for atmospheric
drying and Pauluis & Held, 2002, for atmospheric cooling). These fluxes ensure that the model reaches
equilibrium. Plausible examples of cooling fluxes in the ABL include radiative cooling, or cooling from con-
vective downdrafts. Examples of drying fluxes include dry air entrainment or convective ventilation through
cloud base mass flux.

The incoming energy is partitioned at the surface between sensible heat H and latent heat AE according to
R,—G=H+iE ®)

where the net radiation R, = (1 — a)F,; + F;y — e T¢, where surface emissivity ¢ = 0.98, Ty is surface
temperature, and other terms are defined in Table 1. The ground heat flux is modeled as G = kg(TS -Ty) /d,,
where the depth to a deep soil layer with constant temperature T, is d, = 1 m (Raupach, 2001). Other
parameters are defined in Table 1. The turbulent fluxes are given by

H = pc,g,(Ts — 0y )
o 8a8s _ .
AE = pA == (@ (Ts) = qu) = pAg(q"(T) — gs) (10)

where g, is atmospheric conductance and gy is specific humidity at the surface. For simplicity, we ignore
impacts of thermal stratification on g,. The equations are nonlinear since the equation for AE includes the
saturation specific humidity g"(T,), a nonlinear function of temperature given by the Clausius-Clapeyron
relation. If T, is held constant, then ¢"(T,) is also constant and the equations can be solved analytically, but
this is not the case for our simulations, where T is allowed to evolve freely in time.

The model is run to steady state (Betts, 2000). ETRHEQ simplifies substantially at steady state (equation
(5)), so we focus on the steady state case in this study. Consistent with previous box models used to study
equilibrium ET, its height is fixed to be h (Betts, 1994; Culf, 1994; Raupach, 2000, 2001). While diurnal
variability is significant in the ABL over land, our box model can be interpreted as approximately averaging
over this variability on multiday time scales, similar to previous equilibrium models, which have been used
to yield insights into the coupling with the land surface on longer time scales (Betts, 2000; Betts & Chiu,
2010; Cronin, 2013; Raupach, 2001). The results of our analysis are robust to large changes in & (and other
parameters), as described below. We further discuss this simplification in section 6.
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The model presented here is most similar to that given in Raupach (2000). One key difference is that we
exclude an entrainment warming term. This term is typically small: most of the extra heat energy entrained
from the free troposphere is used to grow the boundary layer rather than warm it (Driedonks, 1982), and
since we prescribe a fixed height for our steady model, it can be safely ignored. The entrainment warming
term is effectively replaced by an atmospheric cooling term, which becomes significant at multiday time
scales (we describe these differences further in section 6). For numerically solving the equations, we include
in equations (9) and (10) additional terms relating to condensation (parameterized as in Vallis et al., 2019).
These are required to numerically integrate the equations across a wide range of parameters but are not
physically significant in the cases we consider, so are not shown in equations (9) and (10).

The governing equations for the atmosphere can be nondimensionalized to give

ddy, . & . A

M 4+, -0 11
¥F ga( r — Om) (11D

deM £ 8r o ~

a4 g dr —4m (12)

where § = qpAg,/(R, — G), 1 = tg,/h, and T = Tpc,g,/(R, - G).

The system evolves to an equilibrium state for a given forcing and parameters when g, # 0. The equilibrium
ABL state (8,;, q,,) can be thought of as a mixture of the equilibrium surface state (T, ¢"(T,)) and reference
state (0, gg)- The relative weighting of this mixture is determined by g,/g,: small g, /g, means the equilib-
rium ABL state is closer to the equilibrium surface state, whereas high g, /g, means the equilibrium ABL
state is closer to the reference state. Alternatively, g, /g, can be interpreted as the inverse sensitivity of the
equilibrium ABL state to changes in surface fluxes:

9y _ 90y _ 1
0AE  oH  g/g,

(13)

Therefore, for small g,/g,, the idealized ABL is more like a greenhouse: the ABL state is highly sensitive
to changes in surface fluxes, meaning surface fluxes largely determine the ABL state. In contrast, for large
8,/8,, the ABL state is insensitive to changes in surface fluxes, meaning the ABL state is largely imposed by
the external atmosphere. This is conceptually similar to the decoupling parameter framework of Jarvis and
McNaughton (1986). While we would expect g, to be anticorrelated with 6, and g, equation (13) shows
that g, determines the sensitivity of the atmospheric state to surface fluxes, independent of 6 and g.

4. The Box Model Reproduces ETRHEQ

A sensitivity analysis is performed by varying model parameters one at a time (Table 1). Values of g, and g
are chosen to be similar to those used in the sensitivity tests of Betts (2000). The relaxation conductance g, is
more difficult to constrain. In this study, it is chosen to be a fixed function of h: g, = h/(10 days). This choice
effectively imposes a residence time of 10 days on water vapor in the ABL. This drying time scale has been
used commonly in the literature over oceans (Deremble et al., 2012; Emanuel & Zivkovic-Rothman, 1999;
Seager et al., 1995) and also as a synoptic forcing time scale over land (D'Andrea et al., 2006). It is possible
that the true residence time might be lower than this estimate. However, the main results of this study are
robust to substantial variations in this parameter; for example, the results are qualitatively similar if the
imposed residence time is halved to 5 days. The chosen parameters result in a realistic amount of cooling
if the atmospheric cooling term is interpreted as a radiative cooling rate: for the baseline case, the effective
cooling is —2.3 K/day (Betts, 2000).

For a given set of initial conditions and parameters, the box model converges to a steady state (Figure 2),
yielding a time series of synthetic truth AE, specific humidity, and air temperature. At steady state, the model
air temperature and specific humidity can be used as inputs to ETRHEQ (equation (5)) to estimate AE. If this
estimate is a reasonable approximation of the synthetic truth AE across a wide range of parameter choices, it
suggests (but does not guarantee) that the model contains the fundamental physics that explain ETRHEQ.

MCCOLL ET AL.
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Figure 2. Example behavior of the box model in the baseline case used in the sensitivity test. (a) Traces of synthetic
truth AE (solid black line) and ETRHEQ estimated AE (equation (5), red solid line). The shaded region is +10 W/m?,
representing a (conservatively low) uncertainty estimate on eddy covariance measurements of AE (Aubinet et al., 2012).
(b) Traces of surface temperature Tg (black dashed line) and air potential temperature 6,, (black solid line). (c) Trace of
screen-level relative humidity RH.

There is no reason to believe that the hypothesis behind ETRHEQ is an exact result, and we do not expect
there to be zero error.

The steady-state AE estimated by ETRHEQ (equation (5)) reasonably matches the synthetic truth AE, across
a broad range of parameter choices (Figure 3a). More specifically, for the parameter ranges given in Table 1,
the ETRHEQ estimate of E has a root-mean-square error (RMSE) of 9.6 cm/year. This compares favorably
with the comparison with field data given in Figure 3 of Rigden and Salvucci (2015), where the ETRHEQ
RMSE when compared with field observations is 11.6 cm/year. A higher RMSE is expected when compared
with field observations, since they are subject to measurement error.

ETRHEQ has the largest absolute errors when available energy is highest (Figure 4). This corresponds to
cases where downwelling longwave radiation F); and/or downwelling shortwave radiation F,; are high,
when surface albedo a; is low, and/or when ground heat flux conductivity k, is low (implying a small ground
heat flux). In these cases, there is more energy available to be partitioned between the turbulent fluxes (sen-
sible and latent heat). These typically correspond to cases where E is relatively high in Figure 3, meaning
relative errors are still quite low. In addition, the errors are somewhat sensitive to choice of reference tem-
perature used in the atmospheric cooling term 6, (Figure 4). However, constraining 6, to a range in which
the atmospheric cooling term produces values that could plausibly be interpreted as radiative cooling terms
(following Betts, 2000, —1 to —3 K/day) results in low errors.

ETRHEQ performs substantially better than the classical equilibrium model given in equation (1)
(Figure 3b). The classical equilibrium model is most appropriate for well-watered surfaces, since the time
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Figure 3. Scatter plot comparisons—for each set of parameters used in the sensitivity test—between synthetic truth E
and (a) ETRHEQ-estimated E (equation (5)) and (b) classical equilibrium E (equation (1)). RMSE is root-mean-square
error in estimated E evaluated over all parameter sets used in the sensitivity analysis. Dashed line is the 1:1 line.
ETRHEQ = ET from Relative Humidity at Equilibrium.

to equilibrium is much longer than real-world weather variability time scales when the surface is water
limited, meaning an equilibrium state is typically not realized (McNaughton, 1976a, 1976b; Raupach, 2001;
Slatyer & Mcllroy, 1961). We refer to equation (1) as “classical equilibrium” ET in the remainder of the
paper. When g, is high and surface conditions are not limiting, the ETRHEQ (equation (5)) and classical
equilibrium (equation (1)) solutions both have similarly low errors (Figure 4). However, as g, — 0, errors in
the classical equilibrium solution grow substantially compared to errors in the ETRHEQ solution. The box
model on which the classical equilibrium estimate of ET is based (Raupach, 2001) is a special case of our
model, where g, = 0. In this case, ETRHEQ and the classical estimate have similarly low errors (Figure 4).
However, in this case, the box continues to get wetter and warmer with time, rather than reaching a steady
state. It approaches saturation (RH — 1), in contrast to the observed ABL, where RH < 1 in most cases. One
of the reasons for this difference is vertical mixing with the upper troposphere, which dries the box, and
general atmospheric cooling, which can include radiative cooling and cooling from convective downdrafts
(Emanuel, 1995; Raymond, 1995). These processes are represented by g, > 0. As they become more vigorous
(i.e., g, grows larger), the ETRHEQ solution continues to maintain low errors, whereas errors in the classi-
cal equilibrium ET estimate grow (as we will see in the next section, g, must still remain small compared
to g, for errors in ETRHEQ to remain small, but this is usually satisfied in most cases in the ABL). Overall,
ETRHEQ (equation (5)) accurately estimates AE within the box model and much more accurately than the
classical equilibrium model (equation (1)). This suggests that the box model contains the most important
physics that explain ETRHEQ.

5. Surface Flux Equilibrium

In this section, we present an explanation for ETRHEQ based on terms in the RH budget. Previous studies
of classical equilibrium ET (equation (1)) have focused on the VPD budget (e.g., McNaughton & Spriggs,
1986; Raupach, 2000, 2001). RH is related to VPD but contains different information and is more relevant
to ETRHEQ, which is based on a hypothesis about the gradient of RH. We discuss previous studies in more
detail in section 6.

The nondimensionalized relative humidity budget is (see Appendix B for a derivation)

L: surface moistening  IL: surface heating IIL: atmospheric drying ~ IV: atmospheric cooling
e, ARH A g — A A A
q (HM)T = AE - RHAH + g— @r—Qqu) — RHA(Og —0y) (14)
a
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Figure 4. Dependence of errors for ETRHEQ (solid black line) and classical equilibrium E (red solid line) on
parameters defined in Table 1. Errors are root-mean-square differences between synthetic truth E and ETRHEQ E
(equation (5)). Parameters are set to their baseline values defined in Table 1 and varied one at a time in each subplot.

Recall that, for the case where g, /g, is small, the equilibrium ABL state is largely determined by surface
fluxes. If evaporation is large (implying that sensible heating is relatively small), then its equilibrium specific
humidity will be relatively high and its equilibrium temperature will be relatively low. Its equilibrium RH
will, therefore, be relatively high. Since the surface heating term in the RH budget includes the product of
RH and the sensible heat flux, the relatively small sensible heat flux will be amplified by the relatively high
RH, resulting in the approximate balance of the surface moistening and surface heating terms in the RH
budget (terms I and II in equation (14), respectively)

JE ~ RHAH (15)
Combining the definition of EF with equation (15) yields
1 _ RHA RHe (16)

1+ 4L RHA +1 " RHe+1

EF =

This expression is exactly equivalent to ETRHEQ at steady state (equation (5)). Therefore, the ETRHEQ rela-
tion can be interpreted as a balance between surface moistening and heating terms in the relative humidity
budget. We call this approximation (equation (15)) "surface flux equilibrium" (SFE).
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For the special case where g, = 0, the box no longer includes cooling or drying terms. It does not reach a
steady state, continuing to get hotter and moister with time. In this case, the box eventually reaches satu-
ration (RH — 1; note that this is consistent with Raupach, 2001, equation 37, since p — 0 as t — oo, using
his notation). Therefore, ETRHEQ (equation (5)) becomes equivalent to the classical equilibrium solution
(equation (1)). The classical equilibrium solution was derived in Raupach (2001) for a closed box model,
using a VPD budget. Our work can be thought of as generalizing that of Raupach (2001) (and similar studies)
to surface-limited conditions. We make further comparisons with previous studies in section 6.

For the case where g, /g, is large, the equilibrium ABL state is relatively insensitive to surface fluxes. In this
case, SFE does not hold, and ETRHEQ no longer provides a good estimate of EF. This is confirmed by our
model (not shown). Since the atmospheric drying and cooling terms are not connected by an equivalent to
the surface energy balance, there is no equivalent state to SFE, in which the atmospheric drying and cooling
terms (terms III and IV, respectively, in equation (14)) balance. However, at multiday time scales, g, /g, is
small, and so this case occurs infrequently.

In summary, the surface moistening and heating terms in the RH budget approximately balance over a wide
range of conditions when g, /g, is small, which explains ETRHEQ. Our analysis of the RH budget is consis-
tent with a previous LES study (van Stratum et al., 2014), where it was found that the surface moistening
and warming terms approximately balanced in the budget of relative humidity, albeit evaluated in this case
at the top of the boundary layer rather than at the surface. Previous studies over ocean have often used fixed
sea surface temperatures as the lower boundary condition (e.g., Rieck et al., 2012; Blossey et al., 2013). While
these studies have provided useful insights, they do not necessarily close the surface energy budget, perhaps
explaining why this result has not been identified previously.

6. Discussion

In the absence of other constraints (such as water limitation or the closing of stomata), ET is known to
increase with increasing VPD and therefore decrease with increasing RH. However, the simplified expres-
sion for EF (equation (16)) implies EF increases with increasing RH. The explanation for this apparent
contradiction lies in the different time scales in each case. ET increases with decreasing RH instantaneously,
meaning ET is anticorrelated with RH at short time scales. However, over longer time scales, large RH is the
result of large ET, meaning ET and RH are positively correlated (Betts, 2000).

A theory of “boundary layer equilibrium” (BLE) was proposed by Raymond (1995) and Emanuel (1995).
In this theory, an equilibrium boundary layer equivalent potential temperature is maintained by a negative
feedback between surface fluxes and convection: surface fluxes increase boundary layer equivalent poten-
tial temperature, triggering convection and downdrafts, which decrease boundary layer equivalent potential
temperature. SFE is distinct from BLE. For example, BLE can still hold in models with fixed surface temper-
atures (where the surface energy balance is not necessarily enforced). In contrast, SFE requires enforcement
of the surface energy balance at the lower boundary.

6.1. Comparison With Previous Studies of Equilibrium ET

SFE departs from previous studies of equilibrium ET in two major respects. First, previous studies mainly
focused on shorter time scales relevant to the morning growth of a CBL (De Bruin, 1983; McNaughton &
Spriggs, 1986; Raupach, 2000; van Heerwaarden et al., 2009), in which g,/g, is not small, a requirement
of SFE. The growth of the CBL occurs on time scales of hours. Surface heating grows the boundary layer,
leading to entrainment of air from the free troposphere. In this case, g, = dh/dt, and 0 and g are potential
temperature and specific humidity of the free troposphere, respectively, and can be specified by a reference
profile that varies with height. To represent the rapid entrainment of relatively warm and dry air, in this
case, 0g > 0,/, qr < q,, and g,/g, ~ 1. Since g, and g, are comparable in magnitude, the equilibrium state
of the CBL is not dominated by either the surface or reference (in this case, the free troposphere) states. It
has been shown that the equilibrium AE in this case is greater than the equilibrium value (equation (1)),
due to mixing of dry, warm air from the free troposphere, which stimulates further ET. This work has led to
considerable insight about ET in the CBL but is not relevant to SFE, which applies when g, /g, < 1, making
it more appropriate for longer time scales. On time scales of days to weeks, slower mechanisms other than
entrainment become more significant in setting the diel-average state of the ABL. For example, radiative
cooling is slow and plays a relatively minor role in the growth of the CBL but becomes significant on longer
time scales.
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Second, previous studies have focused on the VPD budget rather than the RH budget. For the box model we
consider, the equivalent VPD budget is

I: surface moistening  II: surface heating III: atmospheric drying ~ IV: atmospheric cooling
db - T g ~— SN
T = AE - AH + g— @r—qn) — AWGr—06y) (17)
a

where D is VPD. One advantage of the VPD budget is that it can be written in terms of D alone, resulting
in a closed-form solution for D and AE Raupach (2000). However, the resulting closed-form solution for
AE is a function of g, requiring information on surface properties, which we would like to avoid. A major
disadvantage of the VPD budget is that the surface heating and moistening terms do not balance, in general,
as they approximately do in the RH budget, because the surface heating term does not include modulation
by RH. Therefore, even if g, /g, is small, SFE cannot be obtained from the VPD budget, the focus of previous
studies.

6.2. Limitations

Important caveats apply to our theory. Many land surfaces are not in a state of SFE, for example, regions
with substantial moisture or heat convergence. It has been noted in previous studies that ETRHEQ performs
poorly empirically in regions near coasts where moisture convergence is expected to be significant (Rigden
& Salvucci, 2015; Salvucci & Gentine, 2013), consistent with our theory. It is also possible that convective
precipitation might increase g, /g, to an extent that SFE does not hold. Nevertheless, based on the fact that
ETRHEQ performs well empirically across a wide range of locations and conditions, it suggests that SFE
may be a reasonable approximation of reality at the daily or multiday time scale for many inland continental
areas, even in the presence of some convective precipitation. It is precisely these regions that are subject to
large errors in near-surface air temperatures in models, with underestimated EF a main driver of this error
(Ma et al., 2018). The SFE framework may potentially be useful in correcting these errors in models.

We use a conceptual model of the diel-average ABL and do not attempt to model the diurnal cycle. An
alternative approach would be to integrate the prognostic equations for the ABL in time and then average
the outputs over a diel cycle rather than conceptually modeling the diel-average state of the ABL directly.
We choose the latter approach for several reasons. First, the aim of this study is to explain the empirical
success of ETRHEQ using a maximum simplicity model. Integrating the equations over a diel cycle requires
knowledge of the physics governing the nocturnal stable ABL. While significant strides have been made on
this problem, the physics of the nocturnal ABL are still relatively poorly understood. In our view, the benefits
of more realistic physics obtained from integrating the prognostic equations over a diel cycle do not outweigh
the additional cost of model complexity, particularly given the uncertainty in nocturnal ABL processes.
Second, in the sensitivity analysis, we demonstrate that our box model reproduces ETRHEQ across a wide
range of h values, meaning it must be capturing the first-order behavior reasonably well, despite treating h
as a fixed parameter. Third, 4 does not appear in the nondimensionalized RH budget (equation (14)), so it
does not affect our fundamental explanation of SFE, only the time to equilibrium.

One way in which neglected diurnal variability might impact our results is in the derivation of equation (5).
Unlike the box model, which directly models the diel-average state of the ABL, ETRHEQ is based on subdaily
observations of RH. For maximum simplicity, we neglect this variability in our derivation of equation (5).
However, diurnal variation in RH is considerable over land Dai (2006). Differences between estimates of EF
using equation (5) and the ETRHEQ algorithm (described in Salvucci & Gentine, 2013; Rigden & Salvucci,
2015) are likely explained by ignoring diurnal variability in the derivation. Therefore, while equation (5) is
exactly equivalent to ETRHEQ under steady-state conditions, it can differ from ETRHEQ under time-varying
conditions observed in the real world, complicating the link between SFE and ETRHEQ. The accuracy of
equation (5) in real-world conditions will be investigated in a future study.

7. Conclusions

A major limitation to modeling ET is in parameterizing biophysical processes at the land surface that
may limit ET, such as water limitation. Recent work, including work on the ETRHEQ method, has shown
empirically that quite accurate estimates of ET can be obtained at daily time scales solely using routine
weather station observations, with no surface data required. While this is a major benefit over previous
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methods—which either require land surface information as inputs or only apply to well-watered land
surfaces—it has lacked a physical explanation. It is also somewhat unexpected, since land surface condi-
tions often limit ET. One possible explanation is that the atmospheric state is sensitive to surface conditions,
such that surface conditions become encoded in the atmospheric state, reminiscent of historical work on
equilibrium ET. Much of the literature on equilibrium ET focuses on simple box models. In this study,
we have parsimoniously built on this literature to present a box model—modified to include generic cool-
ing and drying terms, which can represent, for example, radiative cooling and water vapor divergence,
respectively—that reproduces ETRHEQ over a wide range of conditions. We show that ETRHEQ is exactly
equivalent to assuming a balance between the surface moistening and heating terms in the box's relative
humidity budget. There is good reason to believe that these terms will balance, at least approximately, under
a broad range of conditions, due to the sensitivity of the atmospheric state to surface fluxes. In addition to
providing a physical explanation for the success of ETRHEQ), this work has potential for diagnosing and cor-
recting known biases in ET in climate models (Mueller & Seneviratne, 2014) that are likely caused, in part,
by errors in parameterizations of water limitation at the land surface.

Appendix A: Derivation of Steady-State ETRHEQ Solution

In this section, we derive a simplified expression for the ETRHEQ hypothesis applied to the idealized box
model presented in the main text at steady state.

A.1. Penman-Monteith Equation for g
Linearizing ¢"(T) around Tg = 0, gives

q"(Tg) =~ q*(0y) + A(Tg — 6,p) (A1)

where A = % o Combining equations (8)-(10) and (A1) gives the Penman-Monteith equation (Monteith,
1965; Penman, 11548)
AR, = G) + pc,8,(q"(Bhy) — qpp)

E= (A2)
A+y(1+ i—a)

which can be rearranged to give an expression for g,

8ar AE
g = ” (A3)
AR, — G) — (A +7)AE + pgqcp(q*(Or) — quy)
or equivalently
g®R,-G-H)
g = — < (A4)
8a4P(q*(Or) = qu) = (R, = G = (1 + DHH)
%
where y = =+
A.2. ETRHEQ Solution for g
Rearranging equation (10) gives
8aqu + &9 (Ts)
qs = aiM s S (AS)
8at8s
Dividing through by ¢"(Ts) gives
" 9" (On) &
_ q*(Ts) 8a
RH = ————+ (A6)
8a
Applying equations (A1) and (A2) and (8) and (9) gives
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RHy R.—G A?Rn‘s)"'l’cpga(q*(gM)_‘IM) + %
e a2y
7 (O +A e
RH; = — (A7)
1+%

8a

Substituting equation (A7) into the steady-state ETRHEQ condition (equation (4)) and simplifying gives

5ETRHEQ _ 8a RH)y,

(A8)
s Ar8aq" (On) 1—-RH
1+ «’y=G) (1 + eRH,y,) M

A.3. ETRHEQ Solution for EF
Setting the two equations for g, (equations (A4) and (A8)) equal to one another and solving for H gives

L 9T R, =)

- M (A9)
AAgy + €0 (Op)
This simplifies to the final expression
pr = _RHe (A10)
RHe +1

Appendix B: Derivation of RH Budget

In this section, we derive the nondimensionalized relative humidity budget given in equation (14). The
relative humidity at screen level (typically taken as 2 m above the surface) is defined as RH = gq,,/q"(T),
where T is air temperature at screen level. To a good approximation, T = 6,, at screen level, so we may write
RH = q,,/q’(8,,) at screen level. Note that this relation does not hold far from the surface in the box model,
where T(z) < 0,,.

Using the definition of RH, the chain rule and prognostic equations for 6,, and g,, given in equations (6)
and (7), respectively, yields the expression
dRH _ 0RH d6y  oRH dqy 1 ,AE—-RHeH

c
4

=20 ar " oa. ar - — —RHeg, (0 — 0 B1
dt 06,, dt + oqy dr hq*(HM)( Py +8,(qr — qu) i €8, (O — Oyr)) (B1)

We now nondimensionalize this equation. The relevant dimensionless variables are

. gpig,
1= _¢
N —
~ g,
F= 24
h
7 LP%8a
R, -G
A 20*
A= qA =Aize
oT Cp
RH=-—1_ _RrH
q=(T)
A= S_9M=M
R, -G
Ea (* (T ) —
e 1 88a Ny A/’gﬁga(q (Ty) — qp)
AE = — (q (Ts) _qM) =
gags+ga Rn_G

We have treated R,, — G as a fixed constant, as is conventional, although it varies with surface temperature.
Substituting these expressions into equation (B1) yields the nondimensionalized RH equation
drRH _
di
g . R PN A
+ = ((QR —qy) — RHA(O — 91\/1))

a

q* (6y) AE — RHAR
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