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Emergent Simplicity of Continental Evapotranspiration
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Abstract Evapotranspiration (ET) is challenging to model because it depends on heterogeneous land
surface features—such as soil moisture, land cover type, and plant physiology—resulting in rising model
complexity and substantial disagreement between models. We show that the evaporative fraction (ET as a
proportion of available energy at the surface) can be estimated accurately across a broad range of
conditions using a simple equation with no free parameters and no land surface information; only
near-surface air temperature and specific humidity observations are required. The equation performs well
when compared to eddy covariance measurements at 76 inland continental sites, with prediction errors
comparable to errors in the eddy covariance measurements themselves, despite substantial variability in
surface conditions across sites. This reveals an emergent simplicity to continental ET that has not been
previously recognized, in which land-atmosphere coupling efficiently embeds land surface information in
the near-surface atmospheric state on daily to monthly time scales.

1. Introduction

Evapotranspiration (ET, the sum of evaporation and transpiration) is a key flux in the terrestrial water,
energy, and carbon cycles. As a component of the water cycle, it is of fundamental importance to water
resource management, agriculture, and ecosystem health. As a substantial flux of latent heat in the land
surface energy budget, it effectively cools the near-surface atmosphere. Plants make trade-offs between
transpiration and photosynthesis through stomatal regulation, which directly impacts the terrestrial carbon
budget (Friedlingstein et al., 2013; Green et al., 2019). Since ET coregulates the water, energy, and carbon
cycles, changes in any one cycle that impact ET can potentially propagate through the other cycles. However,
ET has only been measured on a routine basis since the 1990s, and measurements are relatively sparse due
to the high cost of installing and maintaining eddy covariance instruments. As a result, ET models remain
essential for characterizing ET at regional and global scales.

The land surface strongly constrains ET (Monteith, 1965) but is challenging to model due to its heterogeneity.
In an attempt to represent this heterogeneity, land surface models have become increasingly complex (Sellers
etal., 1997), at the cost of introducing additional parameters, which are difficult to constrain at global scales.
For example, one key parameter in modeling ET—the stomatal conductance g,—is often itself parameterized
(Ball et al., 1987) as a function of relative humidity, atmospheric CO, concentration, and photosynthetic
assimilation rate (A). This scheme includes two parameters and also requires a separate parameterization of
A; one common scheme (Farquhar et al., 1980) for A requires at least another four parameters. In addition,
the impact of water limitation on ET is often imposed by multiplying g, by an empirical function of soil
moisture, varying between 0 and 1, requiring at least another two parameters (Trugman et al., 2018). Most
of these parameters further vary between, and within, plant functional types. Constraining these and other
parametersrelevant to ET is a major challenge in land surface modeling. As a result, global models struggle to
represent ET with high accuracy (Mueller & Seneviratne, 2014), particularly over inland continental regions
(Ma et al., 2018).

A growing body of evidence suggests that modeling continental ET may be simpler than it first appears. Over
many land surfaces, strong coupling between the land and atmosphere mean the land surface state becomes
embedded in the atmospheric state at daily or longer time scales (Bouchet, 1963; Morton, 1969; McColl
et al., 2019; Novick et al., 2016; Salvucci & Gentine, 2013; Zhou et al., 2019), implying that atmospheric
observations alone should contain sufficient information to estimate ET. This is potentially useful because
it implies that ET can be measured or modeled without explicitly measuring or modeling the land surface,
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the source of many modeling errors. Various methods have exploited this relation and have been empirically
successful in estimating ET while using relatively little land surface information (Brondani et al., 2019;
Gentine et al., 2013, 2016; Rigden & Salvucci, 2015; Salvucci & Gentine, 2013, 2015).

While theoretically possible, extracting the ET signal solely from atmospheric observations has proven more
challenging. Methods for estimating ET over water-limited land surfaces almost always require at least
some land surface information: At minimum, semiempirical surface roughness and stratified turbulence
parameterizations are required, which typically require observations of vegetation height and wind speed
(Gentine et al., 2016; Rigden & Salvucci, 2015; Salvucci & Gentine, 2013). The semiempirical parameteri-
zations include parameters that are substantially uncertain and vary with plant functional type (Rigden et
al., 2018), so their elimination is also desirable. Schemes for estimating ET from satellite observations also
require at least some land surface inputs, such as visible, near-infrared, and/or thermal infrared radiances
(Anderson et al., 2011; Bastiaanssen et al., 1998; Fisher et al., 2008; Mu et al., 2011) or observations of soil
moisture and vegetation water content (Miralles et al., 2011).

A recent study (McColl et al., 2019) hypothesized that, in many inland continental regions, the near-surface
atmosphere is in a state of “surface flux equilibrium” (SFE), in which the surface moistening and surface
heating terms in the near-surface relative humidity budget approximately balance. On daily to monthly time
scales, the theory predicts that the Bowen ratio, B = %, can be estimated as

N Ry, T2 @
TR,

where AE and H are the latent and sensible heat fluxes (W m~2), respectively, g, is screen-level specific
humidity (-), T, is screen-level air temperature (K), 1 = 2.5008x10° (J kg~!) is the latent heat of vaporization
of water, ¢, = 1,005 (J kg~! K1) is the specific heat capacity of air at constant pressure, and R, = 461.5
(J kg~! K1) is the gas constant for water vapor. Here, all quantities that vary in time are daily (i.e., a 24-hr
period) or monthly averages. The Bowen ratio can be converted to latent heat flux using the relation AE =
(1 + B)"YR, — G), where (1 + B)™! is the “evaporative fraction” (EF), R,, is net radiation at the surface (W
m~2), and G is ground heat flux (W m~2). G is typically small compared to R, at daily or longer time scales
and is often ignored.

Unlike previous approaches, this model of water-limited B has zero free parameters, does not require any
land surface information as inputs (including vegetation height), and does not require wind speed. Two
lines of evidence were given for the validity of this theory. First, a simple steady-state box model of the atmo-
sphere, coupled to a land surface, reproduced SFE across a wide range of plausible conditions. Second, it was
shown analytically that, under steady conditions, equation (1) is exactly equivalent to a recent method—the
Evapotranspiration from Relative Humidity at Equilibrium (ETRHEQ) method—that has been extensively
evaluated against observations and shown to be empirically successful (Rigden & Salvucci, 2015; Salvucci
& Gentine, 2013).

The results of earlier work (McColl et al., 2019), which were primarily about gaining theoretical insight, were
focused exclusively on steady conditions. In the real world, the diurnal cycle ensures that steady conditions
are never achieved. Is equation (1) accurate in real-world, unsteady conditions? In response to this question,
in this study, we provide empirical and analytical evidence that equation (1) also applies reasonably well in
transient, real-world conditions. Specifically, we evaluate equation (1) against global eddy covariance mea-
surements of ET, showing that it performs well over a wide range of conditions. This is significant because
it shows that water-limited B over inland continental regions can be estimated solely using atmospheric
observations at daily to monthly time scales. Since equation (1) is simple and contains no free parameters,
it demonstrates an emergent simplicity to continental ET that has not been previously recognized.

2. Methods

2.1. Surface Flux Equilibrium (SFE)

We briefly review the concept of “surface flux equilibrium” proposed in McColl et al. (2019). The
near-surface atmospheric state (specifically, near-surface air temperature and specific humidity) is sensi-
tive, to some degree, to turbulent surface fluxes (sensible heat flux and evapotranspiration, respectively). If
this sensitivity is sufficiently strong, then higher atmospheric specific humidity is a signal of higher evapo-
transpiration in the recent past; similarly, higher temperature is a signal of higher sensible heat flux in the
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Surface flux equilibrium

N Ryc, Ty
A2 qq
High AE causes high High H causes high
specific humidity, g, air temperature, T,
Low H causes low Low AE causes low
air temperature, T, specific humidity, g,

(a) Low Bowen ratio, B (b) High Bowen ratio, B

Figure 1. Surface flux equilibrium. In many continental regions, coupling between the land and atmosphere causes
surface information, encoded in the Bowen ratio B, to become encoded in the near-surface atmospheric state on daily
to monthly time scales. (a) A lower Bowen ratio B is associated with (i) reduced sensible heating (decreased H), leading
to a cooler (decreased T,) near-surface atmosphere, and (ii) increased ET (increased AE), leading to a wetter (increased
q,) near-surface atmosphere. (b) A higher B is associated with (i) increased H, leading to increased T, and (ii)
decreased AE, leading to decreased q,,.

recent past. One consequence of strong sensitivity is that, to a good approximation, a balance exists between
the surface moistening and surface heating terms in the near-surface relative humidity budget; this bal-
ance defines SFE (Figure 1 and supporting information Text S1). Furthermore, it leads directly to equation
(1) and is exactly equivalent to a previous method (Rigden & Salvucci, 2015; Salvucci & Gentine, 2013) for
estimating ET under steady conditions (Text S2). In this study, we test the hypothesis that SFE is a reasonable
representation of real-world (i.e., transient) inland continental regions. Regions with substantial moisture
or heat convergence (such as land regions near coasts) are not expected to be in SFE.

2.2. Data

Collocated measurements of half-hourly latent heat flux AE (W m~2), sensible heat flux H (W m~2), net radi-
ation R, (W m~2), ground heat flux G (W m~2), near-surface air temperature T, (K), relative humidity r (-),
wind speed u (m s7!) and atmospheric pressure P (Pa) were obtained from the FLUXNET (fluxnet.ornl.gov)
and AmeriFlux (ameriflux.lbl.gov) networks. For FLUXNET measurements, data with poor quality gap
filling, as labeled in the quality control flags, were excluded. In addition, half-hourly measurements were
excluded if the half-hourly surface energy imbalance was greater than 300 W m~2, consistent with Rigden
and Salvucci (2015).

Since surface flux equilibrium is hypothesized to apply to inland continental regions, we removed all sites
within 250 km of the coast or a large water body. This filtering process resulted in 76 sites (Anthoni et al.,
2004; Ardo et al., 2008; Barr & Black, 2018; Bergeron et al., 2007; Beringer et al., 2011; Bernhofer et al.,
2016c; Bowling et al., 2010; Brunsell, 2016a, 2016b; 2016c; Cernusak et al., 2011; Chen et al., 2009; Cleverly
etal., 2016, 2013; Cook & Coulter, 2016; Dong, 2016; Dore & Kolb, 2016a, 2016b, 2016c; Dragoni et al., 2011;
Dusek et al., 2012; Ewers et al., 2016; Ewers & Pendall, 2016; Fischer et al., 2007; Flerchinger et al., 2019;
Griinwald & Bernhofer, 2007; Hommeltenberg et al., 2014; Imer et al., 2013; Iwata et al., 2018; Kato et al.,
2006; Knohl et al., 2003; Kueppers et al., 2018a, 2018b; Kurbatova et al., 2008; Lindauer et al., 2014; Liu &
Randerson, 2008; Marchesini et al., 2007; Margolis, 2018, 2016; Merbold et al., 2014, 2009; Meyers, 2016a,
2016b, 2016c, 2016d, 2016e, 2016f, 2016g, 2018b, 2018a; Mkhabela et al., 2009; Monson et al., 2002; Moreo,
2018; Nakai et al., 2013; Prescher et al., 2010; Prober et al., 2012; Prueger & Parkin, 2016; Raz-Yaseef et al.,
2015; Scott et al., 2015, 2010; Ulke et al., 2015; Verma et al., 2005; Wood & Gu, 2016; Yee et al., 2015; Zeller
& Nikolov, 2000; Zona & Oechel, 2018), spanning a wide range of continents, climates, and biomes (Figure
S1). Further details on each site—including its location and temporal record—are given in Tables S1 and S2.

At each site, measurements were aggregated to daily and monthly averages. Consistent with previous studies
(Michel et al., 2016; Rigden & Salvucci, 2015; Salvucci & Gentine, 2013), we retained nighttime data in
estimating daily and monthly averages (throughout this study, a “daily” average refers to an average over
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a full 24-hr period, rather than just daylight hours). In estimating daily averages, days with any missing
half-hourly data were excluded. Furthermore, days in which the daily surface energy imbalance was greater
than 50 W m~2 were also excluded, consistent with Rigden and Salvucci (2015). In estimating monthly
averages, months with fewer than 15 complete days of data were excluded.

2.3. Evaluation at All Sites

In addition to the direct measurements of AE provided by eddy covariance, the daily and monthly aver-
aged observations at the 76 continental sites were used as inputs to calculate AE in four different ways: (i)
the residual of the surface energy budget, (ii) the Priestley-Taylor equation (Priestley & Taylor, 1972), (iii)
an Advection-Aridity equation based on the complementary relationship (Brutsaert & Stricker, 1979), and
(iv) equation (1).

First, latent heat flux was calculated by solving for AE as the residual of the surface energy budget: AE =
R, — G — H, using flux tower measurements of R, — G — H. The difference between this estimate of latent
heat flux and the direct measurement from eddy covariance data is a measure of the surface energy budget
imbalance and the inherent uncertainty in the eddy covariance measurements.

ae(R,=G) _ _ Adgt _ 4 Agi(Ty)
e ,where @« = 1.26 and ¢ = QAT = o R
similarly to calculate AE. The Priestley-Taylor equation provides an estimate of daytime ET over saturated

surfaces.

was used

Second, the Priestley-Taylor equation AE =

Third, an Advection-Aridity equation from Brutsaert and Stricker (1979) (their equation (20)) was used to
calculate latent heat flux. This equation requires wind speed as an additional input. The formulation used
is based on the original wind function proposed by Penman (1948), as given in equation (18) of Brutsaert
and Stricker (1979). We use the wind speed reported at each FLUXNET and AmeriFlux site, even though
the (unreported) measurement height may deviate from the 2 m reference height for which the equation
was originally designed.

R,-G
1+B °

Fourth, equation (1) was used to estimate B and converted to latent heat flux using the relation AE =

We compare SFE to the Priestley-Taylor and Advection-Aridity equations because they are similar in not
requiring calibration and in not requiring land surface information as inputs. The Priestley-Taylor equation
does not require specific humidity as an input, meaning that it is simpler than SFE. The Advection-Aridity
equation requires the same inputs as SFE, and also near-surface wind speed, meaning that it is more com-
plicated than SFE. Various other forms of the complementary relationship exist, but many of these require
land surface inputs (e.g., soil moisture or vegetation height). We further discuss differences between SFE
and the complementary relationship in section 4.1.

The four different latent heat flux estimates were compared to the latent heat flux directly measured from
eddy covariance at each site. The root-mean-square error (RMSE) and mean bias were calculated for all
four estimates with respect to the directly measured latent heat flux. We choose the RMSE as a primary
comparison metric of interest in this study because it is more appropriate for model selection: Since neither
equation (1) nor the Priestley-Taylor equation nor the Advection-Aridity equation require any parameters to
be fit to data, the Akaike information criterion (AIC) is a monotonic increasing function of RMSE. Therefore,
comparing the models with respect to RMSE is equivalent to comparing them with respect to the AIC, a
common approach to choosing between competing models.

2.4. Climatological Daily Mean Time Series at Focus Sites

Multiyear daily averaged data were further averaged over multiple years to create climatological daily mean
time series of eddy covariance AE (both directly measured and calculated as the residual of the surface energy
budget), and AE estimated using equation (1), the Priestley-Taylor equation, and the Advection-Aridity
equation. The resulting time series were then smoothed using a 5-day moving average. We discarded sites
in which there were missing values in any of the smoothed climatological daily mean AE time series.
Twenty-eight sites met this criterion. Six of these sites, denoted “focus sites,” were chosen as broadly rep-
resentative and are presented in Figure 3. The sites span both Northern and Southern Hemispheres and
include cropland (DE-Gri), savannas (SD-Dem and AU-ASM), deciduous broadleaf forest (ZM-Mon), and
evergreen needleleaf forest (RU-Fyo and US-Fuf). Equivalent figures for the 22 other sites are shown in
Figures S2-S5.
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Figure 2. Comparison with eddy covariance measurements of daily (a-d) and monthly (e-h) AE (W m~2), estimated using (a, e) the residual of the surface
energy budget, (b, f) the Priestley-Taylor equation, (c, g) the Advection-Aridity equation, and (d, h) equation (1). RMSE is root-mean-square error (W m~2).
Shaded areas and color bars show the estimated joint empirical distribution functions of the variables listed on the horizontal and vertical axes of each plot.
Dashed lines are 1:1 lines. The biases reported in (a) and (e) are exactly equal to the mean surface energy budget closure error in the eddy covariance data
across sites at daily and monthly time scales, respectively.

The calculated errors in the eddy covariance measurements and in the SFE estimates at each of these
28 sites were compared with the annual mean evaporative fraction. The evaporative fraction is a ratio of
noisy measurements, meaning it is particularly sensitive to measurement errors. To mitigate this problem,
the annual mean evaporative fraction was calculated as the annual average of the ratio of monthly mean
latent heat flux to monthly mean available energy.

3. Results

Figures 2d and 2h show that equation (1) is relatively accurate across a wide range of conditions, at both
daily and monthly time scales. For comparison, we calculate AE as the residual of the surface energy bud-
get components obtained from eddy covariance measurements and compare this estimate to the latent heat
flux directly measured by eddy covariance (Figures 2a and 2e). If there were no errors in the eddy covariance
measurements, there would be no difference between these two values; however, since there are well-known
energy balance closure errors in eddy covariance measurements (Aubinet et al., 2012), the values differ. The
errors in this comparison (Figures 2a and 2e) provide an approximate upper bound on the performance of
any ET model when compared with eddy covariance measurements: Since the eddy covariance data are
subject to errors of 10-30% themselves (Aubinet et al., 2012), even a model with perfect performance would
exhibit errors of similar magnitude to those shown in Figures 2a and 2e when compared to eddy covariance
measurements. In this light, the error statistics for equation (1) presented in Figures 2d and 2h are particu-
larly impressive. The RMSE values also compare well to equivalent values from a recent intercomparison of
substantially more complicated ET estimation algorithms, which reported values in the range 21-56 W m~2
based on daily eddy covariance measurements (Michel et al., 2016).

On the other hand, if errors in eddy covariance measurements are large enough, then even an extremely
inaccurate ET model might yield comparable error statistics. To mitigate this concern, we also present equiv-
alent plots, except replacing equation (1) with two alternative estimates of ET of comparable complexity: the
Priestley-Taylor equation (Figures 2b and 2f) and the Advection-Aridity equation (Figures 2c and 2g). The
Priestley-Taylor equation, which is used to estimate daytime ET over saturated surfaces, has substantially
poorer error statistics compared to equation (1) and the eddy covariance measurements, as expected, since
most land surfaces are not saturated. The Advection-Aridity equation, which is based on the complementary
relationship (Bouchet, 1963; Brutsaert & Stricker, 1979; Morton, 1969), also has poorer error statistics than
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Figure 3. Climatological daily mean AE (W m~2) time series at six focus sites. Site codes are listed in Tables S1 and S2.
“Obs” is the latent heat flux directly measured from the eddy covariance data. “Obs EB” is the latent heat flux indirectly
estimated (as the residual of the surface energy budget) from the eddy covariance data. “Eq 1” is the latent heat flux
estimated using equation (1). “PT” is the latent heat flux estimated using the Priestley-Taylor equation (Priestley &
Taylor, 1972). “AA” is the latent heat flux estimated using the Advection-Aridity equation (Brutsaert & Stricker, 1979).

both equation (1) and the eddy covariance measurements. This is surprising, since the Advection-Aridity
equation requires wind speed as an additional input, beyond those required by SFE. The poorer performance
may be due, in part, to the fact that the wind speed observations used in this study are not necessarily mea-
sured at a reference height of 2 m. If so, this demonstrates the sensitivity of the Advection-Aridity equation
to a quantity that is often not reported and to the details of uncertain parameterizations of turbulence. These
results demonstrate that the comparable error statistics between SFE and eddy covariance measurements
are more than just a coincidence. Overall, our results demonstrate that equation (1) performs considerably
better than comparable methods and even exhibits errors similar to those in eddy covariance measurements.

Figure 3 shows that equation (1) is also typically quite accurate at individual sites in inland continental
regions. We highlight this performance at six focus sites. The focus sites are chosen to be hydrologically
and climatologically diverse. They are also chosen to be broadly representative of the accuracy of equation
(1), although there is considerable variability in accuracy between sites; equivalent plots for the full set of
sites are presented in Figures S2-S5. Equation (1) broadly reproduces the observed climatology at each site,
although it slightly overestimates ET under particularly dry conditions. Figure S8 shows that there is some
weak structure to the errors in the SFE estimates: SFE errors are greatest at the driest sites, where annual
mean evaporative fraction is particularly low.

Equation (1) outperforms the Priestley-Taylor and Advection-Aridity equations (in terms of errors estimated
by comparing each method with AE directly measured using eddy covariance) at the vast majority of sites
(Figure S6). Overall, compared to both the Priestley-Taylor and Advection-Aridity equations, it has both
lower RMSE and mean bias at 93% of sites. Remarkably, it also has lower RMSE and mean bias compared
with the estimated error in the eddy covariance measurements at a majority of sites (54% and 57% for RMSE
and mean bias, respectively), even after substantially filtering the eddy covariance measurements to remove
sites where energy balance closure errors are particularly high.
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4. Discussion

4.1. Relation to Previous Work

It has been shown previously that, under steady conditions, equation (1) predicted by SFE is exactly equiva-
lent to ETRHEQ (McColl et al., 2019). In Text S2, we extend this comparison to provide analytical arguments
for why SFE and ETRHEQ remain similar under unsteady diurnally varying conditions. The derivation
shows that under unsteady conditions, the right-hand side of equation (1) is multiplied by a random vari-
able, which is constrained by air temperature and specific humidity. We characterize this random variable
(denoted A) at all eddy covariance sites with sufficient observations, showing that its mean is very close
to one—both at all sites individually and across all sites—with relatively little variability around this value
(Figure S7). Therefore, SFE (equation (1)) is a reasonable approximation of ETRHEQ even under real-world,
diurnally varying conditions (note that A is not a calibration parameter, since this analysis shows that set-
ting A = 1 everywhere is reasonable). Since ETRHEQ has been extensively evaluated at a variety of temporal
and spatial scales and shown to perform well (Rigden & Salvucci, 2015; Salvucci & Gentine, 2013), this
lends further credibility to SFE, beyond our direct comparison with eddy covariance measurements in this
study. The major advantages of SFE over ETRHEQ are that it does not require any land surface informa-
tion (ETRHEQ requires vegetation height) or wind speed observations as inputs and avoids using uncertain
semiempirical parameterizations of surface roughness and stratified turbulence. Furthermore, SFE consists
of a single explicit equation, while ETRHEQ couples the energy balance and diffusion equations and needs
to be solved using iterative methods.

Ryc, T2

Azq*(Ta)
over idealized saturated surfaces (Raupach, 2001; Slatyer & Mcllroy, 1961). In contrast to equilibrium esti-

mates, SFE is accurate across a wide range of surface conditions, including substantially water-limited
conditions (see McColl et al., 2019, for a detailed comparison between SFE and equilibrium ET).

Equation (1) is similar to, but distinct from, previous work on “equilibrium” ET, which predicts B ~

SFE is also conceptually similar to the “complementary relationship” (Bouchet, 1963; Brutsaert & Stricker,
1979; Morton, 1969), which has been used to estimate ET from mostly meteorological data. In contrast to
SFE, some implementations of the complementary relationship require a free parameter, which varies con-
siderably between studies (Kahler & Brutsaert, 2006; Pettijohn & Salvucci, 2009). Mechanistic models of this
parameter still require at least some land surface information, such as soil moisture (Aminzadeh et al., 2016).
Other implementations of the complementary relationship, such as the Advection-Aridity equation (Brut-
saert & Stricker, 1979) used in this study, do not require a free parameter. However, these implementations,
when applied to daily time scales, still require observations of wind speed and, in many cases, vegetation
height to parameterize turbulent transport. None of this is required by SFE.

Equation (1) predicts that, all else being equal, higher ET will be associated with higher relative humidity on
daily to monthly time scales. Since drier atmospheres are known to promote more ET, this prediction might
appear puzzling. In fact, both predictions are correct but apply to different time scales. Instantaneously,
ET increases with increasing atmospheric dryness. However, over daily or longer time periods, ET moist-
ens and cools the lower atmosphere, resulting in higher ET being associated with higher relative humidity
(Betts, 2000; Novick et al., 2016; Zhou et al., 2019). Similarly, recent work has suggested that near-surface
atmospheric humidity is largely set by the ocean and atmosphere, with the land surface playing a relatively
passive role (Byrne & O'Gorman, 2016, 2018), a result that might appear to contradict SFE. However, that
work applies to annual and longer time scales and global spatial scales, over which B will be substantially
determined by atmospheric conditions. For example, while a wet surface with large ET will lead to a moist
atmosphere at daily to monthly time scales, if anomalously high atmospheric drying persists long enough,
the surface will dry out and eventually ET and near-surface humidity will reflect this. In this case, SFE still
applies, but Bis substantially determined by longer time scale processes, resulting in correlations with slower
processes in the atmosphere and ocean. Furthermore, a recent study (Yin et al., 2019) providing a means
for estimating the evaporative fraction (and, therefore, B) solely from atmospheric observations applies to
multiyear time scales, rather than the daily to monthly time scales applicable to SFE.

4.2. Limitations

Equation (1) is substantially simpler than most methods for estimating ET, including the ETRHEQ method,
but has comparable performance. This is particularly noteworthy, since it has zero parameters and exhibits
good performance without tuning or calibration. Like ETRHEQ, SFE systematically overestimates ET when
ET is very low and underestimates it when it is very high (Salvucci & Gentine, 2013). The positive bias at
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low values may be due to the longer time required to achieve equilibrium when ET is small, reducing the
likelihood that the system achieves equilibrium in the real world (McColl et al., 2019; Raupach, 2001). The
negative bias at high values may be due to enhanced sensitivity to boundary layer drying by entrainment,
advection, or cloud base mass flux, particularly under strongly convective conditions or at irrigated sites in
otherwise dry regions. Strong sensitivity to these fluxes would violate the assumptions of SFE. Entrainment
drying has been shown mechanistically to enhance ET over saturated surfaces on time scales of several hours
as the boundary layer grows during the day (De Bruin, 1983; Raupach, 2000). However, its contribution to the
full diel (i.e., 24 hr) cycle average, relevant to SFE, is likely smaller, given that entrainment is much smaller
at night. In any case, most continental regions fall somewhere between the dry and saturated limiting cases
where these biases occur.

Furthermore, like ETRHEQ, SFE is not expected to hold in coastal areas, where substantial atmospheric
convergence dominates surface fluxes in setting the atmospheric state. It is also not clear that SFE will
hold over oceans, since relative contributions to the near-surface diel-averaged state from radiation, surface
fluxes, entrainment, and cloud base mass flux are fundamentally different compared with land surfaces;
nor is it clear that SFE will hold in future climates as the world warms. Despite these caveats, our results
demonstrate that SFE is sufficient to explain most of the observed signal in global eddy covariance measure-
ments over inland continental regions, spanning a wide range of conditions, without calibration or tuning
of parameters.

4.3. Future Applications

By drastically simplifying the representation of continental ET, equation (1) opens up considerable new
opportunities for constraining terrestrial water, energy, and carbon budgets. First, since observations of air
temperature and specific humidity have much greater spatial and temporal coverage compared to existing
observations of B, SFE substantially increases available observations of continental evapotranspiration. Sec-
ond, equation (1) provides a constraint on models that might prove useful in evaluating existing models and
developing new models that faithfully represent land-atmosphere coupling. Third, it opens up a new oppor-
tunity for remote sensing of ET, using remotely sensed estimates of near-surface atmospheric temperature
and specific humidity, which is substantially less model-based compared to existing methods.
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Text S1: Surface flux equilibrium theory

In this section, we review the theory of surface flux equilibrium presented in McColl
et al. [2019]. For an atmospheric control volume touching the land surface at its lower
boundary, with depth /& [m], the specific humidity budget is

6‘]a E h
_Z _Fhsc
or ph a4 tta

where ¢, is the vertically-averaged specific humidity [-], E is evapotranspiration [kg m?
s11, p is air density [kg m™3], F,j’ is the vertical moisture flux out of the top of the con-
trol volume [s~!], and C, is vertically-averaged lateral moisture convergence [s~']. Subli-
mation is neglected. The potential temperature budget is

00 H
—= —Fl'+Cy -
dt  pcph 0 0-0

where 6 is the vertically-averaged potential temperature [K], H is surface sensible heat
flux [W m~2], ¢p is specific heat capacity of air at constant pressure [J kg™! K], Fé’ is
the vertical potential temperature flux out of the top of the control volume [K s7'], C is
vertically-averaged lateral potential temperature convergence [K s~!], and —Q is vertically-
averaged radiative cooling [K s™!].

At screen-level (typically, about 2 m above the land surface), the potential tempera-
ture is equivalent to the actual air temperature (8 = T,), meaning the relative humidity can
be written as r = q,/q*(6). The relative humidity budget at screen-level is
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T=T,
2019] hypothesizes that the surface moistening and surface heating terms (terms I and II,
respectively, in equation S3) approximately balance at daily to monthly time scales. The
balance can be rewritten as

. The theory of ‘surface flux equilibrium’ [McColl et al.,

RycpT2
T A%,

u _ a4 dg = A 49°Ta)

(54)

where B = ZL is the Bowen ratio and € = where

AE cp ~ cp dT T=T, cp RVT(% ’
A = 2.5008 x 10° [J kg~'] is the latent heat of vaporization of water, ¢, = 1005 [J
kg~! K] is the specific heat capacity of air at constant pressure and R, = 461.5 [J kg™!
K~!] is the gas constant for water vapor. The balance is caused by coupling between the
land and atmosphere: decreasing the Bowen ratio (B = %) both reduces sensible heating
and increases ET, resulting in a cooler (lower 7,), moister (higher g,) near-surface atmo-
sphere.

Text S2: Simplification of ETRHEQ under steady and transient conditions

One of the arguments provided in McColl et al. [2019] for the validity of SFE is that
it is closely related to another approach for estimating ET, which has been carefully vali-
dated across a wide range of conditions [Salvucci and Gentine, 2013; Rigden and Salvucci,
2015]. In this section, we review a derivation provided in McColl et al. [2019] which
showed that ETRHEQ and SFE are equivalent under steady (i.e., time-invariant) condi-
tions. Furthermore, we extend the work of McColl et al. [2019] to derive a relation show-
ing that ETRHEQ and SFE are very similar under diurnally-varying conditions.

Governing equations

The governing equations include the surface energy balance
R,-G=H+AE (S5)

where the available energy R, — G is treated as an externally imposed, constant parameter.
The turbulent fluxes are given by

H= pcpga(Ts -0), (S6)
g g * *
AE = pAd—=>—(q"(Ty) = qa) = pAgs(q"(T5) = qs), (S7)
8a t &s
where H is the sensible heat flux, p is air density, ¢, is the specific heat capacity of air,
gq is atmospheric conductance, T is surface temperature, 6 is the potential temperature
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of the mixed layer, E is evaporation, A is the latent heat of vaporization, g is the surface
conductance, ¢*(T) is the saturation specific humidity at temperature T, g, is the specific
humidity of the mixed layer and ¢ is specific humidity at the surface.

Linearizing ¢*(T) around Ty = 0 gives
q"(Ts) = 4" (0) + AT - 6) (S8)
where A = ‘Z—q;‘g. Combining equations S5, S6, S7, and S8 gives the Penman-Monteith

equation
_ AR, - G) + pcpga(q*(H) = qa)

AE - S9
A+y(l+ ";—“) (59)
which can be rearranged to give an expression for g;:
AE
& = SaX * (S10)
AR, — G) = (A+y)AE + gan(q ) - qq)
or equivalently
N 8a(Ry — G- H)
g = - < (S11)
8adp(q*(0) — qa) — (Ry =G — (1 + ;)H)
where y = CT”
Rearranging equation S7 gives
+ (T,
gs = 8aqa + 859" (Ty) (S12)
8a *+ 8&s
Dividing through by ¢*(7y) gives
rm e
o q (T 8a
rs = 1+ & (S13)
8a
Applying equations S8, S6, S5 and S9 gives
“(0)
r - 7(;7A(an*G)*PCpga(q*(e)*qa) + §_u
q*(9)+A " A+y(l+%)
_ PCp8a
rg = & (S14)
8a
ETRHEQ [Salvucci and Gentine, 2013; Rigden and Salvucci, 2015] hypothesizes that
the true value of g, (defined here as g5) satisfies the condition
o [1 [T )
= (rs(t, g5) — r(1))°dt =0 (S15)
ag‘\‘ T 0 gs
We consider the steady-state and transient cases separately.
Steady-state case
In this section, we review the derivation provided in McColl et al. [2019]. For a
steady-state case (i.e., the case where there is no time-dependence), the ETRHEQ con-
dition simplifies to
0 _ 2
[(rs(gs) r)”] -0 (S16)
8s &5
Substituting equation S14 into the steady-state ETRHEQ condition (equation S16)
and simplifying gives
gy= ——to - (S17)
1+ —:z%‘:l‘ié))(l +er)l-r
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Setting the two equations for g (equations S11 and S17) equal to one another and

solving for H gives
_ pq"(O)(Ry - G)

B Adgq + Cpq*(g)
Rearranging this gives an expression for the Bowen ratio

(S18)

H ¢ vaij
AE ~ rAA — 22q,

This is identical to the SFE estimate in equation 1 of the main text.

B

(S19)

Transient case

In the real-world, there is a strong diurnal cycle, particularly in temperature and
available energy, which violates the assumption of steady-state made above. How does
this impact the estimate of B? First, note that the ETRHEQ condition (eq. S15) can be
rewritten as

T
| o g -ror)a =0 (520)
0 8s 8

since g is treated as constant over the course of one day in ETRHEQ. In general, the
time-dependence makes this expression difficult to integrate exactly. Instead, we seek an
approximate solution to eq. S20 and show that this solution is very similar to eq. S19
over a wide range of conditions; this implies that eq. S19 should be accurate, even under
transient conditions.

The Mean Value Theorem (MVT) for integrals states that, for a function f(¢) that
is continuous and differentiable over the interval [a, b], there exists some value ¢. in the
interval [a, b] such that

b
/ FO)dt = )b - a) (s21)

Applying the MVT to the integral in the ETRHEQ condition (eq. S20) implies that there
must exist some time 7. in the interval [0, T'] such that

1

T 9 ., 0
; /O G [0utt80) =] dr = 5

This means that the ETRHEQ condition (eq. S20) can be rewritten as

[(rs(te. gs) = 7(20))?] (S22)

0
rye [(rs(tc’ 8s) — r(tc))z] =0 (823)
08s &
The advantage of applying the MVT is that we replace an integral which cannot be solved
analytically, with an algebraic expression that can be easily manipulated. The price we pay
is that the algebraic expression includes the variable 7. which is unknown (although it lies

within the interval [0, T]).

We now use equation S23 to extend the derivation provided in the previous section
to the transient case. Substituting equation S14 into equation S23 and simplifying gives

g = 8a r(te) (S24)

- A08aq*(Tag (te _
1+ SRR + el 170

Recall that, even for the transient case, ETRHEQ continues to treat gs as constant
over the course of one day [Salvucci and Gentine, 2013; Rigden and Salvucci, 2015]. This
implies that the Penman-Monteith solution for g, applies at all times over the course of
the day, including at r = #.. Therefore, setting equation S11 (evaluated at ¢ = 7.) equal to
equation S24 gives
Ryc,TA(te)

Ble) = gt

(S25)



105 The key difference between equations S19 and S25 is the latter is evaluated at the un-

106 known time ¢ = .. The dependence on the unknown 7. is unwanted. To isolate the depen-
107 dence on 7., we approximate the Bowen ratio as a constant value during daytime condi-
108 tions for any given day (B(z.) ~ B), a conventional first-order approximation. The equation
109 is then rewritten as )
RycpT,
B = A(tc)T (526)
°qa

where X denotes the daily mean value of X, and

— 2
A(lc) = qa (Ta(tc))

Ga(tc) T_a
110 Since ¢, is, by definition, unknown and will vary across sites and individual days, A(z.)
111 can be thought of as a random variable. We characterize its distribution across 83 sites
12 at which sufficient observations were available, by estimating it for all possible values of
113 t.. The estimated mean of A is very close to one, both across sites and at each individual
114 site (Fig. S7), with limited variability around this mean value. This confirms that apply-
115 ing equation 1 to transient, real-world cases, in which diurnal variability is significant, is
16 not expected to substantially reduce the accuracy of equation 1. It extends previous work
17 [McColl et al., 2019] on an idealized steady case to the diurnally-varying, transient case.
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Figure S1. Locations of the 76 Ameriflux and FLUXNET eddy covariance sites used in this study. Further

information is provided in Tables S1 and S2.
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Figure S2. Same as Fig. 3, except for six different sites.
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Figure S6. Daily error statistics at the 28 sites plotted in Fig. 3 and Figs. S2-S5: root-mean-squared er-
ror (RMSE; a), and mean bias (b). Errors were estimated for equation 1 (black dots), the Priestley-Taylor
equation (red dots), and the Advection-Aridity equation (blue dots) by comparing predictions with direct

eddy-covariance measurements of AE. For comparison, an estimate of the eddy covariance surface energy

budget closure error is provided (green dots), obtained by estimating AE as the residual of the eddy covariance

surface energy budget, and then comparing this with direct measurements of AE. Sites are labelled on the

horizontal axis. Full details of each site are provided in Tables S1 and S2.
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Figure S7. Estimated A from observations at the 76 eddy covariance sites used in this study. Specific

humidity observations below a noise floor of 5 X 1074 kg kg_l] were removed before estimating A. Error

bars show 95% confidence intervals. The grey horizontal line shows the case where A = 1, the value used in

equation 1.



Table S1. Locations and studied periods of Ameriflux eddy covariance sites used in this analysis. All data

gathered from www.ameriflux.lbl.gov.

Site name Latitude Longitude Period Reference
CA-Qc2 49.7598  -74.5711 2007-2010 [Margolis, 2018]
CA-Qcu 49.2671  -74.0365 2001-2010 [Margolis, 2016]
CA-Qfo 49.6925  -74.3421 2003-2010 [Bergeron et al., 2007]
CA-SF1 54.4850 -105.8176  2003-2006 [Mkhabela et al., 2009]
CA-SF2 542539 -105.8775 2001-2006 [Mkhabela et al., 2009]
CA-SF3 54.0916 -106.0053 2001-2006 [Mkhabela et al., 2009]
CA-SI2 53.9450 -104.6490 2002-2010 [Barr and Black, 2018]

US-A32 36.8193  -97.8198 2015-2017 [Kueppers et al., 2018a]
US-A74 36.8085  -97.5489 2015-2017 [Kueppers et al., 2018b]
US-ADR  36.7653 -116.6933 2011-2017 [Moreo, 2018]
US-AR1 36.4267  -99.4200 2009-2012 [Raz-Yaseef et al., 2015a]
US-AR2 36.6358  -99.5975 2009-2012 [Raz-Yaseef et al., 2015b]
US-ARb 355497  -98.0402 2005-2006 [Raz-Yaseef et al., 2015c¢]

US-ARM  36.6058  -97.4888 2003-2018 [Fischer et al., 2007]
US-Bkg 443453 -96.8362 2004-2010 [Meyers, 2016a]
US-Blk 44.1580 -103.6500 2004-2008 [Meyers, 2016b]

US-Bnl 63.9198 -145.3782  2002-2004  [Liu and Randerson, 2008]
US-Bn3 63.9227 -145.7442  2002-2004  [Liu and Randerson, 2008]
US-Brl 419749  -93.6906 2005-2011 [Prueger and Parkin, 2016]

US-ChR 35.9311 -84.3324  2005-2010 [Meyers, 2016c]
US-Cop 38.0900 -109.3900 2001-2007 [Bowling et al., 2010]
US-CPk 41.0680 -106.1187 2009-2013 [Ewers et al., 2016]
US-Ctn 43.9500 -101.8466 2006-2009 [Meyers, 2016d]
US-Fmf 35.1426  -111.7273  2005-2010 [Dore and Kolb, 2016a]
US-FPe 48.3077 -105.1019  2000-2008 [Meyers, 2016¢]

US-Fuf 35.0890 -111.7620 2005-2010 [Dore and Kolb, 2016b]
US-Fwf 35.4454 -111.7718 2005-2010 [Dore and Kolb, 2016¢]
US-GBT  41.3658 -106.2397 1999-2006  [Zeller and Nikolov, 2000]

US-Goo 342547  -89.8735 2002-2006 [Meyers, 2018a]
US-Ivo 68.4865 -155.7503 2003-2016 [Zona and Oechel, 2018]
US-KFS 39.0561 -95.1907  2007-2012 [Brunsell, 2016a]
US-KLS 38.7745  -97.5684 2012- [Brunsell, 2016b]
US-Kon 39.0824  -96.5603 2006-2012 [Brunsell, 2016¢]
US-LWW 349604  -97.9789 1997-1998 [Meyers, 2018b]
US-MMS  39.3232  -86.4131 1999-2018 [Dragoni et al., 2011]
US-MOz  38.7441 -92.2000  2004-2015 [Wood and Gu, 2016]
US-Nel 41.1651 -96.4766  2001-2013 [Verma et al., 2005a]
US-Ne2 41.1649  -96.4701 2001-2013 [Verma et al., 2005b]
US-Ne3 41.1797  -96.4397 2001-2013 [Verma et al., 2005c]
US-NRI1 40.0329 -105.5464  1998-2014 [Monson et al., 2002]
US-Prr 65.1237 -147.4876  2010-2014 [Nakai et al., 2013]

US-RIs 43.1439 -116.7356 2014-2017 [Flerchinger et al., 2019]
US-Rms 43.0645 -116.7486 2014-2017 [Flerchinger et al., 2019]
US-Rws 43.1675 -116.7132 2014-2017 [Flerchinger et al., 2019]

US-SFP 43.2408 -96.9020  2007-2009 [Meyers, 2016f]
US-Uaf 64.8663 -147.8555 2003-2016 [Iwata et al., 2018]
US-WBW  35.9588 -84.2874  1995-2007 [Meyers, 2016g]
US-Wdn 40.7838 -106.2618 2006-2008 [Ewers and Pendall, 2016]
US-Whs 31.7438 -110.0522 2007-2017 [Scott et al., 2015]
US-Wkg 31.7365 -109.9419 2004-2017 [Scott et al., 2010]

US-WIr 37.5208  -96.8550 2001-2004 [Cook and Coulter, 2016]

—10-
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a) Relation between annual mean evaporative fraction and RMSE;, the root-mean-squared

difference between direct eddy covariance measurements of AE, and an alternative estimate obtained by cal-

culating AE as the residual of the eddy covariance surface energy budget. b) Relation between annual mean

evaporative fraction and the difference between RMSE, and RMSEgFg, the root-mean-squared difference

between direct eddy covariance measurements of AE, and the corresponding SFE prediction. Negative values

indicate SFE has lower prediction errors than those in the eddy covariance measurements. Full details of each

site are provided in Tables S1 and S2.

Table S2. Locations and studied periods of FLUXNET eddy covariance sites used in this analysis. All data

gathered from www.fluxdata.org. Duplicates with the Ameriflux database listed in Table 1 are not included

here.
Site name Latitude Longitude Period Reference
AR-SLu -33.4648 -66.4598  2009-2011 [Ulke et al., 2015]
AU-ASM  -22.2830  133.2490 2010-2013 [Cleverly et al., 2013]
AU-Dry -15.2588  132.3706 2008-2014 [Cernusak et al., 2011]
AU-GWW  -30.1913  120.6541 2013-2014 [Prober et al., 2012]
AU-Stp -17.1507  133.3502 2008-2014 [Beringer et al., 2011]
AU-TTE -22.2870  133.6400 2012-2013 [Cleverly et al., 2016]
AU-Ync -34.9893  146.2907 2012-2014 [Yee et al., 2015]
CH-Cha 47.2102 8.4104 2005-2014 [Merbold et al., 2014]
CH-Fru 47.1158 8.5378 2005-2014 [Imer et al., 2013]
CN-Cng 44,5934 123.5092 2007-2010 [Dong, 2016]
CN-Du2 42.0467  116.2836 2006-2008 [Chen et al., 2009]
CN-HaM 37.3700  101.1800 2002-2004 [Kato et al., 2006]
CZ-wet 49.0247 14.7704  2006-2014 [Dusek et al., 2012]
DE-Geb 51.1001 10.9143  2001-2014 [Anthoni et al., 2004]
DE-Gri 50.9500 13.5126  2004-2014 [Prescher et al., 2010a]
DE-Hai 51.0792 10.4530 2000-2012 [Knohl et al., 2003]
DE-Kli 50.8931 13.5224  2004-2014 [Prescher et al., 2010b]
DE-Lkb 49.0996 13.3047 2009-2013 [Lindauer et al., 2014]
DE-Obe 50.7867 13.7213  2008-2014 [Bernhofer et al., 2016]
DE-SfN 47.8064 11.3275 2012-2014 [Hommeltenberg et al., 2014]
DE-Tha 50.9624 13.5652  1996-2014  [Griinwald and Bernhofer, 2007]
RU-Fyo 56.4615 32,9221 1998-2014 [Kurbatova et al., 2008]
RU-Hal 54.7252 90.0022  2002-2004 [Marchesini et al., 2007]
SD-Dem 13.2829 30.4783  2005-2009 [Ardo et al., 2008]
ZM-Mon -15.4378 23.2528  2000-2009 [Merbold et al., 2009]
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