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A B S T R A C T   

Several versions of the Complementary Relationship (CR) between actual regional evaporation and apparent 
potential evaporation have recently been proposed. Few studies have compared multiple CR versions side-by-side 
using datasets spanning various climates and land surfaces. Filling this lack is one purpose of this project. It also 
investigates how various CR versions respond to changes in spatial and temporal averaging. This study uses 
multiple years of data from seven eddy-covariance flux stations in Australia, representing a wide range of biomes, 
along with global ERA5 reanalysis data products. Daily and monthly averages were used for both datasets, and 
the Australian observations also used weekly and yearly averages. The ERA5 data represent a scale of about 30 
km, much larger than the scale represented by the flux station data. A set of five questions regarding the impact 
of spatial and temporal scaling on CR parameter values and performance are asked and assessed using the two 
datasets. Four recent CR versions are considered in answering the questions. Due to important differences be
tween FLUXNET and ERA5 data, questions regarding temporal scaling were answered with greater confidence 
than those regarding spatial scaling. With these data, rescaled versions of the CR performed best overall.   

1. Introduction 

The Complementary Relationship (CR) (Bouchet, 1963) between 
actual regional evaporation (or latent heat flux, LE) and apparent po
tential evaporation—evaporation under actual radiation, temperature, 
humidity and wind conditions but with a saturated surface (LEp)–has 
taken many forms over the years (Brutsaert, 1982, 2005). In all of them 
the main idea is that the humidity of the atmospheric boundary layer 
(ABL) over a region will reflect the rate of humidity entering the ABL 
through surface evaporation, such that surfaces with a high evaporation 
rate tend to have high humidity, and those with low evaporation rates 
tend to have low humidity. Recently, Brutsaert (2015) introduced the 
concept of a generalized complementary relationship based on physical 
analysis of the saturated and desiccated regional surface boundary 
conditions. Since then, new versions of the CR adapted from Brutsaert’s 
(2015) work have appeared in the literature, including those by Han and 
Tian (2018, 2020), Crago et al. (2016), and Szilagyi et al. (2016, 2017). 

While each of these CR versions has undergone a validation process, 
a more comprehensive side-by-side comparison of these versions under a 

range of climate and land surface conditions is needed. The primary goal 
of this study, however, is to investigate how changes in temporal aver
aging periods and spatial averaging scales affects each of the CR ver
sions. It is clear that spatial and temporal scaling play an important role 
in the physical processes behind the CR, so that slightly different for
mulations are appropriate for different spatial and temporal scales. For 
example, Crago et al. (2016) and Szilagyi et al. (2016) both used ver
sions of the “rescaled” CR proposed by Crago et al. (2016), but fit the 
data with different functional forms. Szilagyi et al. (2017) and Han and 
Tian (2020) have speculated that these scaling issues could be impor
tant. If so, then different data sets might have different behavior 
depending on their spatial and temporal scales, resulting in different CR 
versions for the different scales. An understanding of how CR models 
behave at various spatial and temporal scales is essential for the reliable 
and routine application of global estimates of evaporation using a CR 
model. The feasibility of global estimates using CR models has been 
clearly established, as has the ability of these models to illuminate global 
spatial and temporal evaporation trends (Brutsaert et al., 2020; Ma et al., 
2021). 
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A key assumption behind the CR is that the atmosphere is well- 
adjusted to the evaporation rate of the underlying surface, but many 
of the forcing variables change considerably over the diurnal cycle. 
Furthermore, atmospheric stability and the evolution of the atmospheric 
boundary layer (ABL) also have a pronounced diurnal cycle (e.g., Stull, 
1988; Brutsaert, 2005). It might be reasonable to assume that the ABL is 
well-adjusted to the underlying surface for a day as a whole (e.g., 
Brutsaert, 2015). But many of the equations that make up the CR are 
non-linear, so it is not entirely clear what role different averaging pe
riods might have. 

With respect to spatial averaging, Monin-Obukhov similarity theory 
requires a homogeneous surface upwind of a measurement for a suffi
cient fetch (e.g, Stull, 1988). Thus, flux measurement sites should ideally 
be carefully chosen to have sufficient fetch in the direction of the pre
vailing wind, so that the measured fluxes represent a fairly clearly- 
defined surface area. However, in hilly terrain or regions with com
plex patterns of vegetation cover, it is not always clear how to choose a 
measurement site representative of the varied regional surface. Since 
many natural and managed landscapes have these complex patterns, 
point measurements of latent heat fluxes, typically representative of 
footprints over length scales of order 102 to 103 m, may not be repre
sentative over a larger region, such as a watershed or a cell in a nu
merical atmospheric model. 

This study is a preliminary assessment of five questions regarding the 
CR applied at different spatial and temporal scales:  

1. As either the spatial or temporal scale increases, will the averaging 
process reduce the effect of extreme values so that CR model errors 
decrease?  

2. As the temporal scale increases, will the range of data values be 
compressed by the averaging process so that CR model estimates of 
evaporation also have a compressed range?  

3. As spatial scales increase, will the impact of small-scale advection 
due to inhomogeneous surfaces decrease?  

4. Do the CR versions that provide the best estimates of dimensionless 
evaporation (evaporation divided by apparent potential evapora
tion) also provide the best predictions of dimensional (actual) 
evaporation?  

5. Are there CR versions that perform particularly well, and if so, are 
there characteristics that these specific CR versions have in common? 

In order to address these questions, data derived from four temporal 
averaging periods (daily, weekly, monthly, and yearly) and two 
different spatial scales will be used to estimate actual evaporation using 
four different CR formulations (versions). The different spatial scales 
will be obtained by using eddy covariance fluxes from surface stations 
along-side global reanalysis data, and temporal scales will be obtained 
through different averaging periods. Trends of parameter values [e.g., 
the Priestley & Taylor (1972) parameter α] and model performance 
statistics with different averaging periods and areas will be analyzed to 
address the five questions. 

2. Materials and methods 

An overview of the CR, the underlying equations, and several recent 
CR formulations will be presented first, and then the data sources will be 
discussed. 

2.1. Equations 

The land surface energy budget can be written (Brutsaert, 1982, 
2005): 

Rn − G = H+LE (1)  

where Rn is the net radiation input, G is the heat flux into the ground, H 

is the sensible heat flux into the atmosphere, and LE is the latent heat 
flux into the atmosphere (which will often be denoted as evaporation). 

Penman (1948) derived an approximate equation for wet surface 
evaporation: 

LEpen =
Δ

Δ + γ
(Rn − G)+ lv

γ
Δ + γ

EA, (2)  

where Δ = de*(T)/dT evaluated at the air temperature (Ta) at height zT, γ 
is the psychrometric constant, lv is the latent heat of evaporation, and EA 
is the drying power of the air, given by: 

EA = f (u)[e∗(Ta) − ea ], (3)  

where u is the wind speed, ea is the vapor pressure at height zT, and e* 
(Ta) is the saturation vapor pressure at air temperature. Vapor pressure 
is given by (e.g. Chow et al., 1988): 

e*(T) = c1exp
(

c2T
c3 + T

)

, (4)  

where e* is in Pa, T is in ℃, and c1, c2, and c3 are equal to 6.1365, 
17.502, and 240.97 for T≥0℃, respectively, and to 3.1539, 22.452 and 
272.55, respectively for T<0◦C (Andreas et al., 2013). Finally, the wind 
function in EA is given by Brutsaert (2005): 

f (u) =
0.622k2u

RdTaln[(zT − d)/z0v ]ln[(zu − d)/z0 ]
, (5)  

where k = 0.4 is von Karman’s constant, Rd is the ideal gas constant for 
dry air, d is the displacement height, z0v is the scalar roughness length 
for water vapor, and z0 is the momentum roughness length. Other for
mulations for f(u) will be considered later. LEpen is considered to be a 
good estimate of apparent potential evaporation, LEp (e.g., Brutsaert, 
2015; Brutsaert and Stricker, 1979; Han and Tian, 2018; Brutsaert, 
1982; Brutsaert, 2005). 

If the vapor pressure deficit [e*(Ta)-ea] over a large saturated surface 
goes to 0, (2) implies LEpen → LEe, where 

LEe =
Δ

Δ + γ
(Rn − G). (6) 

This LEe is known as equilibrium evaporation (Slatyer and McIlroy, 
1961). Priestley and Taylor (1972) noted that, even for very large 
saturated surfaces, the air rarely reaches saturation, so they introduced 
α > 1 to account for warm, dry advection: 

LEPT = αLEe. (7)  

Priestley and Taylor (1972) found an average of α = 1.26 from a number 
of large wet surfaces. 

Originally (Priestley and Taylor, 1972), Δ in Eq. (10) was taken to be 
the slope de*/dT evaluated at the wet-environment air temperature Twa. 
Szilagyi and Jozsa (2008) argued that Twa is usually close to the wet 
surface temperature Tws. Szilagyi and Schepers (2014) demonstrated 
that Tws remains nearly constant in space and time for a wet surface 
(independent of areal extent) within a drying region if the wind speed 
and Rn-G have little variability. This way Tws can be found for a small 
wet patch by setting two expressions for the wet surface Bowen ratio 
equal to each other (e.g., Szilagyi, 2015) and solving (using a numerical 
equation solver) for Tws: 

Bo =
Rn − G − LEpen

LEpen
= γ

Tws − Ta

e*(Tws) − e(Ta)
. (8) 

Then Twa should be the lesser of Tws and Ta (Szilagyi, 2015); in 
practice, with these data, Twa=Tws. 

Thus, LEPT in (11) calculated using Δ(Tws) (i.e, de*/dT evaluated at 
Tws) represents the evaporation rate of a wet surface having a regional 
extent allowing it to influence the air temperature over it via surface 
cooling. In this study, versions of equilibrium evaporation (6) will make 
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use of Δ calculated at Tws and at Ta which will be denoted Δ(Tws) and 
Δ(Ta), respectively. 

The CR versions considered herein find their root in the work of 
Brutsaert (2015). He developed a generalized complementary relation
ship, given by: 

yB = 2x2 − x3, (9)  

where x = LEw/LEp, y = LE/LEp, yB is an estimate of y, LEw is the 
evaporation rate of a large saturated surface (usually taken to be LEP

T—see Brutsaert and Stricker, 1979) and LEp is the apparent potential 
evaporation rate given by (2). The functional form of (9) is the simplest 
polynomial that can satisfy the four boundary conditions proposed by 
Brutsaert (2015), namely x = 0 at y = 0, x = 1 at y = 1, dy/dx = 0 at y =
0, and dy/dx = 1 at y = 1. (Note that all the CR versions tested here are 
formulated in dimensionless form, that is, in terms of x and y.) 

Crago et al. (2016) noted that y = 0 does not imply x = 0 because 
even for a completely dry region, LEp cannot go to infinity [see (2)]. 
They suggested that y → 0 at xmin = LEw/LEmax, where LEmax is the value 
of LEp expected for a desiccated regional surface. Since LEp is found with 
(2), this same equation should also be used to estimate LEmax. Following 
Szilagyi et al (2016), LEmax is defined using (2), where ea = 0, e*(Ta) is 
replaced by e*(Tdry), Δ is replaced by Δ = d(e*)/dT evaluated at Tdry, 
and Tdry = Ta + ea/γ. Thus, xmin is found from LEPT divided by this LEmax. 

Thus, x does not range from 0 to 1 but only from xmin to 1. Crago et al. 
(2016) suggested rescaling x to X: 

X =
x − xmin
1 − xmin

, (10) 

which does range from 0 to 1. Crago et al. (2016) suggested the CR 
could be represented as 

y = X. (11) 

Since LEmax is different for each data point, so is xmin, so that data 
plotted on an (x, y) graph are rearranged horizontally when plotted on 
an (X, y) plot. Szilagyi et al. (2016) suggested the use of (9) with x 
replaced by X from (10), combining the boundary conditions proposed 
by Brutsaert (2015) with the rescaling of (10). 

Han and Tian (2018) proposed a sigmoid-shaped curve in x-y space: 

yHT =
1

1 + m
(

xmax − x
x− xmin

)n, (12) 

where 

n =
4α(1 + 1/bHT)(x0.5 − xmin)(xmax − x0.5)

xmax − xmin
(13) 

and 

x0.5 =
0.5 + 1/bHT
α(1 + 1/bHT)

, (14) 

with bHT a second model parameter and 

m =

(
x0.5 − xmin
xmax − x0.5

)n

. (15) 

In practice, Han and Tian (2018, 2020) recommend xmin = 0 and 
xmax = 1. Their parameter α is loosely related to the Priestley-Taylor 
parameter, but it primarily establishes the slope of the sigmoid curve 
at the center of the graph. Both α and bHT must be specified or calibrated. 
Equation (12) is explicitly based on the two terms of Penman’s equation, 
so in their model x is taken as LEe(Ta)/LEpen and y is LE/LEpen. 

The focus of this study is on the different broader versions of the CR 
(i.e. strategies for finding y from x). Specifically, there are four of these 
versions: First, Brutsaert’s (2015) equation (9) giving estimates yB; 
second the rescaled relationship (11) with (10) giving estimates X; third, 
the use of the rescaled variable x (10) to replace x in (9) giving estimates 

XB; and Han and Tian’s (2018) method based on equations (12)-(15) 
giving estimates yHT. 

Research regarding the CR is evolving rapidly; each of the CR ver
sions presented here has been the subject of debate in the literature (e.g, 
see Ma and Zhang, 2017; Ma and Szilagyi, 2019; Szilagyi and Crago, 
2019; Han and Tian, 2020; Liu et al., 2020, Crago et al., 2017; Crago 
et al., 2020a; Crago et al., 2020b; Crago et al., 2021). Thus, there is a 
need for studies testing multiple versions of the CR with a variety of 
datasets from a variety of sites around the world. This project is intended 
to partly fill this gap. 

These four versions, and the notation used in defining them, are 
found in Table 1. Dimensional evaporation (LEX, LEB, LEXB, and LEHT, in 
W m− 2) is derived from dimensionless evaporation (X, yB, XB, and yHT, 
respectively) by multiplying the dimensionless rate by LEpen. Reference 
values will be described in the next section, but dimensional reference 
evaporation values are denoted LEr, and dimensionless values are 
denoted yr. Table 1 also indicates which temperature is used to calculate 
Δ in (6) for each version. 

2.2. Data sources 

Data from two sources were used in this study as described below. 

2.2.1. FLUXNET 
Data from seven FLUXNET (Baldocchi et al., 2001) sites in Australia 

(see Crago and Qualls, 2018 for details of the sites) were used here. 
These eddy-covariance flux stations measured net radiation, sensible 
heat flux and latent heat flux, ground heat flux, atmospheric pressure, 
air temperature, vapor pressure deficit, wind speed, and friction veloc
ity. Crago and Qualls (2018) used the friction velocity values to find an 
optimum value of z0 for each site; these are the values used here. The 
sites ranged from tropical to temporal, arid to humid, and included a 
large seasonal wetland, a tropical savannah, and tall temporal forests. 
Daily, weekly, monthly, and yearly average data products are available 
from FLUXNET (http://fluxnet.fluxdata.org/). The energy budget 
closure problem was resolved by forcing the measured Bowen ratio to 
hold, and finding reference values of Hr and LEr that satisfy the energy 
budget (1). Because averaging periods up to a year were used, gap-filling 
techniques provided by FLUXNET (Pastorello et al., 2020) were applied. 

2.2.2. ERA5 
ERA5 is a reanalysis product produced by ECMWF (Hersbach et al., 

2020). It is the successor to ERA-Interim (Dee et al., 2011). Reanalysis 
data products combine observations (e.g., radar, satellite, and station 
data) and model analysis to arrive at the most probable state of the at
mosphere. ERA5 data are on a 30-km grid covering the globe. A land/sea 
mask is available to select only land surfaces (in this study, land surfaces 

Table 1 
Evaporation variables.  

Dimension- 
lessVariable 

DimensionlessFormula Dimensional 
Variable 

Dimensional 
Formula 

X x = αLEe(Tws)/LEpen, yr =

LEr/LEpen 

xmin = αLEe(Tws)/LEmax 

X=(x-xmin)/(1-xmin) 

LEX X⋅LEpen 

yB x = αLEe(Ta)/LEpen, yr =

LEr/LEpen 

yB0w = 2x2-x3 

LEB yB⋅LEpen 

XB x = αLEe(Tws)/LEpen, yr =

LEr/LEpen 

xmin = αLEe(Tws)/LEmax 

X=(x-xmin)/(1-xmin) 
XB = 2X 2-X 3 

LEXB XB⋅LEpen 

yHT x = LEe(Ta)/LEpen, yr =

LEr/LEpen 

yHT given by (12) - (15) 

LEHT yHT⋅LEpen  
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are those with > 99.9% land within the grid cell). ERA5 data can be 
downloaded from ECMWF (https://cds.climate.copernicus.eu). 

Monthly-average data from 2017 and 2018 for the odd-numbered 
months (January, March, etc.) were downloaded from ECMWF 
(https://cds.climate.copernicus.eu/#!/search?text = ERA5&type =

dataset) as were hourly data from January 1, April 1, July 1, and 
October 1 in 1999, which were used to find daily average values for 
these four days. Downloaded data include latent and sensible heat 
fluxes, 2 m air temperature, 10 m wind speed, 2 m dewpoint tempera
ture, z0, and a land/sea mask layer for each cell across the globe. 
Available energy was taken to be the same as the sum of latent and 
sensible heat fluxes. 

3. Calculations 

Section 3.1 will describe calculations and assumptions for the eddy- 
covariance data and section 3.2 will describe them for the ERA5 data. 

3.1. Calculations for flux station data 

Separate data files are provided by FLUXNET for daily, weekly, 
monthly, and yearly averaging times. In each, averaging periods were 
removed for which H < 0, LE < 0, or Rn-G < 0, Ta < 0 ℃, or for times 
when no data were available for any of the mentioned variables or for 
pressure or vapor pressure deficit. Data with time-averaged wind 
speeds<1 m s− 1 were omitted because there may be poor connection 
between the state of the land surface and the lower atmosphere when 
turbulence is weak or absent, violating a basic assumption of the CR (e. 
g., Crago and Qualls, 2018); under such conditions LE is likely small, so 
impact of the removal of these data points is minimal. It was assumed 
that d0/z0 = 4.8 and z0v = z0/15 (c.f. Brutsaert, 1982, 2005; Zhang et al., 
2017). The momentum roughness length was taken as the log-average 
value of z0 found by Crago and Qualls (2018) for each site from the 
measured values of u*. Optimal parameter values [α and, for (12), bHT] 
were those values that minimized root mean square error (RMSE) be
tween estimates and reference values. Reference values for dimension
less evaporation rates were found using y = LEr/LEpen. 

Parameters were fit using a trial and error procedure. Note that the 
Han and Tian formulation [(12)-(15)] required fitting of two parame
ters. Since both parameters have significant effects on the RMSE, satis
factory results came from searching the entire range of parameter values 
to find optimal parameters. 

3.2. Calculations for ERA5 data 

Technical documentation on the ECMWF website (https://www. 
ecmwf.int/en/publications/ifs-documentation, “IFS Documentation, 
CY41R2, Part IV, Physical Processes) explains that surface air temper
atures (wind speeds) are located at a height of z = 2 m (10 m), z0 should 
be 0.03 m or the given z0 for the cell, whichever is less, and z0v should be 
1/10 of the resulting z0. Displacement height is ignored in this 
procedure. 

For calibration of parameter values, a procedure similar to the one 
described above for the flux station data was used. However, with 1.4 
million land cells available during the 12 months, calibration was 
streamlined by using a random sample (drawn without replacement) of 
100,000 cells drawn from all twelve months of data. A sample of 
100,000 daily cell values was also drawn from the four days in 2019. 

4. Results and discussion 

4.1. Results 

The results are presented graphically in Figs. 1-14. Statistics relating 
estimates to reference values are provided inside the graphs. Statistics 
include RMSE (root mean square error), MAE (mean absolute error), 
NSE [Nash-Sutcliffe efficiency (Nash and Sutcliffe, 1970)], R (correla
tion coefficient), and the slope and intercept of the linear regression 
between model and reference values. 

Figs. 1 through 14 all suggest that all four CR versions adequately 
estimate latent heat fluxes at these sites at daily, weekly, monthly, and 
yearly time scales; this is the case with flux station as well ERA5 rean
alysis data. Section 4.2 will discuss Questions 1 through 5 in turn. 

4.2. Discussion 

4.2.1. Discussion of Question 1 
Question 1 asks whether greater spatial and temporal averaging will 

result in smaller model errors. This can be addressed by looking at 
panels a and b of both Figs. 13 and 14. In both figures, the left column 
(panels a, c and e) considers dimensionless evaporation (LE/LEp) and the 
right column (panels b, d and f) considers actual (dimensional) evapo
ration (LE). The top rows consider RMSE, the second rows consider α, 
and the third rows consider correlation coefficient R. 

Panels a and b of Figs. 13 and 14 show that all the versions have a 
clear trend towards lower RMSE with longer averaging times. Moving 
from daily to weekly (Fig. 13 panel a), yB, yHT, and EHT have a slight 

Fig. 1. Daily dimensionless evaporation rates from seven flux stations in Australia. The black lines are one-to-one. RMSE is root mean square error; MAE is mean 
absolute error; NSE is the Nash Sutcliffe Efficiency, R is correlation coefficient, bHT is bHT, and Slope and Intercept are coefficients of the linear regression equation y 
= Slope * x  + Intercept where x represents reference estimates and y represents model values. 
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increase in RMSE with the flux station data, but each of these versions 
still has a clear trend of decreasing RMSE overall. McMahon et al. (2013) 
note that evaporation methods using potential evaporation tend to work 

best with averaging times around a month. Their observation is 
consistent with this result, although there is continued improvement 
from monthly to yearly RMSE values (Fig. 13). 

Fig. 2. Same as Fig. 1 but for dimensional evaporation.  

Fig. 3. Same as Fig. 1 but for weekly data.  

Fig. 4. Same as Fig. 2 but for weekly data.  

R.D. Crago et al.                                                                                                                                                                                                                                



Journal of Hydrology 608 (2022) 127575

6

Evaluation of changes in RMSE with increasing spatial scale requires 
comparison of ERA5 and flux station results. This direct comparison is 
not straightforward. While reanalysis data might often be considered 
more accurate than either model results or measurements alone (e.g., 

Szilagyi et al., 2014), the ERA-Interim (the predecessor data product to 
ERA5; see Dee et al., 2011) land surface evaporation rates compared 
more poorly with the long-term water balance estimate of evaporation 
(precipitation minus streamflow) for HUC-6 and HUC-8 watersheds in 

Fig. 5. Same as Fig. 1 but for monthly data.  

Fig. 6. Same as Fig. 2 but for monthly data.  

Fig. 7. Same as Fig. 1 but for yearly data.  
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the contiguous United States than one of the CR methods (Ma and Szi
lagyi, 2019). Specifically, they compared a version related to the present 
EXB formulation to multiple other models and data products, including 

the ERA-Interim gridded evaporation product. They found that ERA- 
Interim tended to systematically overestimate the water-balance-based 
evaporation estimates, while the CR-based approach had the lowest 

Fig. 8. Same as Fig. 2 but for yearly data.  

Fig. 9. Same as Fig. 1 except using the ERA5 daily data. Points plotted are a random sample of 100,000 points drawn from the 4 days of data.  

Fig. 10. Same as Fig. 9 except for dimensional evaporation.  
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RMSE and smallest relative bias of all the models or products they tested. 
Ma et al. (2019) noted similar problems with ERA-Interim evaporation 
estimates in China. 

In Ma and Szilagyi (2019) and Ma et al. (2019), the input variables 
(temperature, wind speed, net radiation, etc.) came from different 
sources than the evaporation rates. In this study, ERA5-derived data are 
used to try to predict ERA5 evaporation rates. The reanalysis process in 
ERA5 ensures that there will at least be internal consistency between the 
driving variables and the fluxes, which was not necessarily the case with 
the Ma and Szilagyi (2019) and Ma et al. (2019) studies, because they 
derived driving variables from multiple sources other than ERA-Interim. 
It should be possible to glean at least some information about the effects 
of spatial scaling on the CR by comparing performance of CR versions 
from surface station data with that from ERA5 data, where both datasets 
used the same averaging time. 

With this caveat regarding direct comparison, examination of 
Fig. 14, panels a and b, shows that dimensionless evaporation (Fig. 14 
panel a) and dimensional evaporation (Fig. 14 panel b) have opposite 
trends with increasing averaging times. That is, dimensionless evapo
ration RMSE increases and dimensional evaporation RMSE decreases 
when moving from flux station to ERA5 data. This is true at both daily 
and monthly time steps and for all four versions. However, LEB had only 
very small decreases between daily flux station and daily ERA5 RMSE 
values. 

In summary, with respect to increasing temporal averaging time, 
RMSE does seem to decrease with greater averaging with all the of the 
CR versions. With respect to increasing spatial averaging, errors increase 
for ERA5 compared to flux station data for dimensionless evaporation, 
but they decrease for dimensional evaporation. 

4.2.2. Discussion of Question 2 
Question 2 asked if the range of the input variables would be com

pressed with increased averaging time, resulting in a compressed range 
of output values as well. Comparison of the range of data points in the 
corresponding plots in Figs. 1-12 supports this hypothesis. This is 
particularly striking when comparing Figs. 1 and 7 (dimensionless) and 
2 and 8 (dimensional), which are at daily and yearly time scales, 
respectively. Both dimensional and dimensionless evaporation rates, for 
all the CR versions, show wider ranges in Fig. 1 than in 7. The 
compression is more obvious in the dimensional evaporation than in the 
dimensionless. It is also apparent in comparing daily (Figs. 9 and 10) 
with monthly (Figs. 11 and 12) ERA5 data. 

This might explain why R values trend generally upward with 
increasing averaging time (dimensionless evaporation in Fig. 13, panel 
e) or have no clear pattern (dimensional evaporation in Fig. 13 panel f), 
while RMSE values in Fig. 13 generally trend downward with increasing 
time scales for both dimensional (panel a) and dimensionless (panel b) 
evaporation. While the scatter of the values might be reduced (lower 

Fig. 11. Same as Fig. 9 except for monthly data.  

Fig. 12. Same as Fig. 11 except for dimensional evaporation.  
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RMSE in panels a and b) that doesn’t necessarily result in a stronger 
linear relationship if the range of values is reduced (Fig. 13 panels e and 
f). 

Note that the present datasets do not provide a good way to test 
whether similar compression of values occurs when spatial averaging 
increases. This is because the flux station data come from seven specific 
sites, which limits the range of fluxes expected, while the ERA5 data 
span the globe and thus have considerably greater range in both input 
and output variables. 

4.2.3. Discussion of Question 3 
Question 3 asks whether the effects of advection will be smaller at 

larger spatial scales. Fig. 14, panels c and d can be used to address this 
question. This figure shows that at both the daily and monthly averaging 
times, α does in fact decrease when moving from the flux station data to 
the larger-spatial-scale ERA5 data. While this is the finding predicted by 
the hypothesis, the substantial differences between the nature of the flux 
station datasets and the ERA5 dataset (discussed earlier) makes it 
difficult to conclude that the hypothesis is supported. 

Furthermore, the role of α in the context of the CR is not obvious. 

Note that the calibrated value of α is at the physically-realistic lower 
bound of 1 (see Priestley & Taylor, 1972) for many of the versions. This 
value of α corresponds to zero advection effect. Even with much larger 
spatial averaging areas, it is expected that some advection will be pre
sent due to entrainment of free atmospheric air into the ABL [e.g., 
McNaughton and Spriggs (1989), Lhomme and Guilioni (2006), 
Lhomme and Guilioni (2010), Raupach (2001)]. This suggests that the 
reanalysis data might be consistent with the specific land surface 
evaporation model used in the reanalysis, but that model may not fully 
describe the physical process of evaporation, particularly over inho
mogeneous surfaces. At the opposite extreme, values of α exceeding 1.4 
(near the upper limit of the typical range for α) are found for XB and 
LLEXB versions with both flux station and ERA5 data. Note that these 
values of α are much lower for XB and LLEXB when the original Penman 
(1948) wind function is used in place of (5). 

Brutsaert et al. (2016) stated that α as used in CR formulations “is not 
quite the Priestley-Taylor parameter, but merely a weak analog of it.” 
Thus, α could be viewed simply as a tunable parameter, such that values 
of α < 1 are viewed as acceptable. However, the present authors take the 
view that α in the CR should be treated as a close analog to the Priestley- 

Fig. 13. Comparison of model versions with time scale for eddy-covariance flux data. Left column of panels is dimensionless evaporation and the right column is 
dimensional. 
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Taylor parameter. For this reason, α = 1 was taken as the minimum 
allowed value in this study. Thus, the direction of the trends in α with 
increasing spatial scale are those expected if advection is in fact less 
pronounced at larger spatial scales. However, the very low values of α 
with ERA5, and large values of α with the XB (LEXB) version make these 
results rather uncertain. 

4.2.4. Question 4 
Question 4 asks whether the same CR versions that work well at 

predicting dimensionless evaporation rates will also work well predict
ing dimensional rates. All the CR versions considered here are formu
lated in terms of the dimensionless variables x = αLEe/LEp and y = LE/ 
LEp (except for yHT and LLEHT which are formulated in terms of x/α and 
y). For example, Brutsaert’s (2015) version follows a prescribed third- 
order polynomial across the (x, y) space, and the other versions all use 
another algorithm to translate from a value of xx to a value of y. Thus, it 
is legitimate to verify these CR versions in terms of how well predicted 
values of y match reference values of y. Dimensional evaporation is 
found by multiplying the predicted y by LEp, so this question asks 
whether the same versions that best predict y also accurately predict LE. 

In order to incorporate several different statistics into a holistic index 
of CR version performance, RMSE, R and Slope (specifically, the abso
lute difference between the regression slope and 1) were chosen as key 

performance variables. For each dataset (i.e., Flux Station or ERA5) and 
each averaging time, versions were ranked from best (rank 1) to worst 
(rank 4) for each of these performance variables and then the ranks of 
these three variables were summed for all the time scales. First, flux 
station data were considered separately from ERA5 data, and then the 
two sets were combined. The results are shown in Table 2. 

To address question four, model versions based on the same under
lying equation relating x and y, for example, X and LEX, will be denoted 
(X, LLEX). Based on Table 2, for both flux station and ERA5 data, the (X, 
LEX) and the (XB, LEXB) versions are always ranked 1 or 2, and the (yB, 
LEB) and (yHT, LLEHT) versions are always ranked 3 or 4 for both 
dimensional and dimensionless evaporation. This is true for each of the 
last three columns of Table 2. In fact, the overall rankings for dimen
sionless and dimensional evaporation (last column of Table 2) both 
follow the same pattern (from ranks 1 to 4): (X, LEX), (XB, LEXB), (yB, 
LEB), (yHT, LEHT); the exception is that LEB and LEHT tie with a rank of 3. 
Thus, with the versions tested in Table 2, a version’s skill at predicting 
dimensionless evaporation corresponds well to skill also in predicting 
dimensional evaporation. 

Versions were also tested (detailed results not included) in which LEp 
was calculated in two different ways. One method is based on Qualls and 
Crago (2020); see also Crago and Qualls, (2021) for an application to CR 
versions], who noted that a variable similar to Tws can be derived from 

Fig. 14. Comparison of eddy-covariance flux results and ERA5 results at daily and monthly time-scales. The left column of panels is dimensionless evaporation and 
the right column is dimensional. 
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(1), in which H and LE are written as energy and mass transfer equations 
driven by the difference in potential temperature and vapor pressure 
(respectively) between the ground and the measurement height. When 
available energy, wind speed, air temperature, air humidity, z0, d0, and 
z0v are all known, the equation can be solved numerically for the un
known surface temperature (T0w). An apparent wet surface evaporation 
rate LE0w can then be found by using T0w as the ground temperature in 
the mass transfer equation. LEmax can be found from the mass transfer 
equation with ea = 0. When this method is used to develop X in the y = X 
version, RMSE is the smallest of all the models; however, LEX is then 
ranked in the bottom half of the methods. 

Another method to calculate LEp is to use the Penman equation (2) 
with the original wind function proposed by Penman (1948), of the form 
f(u) = a + b∙u where a and b are constants. The LEmax is then estimated 
using (2) with the Penman wind function and using Tdry as discussed 
below equation (9). When these LEp and LEmax values are used in the yHT 
version, the results were relatively poor, but the same version produced 
LLEHT values that ranked near the top. Actually, the dimensionless 
evaporation for the CR versions considered was nearly always improved 
by estimating LEp with LE0w, but at the cost of lower performance with 
dimensional evaporation. Similarly, CR performance could be improved 
for dimensional evaporation by using the LEp with the original Penman 
wind function, but at the expense of relatively poor dimensionless 
estimates. 

It is clearly desirable that versions that have skill in predicting 
dimensionless evaporation also have skill in predicting dimensional 
evaporation. While the current versions, in which LEp is given by Pen
man’s equation with the MOS wind function, has this desirable property, 
it cannot be taken for granted. The four basic versions examined here do 
not seem in themselves to be biased in favor of either dimensional or 
dimensionless evaporation, but some methods of estimating LEp (and 
LEmax) do seem to favor one or the other. Detailed results are not pre
sented here in order to maintain a focus on the four basic CR versions, 
rather than on different LEp equations. 

4.2.5. Question 5 
Question 5 asks whether some versions of the CR are consistently 

better at predicting evaporation. Reference to Table 1 suggests that the 
two versions based on the rescaling of the CR suggested by Crago et al. 
(2016) [(X, LEX) and (XB, LEXB)] do perform better overall than the other 
two versions. 

Note that in a previous draft of this paper, LEp was taken either to be 
equal to LE0w (described in section 4.2.4) or it was given by (2) with the 
original Penman (1948) wind function. In this case, the (XB, LEXB) 
version with the LEp given by (2) with the Penman (1948) wind function 
and the (yHT, LEHT) model with the same LEp both performed well for 
dimensional evaporation. In fact, that particular configuration of (XB, 
LEXB) ranked highest overall. While this study focuses on four basic CR 
versions, clearly the formulation of the LEp used is also important. 

5. Conclusions 

Measurements from eddy-covariance flux stations averaged over 
daily, weekly, monthly, and yearly time scales, and global data 

downloaded from the ERA5 reanalysis at daily and monthly averaging 
times were used to evaluate several CR versions. The purpose was to 
determine whether the temporal and spatial averaging has a significant 
impact on the results and on the relative performance of the various 
models. The study was conducted to evaluate the five questions asked in 
the introduction. 

Question 1 asked whether averaging over larger time and space 
scales should reduce RMSE values. In the case of time averaging, this 
was in fact the case for each of the CR versions for both flux station and 
ERA5 data. For spatial averaging, the study results were inconclusive. 

Question 2 asked whether larger averaging times would also reduce 
the range of the input variables and of the CR-model evaporation rates. 
The results suggest this is the case. 

Question 3 asked whether at larger spatial scales advection would be 
weaker, so that the Priestley-Taylor parameter α would be smaller at 
larger spatial scales. While CR model results using flux station data (i.e., 
smaller scales) and ERA5 data (i.e., larger scale) cannot easily be 
compared directly, the α values at daily and monthly averaging times 
were both smaller for the ERA5 data than for the surface station data. 
While this is the finding predicted by the hypothesis, further study is 
needed to fully address this question. 

Question 4 asked whether CR versions that best predict dimension
less evaporation are the same as those that best predict dimensional 
evaporation. The basic CR models y = X, y = 2x2-x3, y = 2X2-X3 and yHT 
themselves do not seem to inherently favor either dimensional or 
dimensionless evaporation. However, variations on how LEp is calcu
lated can bias versions toward skill in either dimensionless or dimen
sional evaporation prediction. 

Question 5 asked whether any CR versions regularly outperformed 
the other versions. Study results support that the rescaled versions [(X, 
LEX), (XB, LEXB)] outperformed the other versions for both dimensional 
and dimensionless evaporation. 
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Table 2 
Sum of Flux station ranks and ERA5 ranks, and overall ranks of CR versions.   

Eddy-Covariance Rank Total ERA5 Rank Total Combined Rank Total Eddy-Covariance Rank ERA5 Rank Overall Rank 

X 15 8 23 1 1 1 
yB 38 23 61 3 3 3 
XB 25 11 36 2 2 2 
yHT 42 17 59 4 3 4 
LLEX 15 16 31 1 2 1 
LLEB 34 20 54 3 4 3 
LLEXB 31 9 40 2 1 2 
LLEHT 39 15 54 4 3 3  
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