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ARTICLE INFO ABSTRACT
Keywords: The generalized nonlinear advection aridity model (GNAA) for evaporation (E) estimation can be expressed in a
Evaporation basic form with a single parameter ..o, or an extended form using two parameters, @,.c and c. The implications of

Generalized complementary evaporation
relationship

GNAA

Priestley-Taylor parameter

Loess plateau

these model parameters in the model and the accurate estimation of E are receiving increasing attention. Our
study shows that a,.9 and a... are affected by precipitation (P), the aridity index (E,,/P) and the climate sea-
sonality and asynchrony index (SAI), etc, with which . has stronger correlations. This demonstrated that
annual @, and .. could cover the a parameter in the Priestley-Taylor formula, as well as other factors,
particularly the aridity index. For the basic GNAA form, annual a.¢ is smaller than 1.00 in most catchments, but
the GNAA model with the developed empirical formula between a..¢ and Ep./P can accurately estimate E at an
annual scale. For the extended GNAA form, most annual a,.. were larger than 1.00, with a mean value of 1.08 for
the Loess Plateau; a... tended to restore the original a values in the Priestley-Taylor equation. Functional dif-
ferences exist between the basic and extended GNAA forms in estimating E and explaining the complementary
relationship. Our results bridge some gaps in understanding the GNAA model from previous studies, and provide
useful information to extend the application of the GNAA model.

boundary condition under a completely wetting condition. The algo-
rithms for variable estimation, however, were not clear. Subsequently,
several models have been proposed for E estimation using the CR
framework, including the AA (Brutsaert and Stricker, 1979), the CRAE
(Morton, 1978, 1983), and the Granger (Granger, 1989) models.
Referring to the Budyko hypothesis (Budyko, 1974; Budyko, 1948),
three additional boundaries to the CR under extreme climate conditions
were introduced, and several generalized complementary functions
were proposed (Brutsaert, 2015; Gao and Xu, 2020; Han et al, 2012;
Han and Tian, 2018), which promotes CR with stricter boundaries to-
ward a generalized direction via nonlinear functions (Han and Tian,
2020). Brutsaert (2015) modified the boundaries proposed by Han et al.
(2012) and redefined the concepts of two potential evaporations to
propose a polynomial formulation, i.e., the generalized nonlinear
advection aridity (GNAA) model. In the GNAA model, E, is the potential
evaporation that occurs at a saturated, sufficiently large and homoge-
neous surface while Ep, is the apparent potential evaporation that occurs
at a small wet patch inside the large non-wet surface.

There are two forms of GNAA model, where the basic form in

1. Introduction

The evaporation (E), which is equivalent to the term “evapotrans-
piration” in this study, plays a unique role in linking the terrestrial water
cycle and energy balance (Brutsaert, 1982). However, the complexity
associated with the soil-plant-atmosphere continuum hinders the ac-
curate estimation or measurement of E, causing errors of up to 50% in
the global annual average E estimated with different models and data-
sets (Jimenez et al., 2011). Under such a background, previous studies
have made significant efforts to improve the accuracy of E estimates. The
complementary relationship (CR) between E and the apparent potential
evaporation, Ep,, provides an important theoretical framework for E
estimation. CR interprets the mechanism of vapor transport and its
feedback in the land-atmosphere system, effectively estimating E via
conventional meteorological data without the need for soil and vege-
tation information. However, issues related to the application and
theoretical background of CR require further investigation.

Bouchet (1963) first proposed the conceptual CR model with a single
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Notation

o the Priestley-Taylor parameter, dimensionless

QAe-0 analog of the Priestley-Taylor parameter in the basic
GNAA (an adjustable parameter), dimensionless

Qe-c analog of the Priestley-Taylor parameter in the
extended GNAA (an adjustable parameter),
dimensionless

c an adjustable parameter in the extended GNAA,
dimensionless

E evaporation, or actual evaporation, mm/year

E. equilibrium evaporation or radiation term in the

Penman equation, mm/day or mm/year

Egream  evaporation from the GLEAM product, mm/year

Epo potential evaporation, mm/day or mm/year

Epq apparent potential evaporation, mm/day or mm/year

Eup E calculated by the water balance method, mm/year

p mean annual precipitation, mm/year

R mean annual runoff, mm/year

AS water storage variation, mm/year

SAI climate seasonality and asynchrony index,
dimensionless

x independent variable, x = E./E,,, dimensionless

XB independent variable defined by Brutsaert (2015), xg =
Epo/Epq, dimensionless

XB,min minimum value of xz at y=0 in GNAA, dimensionless

y scaled evaporation, y = E/E,,, dimensionless

dimensionless is as follows:
y = 2xp% — xp° @

where y = E/Epq and xg = Epo/Epq. Brutsaert (2015) recommended Eq.
(1) for E estimation, but also presented a quartic polynomial equation
with a tuneable parameter c as an extended form to accommodate some
datasets,

y=(2—c)xg* — (1 -2¢)x5> — exg* )

Eq. (2) becomes (1) when c is equal to 0. For each GNAA form, Ep,
and Ej, can be estimated by the Penman equation (Penman, 1948) and
Priestley-Taylor (hereinafter denoted as P-T) equation (Priestley and
Taylor, 1972), respectively.

A Y w
E, =— (R, — _ —
pa A+y(” G)+A+rf(u2)(e“ ) ©
E,=a = (R, —G) =aE, 4
po — A+}’ n - e
d(e)

where A = an is the slope of the saturation vapor pressure versus T,

(hPa/°C); y is the psychrometric constant (hPa/°C); R, is the net radia-
tion (mm/day), calculated using the sunshine duration, latitude, and
other factors (Allen et al., 1998) ; G is the surface heat flux (mm/day),
being zero on a daily scale in this study; e,* is the saturation vapor
pressure at the actual air temperature (hPa); e, is the actual vapor
pressure (hPa); f(uy) is the wind function at a height of 2 m [i.e., flup) =
0.26(1 + 0.54u5), where uz = uo (2/10)*71; and E, in the right term of
Eq. (4) is the equilibrium evaporation (Slatyer and Mcilroy, 1961).
There exists a parameter in the P-T equation, i.e., a. When Eq. (4) is used
in the GNAA, « is replaced by @.¢ and .. in the basic and extended
GNAA forms, respectively. a..¢ and a..represent the adjustable param-
eters, analogs of the P-T coefficient (Brutsaert et al., 2017, 2020).

Using x to represent E./Epq, the extended form of GNAA can be
rewritten as follows:
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y= (2 - C)(ae*r'x)z - (1 - 2(,‘) (aéfc'x)s - C(Cle,(.x)4 (5)

When using the GNAA model for E estimation, we must calibrate the
parameters of @, @ and c in the basic or extended GNAA forms.
Previous studies have shown that the values of @, and a,.. vary with
time scales, regions, etc. Specifically, the parameter a..¢ at a daily scale
was found to range from 1.04 to 1.19 for four land cover types in
Australia (Zhang et al., 2017), 1.01 to 1.02 at three heights with
different flux sources throughout the southern Loess Plateau (Brutsaert
et al., 2017), 0.98 to 1.13 for four sites with four vegetation types along
an elevation gradient of Mount Gongga in southwest China (Hu et al.,
2018), and 0.95 to 1.05 for four sites in Japan (Ai et al., 2017). At the
multi-year scale, a,.9 was found to range from 0.84 to 1.44 based on 241
catchments with different climate conditions in the eastern monsoon
region of China ((X. Liu et al., 2016), and had a value of 0.705 in the
Tarim River Basin of northwest China (Yu et al., 2019). Brutsaert et al.
(2020) examined global surface evaporation using the basic GNAA form,
indicating a wider range of a,.¢ values. Han and Tian (2018) used the
data from 20 flux stations to calibrate a,.. and presented values ranging
between 0.9 and 1.29 for the extended GNAA form. Furthermore, a
previous study reported an a.. value of 1.09 for the United States at
continental-scale, and suggested that the range of the parameter c
should be limited to [-1, 2] to ensure that y increases monotonically
with x and y < x for 0 < x < 1 (Szilagyi et al., 2016). Liu et al. (2020),
however, proposed the upper limit of ¢ to be greater than 2. Zhou et al.
(2020) found that there should be an adjustment of the parameters a,.
and c to the GNAA curve, demonstrating that it is necessary to calibrate
both a,.. and ¢ when estimating annual E. X. Liu et al. (2018), however,
believed that E was not sensitive to c at a daily scale, and the basic GNAA
form could accurately estimate E. Brutsaert et al. (2020) estimated
global E values at multi-year scale by means of the basic GNAA form. In
the light of these inconsistent results, it remains unclear which form is
more effective in estimating E.

Moreover, it is a problem how to get rational a9 and/or a.., and c
parameters. Some studies first calibrated the parameter a. based on
known values of E (Hu et al., 2018; X. Liu et al., 2016; Yu et al., 2019),
then estimated E with longer time series using the basic GNAA model.
Other studies tried to build a function to calculate the parameter by
other factors. X. Liu et al. (2016) explored the effects of climatic factors,
soil moisture, vegetation conditions, Ej,, and the aridity index (E,q/P) on
.0, found that E,o/P is the most important factor at a multi-year scale,
and then developed an empirical function between a9 and E,q/P.
Brutsaert et al. (2020) established a semi-empirical function based on
the relationship between a,.9 and Ep,/P, and Li et al. (2021) constructed
a function of a,.¢ with both E,,/P and the Normalized Difference Vege-
tation Index during the growing season on the Loess Plateau. Hu et al.
(2018), however, reported that .. is related to the vegetation structure
and is independent of the climate conditions at various elevations on
Mount Gongga at the daily scale. Therefore, the factors controlling .o
appear to vary with conditions (X. Liu et al., 2016; Yang et al., 2013),
which requires further investigation.

Based on these problems associated with GNAA, the objectives of this
study were to 1) identify the factors controlling the a.o and a.. pa-
rameters, 2) investigate the applicability of basic GNAA form in esti-
mating E at the annual scale, and 3) explore the implication of
parameters in GNAA. This study provides insights into the conflicting
interpretations of previous studies and extends the potential application
of the GNAA method.

2. Materials and methods
2.1. Study region and data

We selected 10 catchments from the Loess Plateau of China to test the
GNAA. The Loess Plateau is located in the upper and middle reaches of
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the Yellow River. It has an area of 6.4 x 10° km? with arid, semiarid, and
sub-humid climates. Frequent rainstorms, erodible loess, steep slopes,
and sparse vegetation coverage all result in the most severe soil erosion
in the world (Fu et al., 2000; Tang, 1998).

Daily climate data were collected from 123 weather stations main-
tained by the China Meteorological Administration (http://data.cma.
cn/) for the period of 1960 — 2012; the data include mean daily tem-
perature (Tp), wind speed (u;¢) at a height of 10 m above the surface,
mean relative humidity (RH), sunshine duration (SD), and precipitation
(P). Runoff data were collected from the Loess Plateau Data Centre (http
://loess.geodata.cn). The daily values of Ep,, Ee, and P at each site were
summed to obtain monthly values, which were then spatially averaged
with the ordinary Kriging interpolation algorithm (Delhomme, 1987).
We noted that different interpolation methods had little influence on the
spatial average of Ep,, Ee, and P, as well as on the parameters (Zhou et al.,
2020). The 10 catchments had areas ranging from 3,175 to 43,216 km?,
and their hydrometeorological characteristics and locations are respec-
tively presented in Table S1 and Fig. 1.

The land surface has changed significantly because of soil conser-
vation measures, including the construction of terraces and sediment-
trapping dams since the 1950s (Zhang et al., 2008), and the initiation
of large-scale revegetation projects since 1999 (Feng et al., 2016).
Owing to the effects of soil conservation measures, the hydrological
cycle has been significantly perturbed over time. All of the observed E
data (i.e., E,p in Section 2.2) from 1960 to 2011 were thus used to
calibrate the parameters in GNAA. Furthermore, some typical long-term
E products with high spatial resolutions, such as the Global Land
Evaporation Amsterdam Model (GLEAM; https://www.gleam.eu/#h
ome; Martens et al., 2017), Penman-Monteith-Leuning (PML) model
(https://data.csiro.au/dap/landingpage?pid=csiro:173
75&v=2&d=true; Zhang et al., 2016), GLDAS_Noah (https://disc.gsfc.
nasa.gov/datasets/GLDAS_NOAH025_M_2.1/summary?ke
ywords=GLDAS; Chen and Dudhia, 2001), and FLUXNET- model tree
ensembles (FLUXNET-MTE; https://www.bgc-jena.mpg.de/geodb/p
rojects/Home.php; Jung et al., 2011), were considered to validate the
E values derived from GNAA model. Previous studies have shown that
the GLEAM evaporation product performed well at estimating the
annual E in China (W. Liu et al., 2016; Yang et al., 2018; Zhang et al.,
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2020), especially in dry regions (Ma et al., 2019). We further compared
the performances of these products and found that the GLEAM data
perform better in representing the observed E (Table S2). Therefore, the
GLEAM evaporation product was used to validate the simulated E from
1980 to 2011.

2.2. Annual water balance equation and observed E data

The actual evaporation was derived using the water balance method
at the catchment scale as follows:

E,=P—R—-AS (6)
where E,p, P, R, and AS are the annual actual evaporation, precipitation,
runoff, and change in water storage, respectively. Most studies based on
GRACE data have found that water storage has no clear variation (Zhao
et al., 2011) or does not change significantly after 2007 (1.3mm/year;
Mo et al., 2016), and that AS shows an insignificant negative trend in the
Yellow River basin (less than 0.1 mm/month ; Lv et al., 2019) and could
be negligible in the upper Yellow River basin (Xue et al., 2013). It is thus
reasonable to assume AS to be zero. To further minimize the impacts of
AS on the annual water balance, each variable in Eq. (6) was estimated
for the hydrological year instead of the calendar year (Carmona et al.,
2014; Sivapalan et al., 2011). In general, a hydrological year is defined
as a period from the beginning of the rainy season to the end of the dry
season of the following year. On the Loess Plateau, as more than 60% of
annual precipitation occurs from June to October, but significantly in-
creases from May, the hydrological year was defined as May to April of
the following year.

2.3. GNAA parameter estimation and model evaluation

The parameter a..p was determined for each hydrological year by
minimizing the absolute difference (AD) between the GNAA-simulated
Enor and observed E,p.

AD = |Eyo1; — Epi| %)

where i denotes the time series. We set the range of @, ¢ to 0.3-1.5 and
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Fig. 1. Locations of the 10 catchments and meteorological stations in the Loess Plateau.
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then continuously calculated AD with an interval of 0.001. The best
model parameter was determined as the one with the smallest AD.

For the extended GNAA form, the parameter c need to be fixed when
Qe is being calibrated using Eq. (7). The parameters a,. and ¢ were first
obtained by minimizing the mean absolute error (MAE; Eq. (8)) between
Enor and E,, for each catchment, and then the annual value of a... was
obtained with Eq. (7) by setting ¢ as its long-term mean value.

s

Epoti — Ewpy

MAE = ®

n
where n denotes the length of the time sequence.
The values of estimated E were evaluated with the MAE, root mean
square error (RMSE), and Nash-Sutcliffe efficiency coefficient (NSE).

3. Results
3.1. Calibrated parameters a9 and ..

At the annual scale, the parameter @, in the basic GNAA form
ranged from 0.39 to 1.05 in the 10 catchments, with a mean and stan-
dard deviation of 0.76 and 0.104, respectively. The mean annual a..
o ranged from 0.68 to 0.83 in 10 catchments (Table 1). Spatially, the
mean annual @, values were greater in the south than those in the
north. X. Liu et al. (2016) recognized that inaccurate precipitation ob-
servations from the Chinese Standard Precipitation Gauge (CSPG) owing
to wetting loss and wind-induced undercatch (Goodison et al., 1989;
Sevruk and Hamon,1984; Yang et al., 1999; X. Liu et al., 2016) may
result in the errors for parameter calibration. We thus corrected the
precipitation (P.) according to X. Liu et al. (2016), and found that P, was
higher than P by 12%-18% (Table S1). If E was estimated with the
corrected precipitation, the annual a,.¢ ranged from 0.46 to 1.14 with a
mean annual value of 0.75-0.91 (Table 1). The parameter «, calculated
by P, — R was 1.09 times of that calculated by P — R, but was still smaller
than 1.0, implying the correction of precipitation had little impacts on
the values of a.g. In addition, most studies have used P data from CSPG
as the ground-based truthful data. For the extended GNAA form, the
optimized a,.. and ¢ parameters ranged from 0.91 to 1.18 and 2.73 to
11.18, with arithmetic mean values of 1.08 and 6.76, respectively
(Table 1). When the ¢ parameter was fixed as 6.76 for the Loess Plateau,
the annual «, . estimated by Eq. (7) ranged from 1.0 to 1.22, with mean
annual values of 1.08-1.11 for each catchment, and with no obvious
spatial variation trend.

3.2. Controlling factors of ae¢ and ae.c

Besides the independent variables in Eq. (5) and Eq. (6), the effects of

Table 1
Values of @, and a... based on different approaches for the 10 catchments.

Basic GNAA form Extended GNAA form

D Name ago ablo ad. c aoc

C1 Beiluo 0.83 0.92 1.09 6.45 1.10
C2 Fen 0.80 0.86 1.08 5.89 1.10
C3 Huangfu 0.71 0.78 0.91 2.73 1.09
Cc4 Jing 0.80 0.88 1.10 7.99 1.08
C5 Kuye 0.68 0.75 1.06 5.66 1.10
Cé6 Qingshui 0.69 0.76 1.04 5.70 1.08
Cc7 Sanchuan 0.76 0.82 1.18 11.18 1.09
Cc8 Wuding 0.71 0.79 1.11 6.91 1.11
(&°} Xinshui 0.81 0.88 1.13 7.51 1.11
C10 Yan 0.79 0.88 1.09 7.61 1.08
Mean 0.76 0.83 1.08 6.76 1.09

Note: Superscripts a and b respectively correspond to P (precipitation) and P,
(corrected precipitation) when calculating E,;, during .o calibration for a
catchment. The al, was obtained using Eq. (8), and af. and ¢ were obtained by
using Eq. (7) with c fixed as 6.76.
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the aridity index (E,q/P) were considered, referring to X. Liu et al.
(2016). In particular, the seasonal distribution and matching condition
between the potential evaporation and precipitation within a year were
taken into account as they have a significant impact on E (J. Liu et al.,
2018; Milly, 1994; Woods, 2003), which is represented by the climate
seasonality and asynchrony index (SAI). The seasonal variations of P and
Epq can be described by sinusoidal functions. Milly (1994) and Woods
(2003) proposed seasonality index only considering the ’mismatch’
between seasonal amplitudes of P and Ej,,. Berghuijs and Woods (2016)
presented the asynchrony of P and air temperature, and J. Liu et al.
(2018) improved SAI by incorporating the asynchrony of P and Ep,.
Ning et al. (2019; 2020) further found that SAI with a fixed phase
determined by the mean monthly P and Ep, performed better than the
former (see details in the Supplementary Materials).

For the basic GNAA form, P, Ep,/P, and SAI all had significant effects
on d,.. A linear relationship existed between P and a,.9 with R? 0f 0.94.
For the relationship between a.¢ and Ep./P, Brutsaert et al. (2020)
proposed the formula ..o = a/[1 + (b*Epa/P)c]. We estimated the three
coefficients (i.e., a, b, and c) with ’a’ limited to [1.0, 1.5] because a,o
has the range of [1.0, 1.5] under very wet condition (Brutsaert et al.,
2020; Chen and Brutsaert, 1995). Fig. 2(d) shows the coefficients of a =
1.5, b = 0.38, and ¢ = 0.92, as well as the function, with R? of 0.93, for
the Loess Plateau. Similarly, SAI reflected the matching characteristics
of P and Ep,, and indicated the asynchrony of water and energy distri-
bution. The zero value of SAI means the best match between P and Ep, in
the amplitude and time-phase during seasonal change. Thus, a function
form similar to that given by Brutsaert et al. (2020) was used to fit the
relationship between a,.9 and SAI, with R%0f0.87 (Fig. 2g). In general, P
and E,,/P reflect the surface moisture status. E,o/P integrates the input
and output demands of water, which are dimensionless and more
comprehensive than P. Although SAI had a significant effect on the .o
parameter, it exhibits a significant linear relationship with E,,/P R?=
0.94), suggesting a collinearity problem. Accordingly, we considered the
function between .. and E,./P to be as follows:

a0 =15/ [1+(038E,/P)""] ©)

For the extended GNAA form, the influencing factors of a,.. were
similar to those of a,.p; we conducted the same analysis for the factors
controlling annual ... with a fixed ¢ of 6.76. A linear relationship
existed between a,. and P (R2 = 0.39), whereas the functions proposed
by Brutsaert et al. (2020) were used to describe the relationship between
@e.c and Ejq/P and SAI, with R? values of 0.29 and 0.26, respectively
(Fig. 3). All the R? values between a,.. and these factors were smaller
than those between ..o and the factors. The relationship between ...
and E,,/P was used to construct the function of a,.. as:

oo =15/ [1+ (0.0058,,/P) " 10

3.3. Comparison of E estimation with different parameterisation schemes
by GNAA

The performance of GNAA in E estimation was evaluated by
comparing the interannual variation and annual values of estimated E
with the GLEAM evaporation product (Egrgan)- Note that values of E,;
were 1.1-fold of Egrran for the Loess Plateau, and the correlation coef-
ficient (r), MAE and NSE between E,;, and Egygay were 0.83, 53.1mm/
year, and 0.47, respectively (Fig. S1). When the GNAA model was
applied to estimate E, the @, ¢ and a,. parameters were obtained based
on four schemes: 1) adopting ..o (c = 0) in the basic GNAA form for each
catchment listed in Table 1; 2) adopting ... (¢ = 6.76) in the extended
GNAA form for each catchment listed in Table 1; 3) calculating @, (c =
0) in the basic GNAA form with Eq. (9), and (4) calculating a,.. (c = 6.76)
in the extended GNAA form with Eq. (10). The simulated E, based on
these four parameterization schemes were denoted briefly as Eg, E, Egy,
and E;, respectively. Compared with the interannual variation in
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Fig. 2. Relationships between the annual a.. and its controlling factors for 10 catchments. Panels (a) — (g) reflect the relationships between . and apparent
potential evaporation (Ep,), equilibrium evaporation (E,), precipitation (P), aridity index (E,qo/P), runoff (R) and climate seasonality and asynchrony index (SAD),

respectively.
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Fig. 3. Relationships between a... and the controlling factors for 10 catchments. Panels (a), (b) and (c) show the relationships between a... and P, E,,/P, and SAI,

respectively.

Egreams Eof performed the best, with the highest R? in most catchments.
Egream versus Egrhad the lowest MAE and RMSE in all catchments, with
mean values of 50.6 and 60 mm/year, respectively (Table 2). In addi-
tion, Egr could accurately approximate the amplitude in all catchments
(Fig. 4). Eg performed the worst with little fluctuation, suggesting it was
incapable of capturing the interannual variation. Furthermore, E per-
formed better than E,. Fig. 5 shows the relations of Eg ram with Egr and
Es. The data points of Egiram—Eor (magenta scatter points) distributed
more closely along the 1:1 line than those of Egigam—E,s. Both Egrand E ¢
were 1.1 times Eg raym, Which is consistent with the difference between
Eyp and Egrram (Fig. S1). The NSE value between Egrpam and Eqgf was
0.45, larger than that between Egrram and Egy. As such, the basic GNAA
form with the semi-empirical parameter function for a..o performed the
best in estimating annual E, and could be written as follows:

E L5
Ena 14 (038E,/P)""]

) ) (2 1+ (0.351;;/10)”'”] > |

(€8]

(z_

4. Discussion
4.1. Implications of ae.9 and Qe

The basic GNAA form with a function of @,..p can accurately simulate
the interannual variation and estimate the annual values of E. However,
most values of a,.9 were lower than 1.0 at an annual scale on the Loess
Plateau. When the corrected precipitation was used, the annual average
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Table 2

Comparisons of E from different parameterization methods with Egrranm.
ID EgLeam Eo Ec Eof Eer

MAE RMSE R? MAE RMSE R? MAE RMSE R? MAE RMSE R?

C1 435.2 64.3 78.7 0.01 72.4 81.8 0.21 61.7 71.2 0.57 92.9 101.2 0.44
C2 429.6 41.8 52.5 0.13 44.3 52.5 0.13 28.6 35.8 0.71 41.1 50.9 0.41
C3 285.8 65.0 76.7 0 65.4 76.1 0.07 63.3 71.6 0.63 69.7 81.1 0.40
C4 407.4 60.3 73.3 0.05 72.2 78.1 0.57 77.0 86.6 0.61 126.4 130.6 0.66
C5 276.9 48.4 59.5 0.03 63.7 72.6 0.25 57.2 67.3 0.61 41.6 51.0 0.49
C6 279.2 69.6 77.3 0.11 66.5 71.5 0.47 36.4 47.3 0.77 58.8 66.9 0.70
Cc7 427.6 54.3 65.9 0 85.0 107.0 0.16 39.3 49.0 0.63 59.4 77.0 0.36
c8 293.6 61.0 69.7 0.08 59.3 65.1 0.57 47.6 56.4 0.71 28.8 35.2 0.73
Cco 450.5 48.0 62.9 0.02 56.0 72.2 0.08 34.9 44.6 0.60 46.5 58.5 0.31
C10 389.0 63.2 79.3 0.02 44.4 59.0 0.21 60.4 70.5 0.61 89.5 99.4 0.43
Mean 367.5 57.6 69.6 0.05 62.9 73.6 0.27 50.6 60.0 0.65 65.5 75.2 0.49

Note: The units of the Global Land Evaporation Amsterdam Model evaporation product (Egrzanm), mean absolute error (MAE), and root mean square error (RMSE) are

mm/year.
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Fig. 4. Interannual variation in the evaporation rate (mm/year). Eg ran is the GLEAM evaporation dataset; E, and E, are the modelled evaporation values using
GNAA model with a.¢ and ... (c = 6.76) for each catchment listed in Table 1; Egr and E are the modelled evaporation based on the GNAA model with the

parameterization function for a. and a... using Eq. (9) and Eq. (10), respectively.

ae.o were still smaller than 1.0 in each catchment. Different from the
basic GNAA form, parameter a... in the extended form with a fixed c
value of 6.76 was larger than 1.0. The precipitation (Li et al., 2014; Liu
et al., 2004) and wetness indey, i.e., the reciprocal of aridity index (Gao
etal., 2017; Liu et al., 2004) showed increasing trend from northwest to
southeast, and a, ¢ calculated by Eq. (9) had the same spatial variation as
the P and wetness index (Fig. 6). More importantly, the multi-year
average of a.. was smaller than 0.6 in the northwest and greater than
0.8 in the southeast, but was smaller than 1.0 for the whole Loess

Plateau.

The boundary condition of E = E,, = Ep, for a completely wet
environment is the important foundation of CR. As E,,, cannot be directly
measured, it is estimated with the P-T equation in GNAA. However, it is
uncertain if Ej,, can be fully quantified by the P-T equation. In the P-T
equation, a accounts for the effect of advection on E enhancement
(Brutsaert, 1982; de Bruin and Keijman, 1983; Lhomme, 1997). Brut-
saert et al. (2017) and X. Liu et al. (2016) stated that both ,.g and a,.c in
GNAA were only weak analogs for « in the original P-T equation, which
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Fig. 5. Annual evaporation modelled by the GNAA model (Ep,1) versus Egrram-
The magenta and blue points represent the Egrpam—Eos and Egrpam—Ecs Te-
lationships, respectively.

could be adjusted to satisfy the boundary condition (Brutsaert et al.,
2020). Our results show that a,.9 and @, were significantly related to
Epo/P, P, and SAI This indicates that a,o and/or a... may be a compound
parameters, involving the a parameter in the P-T equation and other
factors.

4.2. Role of parameter c in the extended GNAA form

The determination coefficients for the relationships between ... and
Epo/P, P, and SAI were smaller than those in the basic form, which might
be due to the introduction of the c parameter. The parameter ¢ decreased
the influence of other factors on a,.., and rendered a,.. with a narrow
variation range (from 1.00 to 1.22 for annual values), closer to the a
defined by Priestley and Taylor (1972).

According to the boundary condition of y=0 as xg =0, the GNAA
theoretical curves should start from the origin and increase mono-
tonically in the domain of [0, 1]. However, the extended GNAA form has
one more intersection with the x-axis when ¢>2, and the intersection
gradually moves to the right with increasing c. If we let the curves start
from the intersection point in the interval of (0,1), it actually represents
y=0 as Xg=Xpmin. Liu et al. (2020) showed that xgmin
=[2¢-1-(1+4¢)*>1/2c. Zhou et al. (2020) found that the extended GNAA

Agricultural and Forest Meteorology 301-302 (2021) 108343

curve could capture the trend in scatterplots of E/Ep, versus Ep,/Epq
when using a multi-year mean ... parameter at a catchment scale.
However, Szilagyi et al. (2020) recognized that the parameter a.
function of Eq. (9) rescaled xg, which made the GNAA curve start from
the origin. The parameter a,. in the extended GNAA was closer to the
in the P-T equation and met the lower limit requirement of the @, and the
basic GNAA form of Eq. (11) performed better in E simulation than the
extended form, which indicated the functional differences between the
two forms of GNAA.

Previous studies tried to adopt a relatively stable ..., and then
calibrated the parameter c in the extended GNAA (Wang et al., 2021;
Zhou et al., 2020). When ... was set as the mean value of 1.08 for 10
catchments, the calibrated parameter ¢ was in the interval of [0.77,
10.48], which is larger than the range of parameter a... in Table 1. As
shown in Fig. S2, the relationships between parameter c and P, Ep,/P and
SAI were opposite to those between .. and these factors; that is,
parameter ¢ decreased with increasing of P, but increased with
increasing Epq/P and SAI. Most importantly, the fitness degree (i.e., R?)
of parameter ¢ with the above factors was similar with that of a.., and
thus a... and ¢ were equivalent in describing the influence of P, E,q/P,
and SAI when the extended GNAA form was applied. In addition, the
performances of E estimation with c being calibrated or calculated with
the function between c and Ep,/P were also evaluated with a,..=1.08,
denoted as E, and E,, respectively (Table S3). Zhou et al. (2020) found
that the performance of E estimation slightly decreased when a,.. was set
as a constant value compared with the parameters of a... and c being
calibrated. The performance of E, (i.e., the simulated E with ¢ being
calibrated and a,...=1.08), was better than that of E. when compared
with Egrram, but the Egf was better than E,y. In conclusion, Egr had the
highest accuracy since the .9 compared with ... and c, had a better
fitness with Epq/P.

5. Conclusions

The GNAA model is a realistic descriptor of regional evaporation,
which uses only standard meteorological data. With the data from 10
catchments on the Loess Plateau, this study found that the parameters a..
o and ... in GNAA are correlated with the E,/P, P, and SAL In partic-
ular, there is a strong relationship between .o and E,,/P with a
determination coefficient of 0.94. The GNAA model with a function of
g related to E,q/P can accurately simulate E and its interannual vari-
ation on the catchment scale. It was proved that a..¢ and a,. are inte-
grated parameters involving a in the P-T equation and other factors. For
the extended GNAA form, when c is fixed as mean value of 6.76, the

40° N

35°N

0 190 km
—_—

—— 0.9 Contour [JLoess Plateau © Provincial capital cities

T
105°E

T T
110° E 115°E

Fig. 6. Spatial distribution for parameter ..o on the Loess Plateau.
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mean annual a.. has a narrow variation range, and is close to the
parameter « in the P-T equation. With new interpretation of the pa-
rameters and understanding of functional differences between the basic
and extended GNAA forms, it is found that the combination of the two
forms of GNAA can better estimate evaporation and describe the rela-
tionship between E, E,q, and Ep,. The basic GNAA form is reliable and
can be applied to estimate evaporation in regions with different climate
types or sparse data.
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