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The impact of interannual variability of precipitation and potential evaporation on the long-term mean
annual evapotranspiration as well as on the interannual variability of evapotranspiration is studied using
a stochastic soil moisture model within the Budyko framework. Results indicate that given the same
long-term mean annual precipitation and potential evaporation, including interannual variability of pre-
cipitation and potential evaporation reduces the long-term mean annual evapotranspiration. This reduc-
tion effect is mostly prominent when the dryness index (i.e., the ratio of potential evaporation to
precipitation) is within the range from 0.5 to 2. The maximum reductions in the evaporation ratio (i.e.,
the ratio of evapotranspiration to precipitation) can reach 8-10% for a range of coefficient of variation
(CV) values for precipitation and potential evaporation. The relations between the maximum reductions
and the CV values of precipitation and potential evaporation follow power laws. Hence the larger the
interannual variability of precipitation and potential evaporation becomes, the larger the reductions in
the evaporation ratio will be. The inclusion of interannual variability of precipitation and potential evap-
oration also increases the interannual variability of evapotranspiration. It is found that the interannual
variability of daily rainfall depth and that of the frequency of daily rainfall events have quantitatively dif-
ferent impacts on the interannual variability of evapotranspiration; and they also interact differently
with the interannual variability of potential evaporation. The results presented in this study demonstrate
the importance of understanding the role of interannual variability of precipitation and potential evapo-
ration in land surface hydrology under a warming climate.
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1. Introduction to the central role of evapotranspiration in the hydrological cycle

and in the surface energy balance [13-15]. Evapotranspiration is

Climate fluctuations such as the seasonal and interannual vari-
ability of precipitation play important roles in affecting the terres-
trial hydrology and vegetation dynamics [1-4]. For example,
studies have shown that the temporal variability of precipitation
has profound impacts on tropical forests [5,6] and arid/semiarid
ecosystems [7,8]. Understanding the impact of these climate fluc-
tuations is extremely important, especially under a changing cli-
mate where these fluctuations may be modulated [9-11].
Recognizing the importance of climate variability, the Intergovern-
mental Panel on Climate Change (IPCC) calls for more research to
document its change and assess its impacts [12].

This study aims to study the impact of interannual variability of
precipitation and potential evaporation on evapotranspiration due
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also closely linked to ecosystem productions [16,17]. In this study,
the focus is on the long-term mean annual evapotranspiration as
well as the interannual variability of evapotranspiration. The
long-term mean annual evapotranspiration is usually recognized
as to be controlled by water availability (usually represented by
the long-term mean annual precipitation) and energy availability
(usually represented by the long-term mean annual potential
evaporation) [18-22]. A semi-empirical curve that describes the
relationship between the long-term mean annual precipitation
(P), potential evaporation (E,), and evapotranspiration (E,) is called
the Budyko curve (see Fig. 1). The ratio of E,/P is called the dryness
index and the ratio of E/P is called the evaporation ratio hereafter.
Note that E/P is called evaporation ratio instead of evapotranspira-
tion ratio in order to follow the convention. The Budyko curve has
been widely used to study the impact of climate change on the ter-
restrial hydrological cycle at annual and long-term scales [23-29].

Using the Budyko framework and assuming that annual precip-
itation, potential evaporation, and evapotranspiration also satisfy
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Fig. 1. The long-term mean annual evaporation ratios (E/P) are shown as a function of the long-term mean annual dryness index (E,/P). When the daily rainfall depth (o) and
the frequency of daily rainfall events (1) are variable, their CV values are set to be 0.35 and 0.21, respectively. Other parameters are specified in Table 1. Each dot here
represents one basin with a distinct pair of mean (o, ) and there are 500 pairs of mean (e, 2). The bold black lines serve as an envelope (energy limit and water limit) for the
long-term water and energy balances. The Budyko curve is shown as the black line, which is calculated from Fu’s equation (see Eq. (8)) with @ fitted to the data.

the Budyko curve, Koster and Suarez [30] derived an analytical
expression for the interannual variability of evapotranspiration
(og), which is a function of the dryness index (E,/P), the interannual
variability of precipitation (op), and the interannual variability of
potential evaporation (og,). Most of previous studies that exam-
ined the interannual variability of precipitation and potential evap-
oration focused on their impact on the interannual variability of
evapotranspiration [31,32], following the work of Koster and
Suarez [30]. It is however less clear how the interannual variability
of precipitation and potential evaporation would affect the long-
term mean annual evapotranspiration.

Assessing the impact of interannual variability of precipitation
and potential evaporation on the long-term mean annual evapo-
transpiration can help understand departures of observational data
from the Budyko curve as reported by many previous studies. Many
factors have been documented to potentially cause departures from
the Budyko curve, including land surface characteristics such as
vegetation [21,33-35], topography [36], soil properties [37,38],
and human activities [28,39]. A few studies have examined the sea-
sonal variability of precipitation and potential evaporation within
the Budyko framework. For example, Budyko and Zubenok [40]
noted that the evaporation ratio (E/P) tends to be higher in climates
where precipitation and potential evaporation are in phase and
lower where they are out of phase. This has been theoretically jus-
tified by Milly [41] and Feng et al. [42] using dimensional analysis
and stochastic soil moisture models, as well as by Yokoo et al.
[38] using a physically-based water balance model. However, the
opposite is found by Potter et al. [43] using data from 262 catch-
ments in Australia; that is, the catchments where precipitation
and potential evaporation is in phase have lower evaporation ratios

than those catchments where precipitation and potential
evaporation is out of phase. They attributed this discrepancy
between results from a stochastic soil moisture model and observa-
tions to the infiltration-excess runoff that is not explicitly consid-
ered in the stochastic soil moisture model. The interannual
variability of precipitation and potential evaporation, on the other
hand, has received much less attention, which motivates this study.

To examine how changes in the interannual variability of pre-
cipitation and potential evaporation would affect the long-term
mean annual evapotranspiration as well as the interannual vari-
ability of evapotranspiration, a stochastic soil moisture model is
employed (the model details are given in Rodriguez-Iturbe and
Porporato [1]). A simple stochastic soil moisture model, instead
of observational data sets or climate model results, is used to study
this problem because it is difficult to identify changes in the inter-
annual variability of precipitation and potential evaporation at a
given location due to temporal limitations in the data [44]. It is also
challenging to separate the effect of interannual variability of pre-
cipitation and potential evaporation from the effects of other fac-
tors such as land cover change using climate models given the
complexities of these models [45]. In addition, it is difficult, if
not impossible, to conduct sensitivity analysis based on observa-
tional datasets or global/regional climate models. As such, theoret-
ical analyses and numerical simulations based on a simple and
computationally cheap stochastic soil moisture model like the
one used in this study can be particularly useful for unraveling
the hydroclimatic impacts of interannual variability of precipita-
tion and potential evaporation.

The paper is organized as follows: Section 2 describes the
stochastic soil moisture model and the methodology; Section 3
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discusses the results and Section 4 presents the conclusions and
discusses the implications of this study.

2. Methodology
2.1. The stochastic soil moisture model

The details of the stochastic soil moisture model has been
described in Laio et al. [46] and Rodriguez-Iturbe and Porporato
[1]. Here only the essence of the model is presented. The model
starts with the vertically-averaged soil water balance (Eq. (1)) at
a given point where lateral contributions to the soil water balance
can be neglected:

ds
nZ. @i P(t) —
where n is the soil porosity, Z; is the root zone depth, s is the relative
soil moisture, t is time, P(t) is the rainfall rate, I(t) is the interception
of rainfall by canopy, Q(s, t) is the runoff, E(s) is the evapotranspira-
tion rate and L(s) is the leakage rate. Following Rodriguez-Iturbe
and Porporato [1], the stochasticity in the soil moisture dynamics
primarily comes from the stochastic nature of rainfall and the
model is interpreted as a continuous model at daily scales. At such
temporal scales, rainfall is modeled as a stochastic, marked Poisson
process: the times between daily rainfall events follows a Poisson
distribution with mean 1/ and the daily rainfall depth follows an
exponential distribution with mean o.

The interception of rainfall is modeled by assuming that rainfall
depth that is below a fixed threshold A is intercepted (i.e., when
the daily rainfall depth is less than A, no rain water will reach
the ground surface). When the rain water reaches the ground sur-
face, infiltration and runoff occur. If the rainfall depth (after inter-
ception) is smaller than the available storage, all rain water
infiltrates into the subsurface. On the other hand, if the rainfall
depth is larger than the available storage, the available storage will
be filled up first and the excess is converted into runoff

I(t) = Q(s,t) — E(s) = L(s), (1)

subsequently.
The evapotranspiration is modeled as:
0 0<s<sy
S=5h Sp<S<S
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Elg) =4 " . @)
Ew+(Ep*Ew)Sx7;'CV Sw < S <S*
E, st<s<1

where E,, is the evapotranspiration rate when the soil moisture is at
the wiling point (s,,) and E, is the potential evaporation rate when
soil moisture is sufficient (i.e., above a certain point s* in this case).
sp is the hygroscopic point below which evapotranspiration is mod-
eled as zero. The leakage loss is modeled as if it happens only when
the soil moisture is above the field capacity (sg):

L 0 s < S
S) = _
( ) emfﬁ[eﬂ(s Se) -1]

Se<s<1
where K; is the saturated hydraulic conductivity and 8 is a coeffi-
cient that depends on the soil-water retention curve.
Given all of these models for different components of the soil
water balance, a steady-state probability density function (pdf)
can be obtained for soil moisture, as follows:

(3)
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where C is a constant that can be obtained through evaluating
fol p(s)ds=1.n, =E./(nZ,) and n = E,/(nZ,) are normalized wilt-
ing point evaporation and potential evaporation, respectively.
m =K;/[nZ,(e!1-5%) — 1)] is a “normalized” saturated hydraulic con-
ductivity. y = a/(nZ,) and /' = je~*/* are related to rainfall charac-
teristics, that is, the daily rainfall depth («) and the frequency of
daily rainfall events (1). Note when A =0 (i.e.,, no interception
occurs), X' = A

The average soil moisture and evapotranspiration resulting
from the stochastic model presented above are calculated
following:

1
@:Awmm (5)

1 1
@zﬁﬂm®¢:[ammm (6)

and the average rainfall that reaches the ground surface is calcu-
lated as:

(P) = o). (7)

This stochastic soil moisture model has been validated by field
experiments. For example, Salvucci [47] estimated the soil water
loss function (Eq. (2) + Eq. (3)) from observational data at various
sites in Illinois, USA and then calculated the soil moisture pdf, given
estimates of o and / at the same locations. The calculated pdf of soil
moisture is in good agreement with the measurements (see the
Fig. 4 in Salvucci [47]).

2.2. Numerical experiments design

Since the focus of this study is to understand the impact of
interannual precipitation and potential evaporation variability on
the long-term mean annual evapotranspiration, parameters other
than the rainfall characteristics (i.e., « and /) and potential evapo-
ration (E,) are not changed. Their values are adopted from Rodri-
guez-Iturbe and Porporato [1] and are listed in the Table 1. The
soil is assumed to be loamy sand and the value of E,, is typically
found in the literature [46]. The interception threshold (A) is set
to be zero in order to simplify the analysis. Note that the effect
of increasing the interception threshold on the evaporation ratio
is equivalent to that of reducing the parameter / since 1’ = je 2/*
is the parameter needed in Eqs. (4) and (7). Given that A/ is usu-
ally small at interannual scales, changes in A are not likely to result
in significant changes in the /. The root zone depth (Z,) is chosen to
be 30 cm and the sensitivity to the root zone depth is also analyzed
later. The value of E, listed in Table 1 is the long-term mean annual
potential evaporation [46]. As shall be seen later, the annual poten-
tial evaporation will be different from this value for some
simulations.

Table 1

Parameters used in the stochastic soil moisture model.
Variables Values
Sh 0.08
Sw 0.11
s* 0.31
S 0.52
n 0.42
B 12.7
K (cm/day) 100
E,, (cm/day) 0.01
E, (cm/day) 0.45
A 0
Z, (cm) 30
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In order to assess the impact of interannual variability of pre-
cipitation and potential evaporation, Monte Carlo simulations are
conducted in order to numerically estimate the long-term mean
annual evapotranspiration resulting from random fluctuations of
«, 2 and Ej,. Previous studies have analyzed long-record rainfall data
and found that o and Z follow gamma distributions closely at inter-
annual time scales [48]. Annual potential evaporation is assumed
to follow a Gaussian distribution [49]. Gamma distribution and
Gaussian distribution are both two-parameter distributions and
hence a mean value and a coefficient of variation (CV, defined as
the standard deviation normalized by the mean) value are needed
to specify the distribution. The long-term mean values of o and A
are randomly sampled for 500 times within the ranges from 0.1
to 2.5 cm (interval = 0.049 cm) and from 0.1 to 0.5 day ! (inter-
val = 0.0082 day '), respectively. The long-term mean value of E,
is 0.45 cm/day as listed in Table 1. Through this procedure, the
sampled long-term mean values of « and / and the concomitant
dryness index (Ep/P) cover a wide range of climates.

Given the long-term mean of o, A and E,, twenty sets of simula-
tions with different CV values are conducted, as shown in Table 2.
For each year, an array of (o, 4, E,) is randomly sampled from their
respective distributions and the resulting average (i.e., annual) soil
moisture (s), average evapotranspiration (E), and average rainfall
(P) are calculated from Egs. (5)-(7), respectively. As can be seen
from Table 2, the cases 1-4 are designed to investigate the impact
of inclusion of the interannual variability of rainfall in the stochas-
tic soil moisture model. In case 1, the daily rainfall depth « and the
frequency of daily rainfall events / are set to be constant. As such,
there is no interannual variability of « and /. The annual values of o
and / are identical to their long-term mean values, respectively. In
case 2, the daily rainfall depth o is set to be constant over the time
period, while the frequency of daily rainfall events 4 is randomly
sampled from a gamma distribution whose mean value is identical
to that in case 1 and whose coefficient of variation is set to be 0.21.
As such, the long-term mean annual precipitation remains identi-
cal to that in case 1 if the sample size is sufficiently large (in this
study, 300 is chosen to represent a 300-year period); and the dif-
ference between the two cases lies in the interannual variability
of precipitation. Similarly, in case 3, the frequency of daily rainfall
events / is set to be constant over the time period, while the daily

Table 2
Interannual variability of precipitation and potential evaporation included in different
sets of simulations.

Number CV [a] CV [4] CV [Ep]
1 0 0 0
2 0 0.21 0
3 0.35 0 0
4 0.35 0.21 0
5 0.15 0 0
6 0.25 0 0
7 0.35 0 0
8 0.45 0 0
9 0 0.11 0
10 0 0.21 0
11 0 0.31 0
12 0 0.41 0
13 0 0 0.22
14 0 0.21 0.22
15 0.35 0 0.22
16 0.35 0.21 0.22
17 0 0 0.12
18* 0 0 0.22
19 0 0 0.32
20 0 0 0.42

¢ Case 18 is identical to case 13. It is however listed separately from case 13 so
that the last four cases in Table 2 appears to be dedicated for examining the
increasing interannual variability of potential evaporation

rainfall depth o is randomly sampled from a gamma distribution
whose mean value is identical to that in case 1 and whose CV is
set to be 0.35. In case 4, both « and A are randomly sampled from
their respective gamma distributions. It is again stressed that the
long-term mean annual precipitation of the four cases are extre-
mely close due to the large sample size used in this study. The dif-
ference among the four cases is only the interannual variability of
precipitation.

In cases 5-8, the interannual variability of daily rainfall depth
(o) is included but the interannual variability of the frequency of
daily rainfall events (1) is excluded; while in cases 9-12, the inter-
annual variability of the frequency of daily rainfall events (1) is
included but the interannual variability of daily rainfall depth (o)
is not. When the interannual variability of daily rainfall depth (o)
is considered, the CV values of o vary from 0.15 to 0.45, with an
interval of 0.1. When the interannual variability of the frequency
of daily rainfall events (1) is considered, the CV values of 1 vary
from 0.11 to 0.41, with an interval of 0.1. Again, the long-term
mean annual precipitation of these cases remains similar. The last
eight sets of simulations are designed to study the interannual var-
iability of potential evaporation. The potential evaporation in cases
13-16 has a CV value of 0.22 and the CV values of ¢ and A are iden-
tical to those in cases 1 to 4, respectively. In cases 17-20, only the
interannual variability of potential evaporation is retained and the
potential evaporation increases its CV value from 0.12 to 0.42 with
an interval of 0.1.

The CV values of o, 2 and E,, are all in broad consistency with the
values reported the literature. For example, the CV of o obtained by
Porporato et al. [50] over the Kalahari transect ranges from 0.16 to
0.31 and the CV of Z ranges from 0.12 to 0.32. The CV of « reported
by D’Odorico et al. [48] over southern Texas ranges from 0.26 to
0.45 and the CV of / ranges from 0.19 to 0.27. Ridolfi et al. [51] ana-
lyzed the impact of interannual variability of precipitation on the
soil moisture dynamics using Monte Carlo simulations. The CV of
o used in Ridolfi et al. [51] ranges from 0 to 0.3 and the CV of A
ranges from O to 0.4. Daly and Porporato [49] examined the daily
variability of E, and reported a CV value of 0.54, which provides
an upper bound for the CV of E, at interannual scales. In addition,
the interannual variability of E, estimated by Arora [52] translates
to a CV value of about 0.05-0.4.

2.3. The Budyko curve

As discussed in the introduction, the Budyko curve is widely
used to analyze the long-term, basin-scale water and energy bal-
ances due to its simplicity and universality. In the Budyko frame-
work, the evaporation ratio (E/P) is only a function of the dryness
index (E,/P) at long-term scales. The Budyko curve expressed by
Fu’s equation [20] is as follows:

E .(E E, E\"1""
O SINONE ®)
where @ is a shape parameter that reflects the impact of all other
factors such as land surface characteristics and climate fluctuations
on evapotranspiration. When @ = 2.6, the above equation recovers
the very original Budyko curve proposed by Budyko himself [53,54].
Koster and Suarez [30] derived an analytical expression for the
interannual variability of evapotranspiration (gg) based on the
Budyko curve but at annual scales. The full expression for o is:

O ORUI IO A

where fis the function in Eq. (8) and f is the derivative of f. Note the
above equation also assumes that there is no correlation between
annual precipitation and annual potential evaporation, which may
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not be the case for some basins [55]. Further assuming that the
interannual variability of potential evaporation (ogp) is small com-
pared to the interannual variability of precipitation (gp), Eq. (9)
can be reduced to:

zeo(5) )

3. Results

(10)

3.1. The impact of interannual variability of precipitation on the long-
term mean annual evapotranspiration

The long-term mean annual evaporation ratios calculated from
cases 1 to 4 are inter-compared, as shown in Fig. 1. The Budyko
curve is from Fu’'s equation (Eq. (8)) with @ obtained from fitting
Fu's equation to the data (see Li et al. [54] for the fitting procedure).
When the interannual variability of precipitation is not included
(i.e., o and / are both constants over the 300-year time period),
the resulting long-term water and energy balances from the sto-
chastic model follow a Budyko curve with @ = 3.5 (Fig. 1(a)). As
the interannual variability of rainfall is included (i.e.,  and/or 4
both vary over the 300-year time period), the long-term evapora-
tion ratios are reduced as reflected by the smaller @w values
(Fig. 1(b)—~(d)).

Using case 1 as a reference, Fig. 2 examines the differences in
the long-term mean annual evaporation ratios in cases 2-4. As
can be seen from Fig. 2(a), the impact of varying o and/or 1 on
the long-term mean annual evaporation ratios is most prominent
when the dryness index is within the range from 0.5 to 2. Note
for these four cases, the long-term mean annual precipitation
remains similar and the long-term mean annual potential evapora-
tion is identical. As such, the reductions shown in Fig. 2(a) are
solely induced by the interannual variability of precipitation.
When « and 4 both vary, the maximum reduction in the long-term
mean annual evaporation ratios reaches 7%, which occurs at the
dryness index of about 1.25. It is interesting to observe that the
long-term mean annual evaporation ratios are more sensitive to
o than 4 (cf. the blue and green dots in Fig. 2(a)). As shall be seen
later, this is related to the different CV values of o and 1 as well
as the different effects of « and A on the pdf of soil moisture (Eq.
(4)). Note the CV values of « and 4 used here are typical values
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constant o, variable A (a)
= variable o, constant A
0.02r| o variable o, variable A 1
0 7w, H ..
_5.§ LI LR
0% &
[y ° So.g LI ]
L 080 L] ] |
@ -0.02f REREC- R R L
< Pamn t o,
s
-0.04 = 1
-0.06 B
~0.08 ! ! ! ! ‘ ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 25 3 35 4 45 5
Ep/P

reported by D’Odorico et al. [48] based on rainfall data in southern
Texas. In the following, a range of CV values of « and 4 will be used.

Fig. 2(b) examines the reductions in the evaporation ratio as the
root zone depth (Z,) changes. For a wide range of possible values of
Z,, only reductions in the evaporation ratio are observed when the
interannual variability of precipitation is included. Given the scat-
ter observed in Fig. 2(a) around the maximum reduction, the max-
imum reductions shown in Fig. 2(b) are calculated as the mean of
those data exceeding the 90th percentile. It is clear that the maxi-
mum reductions in the evaporation ratio increase as the root zone
depth (Z,) increases. This is because the evaporation ratio is higher
for deep-rooted soils and hence the effect of increasing precipita-
tion variability on the evaporation ratio is also enhanced. This find-
ing is consistent with the study of Daly and Porporato [49], which
showed that under the same climatic conditions, evapotranspira-
tion is reduced when the daily variability of potential evaporation
is considered and this reduction effect is larger for deep-rooted
soils than for shallow-rooted soils.

In order to assess the effect of « (daily rainfall depth) and /4 (fre-
quency of daily rainfall events) separately, Fig. 3 shows the differ-
ences in the long-term mean annual evaporation ratios when one
parameter is kept constant while the other parameter increases
its CV value. Fig. 3(a) keeps the frequency of daily rainfall events
2 constant with the CV of « increasing from 0.15 to 0.45; while
Fig. 3(b) keeps the daily rainfall depth « constant with the CV of
/. increasing from 0.11 to 0.41. It is clear that varying either of
the two parameters reduces the long-term mean annual evapora-
tion ratios. For all cases, the reductions are mostly prominent when
E,/P is within the range from 0.5 to 2, which is in agreement with
Fig. 2. It is also clear that as the variability (i.e., the CV value)
increases, the reductions in the long-term mean annual evapora-
tion ratios increase. Fig. 4 shows the maximum reductions in the
long-term mean annual evaporation ratios as a function of the
CV values of « and A. In addition, in order to reveal the ‘true’ rela-
tion between the maximum reductions and the CV values of « and
2, more simulations are conducted. For example, when the interan-
nual variability of o is considered, simulations with CV values of
0.1,0.2,0.3 and 0.4 are added. Similarly, when the interannual var-
iability of 4 is considered, simulations with CV values of 0.16, 0.26,
0.36 and 0.46 are added. As can be seen, the relations between the
maximum reductions in the long-term mean annual evaporation
ratios and the CV values of o and 4 can be adequately described
by power laws with R*>=0.999 and p<0.001 (from t-test).

0.1 : :
constant a, variable A
0.091 —=— variable o, constant A
|| —=— variable o, variable A

(b) |

Maximum | A(E/P) |

0
10 20 30 40 50 60 70 80 90
Zr (cm)

Fig. 2. (a) Differences in the long-term mean annual evaporation ratios (AE/P = (E/P), 34 — (E/P),); (b) maximum differences in the long-term mean annual evaporation ratios

(AE[P = (E[P)234 — (E[P)1) as a function of root zone depth (Z,).
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Fig. 3. Differences in the long-term mean annual evaporation ratios (AE/P = (E/P)y — (E/P);). The subscript x denotes cases 5-8 in (a) and 9-12 in (b).

Comparing Fig. 4(a) and (b) reveals that even with the same CV
value, the maximum reductions in evaporation ratio resulting from
including variability of « or 4 are different. This is due to the differ-
ent roles of o or 4 in affecting the pdf of soil moisture (Eq. (4)) and
hence the evapotranspiration (Eq. (6)). For example, Porporato
et al. [56] used a minimalist approach to solve the soil water bal-
ance equation and found that the shape of the resulting Budyko
curve (see Fig. 1), which is described by @ in Eq. (8), is determined
by the ratio wo/o, where w, =nZr(sg — sw) is the maximum soil
water storage available to plants (see Cong et al. [57] and Yang
et al. [58] for the relationship between @ and w,/«). Hence A does
not affect the shape of the Budyko curve.

It is also interesting to observe that the dryness index at which
the maximum reductions occur does not change with the CV val-
ues of o and / (not shown here but can be inferred from Fig. 3); that
is, the dryness index at which the maximum reductions occur is
always about 1.25. This is simply due to the use of gamma distri-
butions for o and 4. When Gaussian distributions with identical
mean and CV values are used instead, the dryness index at which
the maximum reductions occur changes with the CV values of «
and / (not shown). This will be seen in Section 3.2 where potential
evaporation is assumed to follow a Gaussian distribution.

0.1

009F (a) y=0.30x""", R®=0.999, p<0.001 A

Maximum | A(E/P) |

3.2. The impact of interannual variability of potential evaporation on
the long-term mean annual evapotranspiration

The previous section examined the impact of the interannual
variability of precipitation, including the interannual variability
of daily rainfall depth and the interannual variability of frequency
of daily rainfall events, on the long-term mean annual evapotrans-
piration. This section studies the impact of interannual variability
of potential evaporation on the long-term mean annual evapo-
transpiration. Following Daly and Porporato [49], when the inter-
annual variability of potential evaporation is considered, the
annual potential evaporation is assumed to follow a Gaussian dis-
tribution. Fig. 5(a) shows the differences in the long-term annual
evaporation ratios between cases considering the interannual var-
iability of E,, (cases 13-16) and cases without considering the inter-
annual variability of E, (cases 1-4). As can be seen, including the
interannual variability of E, also reduces the long-term mean
annual evaporation ratios. It is interesting to observe that whether
including the interannual variability of P or not has little impact on
the reductions induced by including the interannual variability of
E,, implying that there is no interaction between the interannual
variability of P and E, and hence their impacts on the long-term
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Fig. 4. Maximum reductions in the long-term mean annual evaporation ratios as a function of CV values of (a) « and (b) 4.
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mean annual evapotranspiration can be additive. Fig. 5(b) shows
that reductions in the long-term annual evaporation ratios increase
as the interannual variability of E, increases. When the maximum
reductions in the long-term annual evaporation ratios are con-
cerned, it is shown in Fig. 6(a) that the relation between maximum
reductions in the long-term annual evaporation ratios and the CV
value of E, also satisfies a power law. This is similar to the obser-
vation in Fig. 4. However, unlike that the interannual variability
of precipitation does not affect the dryness index at which the
maximum reductions occur, the interannual variability of E, does
alter this dryness index: The dryness index at which the maximum
reductions occur increases with the CV value of Ep, as shown in
Fig. 6(b). As discussed in Section 3.1, this is caused by the use of
a Gaussian distribution for E, instead of a gamma distribution.
Daly and Porporato [49] examined the impact of including daily
variability of E, on soil moisture dynamics. The temporal fluctua-
tions in E,, are assumed to be Gaussian and the resulting soil water
balance equation (Eq. (1)) is a stochastic differential equation
forced by a Poisson noise (representing precipitation fluctuations)
and a multiplicative Gaussian white noise (representing potential
evaporation fluctuations). By analytically solving this stochastic
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differential equation, they also found that including the daily var-
iability of E, reduces evapotranspiration, which is in agreement
with the results presented in this study, albeit at different time
scales.

3.3. The impact of interannual variability of precipitation and potential
evaporation on the interannual variability of evapotranspiration

In this section, the impact of interannual variability of precipi-
tation and potential evaporation on the interannual variability of
evapotranspiration is investigated. As discussed in the introduc-
tion, Koster and Suarez [30] provided a simple framework to exam-
ine the interannual variability of evapotranspiration. According to
Eq. (10), the ratios of interannual variability of evapotranspiration
and interannual variability of rainfall (og/op) follow a semi-empir-
ical curve that is only a function of the dryness index (Ep/P) if the
interannual variability of potential evaporation and the correlation
between precipitation and potential evaporation are assumed to be
small. As can be seen from Fig. 7(a), the interannual variability of
evapotranspiration generated from the stochastic soil moisture
model follows the semi-empirical curve proposed by Koster and

1.4

(b) y=1.0x+0.84, R®=0.982, p<0.001
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Fig. 6. (a) Maximum reductions in the long-term mean annual evaporation ratios as a function of CV values of E,; (b) the dryness index at which the maximum reductions in

the long-term mean annual evaporation ratios occur as a function of CV values of E,.
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black line is given by Koster and Suarez [30] (see Eq. (10)) with Fu’s equation used for describing the Budyko curve.

Suarez [30] fairly well when only the interannual variability of
daily rainfall depth («) is considered (cases 5-8). Nevertheless,
when only the interannual variability of the frequency of daily
rainfall events (Z) is considered (cases 9-12), the resulting og/op
deviates from the semi-empirical curve proposed by Koster and
Suarez [30], especially under dry conditions (see Fig. 7(b) when
the dryness index >1). Note that a range of CV values are used
for considering the interannual variability of A. The fact that all
the resulting data do not agree with the empirical curve proposed
by Koster and Suarez [30] under dry conditions clearly suggests
that one cannot reproduce the empirical curve proposed by Koster
and Suarez [30] without considering the interannual variability of
. Using the empirical curve proposed by Koster and Suarez [30] as
a reference, this suggests that the interannual variability of daily
rainfall depth («) and frequency of daily rainfall events (1) have
quantitatively different impacts on the interannual variability of
evapotranspiration. When both interannual variability are consid-
ered, the agreement between the simulated results and the semi-
empirical curve proposed by Koster and Suarez [30] is excellent
(not shown). This implies that the interannual variability of evapo-
transpiration is mostly controlled by the interannual variability of
precipitation and the dryness index, which suggests that the effect
of interannual water storage change is probably insignificant and
hence it is reasonable to use the steady-state soil moisture pdf
(i.e., Eq. (4)).

Fig. 7 also shows that under dry conditions, the scatter is much
larger than that under wet conditions, suggesting that the ratio og/
op is no longer solely dependent on the dryness index. Given that
the long-term mean annual potential evaporation is constant for
these cases, the large scatter seen in Fig. 7 under dry conditions
implies that og/op can be different when the long-term mean
annual precipitation is the same. Since the CV value is specified
for each case, it further indicates that the ratio gg/gp can be differ-
ent even when the interannual variability of precipitation (op) is
identical; that is, the different rainfall generation processes can
produce different og/cp ratios. This effect is more prominent under
dry conditions because evapotranspiration is controlled by water
availability under such conditions. It is also interesting to observe
that under dry conditions, increasing the CV of « and / neverthe-
less results in decreases in og/op, which is due to the fact that
the resulting increase in op is faster than the increase in o under
such conditions. Under wet conditions (when the dryness index

<1), increasing the CV values of o and 1 however results in
increases in og/op, which is caused by increases in o

The Eq. (10) assumes that the interannual variability of poten-
tial evaporation is small as compared to the interannual variability
of precipitation. When this is not the case, deviations from Eq. (10)
are expected and Eq. (9) is needed to describe the relationship
between the interannual variability of evapotranspiration, precipi-
tation and potential evaporation. As shown in Fig. 8, cases with
variable E, (cases 14-16, circles on Fig. 8) are clearly different from
cases with constant E, (cases 2-4, dots on Fig. 8). Including the
interannual variability of potential evaporation mostly affects the
interannual variability of evapotranspiration when the dryness
index is smaller than 1, that is, under wet conditions. This is
because evapotranspiration is controlled by energy availability
and hence potential evaporation under such condition. It can be
also inferred from Eq. (9) since f increases with decreasing dryness
index. As such, the second term of the right hand side of Eq. (9) (or
the impact of interannual variability of potential evaporation)
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Fig. 8. The ratios of interannual variability of evapotranspiration and rainfall (og/
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cases 2-4 and 14-16 in Table 2. The black line is given by Koster and Suarez [30]
(see Eq. (10)) with Fu’s equation used for describing the Budyko curve.
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increases as the dryness index decreases. It is however pointed out
that the impact of interannual variability of potential evaporation
is different when the interannual variability of daily rainfall depth
(o) and that of the frequency of daily rainfall events (1) are
included differently, which cannot be inferred from Eq. (9). Keep-
ing the daily rainfall depth constant clearly enhances the interan-
nual variability of evapotranspiration, as compared to results
when the daily rainfall depth varies (c.f. the green circles and the
blue/red circles). When the daily rainfall depth is variable, varying
the frequency of daily rainfall events (1) shows little effect on the
resulting og/op (c.f. the blue and the red circles). Figs. 7 and 8 sug-
gest that the interannual variability of daily rainfall depth (o) and
that of the frequency of daily rainfall events (1) play different roles
in modulating the interannual variability of evapotranspiration.
They also interact differently with the interannual variability of
potential evaporation.

4. Conclusions and discussions

Using a stochastic soil moisture model, this study investigates
the impact of interannual variability of precipitation and potential
evaporation on the long-term mean annual evapotranspiration as
well as the interannual variability of evapotranspiration within
the Budyko framework. The interannual variability of precipitation
is further separated into the interannual variability of daily rainfall
depth and the interannual variability of the frequency of daily rain-
fall events. The results indicate that the interannual variability of
precipitation and potential evaporation reduces the long-term
mean annual evapotranspiration given the same dryness index.
This reduction effect is mostly prominent when the dryness index
is within the range from 0.5 to 2. The maximum reductions in the
evaporation ratio (i.e., the ratio of evapotranspiration to precipita-
tion) can reach 8-10% for a range of coefficient of variation (CV)
values for precipitation and potential evaporation. Our analysis
reveals that the relations between the maximum reductions and
the interannual variability of daily rainfall depth and the interan-
nual variability of the frequency of daily rainfall events both follow
power laws. But the sensitivity of maximum reductions to the
interannual variability of daily rainfall depth («) is different from
that to the interannual variability of the frequency of daily rainfall
events (1), which is due to their different roles in affecting the pdf
of soil moisture. The relation between the maximum reductions
and the interannual variability of potential evaporation also fol-
lows a power law. Hence, the larger the interannual variability of
precipitation and potential evaporation becomes, the larger the
reductions in the long-term mean annual evapotranspiration will
be. As the interannual variability of precipitation and/or potential
evaporation increases, the interannual variability of evapotranspi-
ration also increases. It is shown that the interannual variability of
daily rainfall depth and the frequency of daily rainfall events have
quantitatively different impacts on the interannual variability of
evapotranspiration when using the empirical curve proposed by
Koster and Suarez [30] as a reference. They also interact differently
with the interannual variability of potential evaporation.

The Budyko curve and the equations derived by Koster and
Suarez [30] (which are also based on the Budyko curve) are fre-
quently used in the literature to examine the long-term mean
annual evapotranspiration and the interannual variability of
evapotranspiration, respectively. In this study, the two are used
as a reference to compare with our simulations. The Budyko curve,
which was first proposed by Budyko as an empirical fit to observa-
tional data [18,19], is a simple representation of the land surface
system to climate and has been verified over many places (e.g.,
see Li et al. [54] for applications of the Budyko curve over major
global river basins). The reduction in the long-term mean annual

evapotranspiration induced by the interannual variability of pre-
cipitation and potential evaporation is linked to the concave nature
of the Budyko curve. That is, the evaporation ratio inferred from
the Budyko curve using the averaged dryness index (E/P),’ is larger
than the averaged evaporation ratio (E/P),. The concave nature of
the Budyko curve is well captured by the stochastic soil moisture
model (see Fig. 1). Note that altering values that are specified in
Table 1 does not alter the concave nature of the resulting Budyko
curve from the stochastic soil moisture model. Following Koster
and Suarez [30], here we assume that the annual precipitation,
potential evaporation and evapotranspiration also satisfy a Bud-
yko-like curve. To simplify our illustration, only case 4 to case 1
are discussed. As shown in Fig. 9, a pair of constant o and /4 results
in constant annual precipitation and thus the annual dryness index
is always identical to (Ep/P)q, which is the long-term mean dryness
index. As such, the long-term mean annual evaporation ratio is
(E/P), in case 1 (see Fig. 9). For case 4 with variable o and %, the
annual dryness index changes (e.g., (Ep/P); and (E/P); for two dif-
ferent years on Fig. 9). The long-term mean dryness index remains
(Ep/P), since the mean o and / are identical to those in case 1. Nev-
ertheless, the long-term mean annual evaporation ratio is
(E/P), = w instead of (E/P),. It is clear that (E/P), is lower
than (E/P), due to the concave nature of the Budyko-like curve,
which is consistent with the reductions observed in Fig. 2. Hence
as the interannual variability of precipitation and/or potential
evaporation increases, the spread of Ep/P increases, leading to
increases in the spread of E/P (i.e., increases in the interannual var-
iability of evapotranspiration) while reductions in the average E/P.
In addition, the concavity associated with the Budyko-like curve is
mostly apparent when the dryness index is within the range of
[0.5,2], which explains the maximum reductions observed in this
range in Fig. 2. A direct outcome of this analysis is that the Budyko
curve at long-term scales should not be used at annual scales, since
if the data follow a Budyko-like curve at annual scales, the long-
term mean of these data will be below this Budyko-like curve.
The results presented in this study have some significant impli-
cations. For example, there has been growing evidence showing
that the variability of precipitation is to increase under a changing
climate [59-62] and extreme rainfall events and extreme droughts
become more and more frequent in some areas [9,10,12]. One
might then expect that the long-term mean annual evapotranspi-
ration would be reduced and hence ecosystem productions such
as the net primary production would be also reduced. Admittedly,
there is still debate about the impact of climate change on precip-
itation [63]; nevertheless, this study certainly illustrates the poten-
tial impacts of increasing interannual variability of precipitation as
well as potential evaporation on evapotranspiration as a result of
climate change. The study also has some limitations that are
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Fig. 9. A schematic figure illustrates the concave nature of the Budyko curve.
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important to appreciate. First, the soil moisture model used in this
study, despite its inclusion of many hydrological processes,
remains a simplified model. Some processes such as infiltration-
excess runoff are not considered and might play a non-negligible
role [43]. Second, the vegetation response to changes in the inter-
annual variability of precipitation is not considered. The dryness
index under which the maximum reductions in E/P occur is not
necessarily the conditions under which ecosystems are mostly sen-
sitive to changes in E/P. The sensitivity of ecosystems to reductions
in E/P also depends on the vegetation characteristics. Third, the
simulations also do not account for interannual water storage
changes and hence the conclusions might not be applicable for
basins with significant human activities such as irrigation and
groundwater extraction. Observational datasets or analyses based
on more complicated numerical models are needed to further eval-
uate these effects.
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