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A B S T R A C T   

The Budyko models provide a transparent framework for analyzing climate-catchment interactions and therefore 
have been widely used to quantify the role of vegetation influencing the partitioning of precipitation (P) into 
evapotranspiration (ET) and runoff (R) at watershed to regional scales under a changing environment. This study 
provides a thorough review of the use of Budyko models for answering modern hydrological questions including 
the relation between vegetation dynamic and catchment ET (or runoff) and climate change impacts on water 
balances. Our synthesis suggests that: 

When vegetation structure and rooting characteristics are included, the Budyko models can explain over 90% 
of global spatial variations in ET. Budyko models showed that although climate dominates the catchment water 
balance, forest cover change also accounts for 30.7% ± 22.5% change in annual runoff in watersheds globally. 
Vegetation in watersheds with a low water retention capacity tends to play a more important role than climate 
change. Vegetation effects on annual runoff are most pronounced in water-limited regions and large scale 
revegetation can contribute 60% of the total observed change in the annual runoff. Budyko models can be used to 
study the joint impacts of climate seasonality (rainfall frequency and the time lag between maximum precipi-
tation and net radiation) and vegetation on interannual variations in water balances. 

We conclude that vegetation dynamics have been successfully incorporated into the Budyko framework in the 
past two decades. The Budyko framework can be extended to provide insights into the interactions between 
climate, hydrology, and ecology. Uses of the Budyko framework for studying the hydrological effects of vege-
tation dynamics under a changing climate require analytical derivations of the models that incorporate climate- 
vegetation coevolution procedures.   

1. Introduction 

Quantifying factors that control the partitioning of atmospheric 
precipitation into runoff (R), evapotranspiration (ET), and water storage 
at a watershed scale is the most fundamental pursuit in hydrology. 
Intuitively, because ET refers to the water phase transition from liquid to 
vapor, the evaporation rate is mainly controlled by the water-energy 
balance on the evaporating surface (Williams et al., 2012). Therefore, 
land surface ET and runoff are the competing outcomes of water supply 
(precipitation, P) and demand (net radiation, Rn, or potential ET, ET0) 
from the atmosphere. Based on the “Supply-demand” balance, Budyko 
(1974) estimated long-term (> > 1 year) ET of a catchment using 

climate dryness (φ, φ = Rn /P) with a universal non-dimensional curve, 
which is now known as the Budyko curve (Eq. (1)). 

ET
P

=

[
Rn

P
tanh

(
Rn

P

)− 1(

1 − exp
(

−
Rn

P

))]0.5

(1) 

Besides climate conditions (P and ET0), ET and R are also greatly 
affected by the terrestrial ecological processes, especially the vegetation 
dynamics (Murray et al., 2012; Sun et al., 2015; Sun and Vose, 2016; 
Woodward et al., 2014). For example, the existence of vegetation alters 
the humidity conditions of the land surface by intercepting the rainfall 
and retaining water through its roots (Guswa, 2008), which will have 
great impacts on annual and intra-annual variation in ET and runoff 
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because plants usually experience substantial variations at interannual 
and decadal time scales (Arora, 2002; Porporato et al., 2004). Further-
more, plants can adapt to different climate conditions (Gentine et al., 
2012; Helman et al., 2017; Troch et al., 2013), which will feed back to 
the water balance of a watershed. For example, the rooting depth of the 
plant tends to increase with the phase lag between P and ET0 (Schenk 
and Jackson, 2002), and annual ET would be smaller without plant 
adaptation if precipitation and radiation are out-of-phase (Feng et al., 
2012). 

Global vegetation has experienced tremendous changes during the 
last several decades (Chen et al., 2019; Zhu et al., 2016). Vegetation 
greening has occurred in the high Arctic (Vickers et al., 2016), northern 
regions in Europe-Asia, north America (Park et al., 2016), in developing 
countries (especially in China and Indian) (Chen et al., 2019) due to the 
large scale plantation, and global drylands (under natural conditions), 
caused by increasing atmospheric CO2 concentration (Donohue et al., 
2013; Donohue et al., 2017). Vegetation losses are also reported in many 
regions, e.g., southwestern Amazon (Lima et al., 2014) and large lake 
basins of America (Mao and Cherkauer, 2009). Although it is widely 
accepted that the existence of vegetation (especially forests) have pos-
itive effects on increasing ecosystem carbon sequestration and reducing 
soil erosion, afforestation may exert negative impacts on water resources 
by reducing the water yield of catchments (Feng et al., 2012; Zhang 
et al., 2018b). For example, in China, afforestation has the potential to 
reduce streamflow by 50–150 mm/y or 20–40% across most of the 
nation (Sun et al., 2006). Reviews on hydrological responses to forest 
change in small watersheds have concluded that afforestation decreases 
streamflow (Beck et al., 2013; Bi et al., 2009; Brown et al., 2005; 
Stednick, 1996). However, no consensus has been reached for large 
watersheds (Hibbert, 1967; Kokkonen and Jakeman, 2001; Zhang et al., 
2017), although urge needs to include vegetation changes into global 
water assessments have been clearly recognized (Arnell and Gosling, 
2013; Schewe et al., 2014). 

To study the vegetation effect on the variations and trends in 
catchment ET and runoff, the Budyko-type models (Andreassian and 
Perrin, 2012; Donohue et al., 2007; Sposito, 2017; Wang et al., 2016) 
were intensively used in recent decades (Li et al., 2013; Xu et al., 2013), 
e.g., in United States (Wang and Hejazi, 2011), Australia (Donohue 
et al., 2012), China (Xing et al., 2018a), and European regions (Oudin 
et al., 2008), providing insights from the water-energy balance per-
spectives. Unlike the process-based models that usually need large 
numbers of parameters (Lei et al., 2014; Shen et al., 2013), the Budyko- 
type models belong to the top-down approaches (Sivapalan et al., 2003; 
Wang and Tang, 2014), whose complexity is increased only when the 
existing factors are insufficient to explain the observed changes (Zhang 
et al., 2008a). Therefore, Budyko-type models are often concise and can 
provide transparent analysis on the climate-catchment interactions (Gao 
et al., 2016a; Liang et al., 2015; Monserud et al., 1993; Warren and 
Schneider, 1979). Using the Budyko-type models, the relative contri-
bution of climate (Koster and Suarez, 1999; Xing et al., 2018c), water 
storage (Chen et al., 2013; Wang, 2012; Zeng and Cai, 2015; Zeng and 
Cai, 2016), and human activities including vegetation changes (Li et al., 
2018; Li et al., 2012) to the variances and trends of catchment water 
balance can be derived in an analytical and transparent way. 

In this paper, we gave a thorough review of the vegetation effect on 
catchment water balance within the Budyko framework. We summa-
rized how the original Budyko models were extended to incorporate the 
dynamic information of vegetation characteristics (Section 3) and 
quantify the respective contribution of vegetation change and climate 
change on water balance trends (Section 4). We then discuss climate- 
vegetation interactions within the Budyko framework under different 
climate conditions (Section 5), and limitations of the models in Section 
6. Conclusion and prospects were summarized in Section 7. 

2. Budyko’s perspective: climate control on catchment water 
balance 

Climate characteristics (P and ET0) determines catchment water 
balance at long time scales (Ol’Dekop, 1911; Pike, 1964; Turc, 1954). 
Date back to the early 20th century, the multi-year runoff coefficient (R/ 
P) was found to increase with precipitation (Schreiber, 1904), as shown 
in Eq. 2, where asch is a positive parameter. Ol’Dekop (1911) further 
found that asch can be replaced by an atmospheric “demanding” term for 
water, which exerts a negative effect on water yield, as shown in Eq. 3. 

Therefore, the “supply-demand” competition serves as the determi-
nant control on ET and runoff (Budyko, 1974): 1) when Rn/P → ∞ 
(extremely dry), ET/P → 1, indicating that all precipitation is used for 
evaporation and water is the limiting factor for ET; 2) when Rn/P → 
0 (extremely humid), ET/Rn → 1, indicating that all energy is used for 
evaporation and energy is the limiting factor for ET. Following the above 
two hypotheses, Budyko (1974) derived a simple curve (Eq. 5, Fig. 1) to 
describe the universal relationship between long term (> > 1 year) ET 
and climatic forcing. Actual ET takes up a larger proportion in P as 
climate dryness increases (Fig. 1). Note that net radiation is usually 
surrogated by ET0 nowadays, therefore, we use ET0 instead of Rn in the 
rest of the paper although Rn was used originally in some of the for-
mulations (Budyko, 1974; Choudhury, 1999; Schreiber, 1904). ET0 can 
be estimated using the pan evaporation, the Priestley-Taylor equation 
(Priestley and Taylor, 1972), and the Penman approach (Penman, 
1948). 

The Budyko-type formulations that satisfy the two limiting condi-
tions in Budyko’s hypothesis are summarized in Table 1. All formula-
tions share some similarities. For example, Budyko (1974)’s formula was 
derived by geometrically averaging the formulas of Schreiber (1904) 
and Ol’Dekop (1911), and the Turc-Pike formula (Pike, 1964; Turc, 
1954) is a special case of Choudhury (1999) when n is taken as 2. Early 
empirical formulations (Budyko, 1974; Ol’Dekop, 1911; Pike, 1964; 
Turc, 1954) represent the overall hydrological responses of catchments 
to the climatic forcing across the globe because they were derived from 
continental or global streamflow data. To incorporate the impact of the 
underlying surface on catchment water balance, Fu (1981) used the 
dimensional analysis technique and the π theorem to add extra freedom 
(ω) into the model derivation (Eq. 6, Fig. 1 A) (Zhang et al., 2004). The 
parameter ω comprehensively reflects the nature of the underlying 
surface in controlling the allocation of precipitation into R and ET 
(Rodriguez-Iturbe, 2000). Under the given climate dryness condition, ET 
takes up a larger proportion of precipitation as ω increases (Fig. 1). 
Similarly, another one-parameter theoretical equation (Eq. 7) was 
derived later (Yang et al., 2008), which is consistent with Fu’s model 
and the empirical formula summarized by Choudhury (1999). The 
consistency of theory and experience increases the credibility of the 
model. Among all the Budyko-type models, the equations of Fu and 
Choudhury-Yang are the most commonly used. Particularly, a ω = n +
0.72 relationship exists, because both parameters are correlated with 
watershed characteristics, including slope, soil texture, and vegetation 
indices, etc., (Xu et al., 2013; Yang et al., 2009). 

Besides the magnitudes of P and ET0, seasonality of climate forcing 
also exerts great impacts on the annual water balance of a catchment 
(Yokoo et al., 2008). For example, with a given amount of annual 
rainfall, the annual ET of a catchment where rain falls frequently in 
small amounts may be quite different from the case where the rain falls 
mainly in a few storms. The hydrological impacts of rainfall seasonality 
can be incorporated into the Budyko framework by stochastic analysis 
(Gerrits et al., 2009; Milly, 1993; Porporato et al., 2004). For example, 
Milly (1993) analytically solved the evaporation index (ET/P) from a 
stochastic water balance model under the assumption that storm arrivals 
are Poisson-distributed and storm depth follows an exponential distri-
bution. ET/P is expressed as in Eq. (8) (Milly, 1993), where γ is the ratio 
of soil water-holding capacity to mean storm depth. With larger γ, ET 
takes up a larger proportion in precipitation because uniform rainfall 
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and/or large water-holding capacity of the catchment favors ET (Fig. 1). 

ET
P

=
exp[γ(1 − P/ET0) ] − 1

exp[γ(1 − P/ET0) ] − P/ET0
(8)  

ET
P

= 1 −
ET0

P γγ P
ET0

− 1exp− γ

Γ
(

γ P
ET0

)

− Γ
(

γ P
ET0

, γ
) (9) 

In Milly (1993), evaporation was assumed to occur at its potential 
rate during the intervals of rainfall events. To obtain more realistic re-
sults, Porporato et al. (2004) modeled ET as a function of soil moisture 
and derived the ET/P expression using Budyko’s dryness index and the 
seasonality of precipitation, as shown in Eq. (9), where г is the Gamma 
function. 

In summary, the Budyko framework characterizes the controls of 
climate and its seasonality on water balance in an analytical and 
transparent way. The impacts of catchment properties are comprehen-
sively reflected by the shape parameters of the Budyko curves, such as ω 
in Fu’s equation (Fu, 1981), n in Choudhury-Yang equation (Choudhury, 
1999; Yang et al., 2008), and γ in the equations of Milly (1993) and 
Porporato et al. (2004). However, because only vegetation exhibits 

obvious seasonal and inter-annual changes among the land surface 
properties (Roderick and Farquhar, 2011), and more importantly 
because the vegetation can adapt to the changing climate (P, ET0 and 
their seasonality) and feed back to the water balance at a decadal time 
scale (Gentine et al., 2012; Troch et al., 2015), the vegetation effect on 
the water balance becomes a very crucial issue for understanding the 
hydrological process of catchments. 

3. Vegetation effects on interannual water balance within the 
Budyko framework 

In the recent two decades, the Budyko framework was extended to 
incorporate vegetation dynamics to 1) capture the variances in annual 
ET (or runoff), and 2) decompose decadal ET (or runoff) trends into the 
components that are caused by climate change and vegetation change. 
Zhang et al. (2001) were the first to couple water balance with vege-
tation dynamic using the Budyko model. Since then, dynamic informa-
tion of vegetation type, rooting depth, and coverage was incorporated 
into the Budyko-type models in explaining the inter-annual and decadal 
variations in watershed water balance (Donohue et al., 2012; McVicar 
et al., 2007; Yang et al., 2009). 

To demonstrate how vegetation may impact water balance, the dy-
namic of catchment water balance can be characterized as in Eq. (10) 
(Donohue et al., 2007). Water storage change (lefthand side of Eq. (10)), 
which is estimated as the complete differential of Z⋅Sw/ρw, is balanced 
by the residue precipitation (P-ET-R). ρw is the density of water (kgm− 3), 
Sw is the density of water in the soil column (kgm− 3), Z is the vertical 
depth of the soil column, and Ac and τ are the spatial and temporal scales 
of analysis. The existence of vegetation affects catchment water balance 
by altering terms in Eq. (10). In theory, transpiration is a biophysical 
process that occurs through leaves driven by leaf photosynthesis. 
Vegetation affects ET by altering the transpiration and evaporation of 
intercepted water. Therefore, the most important vegetation parameter 
affecting ET is vegetation coverage (Donohue et al., 2007). Also, plants 
alter Z and Sw due to the variation of the rooting depth. A greater rooting 
depth usually implies that plants can draw water from a deeper layer of 
soil, and water storage changes of catchments were found to be corre-
lated with rooting depth dynamics (O’Grady et al., 2011). Therefore, the 
rooting depth of plants can be a key indicator of vegetation impact on 

Fig. 1. Budyko-type curves, using (A) The original Budyko equation and Fu’s equation when ω was taken as 1.8, 2.2, 3.5, and 5 (from bottom to top), respectively; 
(B) Milly’s equation when γ was taken as 0.5, 1, 2, 4, and 8 (from bottom to top), respectively. The default Budyko-curve (Budyko, 1974) corresponds to a n value of 
1.9 and a ω value of 2.6. 

Table 1 
Formulations of the Budyko-type models.  

Reference Formulation 

Schreiber (1904) R
P

= exp
(
−

asch

P

)
; 
ET
P

= 1 − exp
(
−

asch

P

)
(2)  

Ol’Dekop (1911) ET
P

=
ET0

P
tanh

(
P

ET0

)

(3)  
Turc (1954); Pike (1964) ET

P
=

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (P/ET0)
2

√ (4)  

Budyko (1974) ET
P

=

[
ET0

P
tanh

(
ET0

P

)− 1(

1 − exp
(

−
ET0

P

))]0.5 

(5)  
Fu (1981) 

ET
P

= 1+
ET0

P
−

[

1 +

(
ET0

P

)ω ]1
/

ω 
(6)  

Choudhury (1999); Yang 
et al. (2008) 

ET
P

=
1

[1 + (P/ET0)
n
]

1
/

n 
(7)   
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water balance at inter-annual (Field et al., 1992) and intra-annual (Pate 
and Bell, 1999) time scales. 

1
ρw

(

Sw
ΔZ
τ + Z

ΔSw

τ

)

=
P − ET − R

ρwAc
(10) 

Besides, it is usually assumed that ET is favored on forested catch-
ments because forests intercept a higher proportion of rainfall and have 
higher soil water-holding capacities than other plants (Milly, 1994). For 
example, by reviewing 290 studies around the world, Canadell et al. 
(1996) showed that the maximum rooting depth of trees (7.0 ± 1.2 m) is 
generally greater than that of shrubs (5.1 ± 0.8 m) and herbaceous 
plants (2.6 ± 0.1 m). Such a difference in maximum rooting depths of 
trees and herbaceous plants can be translated to a 540 mm difference in 
plant-available water for sandy soils (Zhang et al., 2001). Therefore, 
vegetation type may be a crucial factor in the catchment water balance. 
In this section, we provide a detailed introduction to how the Budyko 
framework incorporates the dynamic information of vegetation type, 
coverage, and rooting depth to explain the interannual variations in 
watershed water balance. 

3.1. The effects of land-cover type 

The different impacts between forests and herbaceous plants come 
primarily through the plant-available water capacity. Therefore, Zhang 
et al. (2001) introduced an adjustable parameter w to discriminate the 
available water of forest catchments from herbaceous catchments, as 
shown in Eq. (11). The actual ET of a catchment can be modeled as the 
sum of respective contributions from the forest (f) and herbaceous 
vegetation (1-f), as shown in Eq. (12), where the best fit values of w were 
calibrated as 2.0 and 0.5 for forests and herbaceous plants, respectively, 
using global datasets (mainly from Australia, United States, and Africa). 

ET
P

=
1 + w ET0

P

1 + w ET0
P +

(
ET0

P

)− 1 (11)  

ET
P

= f
1 + w1

ET0
P

1 + w1
ET0

P +

(
ET0

P

)− 1 +(1 − f )
1 + w2

ET0
P

1 + w2
ET0

P +

(
ET0

P

)− 1 (12) 

Since the work of Zhang et al. (2001), the Budyko-type model that 
discriminates between forest and herbaceous vegetation was intensively 
used in assessing the effect of forest changes on water balance (McVicar 
et al., 2007; Sun et al., 2005; Sun et al., 2006; Van Dijk et al., 2007; 
Zhang et al., 2008b). A decision support tool for runoff impacts of forest 
changes can be developed using the above model (McVicar et al., 2007), 
where forest clear-cutting effects on water yield can be approximated by 
reducing the w parameter from w1 (2.0) to w2 (0.5) (Sun et al., 2005). For 
example, annual water yield increase would range from 440 mm/y in 
the wet region to less than 50 mm/y in the dry region, if the forest was 
removed in the southeastern United States (Sun et al., 2005). Stream-
flow will decrease by 9.2% if forest coverage increases from 8.1% to 
18.2% in the middle of the Loess Plateau (Zhang et al., 2008b). 

Following the work of Zhang et al. (2001), Oudin et al. (2008) 
conducted an international assessment on whether the land cover makes 
a significant contribution to the mean annual streamflow. They incor-
porated land-use information (Forest, cropland, grassland, heath, and 
non-vegetated land) into the equation of Zhang et al. (2001), and other 
four equations which are from Schreiber (1904), Ol’Dekop (1911), Turc 
(1954), and Budyko (1974). Annual runoff was modeled as the fraction- 
weighted sum of runoff from each land cover type (LCi), as shown in Eq. 
(13), where Qi is the mean annual streamflow for the part of the 
catchment covered by the ith land cover type. Qi was computed using 
the modified formulations with an added parameter wi. By comparing 
the original and the reformulated equations (with parameters cali-
brated) using data from 1508 catchments, Oudin et al. (2008) found that 

introducing extra degrees of freedom (parameters) into the 5 original 
formulas improves overall model performances; and land cover infor-
mation contributes a small but significant to this improvement. By cal-
ibrating Zhang et al. (2001)’s equation using their global datasets, 
Oudin et al. (2008) found that the ET for arable land was the largest (w 
= 1.9), followed by forests (w = 1.2), and grassland (w = 0.7). ET for 
shrubland was the smallest (w = 0.1) (Fig. 2B). 

Q =
∑

i
LCi⋅Qi (13) 

Worth noting, in contrast to the results of Zhang et al. (2001), Oudin 
et al. (2008) found that the best fit w value of forests (w = 1.2) is not 
significantly larger than the lumped value (w = 1.1) of the whole 
catchments. In addition, ET for forests was not the largest among all land 
cover types in Oudin et al. (2008)’s paper. Such results indicate that the 
plant-available coefficient needs local calibration. For example, Zhang 
et al. (2008b) used hierarchical cluster analysis to define 3 meta-groups 
in the space of ET/P and ET0/P and regionalized the w values for her-
baceous plants as 1.61, 0.45, and 0.10 along a climate dryness gradient 
in the Loess Plateau of China. 

3.2. The effects of effective rooting depth 

Roots of plants affect the partitioning of precipitation by altering the 
water storage capacity of the basin. Compared to the plant-available 
water coefficient, the rooting depth of plants is a more direct and 
physically-based parameter. Therefore, efforts have been paid to 
incorporate the rooting depth dynamics into the Budyko framework 
(Donohue et al., 2012; Porporato et al., 2004; Yang et al., 2016; Zhang 
et al., 2018b). Note that data of root profiles are scarce across the globe 
(Canadell et al., 1996; Schenk and Jackson, 2002), the effective (hy-
drologically active) rooting depth Zr (m) concept is usually used as a 
surrogate of actual rooting depth. Zr is defined as the total depth to 
which plant-accessible water can be stored (Donohue et al., 2012; Por-
porato et al., 2004), with typical values range from 0–2000 mm (Yang 
et al., 2016). Zr is usually estimated using optimization approaches 
under the assumption that plants will act to minimize their water stress 
or to maximize productivity (Collins and Bras, 2007; Kleidon and Hei-
mann, 1998; van Wijk and Bouten, 2001). Donohue et al. (2012) used 
the formulation of Guswa (2008) that balances the marginal carbon cost 
and benefit of deeper roots to estimate the spatial distribution of effec-
tive rooting depth (Description of Guswa’s model is provided in the 
Appendix). 

Zr and the mean storm depth (α) exert opposite effects on runoff 
because large runoff may be produced by large storms (large α) or small 
retention capability (small Zr) of the basin. Zr/α is linearly related to the 
parameter n of the Choudhury-Yang model when the dryness index ET0/ 
P equals 1 (Donohue et al., 2012), i.e., n = 0.21kZr/α + 0.6, where k is 
dependent on the soil texture. By linking n with Zr and α, Donohue et al. 
(2012) therefore incorporated the effects of rooting depth and rainfall 
seasonality into the Choudhury model. They found that the incorpora-
tion of Zr increased the accuracy in runoff prediction by 10% compared 
to the default simulation (n = 1.9) in wet catchments (runoff >500 mm/ 
y) for the Murray-Darling basin, Australia. In addition, the runoff was 
found to be sensitive to Zr, especially in the dry areas of the Murray- 
Darling Basin. 

Note that the linear relationship between n and Zr is only valid when 
the dryness index ET0/P equals 1. At any P and ET0 conditions, the n ~ Zr 
relationship can be numerically solved as in Eq. (14) and (15) (Yang 
et al., 2016), where θ is the plant-available water content which is 
determined by the soil property. By parameterizing Zr model of Guswa 
(2008) at a global scale during 1982–2010, Yang et al. (2016) found that 
the incorporation of the n ~ Zr relationship produced satisfactory ET 
predictions at watershed scales compared to water-balance measure-
ments in 32 major catchments across the globe (R2 = 0.94, RMSE = 74 
mm/y), and at grid-scale compared to the PML ET products (Zhang 
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et al., 2016b) (R2 = 0.90, RMSE = 125 mm/y). 

n = alog10

(
Zrθ
α

)2

+ blog10

(
Zrθ
α

)

+ c (14)  

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a = − 0.003log10

(
ET0

P

)2

+ 0.247log10

(
ET0

P

)

+ 0.19

b = − 0.022
ET0

P
+ 0.403

c = − 0.071log10

(
ET0

P

)2

− 0.332log10

(
ET0

P

)

+ 0.761

(15) 

The joint impacts of Zr and α on water balance were shown in Fig. 3. 
Under a given rainfall seasonality condition, e.g., α = 20 mm (Fig. 3 B), 

Fig. 2. Characterization of vegetation effects on annual water balances using Budyko curves with different values of plant-available water coefficient (w), (A) Forests 
and herbaceous plants were discriminated in Zhang et al. (2001), and (B) w were taken as 0.1, 0.7, 1.2, and 1.9 for shrubland, grassland, forests, and arable land, 
respectively, in Oudin et al. (2008). 

Fig. 3. Annual ET0/P ~ ET/P curves from the BCP model (Yang et al., 2016) under conditions with different values of Zr (50, 100, 300, 650, 1800 mm) and α (5, 100, 
300, 650, 1800 mm). (A) α = 5 mm; (B) α = 20 mm; (C) α = 35 mm; (D) α = 50 mm. 
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annual ET increases with Zr significantly when Zr was smaller than 300 
mm, and ET predictions tend to converge to the Budyko curve when Zr 
was larger than 650 mm (Fig. 3 B). Annual ET is higher than the Budyko 
curve predictions if the rainfall is more uniformly distributed e.g., α = 5 
mm (Fig. 3 A). Seasonality exerts significant impacts on annual ET, i.e., 
annual ET significantly decreases when α increases under the same 
dryness and rooting depth condition. Specifically, when rainfall events 
generally consist of large storms (α > 50 mm, Fig. 3 D), ET0/P ~ ET/P 
curve no longer increases monotonically with the climate dryness index 
if the watershed retention ability is low (small Zr, e.g., Zr = 50 mm). 

3.3. The effects of vegetation coverage 

Vegetation coverage fraction (fc) can now be readily obtained at 
watershed scales from the remotely sensed Normalized Difference 
Vegetation Index (NDVI) or leaf area index (LAI). Therefore, fc is usually 
used to indicate vegetation’s impact on water balance. For example, the 
spatial pattern of the parameter of Fu’s equation (ω) is linearly corre-
lated with the fc spatial pattern in the large basins (> 3.0 × 105 km2) 
across the globe (Li et al., 2013). A simple regression equation ω =
2.36fc + 1.16 (R2 = 0.63) was established based on the spatial correla-
tion between ω and fc using data from 26 large watersheds, including 
Amazon, Congo, Mississippi, Nile, and Yangtze river basins, etc. 
Reasonable annual ET predictions (RMSE = 47 mm/year) were yielded 
with the ω parameterization. In comparison, Fu’s model produced worse 
results (RMSE = 76 mm/year) with the default value ω of 2.6. The 
linearity between the shape parameter and fc over large watershed is due 
to that the vegetation cover itself reflects the overall influences of 
climate seasonality, soil parameters, topographic features, etc., at large 
scales (Li et al., 2013). In contrast, ω exhibited substantial variations 
around 2.36fc + 1.16 when Fu’s model was applied to 232 smaller (<1.0 
× 105 km2) catchments (Duan et al., 2006), indicating that fc is coupled 
with other catchment properties at small watersheds, which are usually 
in non-steady-state and exhibit more heterogeneityin land surface 
properties. 

For example, Yang et al. (2009) analyzed the influences of fc on water 
balances in 99 non-humid small catchments in the Yellow River basin 
(Eq. 16), and the Huai River basin (Eq. 17) of China during the 
1982–2000 period, where Ks/ir and tanβ are the infiltration capacity and 
average slope of the catchment. At the global scale, NDVI is positively 
correlated with ω in small catchments (Xu et al., 2013). Together with 
latitude, topographic factor (CTI), catchment area, and elevation (elev), 
a regression equation (Eq. (18)) using NDVI explains 63% variances in ω 
for small watersheds. Note that vegetation properties (such as vegeta-
tion types and rooting depths) can be quite different under the same 
vegetation coverage condition, caution interpretations are needed when 
fc is used with the Budyko framework at small scales. 

n = 5.755
(

Ks

ir

)− 0.368

fc
0.292exp( − 5.428tanβ) (16)  

n = 2.721
(

Ks

ir

)− 0.3393

fc
− 0.301exp(4.351tanβ) (17)  

ω = 5.05722-0.09322lat+ 0.13085CTI+ 1.31697NDVI+ 0.0003A-0.00018elev
(18)  

4. Vegetation effects on decadal water balance using the Budyko 
model 

Shape parameters of Budyko-type models are capable of indicating 
vegetation dynamics, as shown in the last section. The incorporation of 
dynamic information of vegetation type, coverage, and effective rooting 
depth has also proved to be crucial in explaining the interannual vari-
ations in catchment ET and runoff. For example, Liu et al. (2018)’s 
analysis on large basins (> 3.0 × 105 km2) across the globe revealed that 

vegetation dynamics remarkably impacted the temporal variation in n, 
explaining 67% of the variance. 

Besides interannual variations, vegetation may experience greening 
or browning trends at a decadal scale. For example, vegetation greening 
has occurred globally during the last several decades (Chen et al., 2019; 
Zhu et al., 2016). At a decadal scale, the multi-year average of runoff 
during the pre-change period (e.g., 1960–1980) may be quite different 
from the post-change period (e.g., 1981–2000) due to the vegetation 
change. However, because the climate is also changing at a decadal time 
scale, quantifying the relative contribution of vegetation change and 
climate change to the water balance changes has become an important 
aspect for developing sustainable water resources plans (Zhang et al., 
2018a). 

To solve this problem, the difference in catchment runoff (ΔR) be-
tween two periods can be viewed as the sum of the impacts by climate 
change (ΔRC) and land-use change (ΔRH), as shown in Eq. (19). Because 
the Budyko models established the relationship between R and climate 
conditions explicitly, the sensitivity of R (or ET) with respective to P and 
ET0 can be readily derived. ΔRC can then be determined by the elasticity 
method (Dooge et al., 1999; Koster and Suarez, 1999; Sankarasu-
bramanian et al., 2001), which estimated ΔRC by multiplying the 
sensitivity coefficients of P and ET0 (f’P and f’ET0) with the respective 
changes in P and ET0 (ΔP and ΔET0), as shown in Eq. (20). 

ΔR = ΔRC +ΔRH (19)  

ΔRC = f ’
PΔP+ f ’

ET0
ΔET0 (20) 

The sensitivity coefficients of R with respect to P and ET0 are shown 
in Eq. 21 using Fu’s model (Ma et al., 2008). Combining the elasticity 
method with Fu’s model, Wang and Hejazi (2011) reported that climate 
change induced an 18% increase in R during the 1971–2003 period in 
the contiguous United States compared to the 1948–1970 period. 
Therefore, human impacts (ΔRH = ΔR - ΔRC) induced a 16% (absolute) 
change in R. Further analysis found that the most correlated factor with 
ΔRH was cropland percentage (R2 = 0.86), indicating that vegetation 
change will exert the most critical impact among all human activities in 
catchment runoff. 

f ’
P = P(ω− 1)( ETω

0 + Pω)(1/ω− 1) (21a) 

f ’
ET0

= ET0
(ω− 1)( ETω

0 + Pω)(1/ω− 1) (21b) 

Similarly, the impacts of land-use change can be characterized 
analytically using the sensitivity expression of shape parameters. For 
example, based on the Choudhury-Yang model, sensitivity coefficients 
of ET to P, ET0, and n were expressed as eq. 22 (Roderick and Farquhar, 
2011). Therefore, the relative change in runoff (ΔR/R) is expressed as 
the sum of the changes that are induced by P, ET0, and n (Eq. (23)) under 
the steady-state assumption. Relative contribution by vegetation change 
can then be further apportioned by incorporating the parameterizations 
of model parameters (ω and n, Section 3). 

∂ET
∂P

=
ET
P

(
ETn

0

ETn
0 + Pn

)

(22a) 

∂ET
∂ET0

=
ET
ET0

(
Pn

ETn
0 + Pn

)

(22b) 

∂ET
∂n

=
ET
n

(
ln
(
ETn

0 + Pn
)

n
−

ETn
0lnET0 + PnlnP

ETn
0 + Pn

)

(22c)  

ΔR
R

=

[
P
R

(

1 −
∂ET
∂P

)]
ΔP
P

−

[
ET0

R
∂ET
∂ET0

]
ΔET0

ET0
−

[
n
R

∂ET
∂n

]
Δn
n

(23) 

Due to its robustness and transparency, the Budyko-type models 
were intensively used to study the joint impacts of climate and vegeta-
tion on water balances (Zhang et al., 2018a), for example, at a regional 
scale (Ahn and Merwade, 2014; Jiang et al., 2015; Wiekenkamp et al., 
2016; Xu et al., 2014; Ye et al., 2013), continental-scale (Abatzoglou and 
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Ficklin, 2017; Smettem and Callow, 2014; Voepel et al., 2011; Ye et al., 
2015), and global scale (Liu et al., 2018; Wei et al., 2018; Zhou et al., 
2015). For example, at the global scale, Wei et al. (2018) assessed 
relative contributions of vegetation and climate change to annual runoff 
variations from 2000 to 2011 in forested watersheds (forest coverage 
>30%) using the Fu model and the Choudhury-Yang model and found 
that change in vegetation cover contributed up to 30.7% ± 22.5% of the 
changes in annual runoff across the globe. 

Significant impacts of vegetation in water balance changes were 
intensively reported at regional and continental scales (Jaramillo et al., 
2018; Liu et al., 2017; Liu et al., 2019; Shen et al., 2017). For example, 
the movements in Budyko space could not be explained by climatic 
changes in 60% of the catchments in Sweden, where forest biomass has 
increased during the last 6 decades; instead, standing forest biomass was 
the most significant factor that could explain most of the variance 
(Jaramillo et al., 2018). In southwestern Australia, P, ET0 and ω 
contributed 45.4%, 7.2%, and 47.4% to the decline in the annual runoff 
during two periods of 1970–2000 and 2001–2015 (Liu et al., 2019). 
Further analysis revealed that NDVI was the only significant factor that 
controlled the variation in ω. In addition, Liu et al. (2017)’s analysis 
revealed that changes in climate and underlying surface contributed 
almost equally (53.5% v.s. 46.5%) to the runoff changes in major 
catchments of China. Human impacts were dominant factors in runoff 
changes in some catchments of northeastern and northern China (Shen 
et al., 2017), especially in Loess Plateau, where ecological restoration 
contributed more than climate change (62% v.s. 38%) for the runoff 
decline (Liang et al., 2015). As stated by Roderick and Farquhar (2011), 
vegetation change is the dominant factor in changes of the underlying 
surface because the vegetation can readily change over decades, 
whereas geologic and topographic properties of a given catchment 
remain nearly constant over decadal to century time scales. Therefore, 
the significant contribution of ω and n, usually indicate large impacts of 
vegetation on water balances. 

5. Dependence of vegetation role on climate 

Recent studies have shown that the Budyko framework can be 
extended to provide insights into the interdisciplinary topics that 
concern climate, hydrology, and ecology (Donohue et al., 2012; Gentine 
et al., 2012; Troch et al., 2013). The incorporation of dynamic processes 
of vegetation (e.g., rooting depth variation) has proved valuable in 
explaining interannual and decadal variations of catchment water bal-
ance. However, although relative contributions of climate change and 
vegetation change to the decadal water balance changes have been 
intensively studied in recent years, vegetation and climate are not in-
dependent factors affecting water balance. Ultimately, the growth of 
vegetation is strongly dependent on climate (Yang et al., 2009). To gain 
deeper insights into the understanding of climate-water-vegetation in-
teractions using the perspectives from Budyko framework, we discuss 
the following eco-hydrological issues that pertain to the Budyko model 
in this section: 1) how does vegetation effect differ under different 
climate conditions and 2) how the coupling between vegetation and 
climate seasonality at an intra-annual scale affects catchment water 
balance at an interannual scale. 

5.1. Different vegetation response across different climate conditions 

It has been long recognized that under water stress, vegetation 
canopy tends to adjust stomatal conductance to improve water use ef-
ficiency at leaf scale (Farquhar and Sharkey, 1982; Hall and Schulze, 
1980), or adjust root growth to maximize carbon assimilation (Guswa, 
2008) and maintain transpiration at plot scale. However, the responses 
of vegetation to water shortage are different under different water and 
energy conditions. Measurements of root profiles showed that the 
rooting depths of plants are generally positively correlated with energy 
supply (ET0) across the globe, however, rooting depths of temperate and 

boreal forests increases with precipitation, whereas rooting depths of 
grassland, shrubland, and savannas are negatively correlated with pre-
cipitation (Schenk and Jackson, 2002). At the catchment scale, the dif-
ference in annual ET between forested catchment and non-forested 
catchment was found to be larger in areas with higher rainfall and di-
minishes in areas with annual rainfall less than 500 mm (Zhang et al., 
2001). Such a result at the catchment scale is consistent with the plot- 
scale root profile measurements because as precipitation increase, the 
rooting depth of forest tend to increase whereas that of non-forest tend 
to decrease, ET of the forested areas is therefore possibly larger than that 
of non-forested areas. 

Also, the notion that vegetation responses differ across climate 
conditions helps to interpret different opinions in the relative contri-
bution of vegetation types in different Budyko-model related works. For 
example, Zhang et al. (2001) concluded that ET from forest catchments 
is higher than from non-forest catchments, whereas Oudin et al. (2008) 
arrived at contrary conclusions that the best fit w value of forests (w =
1.2) is not significantly larger than the lumped value (w = 1.1) of the 
whole catchments and ET for forests was not the largest among all land 
cover types. Such contrasts were due to at least two reasons. Firstly, 
different approaches (PT and PM) were used in estimating ET0 in these 
two papers. Different ET0 values may result in different w values. Sec-
ondly and more importantly, climate conditions of catchments were 
much dryer in Zhang et al. (2001) than those in Oudin et al. (2008). 
Water is the limiting factor (ET0/P > 1) for ET in most of the catchments 
in Zhang et al. (2001), whereas water supply is not the limiting factor 
(ET0/P < 1) in most of the catchments in Oudin et al. (2008). Therefore, 
a higher w (2.0 v.s. 1.2) value for forests was resulted in Zhang et al. 
(2001)’s work, indicating that the difference between forest ET and 
herbaceous ET may be more significant in conditions with larger aridity 
index. In contrast, when water is not a limiting factor, ET from the forest 
is not significantly larger than that from other plants (Oudin et al., 
2008). 

Water supply conditions alter vegetation’s impacts on water bal-
ances. For example, forests growing under dry conditions showed higher 
hydrological resilience to drought compared to those growing under 
more humid conditions (Helman et al., 2017). Similarly, the w values for 
herbaceous plants were found to decrease with climate dryness in a 
quadratic way (Zhang et al., 2008b), indicating that the effect of forests 
is more significant in dryer conditions. Zhang et al. (2016a)’s analysis on 
52 catchments (0.08–3.8 × 104 km2) in northern China showed that the 
sensitivity of n to fPAR is not constant, instead, n is more sensitive to fPAR 
at higher dryness conditions, i.e., Δn/ΔfPAR = 0.02(ET0/P)2.6, where 
fPAR is the fraction of Photosynthetically Active Radiation absorbed by 
vegetation. Such results indicated that the shape parameters of Budyko 
models are not independent of climate conditions. 

ET0/P = 1 proves to be a critical value in understanding climate- 
water-vegetation interactions. The runoff coefficient (R/P) is more 
responsive to catchment properties when ET0/P > 1 (non-humid) than it 
is when ET0/P < 1 at the global scale (Zhou et al., 2015), suggesting that 
vegetation changes will lead to greater hydrological responses in non- 
humid conditions than in humid conditions. Note that rooting depth 
increases with ET0/P and peaks in sub-humid environments (ET0/P ≈ 1) 
(Schenk and Jackson, 2002), and Zr is generally larger in wetter con-
ditions than in water-limited conditions (Fig. 3 in Guswa (2008)). Due to 
deeper roots, such an analysis helps to explain the result that R/P is more 
robust in wetter conditions. In summary, we want to note here that the 
different vegetation roles under dry/wet conditions need to be 
accounted for in Budyko applications and interpretations. 

5.2. Coupling of vegetation with climate seasonality 

Seasonality of rainfall, e.g., the mean storm depth and the frequency 
of rainfall, have been incorporated analytically into the Budyko-type 
models using stochastic approaches (Milly, 1993; Porporato et al., 
2004), as shown in Eqs. (8) and (9). In addition, joint control of effective 
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rooting depth and mean storm depth on annual water balance was also 
explored (Fig. 3). Phase difference usually exists between P and Rn, 
which is a crucial factor for the vegetation characteristics. However, the 
phase difference at the intra-annual scale was not considered in their 
studies (Milly, 1993; Porporato et al., 2004). 

In water-limited regions such as the Loess Plateau of China, the phase 
difference between P and ET0 can account for 0.1% ~ 74.8% of the ET 
variations (Ning et al., 2017). ET would be larger if P and ET0 are in- 
phase throughout the year. Large phase difference favors small ET and 
large vegetation fraction favors large ET, as shown in Eq. (24) (Ning 
et al., 2017), where the seasonality index (SI) is defined using the ratios 
of the amplitudes of the monthly harmonics to the monthly averages of P 
and ET0 (δP and δET0, Eq. (25)) (Woods, 2003) to represent the non- 
uniformity in the intra-annual distribution of water and energy. The 
seasonal fluctuation of the difference between P and ET0 would be zero if 
SI = 0. Joint control of phase-difference and vegetation exists not only in 
water-limited regions but also broadly across the globe, and phase- 
difference alone can account for over 50% of the variances in the 
parameter n at the global scale (Liu et al., 2018). 

ω = 1+ 3.683f 0.798
c ⋅exp( − 0.246SI) (24)  

SI =

⃒
⃒
⃒
⃒
⃒
⃒
δP − δET0⋅

ET0

P

⃒
⃒
⃒
⃒
⃒
⃒

(25) 

Phase-difference is a crucial factor for water balance, which is partly 
due to its impacts on vegetation characteristics. Schenk and Jackson 
(2002) compiled 475 root profiles from 209 locations around the world, 
and they found that plants in a climate with an obvious phase lag be-
tween energy and water availability (e.g., Mediterranean climate) tend 
to preserve a deeper rooting structure to cope with water stress. Gentine 
et al. (2012)’s analysis on the MOPEX data (Duan et al., 2006) revealed 
that rooting depth increases with τP - τET0 when τP - τET0 is larger than 1 
month, where τP and τET0 are the time when P and ET0 approach their 
maximum throughout the year. Rooting depth reaches its minimum 
when τP - τET0 is negative. In contrast, without plant adaptation, annual 
ET would be smaller if precipitation and radiation are out-of-phase 
(Feng et al., 2012). It is worth noting that the phase difference be-
tween P and ET0 needs to be explicitly incorporated when Budyko 
models are used in vegetation applications. 

6. Limitations and possible solutions 

6.1. Trade-offs between parameters 

Although numerous parameterizations on shape parameter of 
Budyko models have been established, tradeoffs may exist among 
explanatory factors, for example, regression analysis found that fc and 
watershed slope exerted positive and negative impacts on parameter n, 
respectively, in two watersheds in China (Eq. (16) and (17)) (Yang et al., 
2009). Similarly, contrary to the study at large scale across the globe, Bai 
et al. (2019)’s analysis showed that ω is negatively correlated with the 
remotely sensed vegetation greenness index for catchments that are 
smaller than 105 km2 in China. They attributed such a negative corre-
lation to the spatial scale. However, it is uncertain whether such results 
are due to different climatic/scale conditions, or merely tradeoffs among 
factors caused by regression. 

In most of the previous studies, only runoff data (or P - R) were used 
to parameterize Budyko-type models. Therefore, tradeoffs may exist 
among explanatory factors if the calibration is performed against a 
single target. Fortunately, nowadays, ET can be obtained using the eddy 
covariance technique (Aubinet et al., 2000) with reasonable accuracy at 
102–103 m scales (Baldocchi et al., 2001; Haughton et al., 2018) and 
regional scales by remote sensing retrievals (Kustas et al., 1999; Mu 
et al., 2011). Such progress may serve as a great help in Budyko appli-
cations. For example, to assess the inter-annual and intra-annual 

variability in water balance at subbasins of the Heihe watershed of 
China, which are unclosed watersheds with significant root zone water 
storage changes and inflow from the upper sub-watersheds, Du et al. 
(2016) parameterized and validated a two-parameter Budyko-type 
model using both of the monthly runoff data and ET data from remote 
sensing retrievals. Based on the remote sensing ET data from the Uni-
versity of Montana (UM) and monthly runoff data, Chen et al. (2013) 
extended the usage of a Budyko-type model to discriminate the wet- 
season and dry-season ET. Similarly, Cheng et al. (2011) found a 
linear interannual relationship between ET/P and ET0/P across the 
contiguous United States by analyzing the UM-ET data, and they partly 
attributed such linearity to the adaptation of vegetation to the interan-
nual variability of climate. 

To disentangle the contribution of vegetation from other catchment 
properties, Gerrits et al. (2009) modeled interception evaporation and 
plant transpiration separately as a stochastic process at daily and 
monthly time scales and then up-scaled the results to annual scales based 
on the rainfall distribution function. Note that ET measurements can be 
further partitioned into its biological and abiological components based 
on isotope technique (Gibson and Edwards, 2002), sap flow technique 
(Liu et al., 2015), water‑carbon correlation characteristics (Scanlon and 
Sahu, 2008; Zhou et al., 2016; Gan and Liu, 2020) and model simula-
tions (Gan and Gao, 2015; Gao et al., 2016b). With the development of 
remote sensing, upscaling of ET components from local to regional scales 
has also been intensively studied (Gan et al., 2019; Song et al., 2018). 
For example, Nijzink et al. (2016) used the estimate of transpiration to 
reproduce the temporal evolution of root-zone storage capacity under 
change. To better resolve vegetation dynamics within the water-energy 
balance framework, we suggest that more detailed datasets are used 
besides runoff observations, including the transpiration of different 
vegetation, evaporation from vegetated and non-vegetated areas, etc. 

6.2. Overlook of water storage 

It is noteworthy that when the Budyko models are applied at a long- 
term scale (> > 1 year), the variations of water storage in the basin can 
be neglected (ΔS = 0) (Gerrits et al., 2009; Milly, 1993; Porporato et al., 
2004). ΔS is defined as the difference of terrestrial water storage be-
tween the current and the previous time point, which equals to the 
residue precipitation (P – ET – R). When Budyko-type models are applied 
at the annual and intra-annual scales, the ignorance of ΔS may produce 
huge errors (Wang et al., 2009; Wang et al., 2018; Zeng and Cai, 2015; 
Zeng and Cai, 2016). For example, the annual storage change ratios (ΔS/ 
P) were found to vary from − 60% to 40% at the watersheds in Illinois, 
US (Wang, 2012). In dry years, ΔS can even be as twice as the annual 
runoff in the southeast Australia (Leblanc et al., 2009). Therefore, an 
evident shift of annual water balance in the Budyko space was observed 
for the catchments with significant groundwater-dependent ET, e.g., in 
Australia and Northern-central China (O’Grady et al., 2011; Wang and 
Zhou, 2016). Soil water and groundwater sustain the baseflow and ET 
between the interval of two precipitation events. Without considering 
the ΔS term, (P - R)/P can even be negatively correlated with the aridity 
index, which violates the Budyko hypothesis, e.g., in the Sand Hills re-
gion of Nebraska, USA (Wang et al., 2009). Zeng and Cai (2016) also 
found that the inter-annual variability in ET is mainly controlled by ΔS 
in the Middle Asian regions. 

Wang (2012) found that the inter-annual variations in ET were 
correlated with P-ΔS instead of P at 12 watersheds in Illinois, USA, by 
analyzing the long-term records of soil moisture and groundwater level 
data. To take the influence of ΔS into account, Wang (2012) defined a 
concept of effective precipitation as the difference between precipitation 
and water storage changes (P-ΔS), and replaced the precipitation by 
effective precipitation in the Budyko equation at an annual scale. With 
the development of remote sensing technique, the remotely sensed ΔS, 
such as that using the GRACE satellite data (Jiang et al., 2014; Long 
et al., 2015) have played an important role in the application of water- 
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energy balance models (Fang et al., 2016; Tang et al., 2017). The 
incorporation of hydrological signatures that are derived from the 
GRACE signal, including the GRACE amplitude, interannual variability, 
and 1-month lag autocorrelation, was found to reduce the simulation 
errors by 50% when the Budyko-type equations were applied at the US 
basins (Fang et al., 2016). Recently, Xing et al. (2018b) downscaled the 
GRACE ΔS data from 1◦ to 0.25◦ based on the land surface model sim-
ulations (Wan et al., 2015), and applied the water-energy balance 
equation with the downscaled ΔS data to 24 watersheds in different 
climatic regions of China. The estimated monthly average ET accuracy 
exceeded the accuracy of the land surface process model. 

We want to note here that the overlook of water storage will not only 
introduce errors in ET estimation but also hinder the analysis of vege-
tation effect on water balance. When resolving vegetation dynamics 
within the Budyko framework, the control of ΔS on transpiration and 
soil evaporation should be explicitly considered. However, although the 
GRACE data have been widely used to assess water storage changes in 
hydrological applications and several papers have applied the Budyko- 
type with the GRACE data (Fang et al., 2016; Tang et al., 2017; Xing 
et al., 2018b), due to its coarse spatial resolution, the GRACE data are 
better suited to relatively large basins (> ~105 km2). In addition, Gnann 
et al. (2019) conducted a study on whether there exists a “Budyko curve” 
for the baseflow and found that the aridity index is not always a good 
indicator of baseflow fraction, indicating that the partitioning of ΔS into 
runoff and ET may be different to that of precipitation. Moreover, under 
wet and dry conditions, the ET/ΔS ratios differ from each other sub-
stantially (Chen et al., 2013), which makes groundwater-vegetation 
interactions more complicated. 

6.3. Lacks of vegetation-coevolution representation 

Vegetation dynamic information is not incorporated in the original 
derivation of Budyko models, although a key aspect delivered in Budyko 
(1974) is the coevolution of climate and life. The uncertainty of the 
original Budyko curve at long-term scales is within 10% (Gentine et al., 
2012), which is reasonable compared to the observational errors in 
precipitation and streamflow measurements (Potter et al., 2005). This 
leads to an interesting question that why vegetation effect may be 
minimal at long-term scales and how all factors (climate, soil texture, 
and vegetation, etc.) interact to produce such a simple curve? Troch 
et al. (2013) speculated that vegetation’s coevolution with climate may 
explain such a contradiction. Transpiration efficiency and rooting 
structure of the plants are found to be adaptable to the dryness index and 
the phase lag between peak radiation and precipitation (Gentine et al., 
2012), indicating that any climatological change may result in a corre-
sponding vegetation adaptation to bring the water balance of a catch-
ment back to the Budyko curve (van der Velde et al., 2014; Wang et al., 
2016). For example, simulations in 12 US catchments with 12 different 
climate forcing indicated that anti-correlation existed between the ef-
fects of catchment characteristics and climate properties, i.e., catch-
ments that developed in a climate that favors high E/P will produce low 
E/P on average in the 12 simulations (Troch et al., 2013). Under the 
vegetation-coevolution assumption, parameters of a model will be 
constrained in a way that the long-term ET predictions of the model are 
close to the climate-dependent estimates from, e.g., the original Budyko 
curve (Gentine et al., 2012). For example, Zhang et al. (2010) success-
fully used the long-term Budyko curve (Budyko, 1974) to calibrate the 
the parameters of a biophysical ET model across the Australian 
continent. 

Because catchment properties (parameters) will adapt to the 
changing climate, the usage of hydrological models that are calibrated 
using historical data may produce bias in future predictions under 
climate change conditions (Milly et al., 2008; Sivapalan, 2006), espe-
cially under drier climate (Saft et al., 2015). For example, Saft et al. 
(2016) demonstrated that runoff was consistently overestimated due to 
climate-induced shifts in the rainfall-runoff relationship under 

prolonged dry conditions. Such a result indicates that results from the 
elasticity method (Dooge et al., 1999; Koster and Suarez, 1999; San-
karasubramanian et al., 2001) (Section 4) may be just first-order ap-
proximations to the decadal decomposition of relative contributions of 
vegetation and climate to the water-balance changes because the elas-
ticity method assumes that vegetation and climate are independent 
factors. We want to note here that caution interpretations are needed 
when using the Budyko framework to identify the vegetation effects on 
water balance at a decadal scale because vegetation coevolves with the 
climate at this time scale. Moreover, climate stationarity is no longer a 
valid assumption under the climate change background (Milly et al., 
2008). 

Although a detailed theory of vegetation-coevolution has not been 
established, statistical approaches have been widely used to account for 
the climate-dependent vegetation effect. For example, Ning et al. (2017) 
established the joint control of vegetation and climate seasonality on the 
shape parameter n, and Zhang et al. (2016a) examined the climate 
dependence of the sensitivity of n to vegetation index. In addition, the 
“Darwinian approach” of catchment classification and space-time sub-
stitution strategy, as well as the optimality theory will be useful for 
addressing the vegetation coevolution issues with the Budyko 
framework. 

Compared to the Newtonian approaches that concern with the 
mechanistic description of every individual piece of a system, the 
Darwinian approach explains the hydrologic behavior of hydrologic 
systems as a whole and studies the classification and evolution of the 
population of watersheds (Harman and Troch, 2014). By synthesizing 
pieces of evidence and explanations of the interactions between hy-
drological cycles and landscape features, Troch et al. (2015) proposed a 
conceptual framework to understand the catchment-coevolution process 
and suggested three independent drivers for the evolution of land sur-
face features: tectonic uplift, geology weathering, and climate forcing. 
They stated that watersheds can be characterized and classified ac-
cording to its “hydrologic age” (A), which is defined as follow. 

ER =
dA
dt

= f (T(t) ,G(t) ,C(t) ) (26)  

where ER is the evolution rate or rate of aging, T(t), G(t), and C(t) stand 
for the impacts of tectonic uplift, geology weathering, and climate 
forcing, respectively. Due to the long time scale of the catchment 
coevolution process, it is difficult (or even impossible) to collect a 
complete dataset of land features and hydrological responses for a spe-
cific watershed throughout its lifecycle, from its formation to the present 
stage. Therefore, the space-time substitution strategy is usually used in 
the catchment coevolution researches. The validity of the space-time 
substitution strategy lies in that similar phenomena at different loca-
tions follow similar evolutionary trajectories although the starting times 
of the phenomena are different (Harman and Troch, 2014). For example, 
Carmona et al. (2014) analyzed the regional patterns of interannual 
variability of catchment water balances across the Unite State using the 
Budyko framework and confirmed the existence of space-time symmetry 
between spatial variability and general trends in the temporal vari-
ability. They further classified the catchments into eight similar groups 
based on the magnitude of the ω parameter. Another example can be 
seen in Li et al. (2013), where the improved annual predictions of a 
watershed come primarily from the spatial ω-NDVI relationship of other 
watersheds. 

It has long been assumed that water use efficiency (Caylor et al., 
2009; Creed et al., 2014; Troch et al., 2013; Troch et al., 2009) and 
carbon gain profit (del Jesus et al., 2012; Raupach, 2005; Schymanski 
et al., 2010; Schymanski et al., 2009) may be the controlling factors of 
the direction of vegetation coevolution. The effective rooting depth Zr is 
usually estimated using optimization approaches under the assumption 
that plants will act to minimize their water stress or to maximize pro-
ductivity (Collins and Bras, 2007; Kleidon and Heimann, 1998; van Wijk 
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and Bouten, 2001). The incorporation of Zr has been proved to be useful 
for the Budyko applications (Donohue et al., 2012; Yang et al., 2016). At 
a watershed scale, de Boer-Euser et al. (2016) estimated the influence of 
soil and climate on root zone storage capacity using the optimality 
theory. 

Eagleson (1978a) and Eagleson (1982) developed a theoretical 
framework for climate-vegetation interactions based on the assumption 
that vegetation can act to minimize water stress. Such a framework has 
been used at a regional scale (Ellis et al., 2005). Similarly, Troch et al. 
(2009) hypothesized that vegetation tends to utilize the available soil 
moisture to the greatest extent. del Jesus et al. (2012) successfully 
reproduced the spatial organization of vegetation coverage by opti-
mizing carbon assimilation in river basins. From the ecological 
perspective, vegetation is a key indicator in the eco-hydrological equi-
librium state (Eagleson, 1978a; Eagleson, 1978b; Eagleson, 1982; 
Nemani and Running, 1989) of a catchment. Vegetation properties (e.g., 
LAI, or vegetation cover) can be used to indicate how far the catchment 
water balance deviates from its eco-hydrological equilibrium state. For 
example, results from the optimality frameworks that maximize LAI 
under given water available regimes were found to converge to pre-
dictions from the Budyko framework (O’Grady et al., 2011). Li et al. 
(2014) demonstrated how the Budyko curve emerges by running a 
simple distributed hydrologic model to simulate the effects of different 
combinations of climate, soil, and topography events. Similarly, optimal 
models that predict vegetation properties may be useful in explaining 
the emergence of the long-term Budyko curve by running the model 
under different climate, soil, and topography conditions. 

7. Summary and concluding thoughts 

Global vegetation has experienced great changes in recent decades, 
therefore, their effect on catchment water balance has been a hot topic 
in hydrology and global change studies. The Budyko models, which 
provide a transparent framework for analyzing the climate-water 
interaction, were intensively used to analyze how vegetation in-
fluences the partition of catchment precipitation into evapotranspira-
tion and runoff. In this paper, we gave a thorough review of Budyko 
models’ perspectives on the relation between vegetation dynamic and 
catchment ET (or runoff). By reviewing global and regional cases that 
studied the vegetation role using the Budyko models, we found that the 
variations in the shape parameters of Budyko curves are capable of 
indicating vegetation effects on catchment water balanceand the 
incorporation of effective rooting depth made the Budyko model explain 
over 90% of spatial variation in ET across the globe. In general, climate 

dominates the catchment water balance, however, forest changes also 
account for 30.7% ± 22.5% in annual runoff changes in forested wa-
tersheds across the globe. Vegetation effects differ across different cli-
matic conditions, and the sensitivity of the shape parameter concerning 
vegetation indices increases non-linearly with climate dryness (ET0/P). 
Vegetation effects differ across different climate seasonality conditions. 
Coupling between climate seasonality (rainfall frequency and the time 
lag between maximum precipitation and net radiation) and vegetation 
at the intra-annual scale is the most crucial factor in explaining varia-
tions in catchment water balance at annual scales. 

As an emergent hydrological model that was derived from the hy-
drological responses from a variety of hydrological systems, the original 
Budyko curve represents the universal control of climate on the water 
partitioning of a watershed. Although vegetation dynamic information 
can be (statistically) incorporated into the Budyko framework at an 
annual scale, major knowledge gaps still exist, including 1) how the 
climate and land surface properties interact to produce such a simple 
curve that bears space-time symmetry? and 2) How to represent the 
vegetation-coevolution properties when the Budyko models are used in 
non-steady states? Future studies are needed to comprehensively 
incorporate climate seasonality and vegetation dynamic in an analytical 
way, e.g., by solving stochastic differentiate equations on soil moisture 
balance to explicitly demonstrate how seasonality-vegetation coupling 
at intra-annual scales affect water balance at an annual scale. In addi-
tion, vegetation-climate interaction properties, including how vegeta-
tion optimizes and coevolves with the climate at different climate 
conditions should be explicitly incorporated in future model derivation. 
To achieve this goal, detailed hydrological datasets are also needed to 
resolve the vegetation effect at fine spatial and temporal scales. 
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Appendix A. Guswa’s effective rooting depth model 

Guswa (2008) obtained an analytical expression of the effective rooting depth by equating the marginal carbon cost and benefit of deeper roots. 
The average carbon cost (C(Zr), Eq. (A1)) of plant roots per unit area of ground surface is the function of the rate of root respiration (γr, mmol C/g/d), 
the specific root length (SRL, cm/g), and the root-length density (RLD, cm root/cm3 soil). Similarly, the average carbon gain (B(Zr), Eq. (26)) of all 
roots per unit area is estimated by the transpiration rate (T), the water use efficiency (WUE) and the length of the growing season (fseas). By forcing soil 
moisture dynamic by stochastic rainfall, an analytical expression is solved as a function of climate and soil characteristics (Eq. (A2)), where θ is 
available water for plant, wT is the ratio of the mean rainfall rate to the mean rate of potential T, X is a function of α, θ, wT and plant characteristics 
including γr, RLD, SRL, WUE and fseas. Guswa (2008)’s model has been incorporated into the Budyko framework (Donohue et al., 2012; Yang et al., 
2016; Zhang et al., 2018b). 

C(Zr) =

∫ Zr

0

γrRLD
SRL

dz

B(Zr) = WUE⋅fseas⋅〈T〉

(A1)  

Zr =
α

θ(1 − wT)
ln(X) (A2)  
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