
Hydrol. Earth Syst. Sci., 16, 43–58, 2012
www.hydrol-earth-syst-sci.net/16/43/2012/
doi:10.5194/hess-16-43-2012
© Author(s) 2012. CC Attribution 3.0 License.

Hydrology and
Earth System

Sciences

Assessing the impact of climate variability on catchment
water balance and vegetation cover

X. Xu1, D. Yang1, and M. Sivapalan2,3,4

1State Key Laboratory of Hydroscience and Engineering, Department of Hydraulic Engineering, Tsinghua University,
Beijing, 10084, China
2Department of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
3Department of Geography, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
4Department of Water Management, Faculty of Civil Engineering and Geosciences, Delft University of Technology,
Postbus 1048, Stevinweg 1, 2600 GA Delft, The Netherlands

Correspondence to:D. Yang (yangdw@mail.thu.edu.cn)

Received: 13 June 2011 – Published in Hydrol. Earth Syst. Sci. Discuss.: 29 June 2011
Revised: 4 December 2011 – Accepted: 10 December 2011 – Published: 6 January 2012

Abstract. Understanding the interactions among climate,
vegetation cover and the water cycle lies at the heart of the
study of watershed ecohydrology. Recently, considerable
attention is being paid to the effect of climate variability
on catchment water balance and also associated vegetation
cover. In this paper, we investigate the general pattern of
long-term water balance and vegetation cover (as reflected
by fPAR) among 193 study catchments in Australia through
statistical analysis. We then employ the elasticity analy-
sis approach for quantifying the effects of climate variabil-
ity on hydrologic partitioning (including total, surface and
subsurface runoff) and on vegetation cover (including total,
woody and non-woody vegetation cover). Based on the re-
sults of statistical analysis, we conclude that annual runoff
(R), evapotranspiration (E) and runoff coefficient (R/P) in-
crease with vegetation cover for catchments in which woody
vegetation is dominant and annual precipitation is relatively
high. Control of water available on annual evapotranspiration
in non-woody dominated catchments is relatively stronger
compared to woody dominated ones. The ratio of subsur-
face runoff to total runoff (Rg/R) also increases with woody
vegetation cover. Through the elasticity analysis of catch-
ment runoff, it is shown that precipitation (P ) in current
year is the most important factor affecting the change in
annual total runoff (R), surface runoff (Rs) and subsurface
runoff (Rg). The significance of other controlling factors is
in the order of annual precipitation in previous years (P−1
and P−2), which represents the net effect of soil moisture

and annual mean temperature (T ) in current year. Change of
P by +1 % causes a +3.35 % change ofR, a +3.47 % change
of Rs and a +2.89 % change ofRg, on average. Results of
elasticity analysis on the maximum monthly vegetation cover
indicate that incoming shortwave radiation during the grow-
ing season (Rsd,grow) is the most important factor affecting
the change in vegetation cover. Change ofRsd,grow by +1 %
produces a−1.08 % change of total vegetation cover (Ft) on
average. The significance of other causative factors is in the
order of precipitation during growing season, mean temper-
ature during growing season and precipitation during non-
growing season. Growing season precipitation is more sig-
nificant than non-growing season precipitation to non-woody
vegetation cover, but both have equivalent effects to woody
vegetation cover.

1 Introduction

Understanding the interactions among climate, vegetation
and water balance in water-limited regions is one of the most
widely studied subjects in watershed ecohydrology. Water
supply (precipitation) and demand (potential evapotranspi-
ration) are major factors affecting long-term water balance
(Budyko, 1974; Milly, 1994). Runoff and its components
are controlled by both climatic factors and landscape proper-
ties (Horton, 1933). The climatic factors (such as precipita-
tion, radiation and temperature) are also key determinants for
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the distribution (Stephenson, 1990) and productivity (Churk-
ina et al., 1999; Huxman et al., 2004) of vegetation around
the world. The spatial pattern of vegetation cover is known
to naturally arise in response to water availability (Caylor
et al., 2005). The total woody vegetation cover has been
found to saturate to 100 % at precipitation values of 600–
1000 mm across African savannah ecosystems (Sankaran et
al., 2005). Projected changes in climate will undoubtedly
alter the runoff regime (Barnett et al., 2005) and extremes
(Milly et al., 2002; Dai et al., 2004) as well as vegetation pro-
ductivity (Knapp et al., 2001). Since the growth of vegetation
is affected by intermittence of water availability (Baudena et
al., 2007), any spatial and temporal change in precipitation
can be expected to exert a significant influence on variabil-
ity of vegetation cover. In recent times, hydrologists have
paid considerable attention to how much of the observed
change in water balance components (runoff and its compo-
nents) and vegetation cover (woody and non-woody) can be
attributed to the climate variability.

The sensitivity of annual runoff to changes in temperature
and precipitation has been investigated empirically as well as
theoretically (Arnell, 1996). Revelle and Waggoner (1983)
used multivariate statistical analysis to estimate the relation-
ship between changes in climate and runoff. Another com-
mon approach is to use deterministic watershed hydrologic
models, by varying the models’ meteorological inputs and
estimating the resulting changes in runoff. Schaake (1990)
proposed a simple climate elasticity model to evaluate the
effect of climate changes on runoff based on the use of ob-
served precipitation and runoff data. Vogel et al. (1999)
used a regional multivariate regression model to show that
a 10 % increase in precipitation should lead to a 19 % in-
crease in annual runoff for the entire upper Colorado River.
Sankarasubramanian et al. (2001) derived runoff elasticity to
precipitation change analytically using the Turc-Pike equa-
tion based on the Budyko hypothesis. Ma et al. (2010) used
a physically-based distributed hydrological model to quan-
tify the contribution of climate variability to the decrease in
river runoff. However, the use of hydrological models suffers
from the uncertainty associated with model calibration and
the runoff sensitivity to climate change derived from such hy-
drological models is limited in light of large quantities of data
for catchment studies. Application of a two parameter elas-
ticity model to the Miyun Reservoir catchment showed that
both the precipitation and air temperature variation signifi-
cantly impacted the streamflow elasticity (Ma et al., 2010).

Most current research in this area is limited to the analy-
sis of total runoff, but the contributions of surface runoff and
subsurface runoff are usually determined by models that can
simulate within-year runoff variability. Harman et al. (2011)
used a functional water balance model proposed by Ponce
and Shetty (1995) to quantify the sensitivity of runoff compo-
nents to the inter-annual variation of precipitation in MOPEX
catchments located within continental United States and de-
termined which of the functional parameters plays the most

important role in determining the elasticity of the runoff com-
ponents to precipitation variability. Yokoo et al. (2008) found
that a switch from subsurface stormflow to surface runoff
dominance occurs under a unique combination of soil type
and topographic slope, which itself is affected by the relative
seasonality of precipitation and potential evapotranspiration.
Merz et al. (2009) found that surface runoff did not differ sig-
nificantly between herb- and grass-dominated plots but vege-
tation cover change had a significant effect on surface runoff
in the test plots under different land-use intensities.

How the variability of vegetation cover is related to cli-
mate in a catchment or a region is a question that has in-
trigued both hydrologists and ecologists (Rosenzweig, 1968;
Knapp et al., 2001). Most previous studies have used eco-
hydrology models to investigate the effect of climate vari-
ability on vegetation cover. Eagleson (1978, 2002) investi-
gated the influence of climate-soil-vegetation interactions on
annual water balance. Kochendorfer et al. (2010) proposed
several enhancements and modifications to Eagleson’s model
through improving its physical realism at the expense of its
mathematical elegance and analytical tractability. They con-
cluded that their Statistical-Dynamical Ecohydrology Model
(SDEM) does provide a new framework for studying the con-
trols of soil texture and climate on vegetation density and
evapotranspiration. Using a dynamic vegetation model, Ni
et al. (2006) determined that variability in the temperature of
the coldest month can induce evergreen mortality.

Woody and non-woody vegetation have unique advantages
and disadvantages when competing for variable resources of
water, nutrients, and light (Notaro, 2008). Plot-scale studies
have suggested that woody or forest vegetation is less sen-
sitive to drought than grasslands (Scott et al., 2006). Due
to their shallow roots, grasses are highly responsive to inter-
annual precipitation fluctuations (Schlesinger, 1997; Knapp
et al., 2002). The grass growth is dependent on upper-soil
water resources (Scanlon et al., 2005), so increased precip-
itation variability results in reduced grass growth in grass-
lands (Knapp et al., 2002) and drylands (Williams and Al-
bertson, 2006). Most forests usually have sufficient moisture
to meet evapotranspiration demands and growth even during
years with below-average precipitation (Knapp et al., 2002)
due to deep roots. Previous studies of climate variability im-
pacts on vegetation have been regionally focused and vastly
differ in their conclusions. Higher precipitation variability
favors tree establishment, e.g. in Argentina’s ecotones (Grau
and Veblen, 2000). However, Ni et al. (2006) showed that
an increase in precipitation variability in China and in North
Africa favored grasses over trees.

Most previous studies cited above focused on the effect
of climate variability on catchment water balance, especially
on runoff. In addition, some studies have also explored the
effects of climate variability on runoff components, such
as surface and subsurface runoff. In this paper we extend
this analysis to include the effects on vegetation cover us-
ing a simple elasticity model to assess the impact of climate
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variability on both catchment water balance and vegetation
cover. Due to data limitations, most previous data-based
studies have typically ignored the effect of inter-annual vari-
ability (i.e. carry-over) of soil moisture storage on annual
water balance. The antecedent precipitation (precipitation
in previous years for runoff and its components or precip-
itation during non-growing season for vegetation cover) is
introduced in this paper to reflect the changes of soil mois-
ture storage (both within and between years). The objec-
tives of this paper are: (1) to explore the general pattern of
long-term water balance and vegetation cover over broad cli-
mate regions; (2) to quantify the effects of climate variabil-
ity on runoff and water balance; and (3) to quantify the ef-
fects of climate variability on vegetation cover. We accom-
plish this using water balance and vegetation cover data from
193 catchments in Australia. This is an extension of the work
carried out by Harman et al. (2011) on a large number of
US catchments.

2 Study area and data

By overlapping available datasets of climate, hydrology
and vegetation from 1981 to 2006 across Australia, we se-
lected 193 catchments as study catchments containing at least
10 years of complete records whose dryness index values (the
ratio of mean annual potential evapotranspiration to precip-
itation, E0/P ) span a wide range from 1.0 to 4.69. The
catchments are unimpaired and were collated for an Aus-
tralian Land and Water Resources Audit project (Peel et
al., 2000). “Unimpaired” catchments refer to catchments
draining to/from unregulated rivers and/or where regulation
changed the natural monthly streamflow volumes by less
than 5 %. Therefore, there are not much human activities
in the study areas. Most of the catchments are located in the
east and south-east of Australia (see Fig. 1). The drainage
areas of the study catchments range from 51–1937 km2.

Long-term monthly discharge and precipitation data used
in this study are described in Donohue et al. (2010) and daily
streamflow data is collected from National Land and Water
Resources Audit dataset (Peel et al., 2000). The monthly
data have complete records from 1981 to 2006, but the daily
discharge data that can be used to separate baseflow from
total runoff are only available up to 1998. Based on the
annual water balance equation, actual annual evapotranspi-
ration is calculated by ignoring inter-annual variability of
catchment water storage. The potential evapotranspiration is
estimated using the Penman equation (Donohue et al., 2010),
using the available catchment datasets. Monthly incoming
shortwave radiation data are available from the Bureau of
Meteorology’s Australian Water Availability Project datasets
(Donohue et al., 2010, also inhttp://www-data.wron.csiro.
au/). Monthly temperature data are obtained from Jones et
al. (2009).
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Fig. 1. Distribution of the 193 study catchments (the triangle placed
in the outlet of each catchment).

As demonstrated by Troch et al. (2009), the estimation of
annual water balance metrics was not highly sensitive to the
baseflow separation method. So we use a one-parameter low-
pass filter algorithm developed by Lyne and Hollick (1979)
to separate the daily runoff (R) into surface runoff (Rs) and
subsurface runoff (Rg) as:

Rk
g = a Rk−1

g +
1 − a

2

(
Rk

+ Rk−1
)

Rk
g ≤ Rk (1)

in whichk is the time step number, the value of the single fil-
ter parametera is 0.925 for all catchments, following the sug-
gestions by Arnold and Allen (1999) and Eckhardt (2005).
Mean annual ratio of subsurface runoff to total runoff (Rg/R)
range is from 0.18 to 0.84, with an average of 0.54 in the
193 study catchments.

The percent green cover is estimated from the fraction of
absorbed photosynthetically active radiation (fPAR) (Dono-
hue et al., 2009), which is estimated from remote sensing
data. Therefore, we use fPAR to represent vegetation cover
in this paper. The fPAR data are obtained from an Aus-
tralian AVHRR-derived monthly fPAR dataset (Donohue et
al., 2008), and are available for the period from July 1981
to December 2006, with a spatial resolution of 0.01◦. The
monthly values of total fPAR are averaged to estimate the
annual mean. The dynamics of perennial and annual vege-
tation functional types can be approximated by splitting to-
tal fPAR into its constituent persistent and recurrent compo-
nents using the method presented by Donohue et al. (2009,
2010). Persistent fPAR (Fp) represents the cover from peren-
nial, non-deciduous vegetation types; recurrent fPAR (Fr)
represents that from annual, ephemeral and deciduous veg-
etation. For Australian landscapes, these two components
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approximately represent woody and non-woody vegetation
types, respectively (Donohue et al., 2009; Gill et al., 2009).
Figure 2 presents an example of mean monthly total fPAR
(Ft), persistent fPAR (Fp) and recurrent fPAR (Fr) as a func-
tion of calendar month. As expected, the persistent fPAR
is relatively constant over the year, whereas recurrent fPAR
(and consequently the total fPAR) exhibits a strong seasonal
variation.

3 Methodology

The general pattern of long-term water balance and vegeta-
tion cover is investigated in a qualitative way using correla-
tion analysis. The impact of inter-annual variability of cli-
mate on annual runoff and vegetation cover is then assessed
in a quantitative way using elasticity models.

3.1 Correlation analysis

Correlation analysis was used to explore the general pat-
tern among climate, long-term water balance and vegetation
cover in the study catchments. Relationship between any two
variables is detected by linear correlation analysis. The math-
ematical formula for computing the linear correlation coeffi-
cient (ρ) is:

ρ =
n

∑
x y −

(∑
x
) (∑

y
)√

n
( ∑

x2
)

−
(∑

x
)2

√
n

(∑
y2

)
−

(∑
y
)2

(2)

wheren is the number of pairs of data and the value ofρ is
−1≤ ρ ≤ +1. The “+” and “−” signs are used for positive
linear correlations and negative linear correlations, respec-
tively. The larger the absolute value ofρ, the stronger the
linear correlation relationship. It is significant when the ab-
solute value of correlation coefficient is greater than 0.236 at
a 99.9 % confidence level.

3.2 Elasticity model for runoff

Schaake (1990) proposed the concept of climate elasticity
to evaluate the effect of climate change on runoff (see also
Dooge, 1992; Dooge et al., 1999). The climate elasticity of
runoff is defined as the proportional change of runoff divided
by the proportional change of a climate variable such as pre-
cipitation, which can be expressed as:

1Ri

R
= εP

R

1Pi

P
, (3)

where1Ri

R
= Ri−R

R
and 1Pi

P
= Pi−P

P
represent annual percent-

age departures from mean annual values for total runoff
and precipitation, respectively;εP

R represents the elasticity
of total runoff to precipitation change. Sankarasubrama-
nian et al. (2001) estimated the runoff elasticity to precipi-

tation change as:εP
R = mean(dRi/R

dPi/P
) = mean(Ri−R

Pi−P
·

P

R
). Ma
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Fig. 2. An example (catchment code: 110003) of mean monthly
fPAR based on separating total fPAR (Ft) into recurrent fPAR (Fr)
and persistent fPAR (Fp) from the 26-year data.

et al. (2010) introduced the effect of annual mean tempera-
ture into a two-parameter climate elasticity model as:

1Ri

R
= εP

R

1Pi

P
+ εT

R 1Ti (4)

where1Ti represents the change in annual mean temperature
compared to the long-term mean temperature (1Ti =Ti −T )
and εT

R is the total runoff elasticity to temperature change,
meaning the percent change of runoff coming from the
change of temperature by 1◦C.

Inter-annual variability (i.e. carry-over) of soil moisture
storage can also influence changes in annual runoff. Due to
lack of observation of soil moisture, we use the antecedent
precipitation as a proxy of soil moisture in this study. There-
fore, Eq. (4) can be re-written as:

1Ri

R
= εP

R

1Pi

P
+ ε

P−1
R

1P−1

P
+ ... + ε

P−n

R

1P−n

P
+ εT

R 1Ti (5)

whereε
P−1
R , ..., ε

P−n

R represent the total runoff elasticity to
soil moisture storage change, meaning the percent change
of runoff coming from the change of precipitation in previ-
ous years. Similarly, we derive the multi-parameter elasticity
models for surface runoff and subsurface runoff as follows:
1Rs,i

Rs
= εP

Rs

1Pi

P
+ ε

P−1
Rs

1P−1

P
+ ... + ε

P−n

Rs

1P−n

P
+ εT

Rs
1Ti (6)

1Rg,i

Rg

= εP
Rg

1Pi

P
+ ε

P−1
Rg

1P−1

P
+ ... + ε

P−n

Rg

1P−n

P
+ εT

Rg
1Ti (7)

whereεP
Rs

andεT
Rs

are the precipitation and temperature elas-

ticity of surface runoff;εP
Rg

andεT
Rg

are the precipitation and

temperature elasticity of subsurface runoff;ε
P−1
Rs

, ..., ε
P−n

Rs
represent the soil moisture storage elasticity of surface
runoff; andε

P−1
Rg

, ...,εP−n

Rg
represent the soil moisture storage

elasticity of subsurface runoff.
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The data period is split into two parts, and the elasticity
model described by Eqs. (3)–(7) are calibrated and validated
based on the two parts of the data, respectively. Figure 3
shows validation results of the elasticity models for annual
total runoff (R), annual surface runoff (Rs) and annual sub-
surface runoff (Rg). On the basis of the annual precipita-
tion elasticity model, by adding a temperature term in the
model, prediction of the changes in catchment annual total
runoff and its components was found to be improved. We
also added other climatic factors, such as potential evapo-
transpiration and radiation, but the accuracy of the runoff
elasticity model showed little improvement. By adding the
antecedent precipitation, the elasticity models for annualR,
Rs andRg are greatly improved. This suggests that carry-
over of soil moisture storage has a significant effect on the
change of catchment runoff and its components. From Fig. 3,
we can see that it needs to consider the antecedent precipita-
tion in at least 2 previous years in order to accurately predict
the changes of catchment runoff and its components.

The elasticity model performs better in terms of predict-
ing the change of annual total runoff than predicting changes
of surface and subsurface runoff components. This might be
caused by the error introduced by the baseflow separation;
as well, it could be caused by other factors such as topogra-
phy and soils. Moreover, the shorter data period is used for
Rs andRg compared to the total runoff data. The data pe-
riod of annual surface and subsurface runoff is between 10 to
18 years, while the data period of total runoff is between 15 to
26 years (the most catchments have more than 25-years data

records). The longer the data series, the better the estimation
of statistics regression parameters.

3.3 Elasticity model for vegetation

Taking into consideration the seasonal fluctuation of vege-
tation cover, especially for non-woody vegetation (also see
Fig. 2), we use monthly maximum values ofFt, Fp andFr
instead of the annual mean values in the elasticity model
for vegetation cover. Redefining the month with maximum
monthly Ft as the end of the year, we then divide the year
into a growing season and a non-growing season. The length
of the growing season along the coast in south-eastern and
south-western Australia could be as much as nine months,
but it decreases gradually from the coast to the interior ac-
cording to both the intensity and seasonal distribution of pre-
cipitation (FAO, 1978; McQueen, 2002). In order to facil-
itate the processing and maintain consistency, the growing
season in this paper is considered as a consecutive period of
six months (Kahn et al., 2005), with the month of maximum
monthlyFt taken as the end of growing season, and the re-
maining (first) six months of the year then taken as the non-
growing season. The annual precipitation is re-calculated for
growing season (Pgrow) and non-growing season (Pnongrow).
The precipitation during non-growing season can affect the
change of soil moisture storage. The temperature and incom-
ing shortwave radiation are averaged during the vegetation
growing season. So the elasticity models could be written as:
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1Ft,i

F t
= ε

Pgrow
Ft

1Pgrow,i

P grow
+ ε

Pnongrow
Ft

1Pnongrow,i

P nongrow

+ ε
Tgrow
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1Tgrow,i + ε
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1Rsd,grow,i

Rsd,grow
(8)

1Fp,i

F p
= ε

Pgrow
Fp

1Pgrow,i

P grow
+ ε

Pnongrow
Fp

1Pnongrow,i

P nongrow

+ ε
Tgrow
Fp

1Tgrow,i + ε
Rsd,grow
Fp

1Rsd,grow,i

Rsd,grow
(9)

1Fr,i

F r
= ε

Pgrow
Fr

1Pgrow,i

P grow
+ ε

Pnongrow
Fr

1Pnongrow,i

P nongrow

+ ε
Tgrow
Fr

1Tgrow,i + ε
Rsd,grow
Fr

1Rsd,grow,i

Rsd,grow
(10)

wherePgrow, Tgrow andRsd,grow represent precipitation, tem-
perature and incoming shortwave radiation, respectively, dur-
ing the growing season;Pnongrow represents precipitation
during non-growing season.εPgrow, εTgrow and εRsd,grow are
the growing season precipitation, temperature and radiation
elasticity, respectively, of vegetation cover;εPnongrow repre-
sents the soil moisture storage elasticity of vegetation cover.

The elasticity models described by Eqs. (8)–(10) are cal-
ibrated first, and the validation of the elasticity models for
maximum monthly total vegetation cover (Ft), woody cover
(Fp) and non-woody cover (Fr) are shown in Fig. 4. We
can see that the elasticity models can be used to predict the
changes in catchment maximum monthly vegetation cover.

On the basis of the precipitation elasticity model, by adding
a temperature term and a radiation term in the model, pre-
diction of the changes in catchment vegetation cover is im-
proved substantially. By adding the antecedent precipita-
tion during the non-growing season to reflect the effect of
soil moisture storage, the elasticity models for maximum
monthly vegetation cover are greatly improved. The elastic-
ity model performs better in predicting the change of max-
imum monthly total vegetation cover than in predicting the
changes of woody and non-woody vegetation cover. This
might be caused by errors introduced in the separation of to-
tal fPAR (Ft) into persistent fPAR (Fp) and recurrent fPAR
(Fr).

Compared to Fig. 3, Fig. 4 shows that the accuracies of
the elasticity model forFt, Fp and Fr are lower than that
for runoff and its components. One reason might be that
the monthly vegetation data will smooth the daily variability
of vegetation cover. Several researchers (Gallo et al., 2004,
2005; Tucker et al., 2005; Brown et al., 2006) have com-
pared the normalized difference vegetation index (NDVI) es-
timated from AVHRR and MODIS and found that the two
datasets are not of the same quality. The fPAR data from
AVHRR might also contain some errors. Figure 4 also shows
that the elasticity model forFr has the lowest accuracy, which
may come from the error introduced inFp andFr separation
and from the complex composition ofFr from grass and de-
ciduous forest.
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Fig. 5. Scatter plots of comparing long-term average vegetation cover (represented by mean annual value of fPAR) against mean annual
precipitation (P ) and dryness index (E0/P ): (a) and(b) total vegetation cover (represented byFt), (c) and(d) fraction of woody vegetation
cover (represented byFp/Ft).

4 Results

4.1 General pattern among climate, water balance and
vegetation cover

Figure 5a shows the relationship between mean annual veg-
etation cover (F ) and mean annual precipitation (P ) and
Fig. 5b shows the relationship betweenF and dryness in-
dex (E0/P ) across the 193 study catchments. Total fPAR
is positively correlated to total precipitation with the linear
correlation coefficient of 0.77 and is negatively correlated
to dryness index, which tells us that vegetation growth is
governed by water availability (as measured by annual pre-
cipitation) in water-limited regions (as in the case in Aus-
tralia), and that vegetation cover increases with precipitation
and decreases with dryness index. When annual precipitation
is large enough (larger than about 1200∼ 1400 mm yr−1 for
the study areas), vegetation cover tends to be saturated, asF t
asymptotes to a maximum value. As shown in Fig. 5c and d,
the proportion of woody vegetation (Fp/Ft) increases with
precipitation and decreases with dryness index, and woody
vegetation is the dominant type in the catchments whereP

is larger than 800 mm yr−1 andE0/P is less than about 2.0.
As Fr/Ft, the proportion of non-woody vegetation (Fr/Ft)
decreases with precipitation and increases with dryness in-
dex. This means that vegetation is dense in catchments where

woody vegetation is dominant, but is sparse in catchments
where non-woody vegetation is dominant. The scattered
points in Fig. 5c and d are from non-woody vegetation domi-
nated catchments with a lower value ofP and a higher value
of E0/P . This may be caused by the annual average ofFr for
the seasonal vegetation. On the other hand, vegetation cover
can also be related to soil and topographical conditions even
when the climate condition is similar, which may explain the
large scatter.

Table 1 presents the estimated correlation coefficients be-
tween mean annual vegetation cover (F ) and water balance
components (R, E, R/P , E/P ) based on linear correlation
analysis. Table 1 (together with Fig. 5) is used to describe the
spatial characteristics of long-term catchment water balance
with respect to both vegetation cover and climate. Among
the 193 study catchments, most of them are woody vege-
tation dominated. Therefore, there are positive correlations
betweenFt (Fp) andR (E, R/P ) and negative correlation
betweenFt (Fp) and E/P . Increase of woody vegetation
cover causes decrease of non-woody vegetation cover in the
study areas. The negative correlations betweenFr andR (E,
R/P ) and positive correlation betweenFr and E/P come
from the negative relationship betweenFp andFr. Likewise,
Fig. 6 presents scatter plots relating mean annual vegetation
cover and various water balance components. As shown in
Fig. 6c, the relationship betweenR/P andFt indicates that
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Fig. 6. Scatter plots of mean annual water balance components (total runoff,R and evapotranspiration,E), mean annual water balance
indexes (runoff coefficient,R/P) against long-term average vegetation cover, including total vegetation (represented byFt) and fraction of
woody vegetation (represented byFp/Ft).

Table 1. Correlation coefficients between vegetation cover and wa-
ter balance components over the 193 study catchments.

R (mm) E (mm) R/P E/P

Total fPAR (Ft) 0.653 0.634 0.623 −0.615
Persistent fPAR (Fp) 0.676 0.671 0.647 −0.639
Recurrent fPAR (Fr) −0.490 −0.506 −0.472 0.468

partitioning of annual precipitation into runoff increases with
vegetation. Negative relationship betweenE/P andFt could
be obtained fromE/P = 1− R/P . Because most catchments
are woody vegetation dominated,Fp/Ft has similar relation-
ships with the water balance components asFt (see Fig. 6d–
f). Figure 6d and e indicates thatR andE are large in catch-
ments where persistent vegetation is dominant, which means
that runoff and evapotranspiration have a positive relation-
ship with vegetation cover in catchments where woody vege-
tation is dominant and annual precipitation is relatively high.
This comes from the positive relationship betweenFp/Ft and
P shown in Fig. 5b. BecauseFr/Ft = 1− Fp/Ft, R andE are
small in catchments where non-woody vegetation is domi-
nant and annual precipitation is relatively small. Figure 6f
shows that partitioning of annual precipitation into runoff in-
creases with persistent vegetation. The negative relationship
of R/P ∼ Fr/Ft, which comes from the negative relation be-
tweenFp/Ft andFr/Ft, indicates that partitioning of annual

Table 2. Correlation coefficients between vegetation cover and
runoff components (including surface runoff, subsurface runoff and
their ratios to total runoff) over the 193 study catchments.

Rg (mm) Rs (mm) Rg/R Rs/R

Total fPAR (Ft) 0.637 0.549 0.354 −0.354
Persistent fPAR (Fp) 0.655 0.572 0.277 −0.277
Recurrent fPAR (Fr) −0.470 −0.420 −0.090 0.090

precipitation into runoff decreases with proportion of recur-
rent vegetation. Therefore, vegetation cover could be an im-
portant factor for determining the general characteristics of
catchment water balance (Yang et al., 2006, 2009).

We next look at the relationship between runoff compo-
nents and vegetation type. Table 2 shows the correlation
coefficients between mean annual vegetation cover (F ) and
runoff components (Rs, Rg, Rs/R, Rg/R) are based on lin-
ear correlation analysis. Figure 7 shows the relationship be-
tween the ratio of subsurface runoff to total runoff (Rg/R)
and vegetation type. The scattered points in Fig. 7 are af-
fected by many factors, such as the distribution and inten-
sity of precipitation, land use, soil infiltration capacity and
localized topographic and edaphic factors (Donohue et al.,
2009), the indirect function between vegetation and sur-
face/subsurface runoff, the errors from baseflow separation,
and the separation of persistent and recurrent fPAR. From
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Fig. 7. Scatter plots of the ratio of subsurface runoff to total runoff (Rg/R) againt(a) persistent fPAR (Fp, represents woody vegetation
cover) and(b) recurrent fPAR (Fr, represents non-woody vegetation cover).

Table 2 and Fig. 7, we can see that bothRs andRg are pos-
itively correlated toFt andFp (with a correlation coefficient
larger than 0.5), but negatively related toFr (with a correla-
tion coefficient less than 0.5). Mean annualRg/R increases
with woody vegetation cover, but the correlation is relatively
weak. Non-woody vegetation cover is not significantly re-
lated to this ratio. This implies that woody vegetation can in-
crease rainfall infiltration, and consequently change the par-
titioning of total runoff into surface and subsurface runoff.

4.2 Impact of climate variation on catchment total
runoff and runoff components

Using the entire data records from the 193 study catchments,
the climate elasticity of annual total runoff, surface runoff
and subsurface runoff was estimated through step-wise re-
gression. TheR2 statistic, theF statistic and itsp value,
and an estimate of the error variance are calculated for each
catchment. For the climate elasticity of annual total runoff
(R), there are 167 catchments withFtest> F0.005 andp-value
in F statistics less than 0.05. The coefficient of determinant
(R2) of the total runoff elasticity model ranges from 0.58
to 0.96, with a mean value of 0.77 (the median value is 0.79),
theF statistic (Ftest) ranges from 6.10 to 104.60, with a mean
value of 19.94 (the median value is 16.39) and the error vari-
ance (σ 2) ranges from 0.02 to 0.99, with a mean value of 0.23
(the median value is 0.17). From the results of elasticities,
we can see that current year’s precipitation (P ) is the most
important factor for total runoff, a +1 % change ofP could
cause a +3.35 % (the median value is +3.22 %) change ofR

on average. The significance of other controlling factors is in
order of annual precipitation in the previous years (P−1 and
P−2), which can represent the effect of soil moisture storage
carry-over, and current year’s annual mean temperature (T ).
Increase of antecedent precipitationP−1 andP−2 could pro-
duce mostly a positive effect on the change of runoff. On
average, a +1 % change ofP−1 and P−2 could produce a
+0.64 % (the median value is +0.61 %) and a +0.29 % (the

median value is +0.22 %) change ofR, respectively. Change
of T by a +1◦C could cause a−0.05 % (the median value is
−0.10 %) change ofR on average.

As discussed in Sect. 3, the major controlling factor on
the hydrological partitioning is different for the catchments
with woody and non-woody dominated vegetation, respec-
tively. Therefore, we classify the 167 catchments into two
groups according to the dominant vegetation type. The group
of woody vegetation dominated catchments is relatively hu-
mid with E0/P < 2.0, and the group of non-woody vegeta-
tion dominated catchments is relatively dry withE0/P ≥ 2.0.
The elasticities are then recalculated in these two groups.
The quartile maps of climate elasticity parameters toR for
these two groups are plotted in Fig. 8a and b. The elasticity
of R to P (εP

R ) is 4.09 for 60 non-woody vegetation domi-
nated catchments and 2.94 for 107 woody vegetation dom-
inated catchments on average, which means that runoff in
catchments with relatively drier climate are more sensitive
to current year’s precipitation. Similar results are found for
the elasticities ofR to P−1 andP−2 (εP−1

R andε
P−2
R ). But

the elasticity ofR to T (εT
R ) is 0.06 for non-woody vegeta-

tion dominated catchments and−0.12 for woody vegetation
dominated catchment on average. The change of tempera-
ture mainly impacts on the evapotranspiration and then on
the soil moisture. Runoff change depends on precipitation
change and is related to the change in soil moisture, which
may alter the mechanism of runoff generation.

For the climate elasticity of annual surface runoff (Rs),
there are 112 catchments withFtest> F0.005 and thep-value
of theF statistics is less than 0.05. From the results of elas-
ticities, we can see that change of current year’s annual pre-
cipitation (P ) is also the most important factor controlling
the change of surface runoff, and on average, a +1 % change
of P could cause a +3.47 % (the median value is +3.12 %)
change ofRs. On average, a +1 % change ofP−1 andP−2
(the antecedent precipitation) could produce a +0.33 % (the
median value is +0.27 %) and a +0.06 % (the median value
is +0.11 %) change ofRs, respectively. Change ofT by a
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Fig. 8. The quantile map of climate elasticity parameters of annual total runoff for(a) 60 non-woody vegetation dominated catchments (with
E0/P ≥ 2.0) and(b) 107 woody vegetation dominated catchments (withE0/P < 2.0), annual surface runoff for(c) 36 non-woody vegetation
dominated catchments and(d) 76 woody vegetation dominated catchments, subsurface runoff for(e) 29 non-woody vegetation dominated
catchments and(f) 67 woody vegetation dominated catchments. The upper black line is the maximum whisker (the length of whisker is 1.5),
the lower black line is the minimum whisker, the upper quartile is the 75th percentile, the lower quartile is the 25th percentile, the grey line
is the median value, the grey cross is the point out of the whiskers. Note thatP represents current year’s precipitation,P−1 represents last
year’s precipitation,P−2 represents the year before last year’s precipitation andT represents current year’s temperature.

+1◦C could cause a−0.07 % (the median value is−0.09 %)
change ofRs on average. The 112 catchments are classified
into the same two groups, of which 36 catchments are non-
woody vegetation dominated and 76 catchments are woody
vegetation dominated. The quartile maps of climate elasticity
parameters toRs for these two groups are plotted in Fig. 8c
and d. Similar results are found for surface runoff as com-
pared to total runoff.

For the climate elasticity of annual subsurface runoff (Rg),
there are 96 catchments withFtest> F0.005 and p-value in
F statistics less than 0.05. From the elasticity results, we can
see that the change of current year’s annual precipitation (P )
is also the most important factor affecting the change ofRg.
On average, a +1 % change ofP could cause a +2.89 % (the
median value is +2.59 %) change ofRg, less than that toRs
andR. Compared toRs, the significance ofP−1 andP−2
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Fig. 9. The quantile map of climate elasticity parameters of(a) total fPAR for 26 woody vegetation dominated catchments (withE0/P < 2.0),
(b) total fPAR for 48 non-woody vegetation dominated catchments (withE0/P ≥ 2.0), (c) persistent fPAR for 35 woody vegetation dom-
inated catchments and(d) recurrent fPAR for 30 non-woody vegetation dominated catchments. Note thatPgrow represents precipitation
during growing season,Pnongrow represents precipitation during non-growing season,Tgrow represents mean temperature during growing
season andRsd,grow represents mean incoming shortwave radiation during growing season.

(the antecedent precipitation) is more important toRg and
on average, a +1 % change ofP−1 andP−2 could produce
a +0.61 % (the median value is +0.58 %) and a +0.11 % (the
median value is +0.08 %) change ofRg, respectively. This
shows that the variability of soil moisture storage is more
important toRg than toRs. Change ofT by a +1◦C could
cause a−0.10 % (the median value is−0.10 %) change ofRg

on average. The 96 catchments are classified into the same
two groups, of which 29 catchments are non-woody vege-
tation dominated and 67 catchments are woody vegetation
dominated. The quartile maps of climate elasticity parame-
ters toRg for these two groups are plotted in Fig. 8e and f.
Similar results are found for subsurface runoff as compared
to total and surface runoff. The elasticities ofRg to P−1 and
P−2 are greater than those ofRs for both two groups on aver-
age, which also implies that the importance of soil moisture
storage variability toRg is greater than that toRs.

4.3 Impact of climate variability on vegetation cover

Using the whole data records in the 193 study catch-
ments, the climate elasticities of the maximum monthly to-
tal, woody and non-woody vegetation cover are estimated

through step-wise regression. TheR2 statistic, theF statis-
tic and itsp value, and an estimate of the error variance
are calculated for each catchment. There are 74, 63 and
48 catchments withFtest> F0.005 andp-value inF statistics
less than 0.05 for the climate elasticity of maximum monthly
Ft, Fp and Fr, respectively. From the results of elastici-
ties, we can see that radiation during growing season is the
most important factor influencing the change of maximum
monthly vegetation cover: a +1 % change ofRsd,grow could
cause a−1.08 % (the median value is−1.11 %), a−1.92 %
(the median value is−1.87 %) and a +1.33 % (the median
value is +0.57 %) change of maximum monthlyFt, Fp and
Fr, respectively. Similarly, a +1 % change ofPgrow could
cause a +0.20 % (the median value is +0.21 %), a +0.04 %
(the median value is +0.03 %) and a +0.62 % (the median
value is +0.56 %) change of maximum monthlyFt, Fp and
Fr, respectively. On average, a +1 % change ofPnongrow
(precipitation in the non-growing season) could produce a
+0.01 % (the median value is +0.01 %), a +0.12 % (the me-
dian value is +0.12 %), and a−0.23 % (the median value
is −0.28 %) change of maximum monthlyFt, Fp and Fr,
respectively. Change of temperature by a +1◦C could, on
average, cause a +0.05 % (the median value is +0.06 %), a
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+0.03 % (the median value is 0.04 %) and a +0.05 % (the me-
dian value is +0.09 %) change of maximum monthlyFt, Fp
andFr, respectively.

The dominant vegetation type is related to the dryness of
climate. The 74 catchments for total vegetation cover are
classified into the same two groups as in the case of runoff, of
which 48 catchments are non-woody vegetation dominated
and 26 catchments are woody vegetation dominated. The
quartile maps of climate elasticity parameters for total veg-
etation cover are presented in Fig. 9a and b. The elastcity
of Ft to Pgrow is 0.27 for non-woody catchments, which is
greater than that (0.07) for woody catchments, which means
that precipitation during growing season is more important
for vegetation growth in relatively dry climates than in rel-
atively humid climate. But the elasticity ofFt to Pnongrow
is −0.01 for non-woody catchments, which is less than that
(0.05) for woody catchments, which means that soil mois-
ture (represented by precipitation during non-growing sea-
son) is more important for vegetation growth in relatively
humid climate than in relatively dry climates. The elastic-
ity of Ft to Tgrow for non-woody catchments (0.07) is a little
greater than that for woody catchments (0.02). The elascity
of Ft toRsd,grow is similar for both groups. As woody vegeta-
tion dominated catchments are in relatively humid climates,
35 woody catchments in all 63 catchments are selected to
recalculate the elasticities. As non-woody vegetation domi-
nated catchments are in dry climates, 30 non-woody catch-
ments in all 48 catchments are selected to recalculate the
elasticities. The quartile maps of climate elasticity param-
eters for woody vegetation cover is presented in Fig. 9c and
non-woody vegetation cover in Fig. 9d. The mean value of

ε
Pnongrow
Fp

(0.09) is greater thanε
Pgrow
Fp

(0.01), butε
Pgrow
Fr

(0.59)

is greater thanε
Pnongrow
Fr

(−0.31) on average, which means
that precipitation during growing season is more important to
non-woody vegetation growth and soil moisture (represented
by precipitation during non-growing season) is more impor-

tant to woody vegetation growth. The value ofε
Tgrow
Fr

(0.12) is

greater thanε
Tgrow
Fp

(0.01) on average, which implies that tem-

perature is more important toFr than toFp. ε
Rsd,grow
Fr

is 0.22

andε
Rsd,grow
Fp

is −1.46 on average.

Effect of precipitation during growing season (Pgrow) on
non-woody vegetation cover (Fr) is more significant than
that of precipitation during non-growing season (Pnongrow),
but Pnongrow has a more significant effect on woody veg-
etation cover (Fp) than Pgrow. We calculated the mean
value and variance of vegetation cover from 1981 to 2006
for each catchment. On average, the total vegetation cover
(Ft) is 0.655 and the variance is 0.004, the woody vege-
tation cover (Fp) is 0.500 and the variance is 0.005, and
the non-woody vegetation cover (Fr) is 0.155 and the vari-
ance is 0.002. But annual precipitation has a−5.1 mm yr−1

change and a−14.2 % change on average. Therefore, the

presence of a stable vegetation cover means that vegetation
growth is a little influenced by climate variability. This is
consistent with relatively smaller climate elasticity of vege-
tation cover shown in Fig. 9 comparing with the elasticity of
annual runoff to climate change.

5 Discussion

The precipitation elasticity of total runoff is 3.3 on average
and varies in the range 2.0–4.0 in the 167 catchments, which
means that a +1 % change in annual precipitation will result
in 2.0–4.0 % change in mean annual runoff. The mean annual
precipitation and mean annual total runoff in the study catch-
ments is about 903 mm and 158 mm, respectively; therefore,
an increase of annual precipitation by 9 mm change will re-
sult in about 3.2–6.3 mm (the average is 5.1 mm) increase of
mean annual total runoff. This is mostly consistent with sim-
ilar results reported in 219 locations across Australia (Jones
et al., 2005; Chiew, 2006). Detailed modeling conducted
in Western Australia has shown that a +1 % change of an-
nual precipitation would typically result in a +2–3 % change
in annual runoff (Berti et al., 2004; Kitsios et al., 2008;
Smith et al., 2009). For runoff components, current year’s
precipitation elasticity is a little higher for surface runoff
(about 3.5) and lower for subsurface runoff (about 2.9) on
average, which is consistent with results reported by Harman
et al. (2011) in American MOPEX catchments. The temper-
ature elasticity of total runoff is−0.05 on average (ranges
from −0.8 to 1.1), which means that a 1◦C increase of the
annual temperature results in a−0.05 % change in annual
runoff. The temperature elasticity of total runoff is very
small. This can be explained that runoff change depends
on precipitation change and is related to the change in soil
moisture. The change of temperature mainly impacts on the
evapotranspiration and then on the soil moisture. Strongly
regulated by the soil with large water storage capacity, tem-
perature elasticity of runoff is small.

In the case of the elasticity of vegetation cover with respect
to precipitation change, a 1 % increase of precipitation dur-
ing the growing season will result in about a 0.2% increase of
maximum monthlyFt. Nemani et al. (2003) found that wa-
ter availability strongly limits vegetation growth over 40 % of
Earth’s vegetated surface, whereas temperature limits growth
over 33 % of the area and radiation over 27 % of Earth’s veg-
etated surface, whereas tropical areas are never limited by
low temperatures but may have either a sustained dry season
or nearly perpetual cloud cover that limits solar radiation. As
shown in Fig. 9, the increase of incoming shortwave radiation
causes a decrease of vegetation cover. A possible explana-
tion for this is that an increase of solar radiation corresponds
to a decrease of precipitation, and the decrease in precipita-
tion then causes the decrease of vegetation cover. Therefore,
ultimately it is the precipitation that mainly controls the veg-
etation growth in the study catchments.
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The vegetation cover increase corresponds to an increase
of vegetation transpiration and also catchment runoff because
precipitation is a common major control factor on both vege-
tation growth and catchment runoff partitioning. Increases in
air temperature and solar radiation cause a decrease of veg-
etation cover but have little effect on catchment runoff. This
implies that increases in air temperature and solar radiation
could cause an increase of soil evaporation rather than the
vegetation transpiration.

6 Conclusions

In this paper, we analyzed the effect of climate variability on
catchment water balance and vegetation cover for 193 study
catchments in Australia. Climate elasticities of runoff and
vegetation cover were estimated. From all the results ob-
tained through these analyses, we can conclude that:

1. Annual runoff, evapotranspiration and runoff coeffi-
cient increase with vegetation cover for catchments in
which woody vegetation is dominant and annual pre-
cipitation is relatively high. Control of water available
on annual evapotranspiration becomes stronger in non-
woody dominant catchments compared to woody domi-
nant ones. The ratio of subsurface runoff to total runoff
(Rg/R) increases with woody vegetation cover.

2. The current year’s precipitation is the most important
factor affecting the change in annual total, surface and
subsurface runoff. The significance of other controlling
factors is in the order of the previous year’s precipita-
tion (carry-over of soil moisture storage) and current
year’s mean temperature. Change in current year’s pre-
cipitation by a +1 % could produce about an average of
a +3.35 % change ofR, a +3.47 % change ofRs and a
+2.89 % change ofRg.

3. Regarding the climate elasticity of vegetation cover
(represented by the maximum monthlyFt, Fp andFr),
the incoming shortwave radiation in the growing sea-
son (Rsd,grow) is the most important factor affecting the
change in vegetation cover: a change ofRsd,grow by
+1 % could produce a−1.08 % change of total vegeta-
tion cover (Ft), on average. The growing season precip-
itation has a more significant effect on non-woody vege-
tation cover than the non-growing season precipitation,
but precipitation amounts in growing and non-growing
seasons have almost equally important effects on woody
vegetation cover.

It should be noted, however, that catchment water balance
is closely linked with vegetation cover. Change of vegeta-
tion cover can affect catchment water balance by influencing
soil moisture through canopy interception and transpiration
(Eagleson, 2002). Change of water balance can also have an
effect on the vegetation cover. This interaction and feedback

between water balance and vegetation cover are difficult to
diagnose and quantify, which therefore calls for the devel-
opment and use of catchment ecohydrological models that
couple hydrologic processes and vegetation dynamics.

Appendix A

Variables and parameters in this paper

P(P ) Annual precipitation (long-term mean
annual precipitation), mm

R(R) Annual runoff (long-term mean annual
runoff), mm

E Annual evapotranspiration, mm
E0 Annual potential evapotranspiration,

mm
E0/P Dryness index, ratio of mean annual

potential evapotranspiration to
precipitation

T (T ) Annual temperature (long-term mean
annual temperature),◦C

Ft(F t) Annual recurrent fPAR (long-term
mean annual recurrent fPAR)

Fp(F p) Annual persistent fPAR (long-term
mean annual persistent fPAR)

Fr(F r ) Annual total fPAR (long-term
mean annual total fPAR)

R/P Runoff coefficient, the ratio of annual
runoff to precipitation

E/P Evapotranspiration coefficient, ratio of
annual evapotranspiration to
precipitation

Rg Annual subsurface runoff, mm
Rs Annual surface runoff, mm
Rg/R The ratio of annual subsurface runoff to

total runoff
Rs/R The ratio of surface runoff to total runoff
k The time step number
a The single filter parameter in Eq. (1),

the value is 0.925 for all catchments
ρ The linear correlation coefficient
Fp/Ft The proportion of woody vegetation
Fr/Ft The proportion of non-woody vegetation
1Pi The annual departures from long-term

mean annual values for precipitation
1Ti The annual change in temperature

compared to the long-term mean
temperature

1Ri The annual departures from long-term
mean annual values for total runoff

εP
R Elasticity of total runoff to precipitation

ε
P−1
R , ...,εP−n

R Elasticity of total runoff to previous
precipitation

εT
R Elasticity of total runoff to temperature
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1Rs,i The annual departures from long-term
mean annual values for surface runoff

εP
Rs

Elasticity of surface runoff to
precipitation

ε
P−1
Rs

, ...,εP−n

Rs
Elasticity of surface runoff to previous
precipitation

εT
Rs

Elasticity of surface runoff to
temperature

1Rg,i The annual departures from long-term
mean annual values for subsurface
runoff

εP
Rg

Elasticity of subsurface runoff to

precipitation

ε
P−1
Rg

, ...,εP−n

Rg
Elasticity of surface runoff to previous

precipitation
εT
Rg

Elasticity of subsurface runoff to

temperature
R2 The coefficient of determinant
Ftest TheF statistic
σ 2 Error variance
Pgrow Growing season precipitation
Tgrow Growing season temperature
Rsd,grow Growing season incoming shortwave

radiation
Pnongrow Precipitation during non-growing

season
1Ft,i The departures from long-term mean

values for total fPAR

ε
Pgrow
Ft

Elasticity of total fPAR to
precipitation during growing season

ε
Pnongrow
Ft

Elasticity of total fPAR to
precipitation during non-growing
season

ε
Tgrow
Ft

Elasticity of total fPAR to temperature
during growing season

ε
Rsd,grow
Ft

Elasticity of total fPAR to shortwave
radiation during growing season

1Fp,i The departures from long-term mean
values for persistent fPAR

ε
Pgrow
Fp

Elasticity of persistent fPAR to

precipitation during growing season

ε
Pnongrow
Fp

Elasticity of persistent fPAR to

precipitation during non-growing season

ε
Tgrow
Fp

Elasticity of persistent fPAR to

temperature during growing season

ε
Rsd,grow
Fp

Elasticity of persistent fPAR to

shortwave radiation during growing
season

1Fr,i The departures from long-term
mean values for recurrent fPAR

ε
Pgrow
Fr

Elasticity of recurrent fPAR to precipitation
during growing
season

ε
Pnongrow
Fr

Elasticity of recurrent fPAR to precipitation
during non-growing
season

ε
Tgrow
Fr

Elasticity of recurrent fPAR to temperature
during growing
season

ε
Rsd,grow
Fr

Elasticity of recurrent fPAR to shortwave
radiation during growing season

Supplementary material related to this
article is available online at:
http://www.hydrol-earth-syst-sci.net/16/43/2012/
hess-16-43-2012-supplement.pdf.
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