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Abstract. Understanding the interactions among climate, and annual mean temperatuf® (n current year. Change of
vegetation cover and the water cycle lies at the heart of theP by +1 % causes a +3.35 % changefgfa +3.47 % change
study of watershed ecohydrology. Recently, considerableof Rs and a +2.89 % change &,, on average. Results of
attention is being paid to the effect of climate variability elasticity analysis on the maximum monthly vegetation cover
on catchment water balance and also associated vegetationdicate that incoming shortwave radiation during the grow-
cover. In this paper, we investigate the general pattern ofng season Rsqgrow) is the most important factor affecting
long-term water balance and vegetation cover (as reflectethe change in vegetation cover. ChangeRgd grow by +1 %
by fPAR) among 193 study catchments in Australia throughproduces a-1.08 % change of total vegetation covét)(on
statistical analysis. We then employ the elasticity analy-average. The significance of other causative factors is in the
sis approach for quantifying the effects of climate variabil- order of precipitation during growing season, mean temper-
ity on hydrologic partitioning (including total, surface and ature during growing season and precipitation during non-
subsurface runoff) and on vegetation cover (including total,growing season. Growing season precipitation is more sig-
woody and non-woody vegetation cover). Based on the renificant than non-growing season precipitation to non-woody
sults of statistical analysis, we conclude that annual runoffvegetation cover, but both have equivalent effects to woody
(R), evapotranspirationH) and runoff coefficientR/P) in- vegetation cover.
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 strongerl Introduction
compared to woody dominated ones. The ratio of subsur-
face runoff to total runoff R,/ R) also increases with woody Understanding the interactions among climate, vegetation
vegetation cover. Through the elasticity analysis of catch-and water balance in water-limited regions is one of the most
ment runoff, it is shown that precipitationP] in current  widely studied subjects in watershed ecohydrology. Water
year is the most important factor affecting the change insupply (precipitation) and demand (potential evapotranspi-
annual total runoff R), surface runoff Rs) and subsurface ration) are major factors affecting long-term water balance
runoff (R,). The significance of other controlling factors is (Budyko, 1974; Milly, 1994). Runoff and its components
in the order of annual precipitation in previous yeafs { are controlled by both climatic factors and landscape proper-
and P_5), which represents the net effect of soil moisture ties (Horton, 1933). The climatic factors (such as precipita-
tion, radiation and temperature) are also key determinants for

Published by Copernicus Publications on behalf of the European Geosciences Union.



44 X. Xu et al.: Assessing the impact of climate variability on catchment water balance and vegetation cover

the distribution (Stephenson, 1990) and productivity (Churk-important role in determining the elasticity of the runoff com-
ina et al., 1999; Huxman et al., 2004) of vegetation aroundponents to precipitation variability. Yokoo et al. (2008) found
the world. The spatial pattern of vegetation cover is knownthat a switch from subsurface stormflow to surface runoff
to naturally arise in response to water availability (Caylor dominance occurs under a unique combination of soil type
et al., 2005). The total woody vegetation cover has beerand topographic slope, which itself is affected by the relative
found to saturate to 100% at precipitation values of 600—seasonality of precipitation and potential evapotranspiration.
1000 mm across African savannah ecosystems (Sankaran Bterz et al. (2009) found that surface runoff did not differ sig-
al., 2005). Projected changes in climate will undoubtedly nificantly between herb- and grass-dominated plots but vege-
alter the runoff regime (Barnett et al., 2005) and extremegation cover change had a significant effect on surface runoff
(Milly et al., 2002; Dai et al., 2004) as well as vegetation pro- in the test plots under different land-use intensities.
ductivity (Knapp et al., 2001). Since the growth of vegetation How the variability of vegetation cover is related to cli-
is affected by intermittence of water availability (Baudena etmate in a catchment or a region is a question that has in-
al., 2007), any spatial and temporal change in precipitatiortrigued both hydrologists and ecologists (Rosenzweig, 1968;
can be expected to exert a significant influence on variabil-Knapp et al., 2001). Most previous studies have used eco-
ity of vegetation cover. In recent times, hydrologists have hydrology models to investigate the effect of climate vari-
paid considerable attention to how much of the observedability on vegetation cover. Eagleson (1978, 2002) investi-
change in water balance components (runoff and its compogated the influence of climate-soil-vegetation interactions on
nents) and vegetation cover (woody and non-woody) can bennual water balance. Kochendorfer et al. (2010) proposed
attributed to the climate variability. several enhancements and modifications to Eagleson’s model
The sensitivity of annual runoff to changes in temperaturethrough improving its physical realism at the expense of its
and precipitation has been investigated empirically as well asnathematical elegance and analytical tractability. They con-
theoretically (Arnell, 1996). Revelle and Waggoner (1983) cluded that their Statistical-Dynamical Ecohydrology Model
used multivariate statistical analysis to estimate the relation{SDEM) does provide a new framework for studying the con-
ship between changes in climate and runoff. Another com-rols of soil texture and climate on vegetation density and
mon approach is to use deterministic watershed hydrologievapotranspiration. Using a dynamic vegetation model, Ni
models, by varying the models’ meteorological inputs andet al. (2006) determined that variability in the temperature of
estimating the resulting changes in runoff. Schaake (1990}he coldest month can induce evergreen mortality.
proposed a simple climate elasticity model to evaluate the Woody and non-woody vegetation have unique advantages
effect of climate changes on runoff based on the use of oband disadvantages when competing for variable resources of
served precipitation and runoff data. Vogel et al. (1999)water, nutrients, and light (Notaro, 2008). Plot-scale studies
used a regional multivariate regression model to show thahave suggested that woody or forest vegetation is less sen-
a 10% increase in precipitation should lead to a 19 % in-sitive to drought than grasslands (Scott et al., 2006). Due
crease in annual runoff for the entire upper Colorado River.to their shallow roots, grasses are highly responsive to inter-
Sankarasubramanian et al. (2001) derived runoff elasticity taannual precipitation fluctuations (Schlesinger, 1997; Knapp
precipitation change analytically using the Turc-Pike equa-et al., 2002). The grass growth is dependent on upper-soil
tion based on the Budyko hypothesis. Ma et al. (2010) usedvater resources (Scanlon et al., 2005), so increased precip-
a physically-based distributed hydrological model to quan-itation variability results in reduced grass growth in grass-
tify the contribution of climate variability to the decrease in lands (Knapp et al., 2002) and drylands (Williams and Al-
river runoff. However, the use of hydrological models suffers bertson, 2006). Most forests usually have sufficient moisture
from the uncertainty associated with model calibration andto meet evapotranspiration demands and growth even during
the runoff sensitivity to climate change derived from such hy-years with below-average precipitation (Knapp et al., 2002)
drological models is limited in light of large quantities of data due to deep roots. Previous studies of climate variability im-
for catchment studies. Application of a two parameter elas-pacts on vegetation have been regionally focused and vastly
ticity model to the Miyun Reservoir catchment showed thatdiffer in their conclusions. Higher precipitation variability
both the precipitation and air temperature variation signifi- favors tree establishment, e.g. in Argentina’s ecotones (Grau
cantly impacted the streamflow elasticity (Ma et al., 2010). and Veblen, 2000). However, Ni et al. (2006) showed that
Most current research in this area is limited to the analy-an increase in precipitation variability in China and in North
sis of total runoff, but the contributions of surface runoff and Africa favored grasses over trees.
subsurface runoff are usually determined by models that can Most previous studies cited above focused on the effect
simulate within-year runoff variability. Harman et al. (2011) of climate variability on catchment water balance, especially
used a functional water balance model proposed by Poncen runoff. In addition, some studies have also explored the
and Shetty (1995) to quantify the sensitivity of runoff compo- effects of climate variability on runoff components, such
nents to the inter-annual variation of precipitation in MOPEX as surface and subsurface runoff. In this paper we extend
catchments located within continental United States and dethis analysis to include the effects on vegetation cover us-
termined which of the functional parameters plays the mosting a simple elasticity model to assess the impact of climate
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variability on both catchment water balance and vegetationioes F
cover. Due to data limitations, most previous data-based
studies have typically ignored the effect of inter-annual vari- 5.5 |
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 2505
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- 40°S Q400 800 1600 km °§:§
plish this using water balance and vegetation cover data from ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
193 catchments in Australia. This is an extension of the work 115°E 120°E 125°E 130°E I35°E 140°E 145°E 150°E

carried out by Harman et al. (2011) on a large number of

US catchments Fig. 1. Distribution of the 193 study catchments (the triangle placed

in the outlet of each catchment).

2 Study area and data o
As demonstrated by Troch et al. (2009), the estimation of

By overlapping available datasets of climate, hydrology annual water balance metrics was not highly sensitive to the
and vegetation from 1981 to 2006 across Australia, we sebaseflow separation method. So we use a one-parameter low-
lected 193 catchments as study catchments containing at leapass filter algorithm developed by Lyne and Hollick (1979)
10 years of complete records whose dryness index values (th® separate the daily runofR( into surface runoff Rs) and

ratio of mean annual potential evapotranspiration to precip-subsurface runoff,) as:

itation, Eg/P) span a wide range from 1.0 to 4.69. The

catchments are unimpaired and were collated for an Ausf — 4 pF-1 1 1__a (Rk + Rk*l>

tralian Land and Water Resources Audit project (Peel et ¢ ¢ 2

al., 2000). “Unimpaired” catchments refer to catchmentst < gk )
draining to/from unregulated rivers and/or where regulation™'8 —

changed the natural monthly streamflow volumes by Iessin whichk is the time step number, the value of the single fil-

0 L
than 5%. Therefore, there are not much human aCtIV't'esterparameteaz is 0.925 for all catchments, following the sug-

in the study areas. Most of the_catchmer_ns are located in theestions by Amold and Allen (1999) and Eckhardt (2005).
east and south-east of Australia (see Fig. 1). The drainag )
ean annual ratio of subsurface runoff to total run@f ( R)

areas of the study catchments range from_ 5.1_.19397 km Jange is from 0.18 to 0.84, with an average of 0.54 in the
Long-term monthly discharge and precipitation data use
193 study catchments.

in this study are described in Donohue et al. (2010) and daily The percent green cover is estimated from the fraction of

streamflow data is collected from National Land and Waterabsorbe d photosynthetically active radiation (fPAR) (Dono-

Resources Audit dataset (Peel et al., 2000). The monthl o . :
~hue et al., 2009), which is estimated from remote sensing
data have complete records from 1981 to 2006, but the daily .
data. Therefore, we use fPAR to represent vegetation cover

discharge data that can be used to separate baseflow from _ .
total runoff are only available up to 1998. Based on theIn this paper. The fPAR data are obtained from an Aus-

. tralian AVHRR-derived monthly fPAR dataset (Donohue et
annual water balance equation, actual annual evapotranspé—L 2008), and are available for the period from July 1981

e e, o o DeCemer 2006, wih s st reslton o 0.0The
ge- P P P onthly values of total fPAR are averaged to estimate the

estimated using the Penman equation (Donohue et al., 2010), . ;
nnual mean. The dynamics of perennial and annual vege-

using the available catchment datasets. Monthly |nc0m|n%ation functional types can be approximated by splitting to-

shortwave radiation data are available from the Bureau o S . !
Meteorology’s Australian Water Availability Project datasets tal fPAR into its constituent persistent and recurrent compo-
nents using the method presented by Donohue et al. (2009,

(Donohue et al., 2010, also lnttp://www-data.wron.cswo. ?010). Persistent fPARF) represents the cover from peren-
au). Monthly temperature data are obtained from Jones ef . . . ]
hial, non-deciduous vegetation types; recurrent fPAR) (

al. (2009). represents that from annual, ephemeral and deciduous veg-
etation. For Australian landscapes, these two components

www.hydrol-earth-syst-sci.net/16/43/2012/ Hydrol. Earth Syst. Sci., 16, 438, 2012


http://www-data.wron.csiro.au/
http://www-data.wron.csiro.au/

46 X. Xu et al.: Assessing the impact of climate variability on catchment water balance and vegetation cover

approximately represent woody and non-woody vegetation 1 —
types, respectively (Donohue et al., 2009; Gill et al., 2009). o | —e—Total fPAR |
Figure 2 presents an example of mean monthly total fPAR —+—Persistent fPAR |
(F), persistent fPARKp) and recurrent fPARK;) as a func- —4— Recurrent fPAR

tion of calendar month. As expected, the persistent fPAR ~ *7
is relatively constant over the year, whereas recurrent fPAR 06 ¢
(and consequently the total fPAR) exhibits a strong seasonafs 05 ——
variation. «

08 r

04 r

03 r

3 Methodology

02 4

The general pattern of long-term water balance and vegeta- ' [ T

tion cover is investigated in a qualitative way using correla- T MR

tion analysis. The impact of inter-annual variability of cli- Month

mate on annual runoff and vegetation cover is then assessed

in a quantitative way using elasticity models. Fig. 2. An example (catchment code: 110003) of mean monthly
fPAR based on separating total fPAR;) into recurrent fPAR £;)

3.1 Correlation analysis and persistent fPARHp) from the 26-year data.

Correlation analysis was used to explore the general pat- _

tern among climate, long-term water balance and vegetatioi¢t al. (2010 introduced the effect of annual mean tempera-
cover in the study catchments. Relationship between any twéure into a two-parameter climate elasticity model as:
variables is detected by linear correlation analysis. The math-a g, P AP;

ematical formula for computing the linear correlation coeffi- R TR + &g AT; (4)
cient (o) is: whereAT; represents the change in annual mean temperature
nYxy—(Xx) Xy compared to the long-term mean temperat@;(=7; — T)
o= > > ) and e,Te is the total runoff elasticity to temperature change,
\/” (X x?) — (X x) \/” (X)) - (Xv) meaning the percent change of runoff coming from the

wheren is the number of pairs of data and the valueoaé change of temperqturg by@' . .
Inter-annual variability (i.e. carry-over) of soil moisture

—1<p=<+1. The “+" and “-" signs are used for positive . ;
. . o . storage can also influence changes in annual runoff. Due to
linear correlations and negative linear correlations, respecs

tively. The larger the absolute value pf the stronger the lack of observation of soil moisture, we use the antecedent

linear correlation relationship. It is significant when the ab- precipitation as a proxy of soil moisture in this study. There-

solute value of correlation coefficient is greater than 0.236 atfore, EQ. (4) can be re-written as:

9 i AR; AP; AP_ AP_
a99.9 % confidence level. W _p B0 P BT P B T AT (5)
R P P P
3.2 Elasticity model for runoff P -
y WheresR’l, sf;’" represent the total runoff elasticity to

Schaake (1990) proposed the concept of climate elasticity©ll Moisture storage change, meaning the percent change
to evaluate the effect of climate change on runoff (see als@f "unoff coming from the change of precipitation in previ-
Dooge, 1992: Dooge et al., 1999). The climate elasticity ofOUS years. Similarly, we derive the multi-parameter elasticity
runoff is defined as the proportional change of runoff divided models for surface runoff and subsurface runoff as follows:

- - i Rsi AP; AP_ AP_
by the proportional change of a climate variable such as pre£%si _ » A% rs Lyt = "t eh AT (6)

J o . [
cipitation, which can be expressed as: Rs TP P

. ' AR,i  p AP p AP, P, APy 7
AR _ A @ m R i teta T e an ()
R P

wheresf; ands,T? are the precipitation and temperature elas-
S S

Ri — Ri—R AP, _ PP
where2li = Ri=R and AL = LiZP represent annual percent- . . o
R P P P b ﬁt|C|ty of surface runoff;e,’; andeg are the precipitation and
age departures from mean annual values for total runo 1 s »

—n

and precipitation, respectively;: represents the elasticity temperature elasticity of subsurface funfﬁﬁl, s €y
of total runoff to precipitation change. Sankarasubrama-represent the soil moisture storage elasticity of surface
nian et al. (2001) estimated the runoff elasticity to precipi- runoff; andeﬁ;l, ...,8;;" represent the soil moisture storage

tation change astf = mean%) = mean% : %). Ma elasticity of subsurface runoff.
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Fig. 3. Statistical distributions of coefficient of determinatioﬁzo in elasticity esimation fofa) annual total runoff(b) annual surface
runoff and(c) annual subsurface runoff. Note thtrepresents the current year’s precipitatifn, represents last year's precipitatia®, »
represents the year before last year’s precipitationfangpresents the current year’'s mean temperature.

The data period is split into two parts, and the elasticity records). The longer the data series, the better the estimation
model described by Egs. (3)—(7) are calibrated and validatea@f statistics regression parameters.
based on the two parts of the data, respectively. Figure 3
shows validation results of the elasticity models for annual3.3 Elasticity model for vegetation

total runoff (R), annual surface runoffRs) and annual sub- o ) ) i
Taking into consideration the seasonal fluctuation of vege-

surface runoff R;). On the basis of the annual precipita- ' i :
tion elasticity model, by adding a temperature term in thetation cover, especially for non-woody vegetation (also see
Fig. 2), we use monthly maximum values bf, F, and F;

model, prediction of the changes in catchment annual total : al
runoff and its components was found to be improved. welnstead of the annual mean values in the elasticity model
also added other climatic factors, such as potential evapof©" Vegetation cover. Redefining the month with maximum
transpiration and radiation, but the accuracy of the runoff_momhly Ft as the end of the year, we then divide the year
elasticity model showed little improvement. By adding the INtC & growing season and a non-growing season. The length
antecedent precipitation, the elasticity models for aniyal  ©f the growing season along the coast in south-eastern and
Rs and R, are greatly improved. This suggests that carry- south-western Australia could be as much as nine months,
¢ .

over of soil moisture storage has a significant effect on thePUt it decreases gradually from the coast to the interior ac-

change of catchment runoff and its components. From Fig. gcording to both the intensity and seasonal distribution of pre-

we can see that it needs to consider the antecedent precipitgiPitation (FAO, 1978; McQueen, 2002). In order to facil-

tion in at least 2 previous years in order to accurately predictt@t€ the processing and maintain consistency, the growing
the changes of catchment runoff and its components. season in this paper is considered as a consecutive period of
The elasticity model performs better in terms of predict- > months (Kahn et al., 2005), with the month of maximum

ing the change of annual total runoff than predicting changegno.m.th Fy taken as the end of growing season, and the re-
of surface and subsurface runoff components. This might pdnaining (first) six months of the year then.taken as the non-
caused by the error introduced by the baseflow separatiorf?row!ng season. The annual preC|p|t_at|on is re-calculated for
as well, it could be caused by other factors such as topogra?_row'ng seasongrow) and non-growing seasotfongrow-

phy and soils. Moreover, the shorter data period is used for he precipitation _durmg non-growing season can affe-ct the
change of soil moisture storage. The temperature and incom-

Rs and R, compared to the total runoff data. The data pe-. o . :
riod of annual surface and subsurface runoff is between 10 t&"'9 shortwave radiation are averaged during the vegetation

18 years, while the data period of total runoffis between 15 togrowing season. So the elasticity models could be written as:
26 years (the most catchments have more than 25-years data
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Fig. 4. Statistical distributions of coefficient of determinatioﬁzo in elasticity estimation fo(a) total fPAR (Ft), (b) persistent fPAR
(Fp) and(c) recurrent fPAR £7). Note thatPgyrow represents precipitation during growing seasBibngrowrepresents precipitation during
non-growing seasory, represents mean temperature during growing seasoRgnepresents mean incoming shortwave radiation during
growing season.

AR _ Si@fow m + 8;’”0”9'0‘"' M On the basis of the precipitation elasticity model, by adding
Ft ! Pgrow ! P nongrow a temperature term and a radiation term in the model, pre-
diction of the changes in catchment vegetation cover is im-

— (8) proved substantially. By adding the antecedent precipita-
Rsdgrow tion during the non-growing season to reflect the effect of

soil moisture storage, the elasticity models for maximum

Tgrow degrow ARSd,(_Z]I’OW,i
+ R ATgrow,i + R —

Afpi _ g parow A Pgrowi 4 g pronarow A Prongrowi monthly vegetation cover are greatly improved. The elastic-
Fp P Pgrow P Prongrow ity model performs better in predicting the change of max-
. AR ‘ imum monthly total vegetation cover than in predicting the
+ s?mw ATgrow; + &7 —osdgrowd (9)  changes of woody and non-woody vegetation cover. This
P P Rsdgrow might be caused by errors introduced in the separation of to-
tal fPAR (Fy) into persistent fPAR Kp) and recurrent fPAR
AFr,i . ngrow APgrow,i + SPnongroW APnongrowi (F) ( t) P Ep)
T - F B F B r)-
Fr " Pgrow ' Prongrow Compared to Fig. 3, Fig. 4 shows that the accuracies of

the elasticity model forFy, Fp and F; are lower than that
— (20) for runoff and its components. One reason might be that
Rsd grow 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-

ing the growing SeasonProngrow represents precipitation pared the normalized difference vegetation index (NDVI) es-
during non-growing seasone Fsron, ¢7arow and eRsdgrow are timated from AVHRR and MODIS and found that the two

the growing season precipitation, temperature and radiatiofalasets aré not of the same quality. The fPAR data from
elasticity, respectively, of vegetation coverfrongow repre- AVHRR might also contain some errors. Figure 4 also shows

sents the soil moisture storage elasticity of vegetation coverthat the elasticity model faf; has the lowest accuracy, which

The elasticity models described by Egs. (8)~(10) are cal.may come from the error mtrodgcedﬂ‘b and F; separation
ibrated first, and the validation of the elasticity models for 21d from the complex composition &t from grass and de-
maximum monthly total vegetation coveffj, woody cover ~ ciduous forest.

(Fp) and non-woody coverK,) 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.

Tgrow Rsd grow Adegrow,i
+ep  Algrowi + &p, —_

where Pyrow, Tgrow and Rsq grow re€present precipitation, tem-
perature and incoming shortwave radiation, respectively, dur
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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 ¢) and dryness indexHy/ P): (a) and(b) total vegetation cover (represented &Y, (c) and(d) fraction of woody vegetation
cover (represented b/ Ft).

4 Results woody vegetation is dominant, but is sparse in catchments
where non-woody vegetation is dominant. The scattered
points in Fig. 5¢c and d are from non-woody vegetation domi-

nated catchments with a lower value®fand a higher value

of Eg/ P. This may be caused by the annual averagg éér

Figure 5a shows the relationship between mean annual veg}he seasonal vegetation. On the other hand, vegetation cover
etation cover F) and mean annual prec|p|tat|o§X and can also be related to soil and topographical conditions even
Fig. 5b shows the relationship betweghand dryness in- When the climate condition is similar, which may explain the
dex (Eo/ P) across the 193 study catchments. Total fPAR large scatter.

is positively correlated to total precipitation with the linear  Table 1 presents the estimated correlation coefficients be-
correlation coefficient of 0.77 and is negatively correlatedtween mean annual vegetation covel) @nd water balance

to dryness index, which tells us that vegetation growth iscomponentsk, E, R/P, E/P) based on linear correlation
governed by water availability (as measured by annual preanalysis. Table 1 (together with Fig. 5) is used to describe the
cipitation) in water-limited regions (as in the case in Aus- spatial characteristics of long-term catchment water balance
tralia), and that vegetation cover increases with precipitatiorwith respect to both vegetation cover and climate. Among
and decreases with dryness index. When annual precipitatiothe 193 study catchments, most of them are woody vege-
is large enough (larger than about 1200400 mmyr* for tation dominated. Therefore, there are positive correlations
the study areas), vegetation cover tends to be saturatég, as betweenF; (Fp) andR (E, R/P) and negative correlation
asymptotes to a maximum value. As shown in Fig. 5¢ and dpetweenF; (Fp) and E/P. Increase of woody vegetation
the proportion of woody vegetatiorfyf/ Fy) increases with  cover causes decrease of non-woody vegetation cover in the
precipitation and decreases with dryness index, and woodgtudy areas. The negative correlations betwgesndR (E,
vegetation is the dominant type in the catchments wikere R/P) and positive correlation betweef} and E/P come

is larger than 800 mm yr* and Eo/ P is less than about 2.0.  from the negative relationship betwegp and F;. Likewise,

As Fy/Ft, the proportion of non-woody vegetatiof,{ F;) Fig. 6 presents scatter plots relating mean annual vegetation
decreases with precipitation and increases with dryness ineover and various water balance components. As shown in
dex. This means that vegetation is dense in catchments whelfeig. 6¢, the relationship betweaty P and F; indicates that

4.1 General pattern among climate, water balance and
vegetation cover
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Fig. 6. Scatter plots of mean annual water balance components (total ruhaffid evapotranspiratiorfy), mean annual water balance
indexes (runoff coefficientR/P) against long-term average vegetation cover, including total vegetation (represenfigdaby fraction of
woody vegetation (represented By/ Ft).

Table 1. Correlation coefficients between vegetation cover and wa-Table 2. Correlation coefficients between vegetation cover and
ter balance components over the 193 study catchments. runoff components (including surface runoff, subsurface runoff and
their ratios to total runoff) over the 193 study catchments.

R (mm) E (mm) R/P E/P
Total fPAR (71) 0653 0634 0623 —0.615 Rg (mm) Rs(mm) Rg/R  Rs/R
Persistent fPARKy) 0676 0.671  0.647 —0.639 Total fPAR (Fy) 0637 0549  0.354 —0.354
Recurrent fPAR£y) —0.490 —0.506 —0.472  0.468 Persistent fPARKp) ~ 0.655 0572 0277 —0.277
Recurrent fPARFy) ~ —0.470 —0.420 —0.090  0.090

partitioning of annual precipitation into runoff increases with

vegetation. Negative relationship betweaenP andF; could precipitation into runoff decreases with proportion of recur-
be obtained fronE /P =1— R/ P. Because most catchments rent vegetation. Therefore, vegetation cover could be an im-
are woody vegetation dominatefl;/ F; has similar relation-  portant factor for determining the general characteristics of
ships with the water balance componentsatsee Fig. 6d— catchment water balance (Yang et al., 2006, 2009).

f). Figure 6d and e indicates th&tand E are large in catch- We next look at the relationship between runoff compo-
ments where persistent vegetation is dominant, which meansents and vegetation type. Table 2 shows the correlation
that runoff and evapotranspiration have a positive relation-coefficients between mean annual vegetation coFgrand
ship with vegetation cover in catchments where woody vegetunoff componentsKs, R,, Rs/R, R,/R) are based on lin-
tation is dominant and annual precipitation is relatively high. ear correlation analysis. Figure 7 shows the relationship be-
This comes from the positive relationship betwdgyiF; and  tween the ratio of subsurface runoff to total runaf,( R)

P shown in Fig. 5b. Becausg/Fi=1— Fp/F;, R andE are and vegetation type. The scattered points in Fig. 7 are af-
small in catchments where non-woody vegetation is domi-fected by many factors, such as the distribution and inten-
nant and annual precipitation is relatively small. Figure 6f sity of precipitation, land use, soil infiltration capacity and
shows that partitioning of annual precipitation into runoff in- localized topographic and edaphic factors (Donohue et al.,
creases with persistent vegetation. The negative relationshi@009), the indirect function between vegetation and sur-
of R/ P ~ F;/ Fy, which comes from the negative relation be- face/subsurface runoff, the errors from baseflow separation,
tweenFp/ Fy and Fy/ I, indicates that partitioning of annual 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 run&f (R) againt(a) persistent fPAR £y, represents woody vegetation
cover) andb) recurrent fPAR £}, represents non-woody vegetation cover).

Table 2 and Fig. 7, we can see that b&hand R, are pos- median value is +0.22 %) change Bf respectively. Change
itively correlated toFy and Fy, (with a correlation coefficient  of 7 by a +1°C could cause a-0.05 % (the median value is
larger than 0.5), but negatively relatedfp (with a correla-  —0.10 %) change oR on average.
tion coefficient less than 0.5). Mean annul/ R increases As discussed in Sect. 3, the major controlling factor on
with woody vegetation cover, but the correlation is relatively the hydrological partitioning is different for the catchments
weak. Non-woody vegetation cover is not significantly re- with woody and non-woody dominated vegetation, respec-
lated to this ratio. This implies that woody vegetation can in-tively. Therefore, we classify the 167 catchments into two
crease rainfall infiltration, and consequently change the pargroups according to the dominant vegetation type. The group
titioning of total runoff into surface and subsurface runoff.  of woody vegetation dominated catchments is relatively hu-
mid with Eg/ P < 2.0, and the group of non-woody vegeta-
4.2 Impact of climate variation on catchment total tion dominated catchments is relatively dry with/ P > 2.0.
runoff and runoff components The elasticities are then recalculated in these two groups.
The quartile maps of climate elasticity parametergRtéor

Using the entire data records from the 193 study catchmentdhese two groups are plotted in Fig. 8a and b. The elasticity
the climate elasticity of annual total runoff, surface runoff of R to P (eg) is 4.09 for 60 non-woody vegetation domi-
and subsurface runoff was estimated through step-wise rel@ted catchments and 2.94 for 107 woody vegetation dom-
gression. Thek? statistic, theF statistic and itsp value, ~ inated catchments on average, which means that runoff in
and an estimate of the error variance are calculated for each2{chments with relatively drier climate are more sensitive
catchment. For the climate elasticity of annual total runoff {0 current year's precipitation. Simila; results are found for
(R), there are 167 catchments wilps> Fooosandp-value  the elasticities ofR to P_; and P_ (e, * andey ?). But

in F statistics less than 0.05. The coefficient of determinantthe elasticity ofR to T (81€) is 0.06 for non-woody vegeta-
(R?) of the total runoff elasticity model ranges from 0.58 tion dominated catchments ané.12 for woody vegetation

to 0.96, with a mean value of 0.77 (the median value is 0.79)dominated catchment on average. The change of tempera-
the F statistic (Fresy) ranges from 6.10 to 104.60, with a mean ture mainly impacts on the evapotranspiration and then on
value of 19.94 (the median value is 16.39) and the error varithe soil moisture. Runoff change depends on precipitation
ance ¢2) ranges from 0.02 to 0.99, with a mean value of 0.23 change and is related to the change in soil moisture, which
(the median value is 0.17). From the results of elasticities,may alter the mechanism of runoff generation.

we can see that current year’s precipitatid?) {s the most For the climate elasticity of annual surface runaffy)|
important factor for total runoff, a +1 % change Bfcould there are 112 catchments wilpst> Fo.005 and thep-value
cause a +3.35 % (the median value is +3.22 %) chand® of of the F statistics is less than 0.05. From the results of elas-
on average. The significance of other controlling factors is inticities, we can see that change of current year’s annual pre-
order of annual precipitation in the previous yeaPs{ and cipitation (P) is also the most important factor controlling
P_5), which can represent the effect of soil moisture storagethe change of surface runoff, and on average, a +1 % change
carry-over, and current year’s annual mean temperaftire (  of P could cause a +3.47 % (the median value is +3.12 %)
Increase of antecedent precipitatiBn; and P_, could pro-  change ofRs. On average, a +1 % change Bf; and P_»
duce mostly a positive effect on the change of runoff. On(the antecedent precipitation) could produce a +0.33 % (the
average, a +1% change &f.1 and P_» could produce a median value is +0.27 %) and a +0.06 % (the median value
+0.64 % (the median value is +0.61 %) and a +0.29 % (theis +0.11 %) change oRs, respectively. Change & by a
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Fig. 8. The quantile map of climate elasticity parameters of annual total runof&j&0 non-woody vegetation dominated catchments (with
Eg/ P > 2.0) andb) 107 woody vegetation dominated catchments (g P < 2.0), annual surface runoff fgc) 36 non-woody vegetation
dominated catchments aifd) 76 woody vegetation dominated catchments, subsurface rungf¥@9 non-woody vegetation dominated
catchments anf) 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 quatrtile is the 25th percentile, the grey line
is the median value, the grey cross is the point out of the whiskers. Not tregiresents current year's precipitatidh, represents last

year's precipitationP_, represents the year before last year’s precipitationfangpresents current year's temperature.

+1°C could cause a0.07 % (the median value is0.09 %) For the climate elasticity of annual subsurface rungif)(
change ofRs on average. The 112 catchments are classifiedhere are 96 catchments withest> Fp oos and p-value in

into the same two groups, of which 36 catchments are non# statistics less than 0.05. From the elasticity results, we can
woody vegetation dominated and 76 catchments are woodgee that the change of current year’s annual precipitaffdn (
vegetation dominated. The quartile maps of climate elasticityis also the most important factor affecting the chang® of
parameters t@®Rs for these two groups are plotted in Fig. 8c On average, a +1 % change Bfcould cause a +2.89 % (the
and d. Similar results are found for surface runoff as com-median value is +2.59 %) change Bf, less than that t®s
pared to total runoff. and R. Compared taRs, the significance ofP_; and P_»
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Fig. 9. The quantile map of climate elasticity parameter&)total fPAR for 26 woody vegetation dominated catchments (WghP < 2.0),

(b) total fPAR for 48 non-woody vegetation dominated catchments (WghP > 2.0), (c) persistent fPAR for 35 woody vegetation dom-
inated catchments an(d) recurrent fPAR for 30 non-woody vegetation dominated catchments. NotePghat represents precipitation
during growing seasorFnongrow fepresents precipitation during non-growing seadgrow represents mean temperature during growing
season an®sq grow "€presents mean incoming shortwave radiation during growing season.

(the antecedent precipitation) is more importantRipand  through step-wise regression. TR8 statistic, theF statis-

on average, a +1% change Bf1 and P_, could produce tic and its p value, and an estimate of the error variance
a +0.61 % (the median value is +0.58 %) and a +0.11 % (theare calculated for each catchment. There are 74, 63 and
median value is +0.08 %) change Bf, respectively. This 48 catchments witlFiest> Fo.005 and p-value inF statistics
shows that the variability of soil moisture storage is more less than 0.05 for the climate elasticity of maximum monthly
important toR, than toRs. Change off" by a +1°C could F;, Fp and Fy, respectively. From the results of elastici-
cause a-0.10 % (the median value is0.10 %) change ok, ties, we can see that radiation during growing season is the
on average. The 96 catchments are classified into the sammost important factor influencing the change of maximum
two groups, of which 29 catchments are non-woody vege-monthly vegetation cover: a +1 % changeRygrow could
tation dominated and 67 catchments are woody vegetatiorause a-1.08 % (the median value is1.11 %), a—1.92 %
dominated. The quartile maps of climate elasticity parame-the median value is-1.87 %) and a +1.33 % (the median
ters toR, for these two groups are plotted in Fig. 8e and f. value is +0.57 %) change of maximum montty, F,, and
Similar results are found for subsurface runoff as comparedr;, respectively. Similarly, a +1% change &frow could

to total and surface runoff. The elasticities®f to P_; and  cause a +0.20 % (the median value is +0.21 %), a +0.04 %
P_, are greater than those 8§ for both two groups on aver- (the median value is +0.03%) and a +0.62 % (the median
age, which also implies that the importance of soil moisturevalue is +0.56 %) change of maximum montHiy, F, and

storage variability taR, is greater than that tfs. Fy, respectively. On average, a +1% changePadngrow
(precipitation in the non-growing season) could produce a
4.3 Impact of climate variability on vegetation cover +0.01 % (the median value is +0.01%), a +0.12% (the me-

dian value is +0.12 %), and &0.23% (the median value

Using the whole data records in the 193 study catch-S _0‘2_80/(;) cg::]nge of ][naximum mon;hlljitéelip ar:g Fr,
ments, the climate elasticities of the maximum monthly to- respectively. ange of temperature by a*€lcould, on

0, 1 1 0,
tal, woody and non-woody vegetation cover are estimatedf/67ad€, 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 mepresence of a stable vegetation cover means that vegetation
dian value is +0.09 %) change of maximum montlly Fy growth is a little influenced by climate variability. This is
and Fy, respectively. consistent with relatively smaller climate elasticity of vege-

The dominant vegetation type is related to the dryness ofation cover showr_l in Fig. 9 comparing with the elasticity of
climate. The 74 catchments for total vegetation cover are?nual runoff to climate change.
classified into the same two groups as in the case of runoff, of
which 48 catchments are non-woody vegetation dominated piscussion
and 26 catchments are woody vegetation dominated. The
quartile maps of climate elasticity parameters for total veg-The precipitation elasticity of total runoff is 3.3 on average
etation cover are presented in Fig. 9a and b. The elastcitynd varies in the range 2.0-4.0 in the 167 catchments, which
of Ft to Pgrow is 0.27 for non-woody catchments, which is means that a +1 % change in annual precipitation will result
greater than that (0.07) for woody catchments, which meansn 2.0-4.0 % change in mean annual runoff. The mean annual
that precipitation during growing season is more importantprecipitation and mean annual total runoff in the study catch-
for vegetation growth in relatively dry climates than in rel- ments is about 903 mm and 158 mm, respectively; therefore,
atively humid climate. But the elasticity dfi to Prongrow  an increase of annual precipitation by 9 mm change will re-
is —0.01 for non-woody catchments, which is less than thatsylt in about 3.2—6.3 mm (the average is 5.1 mm) increase of
(0.05) for woody catchments, which means that soil mois-mean annual total runoff. This is mostly consistent with sim-
ture (represented by precipitation during non-growing seaslar results reported in 219 locations across Australia (Jones
son) is more important for vegetation growth in relatively et al., 2005; Chiew, 2006). Detailed modeling conducted
humid climate than in relatively dry climates. The elastic- in Western Australia has shown that a +1 % change of an-
ity of Fi to Tgrow for non-woody catchments (0.07) is a little nual precipitation would typically result in a +2—3 % change
greater than that for woody catchments (0.02). The elascityn annual runoff (Berti et al., 2004; Kitsios et al., 2008;
of F1t0 Rsdgrow is similar for both groups. As woody vegeta- Smith et al., 2009). For runoff components, current year's
tion dominated catchments are in relatively humid climates,precipitation elasticity is a little higher for surface runoff
35 woody catchments in all 63 catchments are selected t@about 3.5) and lower for subsurface runoff (about 2.9) on
recalculate the elasticities. As non-woody vegetation domi-average, which is consistent with results reported by Harman
nated catchments are in dry climates, 30 non-woody catchet al. (2011) in American MOPEX catchments. The temper-
ments in all 48 catchments are selected to recalculate thgture elasticity of total runoff is-0.05 on average (ranges
elasticities. The quartile maps of climate elasticity param-from —0.8 to 1.1), which means that £ increase of the
eters for woody vegetation cover is presented in Fig. 9¢c anthnnual temperature results in-€0.05% change in annual
ngn-woody vegetation cover;)n Fig. 9d. The mean value ofrunoff. The temperature elasticity of total runoff is very
eF;‘O“g“’W (0.09) is greater thamFgrOW (0.01), bute 7 (0.59)  small. This can be explained that runoff change depends

on precipitation change and is related to the change in soil

L . . . . moisture. The change of temperature mainly impacts on the
that precipitation during growing season is more important to 9 b yimp

non-woody vegetation growth and soil moisture (re resenteda vapotranspiration and then on the soil moisture. Strongly
ody vegetation g . : bre regulated by the soil with large water storage capacity, tem-
by precipitation during non-growing season) is more impor-

: Torow ) perature elasticity of runoff is small.
tant to woody vegetation growth. The valuesgf ™ (0.12) is In the case of the elasticity of vegetation cover with respect
greater tham;9r°w (0.01) on average, which implies that tem- to precipitation change, a 1% increase of precipitation dur-
P ing the growing season will result in about a 0.2% increase of
maximum monthlyF;. Nemani et al. (2003) found that wa-
is —1.46 on average. 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
o low temperatures but may have either a sustained dry season
but Phongrow has a more significant effect on woody veg- - L
, or nearly perpetual cloud cover that limits solar radiation. As
etation cover [p) than Pgow. We calculated the mean o ) . . o
: . shownin Fig. 9, the increase of incoming shortwave radiation
value and variance of vegetation cover from 1981 to 2006 . .
. causes a decrease of vegetation cover. A possible explana-
for each catchment. On average, the total vegetation cover . . n
tion for this is that an increase of solar radiation corresponds

(F) is 0.655 and the variance is 0.004, the woody V€9€45 a decrease of precipitation, and the decrease in precipita-
tation cover §p) is 0.500 and the variance is 0.005, and precip ' precip

. . . tion then causes the decrease of vegetation cover. Therefore,
the non-woody vegetation covery] is 0.155 and the vari- ultimately it is the precipitation that mainly controls the veg-
ance is 0.002. But annual precipitation has&1 mmyr?! y precip y 9

change and &14.2% change on average. Therefore, theetatlon growth in the study catchments.

Pnongrow

is greater thar}:Fr (—0.31) on average, which means

perature is more important t6 than to Fj. eﬁsdg”)w is 0.22
degrow
Fp
Effect of precipitation during growing seasoRgfow) ON
non-woody vegetation coverFf) is more significant than
that of precipitation during non-growing seasafhdngrow),

ands
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The vegetation cover increase corresponds to an increadeetween water balance and vegetation cover are difficult to
of vegetation transpiration and also catchment runoff becausdiagnose and quantify, which therefore calls for the devel-
precipitation is a common major control factor on both vege-opment and use of catchment ecohydrological models that

tation growth and catchment runoff partitioning. Increases incouple hydrologic processes and vegetation dynamics.

air temperature and solar radiation cause a decrease of veg-

etation cover but have little effect on catchment runoff. This Appendix A

implies that increases in air temperature and solar radiation

could cause an increase of soil evaporation rather than the, iabies and parameters in this paper

vegetation transpiration.

P(P) Annual precipitation (long-term mean
6 Conclusions annual precipitation), mm
R(R) Annual runoff (long-term mean annual
In this paper, we analyzed the effect of climate variability on runoff), mm
catchment water balance and vegetation cover for 193 study g Annual evapotranspiration, mm
catchments in Australia. Climate elasticities of runoff and Eo Annual potential evapotranspiration,
vegetation cover were estimated. From all the results ob- mm
tained through these analyses, we can conclude that: Eo/P Dryness index, ratio of mean annual
1. Annual runoff, evapotranspiration and runoff coeffi- potept!flltgvapotransplratlon to
cient increase with vegetation cover for catchments in — 2re0|p||a on |
which woody vegetation is dominant and annual pre- () nnual temperature (long-term mean
cipitation is relatively high. Control of water available _ annual temperature)C
on annual evapotranspiration becomes stronger in non-  F1(F1) Annual recurrent fPAR (long-term
woody dominant catchments compared to woody domi- _ mean annual recurrent fPAR)
nant ones. The ratio of subsurface runoff to total runoff ~ £p(¥'p) Annual persistent fPAR (long-term
(R,/R) increases with woody vegetation cover. _ mean annual persistent fPAR)
F.(F,) Annual total fPAR (long-term
2. The current year’s precipitation is the most important mean annual total fPAR)
factor affecting the change in annual total, surface and R/p Runoff coefficient, the ratio of annual
subsurface runoff. The significance of other controlling runoff to precipitation
factors is in the order of the previous year's precipita- E/P Evapotranspiration coefficient, ratio of
tion (carry-over of soil moisture storage) and current annual evapotranspiration to
year's mean temperature. Change in current year's pre- precipitation
cipitation by a +1 % could produce about an average of R, Annual subsurface runoff, mm
a +3.35% change aR, a +3.47 % change aks and a Rs Annual surface runoff, mm
+2.89 % change oR,. R¢/R The ratio of annual subsurface runoff to
. . . . total runoff
3. Regarding the climate e_:lastlcny of vegetation cover Re/R The ratio of surface runoff to total runoff
(represented by the maximum montHiy, Fp and Fy), .
. ; T . k The time step number
the incoming shortwave radiation in the growing sea- . ; .

. . : a The single filter parameter in Eq. (1),
son (Rsdgrow) 1S the most important factor affecting the the value is 0.925 for all catchments
change in vegetation cover: a changeRafigrow by . ) . .

0 The linear correlation coefficient
+1 % could produce a&1.08 % change of total vegeta- ) .
. . . Fo/ Fy The proportion of woody vegetation
tion cover (), on average. The growing season precip- . .
o s F,/F The proportion of non-woody vegetation
itation has a more significant effect on non-woody vege-
) : T AP; The annual departures from long-term
tation cover than the non-growing season precipitation, 2
o X . . mean annual values for precipitation
but precipitation amounts in growing and non-growing .
X AT; The annual change in temperature
seasons have almost equally important effects on woody
: compared to the long-term mean
vegetation cover.
temperature
It should be noted, however, that catchment water balance  AR; The annual departures from long-term
is closely linked with vegetation cover. Change of vegeta- mean annual values for total runoff
tion cover can affect catchment water balance by influencing € Elasticity of total runoff to precipitation
soil moisture through canopy interception and transpiration 81};*1, . ,gl‘s*" Elasticity of total runoff to previous
(Eagleson, 2002). Change of water balance can also have an precipitation
effect on the vegetation cover. This interaction and feedback g; Elasticity of total runoff to temperature
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