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Abstract

Anthropogenic climate change is projected to enrich the atmosphere with carbon
dioxide, change vegetation dynamics and influence the availability of water at the
catchment. This study combines a simple model for estimating changes in leaf area
index (LAI) due to climate fluctuations with the variable infiltration capacity (VIC) land5

surface model to improve catchment streamflow prediction under a changing climate.
The combined model was applied to thirteen gauged catchments with different land
cover types (crop, pasture and tree) in the Goulburn–Broken catchment, Australia
during the “Millennium Drought” (2000–2009), and two future periods (2021–2050 and
2071–2100) for two emission scenarios (RCP4.5 and RCP8.5). The future climatic10

and modelled streamflow results were compared with the baseline historical period
of 1981–2010. This region is projected to be warmer and mostly drier in the future as
predicted by 38 Coupled Model Inter-comparison Project Phase 5 (CMIP5) simulations
from 15 Global Climate Models (GCMs) and for two emission scenarios. The results
showed that during the Millennium Drought there was about a 30–65 % reduction in15

mean annual runoff due to reduced rainfall and increased temperature. This climate
based reduction in mean annual runoff was partially offset by a drought related decline
in LAI that reduced the climate related reduction of mean annual runoff, effectively
increased runoff, by 2–9 %. Projected climate change may reduce mean annual runoff
by between 6 and 31 % in the study catchments. However, when LAI is allowed to20

respond to changes in climate the projected declines in runoff were reduced to between
2 and 22 % in comparison to when the historical LAI was considered. Incorporating
changes in LAI in VIC to respond to changing climate reduced the projected declines
in streamflow and confirms the importance of including the effects of changes in
vegetation productivity in future projections of streamflow.25
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1 Introduction

Recent climate changes have been observed in different parts of Australia (Chiew
et al., 2011; Cai and Cowan, 2008; Hughes et al., 2012; Lockart et al., 2009; Potter
and Chiew, 2011). Specifically, south-eastern Australian catchments have experienced
changes in streamflow due to fluctuations in climate as observed during the recent5

“Millennium Drought” (1997–2009) which lasted more than a decade (Chiew et al.,
2011; Verdon-Kidd and Kiem, 2009). This drought may be representative of future
climatic conditions.

The projected water availability for future climates derived from downscaled outputs
from global and regional climate models indicate increases of mean annual runoff10

by 10 to 40 % in some parts of the world (high northern latitudes) and 10 to 30 %
reduction elsewhere (southern Europe, Middle East and south-eastern Australia) (Milly
et al., 2005). More recently, Roderick and Farquhar (2011) examined climate and
catchment characteristics for sensitivity to changes in runoff from a theoretical point
of view and estimated that a 10 % change in rainfall would lead to a 26 % change in15

runoff and a 10 % change in potential evaporation would lead to a 16 % change in
runoff with all other variables being constant. In south-eastern Australia it has been
projected that there will be a reduction in mean annual runoff of 10 % on average when
different climate models are used as input to hydrological models (Cai and Cowan,
2008; Chiew et al., 2009; Roderick and Farquhar, 2011; Teng et al., 2012a; Vaze and20

Teng, 2011). These studies assessed the possible impacts of climate change on total
runoff based only on rainfall–runoff relationships which considered first order effects
of changes in precipitation and temperature with subsequent impacts on evaporative
demand. However, there is evidence that such relationships are not stationary over
time (Chiew et al., 2014; Peel and Blöschl, 2011; Vaze et al., 2010). One approach25

to improving modelling under changing conditions is to use variable monthly leaf area
index (LAI) to drive the hydrologic model, which has been shown to improve model
performance relative to driving the model with mean monthly LAI under wet and dry
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climatic conditions (Tesemma et al., 2014b). LAI primarily responds to the availability
of water and changes in vegetation type, such as conversion of forest to cropland
or pasture, but also responds, to a less extent, to changes in temperature and rising
atmospheric CO2 concentrations. Most of these LAI responses are expected to be
affected by projected climate change. Climate-induced changes in vegetation may5

impact on evapotranspiration and runoff through changes in vegetation productivity
and changes in soil moisture which, in turn, affect runoff generation. The Dynamic
global vegetation models (DGVMs) has been used to assess the vegetation effect of
climate change on large-scale water balance (Murray et al., 2012, 2011). However most
DGVMs overestimate runoff mainly due to model structure problem along operating10

at low spatial and temporal resolution (Murray et al., 2013). Thus the indirect effect
of changes in precipitation and temperature as inputs into vegetation productivity on
hydrological response at catchment scale has been rarely studied. The relationships
between vegetation productivity or LAI and climate fluctuation has been modelled (Ellis
and Hatton, 2008; O’Grady et al., 2011; Jahan and Gan, 2011; Palmer et al., 2010;15

Tesemma et al., 2014a; White et al., 2010), but none of them have been reconciled
into hydrological models for assessing future climate change impacts on streamflow.
This limits understanding of the linkages between climate fluctuations and vegetation
dynamics, and their impacts and feedback on hydrological processes.

The main objective of this study is to take account of the dynamic interaction between20

vegetation productivity and climatic fluctuations in a hydrological model to assess their
impacts on catchment runoff under projected climate change. The approach taken is
to reconcile a nonlinear model that relates LAI to climate fluctuations (Tesemma et al.,
2014a) into the variable infiltration capacity (VIC) hydrological model, which is forced
with both historical and future downscaled Global Climate Models (GCMs) outputs. The25

results are discussed in the context of observed historical and projected future climatic
conditions.

10596

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/10593/2014/hessd-11-10593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/10593/2014/hessd-11-10593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 10593–10633, 2014

Reconciling the
dynamic relationship

into a hydrological
model

Z. K. Tesemma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2 Research approach

This section provides details about the characteristics of the selected catchments and
the modelling exercises: first, the climate and land cover of the study catchments are
briefly described in Sect. 2.1; second, the modelling approach used to assess the
impact of changes in climate on runoff (Sect. 2.2).5

2.1 Characteristics of selected catchments

All the study catchments are located in the Goulburn–Broken catchment which is
a tributary of the Murray–Darling Basin (MDB). The Goulburn–Broken catchment
extends between 35.8 to 37.7◦ S and between 144.6 to 146.7◦ E (Fig. 1a) with a range of
altitude from approximately 1790 m on the southern side to 86 m above mean sea level10

(a.m.s.l.) on the northern side of the catchment. The selected catchments mean annual
rainfall range from 659 to 1407 mm year−1 calculated for the period (1982–2012). The
majority of the rainfall (about 60 %) occurs during winter and spring. Following the
spatial variation in mean annual temperature, the reference evapotranspiration (PET),
using the Food and Agricultural Organization (FAO56) method, ranges from 903 to15

1046 mm year−1. Hence, the dryness index (mean annual reference evapotranspiration
divided by mean annual precipitation) varies from 0.64 to 1.6 (Fig. 1b). The dominant
land cover type in most of the catchment is forest (mainly open Eucalyptus tall trees
and Eucalyptus woodlands) with some pasture in all catchments. Limited cropland is
located in some of the catchments (Fig. 1c).20

2.2 Modelling research approach

The study used a rigorously calibrated and validated VIC model over the selected
catchments in the Goulburn–Broken region. First the calibrated model was forced with
inputs of historical climate data and LAI data modelled from historical climate data,
to establish baseline streamflow estimates. Then the model was forced with projected25
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future climate inputs and corresponding modelled LAI to produce projected streamflow
for future scenarios. Finally the future climates were input with the historical LAI data as
used in the first simulation to produce estimates of streamflow. The detailed modelling
approach of this study is described in three steps below.

2.2.1 Applying multiple GCMs and multiple emission scenarios5

Outputs from many climate models from the Coupled Model Inter-comparison Project
Phase 5 (CMIP5) (Taylor et al., 2012) are used as input to the hydrological model.
CMIP5 contains model runs for four representative concentration pathways (RCPs),
which provide radiative forcing scenarios over the 21st century (Moss et al., 2010;
Vuuren et al., 2011). In this study two emission scenarios were chosen: a midrange10

mitigation scenario, referred to as RCP4.5 and a high emissions scenario RCP8.5
(Meinshausen et al., 2011). RCP4.5 results in a radiative forcing value of 4.5 W m−2 at
the end of the 21st century relative to the preindustrial value. While RCP8.5 provides
a radiative forcing increases throughout the 21st century to a maximum of 8.5 W m−2

at the end of the century.15

CMIP5 Global Climate Model (GCM) data were collected from http://climexp.knmi.
nl (accessed 28 February 2014). These data were re-sampled to a common grid
resolution of 2.50◦ since each GCM has a different spatial resolution (some are the
same, but most are different). A total of 38 RCP4.5 and RCP8.5 runs from 15 different
GCM models have been used in this study. For each of the 38 runs daily precipitation,20

minimum and maximum temperature data were collected for three periods, 1981–
2010 (in a historical run), 2021–2050 and 2071–2100 (in a future run). The study
area is covered by four GCM grid cells so the areal weighted average precipitation,
minimum and maximum temperature were computed. Then the areal weighted values
were statistically downscaled using the delta change method. One of the advantages25

of using this method is that an observed database is used as the baseline resulting in
a consistent set of scenario data. The delta values are estimated as follows:
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∆T (j ) = T projn (j )− T baseline (j ) (1)

T∆(j , i ) = Tobs(j , i )+∆T(j ) (2)

where ∆T (j ) is the delta change in 30 year mean monthly minimum or maximum
temperature as simulated by the climate model T projn (j ) for two future periods (2021–5

2050 and 2071–2100) relative to the baseline period (1981–2010) climate model
simulation T baseline (j ); T∆(j , i ) is a statistically downscaled minimum or maximum daily
temperature for the projected future climate change scenario for month j and day i ;
Tobs(j , i ) is observed minimum or maximum daily temperature for the historical period
(1981–2010) for month j and day i . In a similar way the delta change in precipitation10

can also be described by the following equations:

∆P (j ) =
P projn (j )

P baseline (j )
(3)

P∆ (j , i ) = Pobs (j , i )×∆P (j ) (4)

where ∆P (j ) is the delta change in 30 year mean monthly precipitation as simulated15

by the climate model P projn (j ) for two future periods (2021–2050 and 2071–2100)

relative to the baseline simulation P baseline (j ); P∆(j , i ) is the statistically downscaled
daily precipitation for the projected future climate change scenario for month j and
day i , Pobs(j , i ) is observed daily precipitation for the historical period (1981–2010) for
month j and day i .20

2.2.2 Developed relationship between LAI and climate variables

Tesemma et al. (2014a) showed that monthly LAI of each of the vegetation types
were closely related with changes in moisture state (precipitation minus reference
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evapotranspiration) of six-monthly moving averages for crop and pasture, and nine-
monthly moving averages for trees. The differences in response for the same change in
moisture state among the three vegetation types were also observed in the differences
in the model parameters. Tesemma et al. (2014a) provides details on the derivation of
the LAI–Climate relationship for the Goulburn–Broken catchment.5

LAI =



136.4836

1+exp

(
−
(

(P−PET)−159.4555
42.5607

)) , if Crop

6.2495

1+exp

(
−
(

(P−PET)−43.6157
62.8487

)) , if Pasture

4.2091

1+exp

(
−
(

(P−PET)+57.1849
36.9481

)) , if Tree

(5)

where LAI is the leaf area index of the cover type (tree/pasture/crop), P is the six
month moving average for precipitation of crop and pasture, and the nine month moving
average for trees, and PET is the respective reference evapotranspiration.

The monthly LAI was then simulated for both historical and future climate scenarios10

using the LAI–Climate model (Eq. 5) which is given by driving with the required
climate inputs. The reference evapotranspiration (PET) for future climate scenarios was
computed using the projected minimum and maximum temperatures keeping the other
inputs of wind speed, actual vapour pressure, and solar radiation the same as the
historical observations during 1981–2010. The precipitation was used for historical or15

future projected climate accordingly. The potential LAI variations in the baseline years
(1981–2010) and the two future periods (2021–2050 and 2071–2100) and for each of
the two future emission scenarios were simulated using the outputs from the 38 CMIP5
runs of the 15 GCMs into the LAI model (Eq. 5). The uncertainty ranges in modelled LAI
were determined from using the different GCM runs individually into the LAI–Climate20

model and comparison with the mean monthly LAI in the baseline years.
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2.2.3 Hydrological model and experimental design

In this study we used the three layer variable infiltration capacity model (VIC) model
which has been used in different parts of the world and found to successfully
simulate water balance components. The ability of the model to incorporate spatial
representation of climate and inputs of soil, vegetation and other landscape properties5

make it applicable for climate and land use/land cover change impact studies. The
calibrated and validated VIC model used in this study was described by Tesemma
et al. (2014b).

Two model experiments were run: the first experiment considered the recent
historical climate (Millennium Drought, 1997–2009) and LAI estimates using the simple10

LAI–Climate model against the relatively normal historical climate period (1983–1995).
The second experiment considered the future climate from 38 CMIP5 runs and
corresponding LAI derivatives for two periods (2021–2050 and 2071–2100), and two
emission scenarios RCP4.5 and RCP8.5 with respect to the historical period (1981–
2010). From the simulated flows using the above experiments changes and proportion15

in flow were determined: (1) the climate change effect (CC effect) which is the effect
of change in precipitation and temperature due to climate change (Eq. 6), (2) the net
climate change effect (CC + LAI effect) which is the effect of change in precipitation
and temperature as a primary input into the model plus vegetation productivity effect
of change in precipitation and temperature (Eq. 7); and (3) the proportion of CC effect20

on streamflow which is offset by change in LAI due to climate change (Eq. 8). Both
simulations were performed over the selected thirteen calibrated sub-catchments in
the Goulburn–Broken (Fig. 1b) and the flow chart of the modelling method is given on
(Fig. 2).

Qclim =

100 ·
(
Qfuture climate

historical LAI −Qhistorical climate
historical LAI

)
Qhistorical climate

historicalLAI

 (6)25
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Qnet =

100 ·
(
Qfuture climate

future LAI −Qhistorical climate
historical LAI

)
Qhistorical climate

historical LAI

 (7)

Qlai =

100 ·
(
Qfuture climate

future LAI −Qfuture climate
historical LAI

)
Qfuture climate

future LAI

 (8)

where Qclim is the climate effect (CC effect) on streamflow which is due to change in
precipitation and temperature only, Qnet is climate and LAI effect (CC + LAI effect) on5

streamflow which is due to change in precipitation, temperature and LAI; and Qlai is the
proportion of CC effect on streamflow which is offset by change in LAI due to climate
change.

3 Results

This section provides results from the modelling exercises: first, the recently observed10

prolonged drought and the projected future possible change in climate input in the
study catchments is estimated in Sect. 3.1. Second, the impact on both vegetation
productivity (Sect. 3.2) and catchment streamflow (Sect. 3.3) of changes in climate
input during the Millennium Drought and projected future climate are provided. These
results provide the reader with a comparison of the anticipated future change in climate15

with the recently observed drought.
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3.1 Change in the climate variables from change in climate

3.1.1 Millennium drought

The Millennium Drought brought a decline in the mean annual precipitation over the
selected sub-catchments which ranged from 17.9 to 24.1 %, with a mean of 20.9 %, and
increases in mean annual temperature which ranged from 0.2 to 0.4 ◦C, with an average5

of 0.3 ◦C over the thirteen sub-catchments (Table 1), as compared to the precipitation
and temperature in the period (1983–1995).

3.1.2 Future climate

The mean annual precipitation in 2021–2050 over the selected sub-catchments is
projected to decline by 2.9 and 3.7 % under the RCP4.5 and RCP8.5 scenarios10

respectively. Further decline the mean annual precipitation is projected for 2071–2100
of about 5 and 5.2 % under the RCP4.5 and RCP8.5 scenarios respectively (Table 2).
Both were compared with the historical period 1981–2010, which includes the recent
observed Millennium Drought (1997–2009). The mean annual temperature is also
projected to increase in both future periods and emission scenarios (Table 2).15

Most of the projected seasonal precipitation simulations showed a shift towards drier
climates in all seasons except summer in both emission scenarios and periods. The
variability in the projected mean monthly precipitation among climate models indicates
great uncertainty but all climate models clearly deviated from the baseline period
(1981–2010), underlining the change signal (Fig. 3). The average of the 38 CMIP520

mean monthly precipitation data over the Goulburn–Broken catchment in RCP4.5
emission scenarios showed declines in most of the months. The decreases were up
to 8 % in 2021–2050 and up to 15 % in 2071–2100, whereas the increases in January
and February were up to 1 and 2.5 %, respectively (Tables 3 and 4). Similarly, under
the RCP8.5 emission scenarios the mean monthly precipitation other than in January25

and February showed decreases up to 8 % in 2021–2050 and up to 17 % in 2071–2100
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(Tables 5 and 6). The simulations for January and February showed increases up to
5 % from the historical baseline in both periods. Some climate models projected very
wet future climates while others projected relatively dry climates. There are relatively
high uncertainties in the projected mean monthly precipitation results in summer when
compared with the mean monthly precipitation in winter among the climates models5

(Fig. 3). On average the CMIP5 models simulated dry future climates in all months
except January and February under all emission scenarios, which indicates a drier
future climate is projected over the Goulburn–Broken catchment.

In contrast to precipitation the projected mean monthly temperatures from all CMIP5
runs showed increases (Fig. 3), the average of the mean monthly temperatures of all10

CMIP5 38 runs increased by about 0.8 ◦C in winter and by 1 ◦C in summer in 2021–2050
(Table 3), and by about 1.3 ◦C in winter and 1.8 ◦C in summer in 2071–2100 (Table 4)
under RCP4.5 scenarios. Under the RCP8.5 emission scenario the temperatures
increased by 1 to 1.5 ◦C in winter and summer in 2021–2050 (Table 5) and by 2 and
3 ◦C by the end of the 21st century (Table 6). After increases in temperature the second15

variable that drives water availability is potential evaporation which is expected to
increase among all CMIP5 runs. In the near future period (2021–2050) the averages
of all CMIP5 mean monthly reference evapotranspiration increase by 5 to 13 % in both
emission scenarios, with the largest change in winter and the smallest in summer. In the
future period of 2071–2100, the mean monthly reference evapotranspiration increased20

by 7 % in summer and 25 % in winter under RCP4.5 emission scenarios, and by 10 %
in summer and 28 % in winter under the RCP8.5 emission scenarios.

3.2 Impact on vegetation productivity (LAI) from change in climate

3.2.1 Millennium drought

The effects of the Millennium Drought (1997–2009) on crop LAI were very severe with25

reductions in mean annual LAI within the spatial range from 38.1 to 48.4 %, with a mean
of 42.7 % (Table 1). The reduction in LAI of pasture was between 16.7 and 21.6 %

10604

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/10593/2014/hessd-11-10593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/10593/2014/hessd-11-10593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 10593–10633, 2014

Reconciling the
dynamic relationship

into a hydrological
model

Z. K. Tesemma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

across the thirteen selected catchments with spatial average of 19.4 % (Table 1). The
LAI of trees responded less than crop and pasture, and were in the range 5.7 to 14 %,
with a spatial mean of 9.2 % (Table 1). A significant reduction in each cover type also
brought an overall decline in vegetation production of the selected catchments which
ranged from 5.8 to 17.9 % (Table 1), which is similar to the reduction of the dominant5

tree land cover type.

3.2.2 Future climate

The changes in the mean monthly LAI of crop, pasture and trees averaged over the
whole Goulburn–Broken catchment under future climates is different among the CMIP5
runs and global warming scenarios, and the average simulated monthly LAI showed10

declines in all three land cover types (Fig. 4). The near future (2021–2050) results for
the selected catchments showed that the mean annual LAI of cropland, pasture and
tree declined up to 13, 7 and 5.5 % under the RCP4.5 scenarios, and by up to 16, 8 and
6.6 % under the RCP8.5 scenario (Table 2). A further reduction in the mean annual LAI
of each land cover was simulated by the end of the 21st century for both emission15

scenarios (Table 2).
The seasonal effect of projected climate change on the total vegetation productivity

for the selected catchments is given in Tables 3–6. Despite similar percentage change
in seasonal precipitation and temperature forcing, the mean monthly total LAI across
the catchments shows the largest decline in autumn and the smallest decline in spring20

during both future periods and scenarios. The predicted decline in the mean seasonal
total LAI in the period 2021–2050 is by up to 18.8 % in autumn and by up to 10.3 % in
spring and similar in the period 2071–2100 under RCP4.5 (Tables 3 and 4). Further
reductions in mean seasonal total LAI were simulated with up to 19.7 and 10.7 %
reductions in autumn and spring in both future period under the RCP8.5 emission25

scenario (Tables 5 and 6).
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3.3 Impacts on runoff from change in climate

3.3.1 Millennium drought

The total effects of the Millennium Drought in terms of declines in precipitation
and increases in temperature as direct inputs to the model on the mean annual
streamflow, and the growth-related effects of decreases in precipitation and increases5

in evapotranspiration as observed by the changes in LAI were simulated. The simulated
reductions in the mean annual streamflow during the Millennium Drought (1997–
2009) as compared with the relatively normal period (1983–1995) across the selected
catchments ranged from 29.7 to 66.3 % with a mean of 50 %. The reductions in
LAI following declines in precipitation and increases in reference evapotranspiration10

increased the mean annual streamflow by 1.3 to 9.2 % of the above direct climate input
effect (Table 1 and Fig. 5).

3.3.2 Future climate

The simulation of mean annual runoff responses to projected CMIP5 climates produced
similar impact patterns the “Millennium Drought” in terms of their effects on LAI. The15

average for the 38 CMIP5 simulations under the RCP4.5 scenario produced declines in
mean annual runoff due to the change in climate (Qclim) that ranged from 6.8 to 20.3 %
in the period 2021–2050, and 11.5 to 30 % for the period 2071–2100 (Table 2 and
Fig. 6). For the higher emission scenario (RCP8.5), the reductions were a bit higher –
ranging from 8 to 23 % in 2021–2050 and from 14.5 to 35 % by the end the 21st century20

(Table 2 and Fig. 6). The reductions in runoff due to climate are offset through the LAI
effect (Qlai) in a range of about 2.3 to 21.5 % in the near future period and also in the
far future period in a range of 2.4 to 19 % under both emission scenarios (Table 2 and
Fig. 6).

The climate change, the LAI effect of climate change and the net climate change25

effect on the mean monthly runoff for the selected catchments are given in Tables 3–6.
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For example, Catchment 6 is located in a high annual precipitation zone with tree as
the dominant vegetation cover; whereas catchments 10 and 11 are covered sparsely
with trees and have low annual precipitation. In 2021–2050 the reduction in mean
monthly runoff (Qnet) reached up to 10, 24, and 34 % for catchment 6, 10, and 11,
respectively. The results were similar for RCP4.5 and RCP8.5. Further reductions5

projected by the end of the 21st century were up to 17, 37 and 52 % for catchments
6, 10, and 11, respectively, under both scenarios (Figs. 7 and 8). Catchment 6 showed
the lowest seasonality effects from climate change under both emission scenarios and
also the LAI effects of climate change showed the smallest variation across seasons.
Catchment 11 was found to be the most impacted from projected climate changes10

and had the greatest benefit from LAI effects of climate change under both emission
scenarios and future periods. Between the emissions scenarios the LAI effects of
climate change are larger when dry and smaller when wet under RCP8.5 than RCP4.5
but the seasonal pattern is the same.

The uncertainty related to GCM inputs for climate projections on simulated mean15

annual runoff and the LAI effects of climate change on the mean annual runoff are
shown in (Figs. 9 and 10) respectively. Generally, the simulated LAI effects of the
climate change showed smaller variation than the climate change as a direct input
into the model on mean annual runoff among the CMPI5 runs.

4 Discussion and conclusion20

This study investigated the importance of incorporating the effects of climate change,
in terms of mean annual precipitation and temperature, on vegetation LAI into
hydrological models to estimate changes in mean monthly and mean annual runoff
in the Goulburn–Broken catchment, south-eastern Australia.

A combination of VIC hydrological simulations with a simple model that relates25

climatic fluctuations with LAI for three different vegetation types revealed that 21st
century climate change impacts on vegetation productivity (LAI) will significantly
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influence the runoff at the study catchment. LAIs of forest, pasture and crop were
predicted to decline in the 21st century due to reductions of precipitation along
with increases in temperature (Tesemma et al., 2014a). Hence, transpiration from
vegetation and evaporative losses from canopy interception would be reduced, which
possibly leaves the soil relatively wetter. This is important for runoff generation5

process as it promotes saturation excess runoff, which is the dominant cause of
runoff generation in the study region (Western et al., 1999). Previous studies in the
region (Chiew et al., 2009, 2011; Teng et al., 2012a, b) concluded that runoff would
decrease due to increases in evaporative demand and decreases in precipitation as
a result of ongoing warming in the 21st century. However, the relationship between10

vegetation productivity and climate fluctuations was not taken into account in their
modelling experiments. Therefore, in these studies the LAI effect is ignored and there
is consequent overestimation of the runoff decline in the range of 2 to 22 % (Fig. 6).

Projections of climate-induced vegetation dynamics and their hydrological impacts
are influenced by various sources of uncertainties that arise from inputs from15

downscaled GCM outputs. These include large uncertainties in projections for
precipitation from the various CMIP5 simulations (Teng et al., 2012b). Besides, most
climate models are of different grid scales, and the locations of grid points vary from
climate model to climate model. In addition, whereas the temperature is projected to
consistently increase across all seasons and CMIP5 simulations, the method used to20

downscale the GCM outputs can only capture the mean, and the variability which has
an effect on the projected future runoff is ignored. Hence the ensemble from 38 CMIP5
simulations of 15 GCMs was used to determine the range of the uncertainty. The results
showed that the range of future climate projections from the various GCMs is wide,
one climate model could project a very wet future climate while another relatively dry25

climate, and so on. In future research, a more appropriate approach would be to apply
the downscaled climate change scenarios of several CMIP5 runs from selected GCM
models individually to the study area to get a sense of the possible range of climate
change impact on both LAI then into streamflow.
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In interpreting the results presented here it is important to examine the assumptions
that were made and the extent to which the results are dependent on those
assumptions. Changes in atmospheric CO2 concentrations could affect vegetation (LAI
and narrowing stomata) in addition to warming. One assumption was that the effects of
rising atmospheric CO2 concentrations on vegetation productivity (LAI) and stomatal5

conductance were not considered. The first is a physiological effect on plants as a result
of suppression of their stomata so that transpiration rates tend to decrease during
carbon assimilation (Ainsworth and Rogers, 2007; Warren et al., 2011). The second
is the fertilization effect on plants by increasing their photosynthesis rate resulting in
increases in the LAI, which increases transpiration from the canopy (Ainsworth and10

Rogers, 2007; Ewert, 2004). However, the latter may be limited by the availability of
nutrients, particularly nitrogen (Fernández-Martínez et al., 2014; Körner, 2006). Most
of the results on this effect are derived from point experiments which could not be
extrapolated to the catchment scale where there is a complex interaction between
vegetation, climate and hydrology. In addition at canopy scale the evapotranspiration15

effect of increased LAI can be masked by shading among leaves, soil cover and raised
canopy humidity (Hikosaka et al., 2005; Bunce, 2004). A study that considered both
effects suggested that the fertilization effect of rising CO2 is larger than the stomatal
pore reduction effect, and the net effect is decreases in runoff (Piao et al., 2007). These
two effects of increasing atmospheric CO2 concentrations are in opposite directions20

and may cancel each other if they are close in magnitude, or if the net effect is very
small not exceeding 5 % (Gerten et al., 2008). Hence, exclusion of the fertilization
and suppression effects on stomata of rising atmospheric CO2 on vegetation may not
change the results.

The other main assumption was that the effect of climate change on the plant25

functional type was kept constant which allow high level grouping of vegetation for
instance pasture represents the various species which might respond to climate
change differently. Including this effect in the model could probably improve the results
but it is unlikely that there are long term data available to model its effects (if any).
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In summary, due to the strong relationship between climatic variation and LAI,
hydrological models should incorporate this interaction for improving climate impact
assessment. The approach developed in this study can be applied to assess the
potential impact of climate changes upon catchment surface water resources.
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Table 1. Impacts on mean annual vegetation productivity and streamflow during the Millennium
Drought (1997–2009).

Catchments ID
Variables∗ 1 2 3 4 5 6 7 8 9 10 11 12 13

Crop cover (%) 0.57 1.04 1.52 1.16 1.15
Pasture cover (%) 14.4 32.7 3.26 6.4 0.92 5.5 9.94 2.57 25.9 7.62 63.5 56.3 48.8
Tree cover (%) 85 66.3 96.7 93.6 99.1 94.5 90.1 97.4 74.1 92.4 35 42.6 50.1

P (%) −23.21 −23.57 −21.08 −17.97 −17.91 −21.02 −20.08 −20.10 −19.42 −21.67 −19.53 −22.56 −24.07
T (◦C) 0.19 0.34 0.34 0.38 0.37 0.27 0.32 0.19 0.29 0.24 0.28 0.32 0.29
LAI crop (%) −44.16 −47.99 −38.11 −41.77 −41.37
LAI pasture (%) −20.48 −21.60 −19.51 −16.86 −16.68 −18.67 −18.97 −19.11 −19.54 −19.70 −19.60 −20.24 −20.84
LAI tree (%) −11.38 −10.30 −8.22 −6.62 −5.68 −5.89 −7.01 −6.30 −9.11 −9.21 −14.00 −12.49 −13.92
LAI total (%) −12.88 −14.39 −8.59 −7.28 −5.78 −6.59 −8.20 −6.63 −11.81 −10.01 −17.92 −17.19 −17.61
Qclim (%) −49.27 −61.47 −43.65 −39.07 −42.94 −29.71 −43.99 −41.15 −55.17 −57.09 −66.32 −61.80 −57.91
Qnet (%) −48.01 −59.70 −42.77 −38.26 −42.31 −29.33 −43.19 −40.59 −53.26 −55.22 −61.41 −56.10 −53.16
Qlai (%) 2.54 2.88 2.01 2.08 1.48 1.26 1.82 1.36 3.46 3.27 7.40 9.21 8.21

∗ P (%) is the change in mean annual precipitation in percentage, T (◦C) is the change in mean annual temperature in ◦C, Qclim indicates the climate effect on runoff, Qnet is the net effect of
climate and LAI on runoff and Qlai is proportion of the climate effect (Qclim) that is offset by the LAI effect.
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Table 2. Impacts on mean annual vegetation productivity and streamflow of projected climate
change averaged over 38 CMIP5 runs.

Catchments ID
Periods Variables∗ 1 2 3 4 5 6 7 8 9 10 11 12 13

2021–2050 P (%) −2.9 −2.9 −2.9 −2.9 −2.9 −2.9 −2.9 −2.9 −2.9 −2.9 −2.9 −2.9 −2.9
RCP4.5 T (◦C) 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

LAI crop (%) −12.9 −13.0 −12.9 −13.0 −12.8
LAI pasture (%) −5.9 −5.6 −5.4 −5.6 −5.3 −4.8 −5.4 −5.4 −6.1 −6.1 −6.7 −6.3 −6.3
LAI tree (%) −3.9 −2.9 −2.5 −2.4 −2.0 −1.7 −2.1 −1.9 −3.0 −3.0 −5.4 −4.6 −4.8
LAI total (%) −4.2 −3.9 −2.6 −2.6 −2.0 −1.8 −2.5 −1.9 −3.8 −3.2 −6.3 −5.6 −5.7
Qclim (%) −12.3 −17.6 −11.4 −11.5 −13.5 −6.8 −12.4 −12.6 −17.4 −18.4 −20.3 −18.9 −14.2
Qnet (%) −11.4 −16.3 −10.9 −11.1 −13.2 −6.6 −11.9 −12.2 −15.8 −17.0 −16.3 −14.8 −11.7
Qlai (%) 7.4 7.7 3.6 3.5 2.7 2.3 4.0 3.2 9.1 7.7 19.5 21.5 17.3

2021–2050 P (%) −3.7 −3.7 −3.7 −3.7 −3.7 −3.7 −3.7 −3.7 −3.7 −3.7 −3.7 −3.7 −3.7
RCP8.5 T (◦C) 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2

LAI crop (%) −15.7 −15.7 −15.7 −15.7 −15.5
LAI pasture (%) −7.2 −6.9 −6.7 −6.8 −6.5 −5.9 −6.6 −6.6 −7.4 −7.5 −8.1 −7.7 −7.7
LAI tree (%) −4.8 −3.7 −3.1 −3.0 −2.5 −2.1 −2.7 −2.3 −3.7 −3.7 −6.6 −5.6 −5.9
LAI total (%) −5.2 −4.8 −3.3 −3.2 −2.5 −2.3 −3.1 −2.4 −4.7 −4.0 −7.7 −6.9 −6.9
Qclim (%) −14.6 −20.7 −13.7 −13.8 −16.3 −8.3 −14.8 −15.0 −20.1 −21.3 −23.3 −21.4 −16.1
Qnet (%) −13.6 −19.2 −13.2 −13.3 −15.8 −8.1 −14.3 −14.5 −18.3 −19.7 −19.0 −17.0 −13.4
Qlai (%) 7.2 7.4 3.7 3.6 2.7 2.4 4.0 3.2 8.9 7.5 18.5 20.6 16.8

2071–2100 P (%) −5.0 −5.0 −5.0 −5.0 −5.0 −5.0 −5.0 −5.0 −5.0 −5.0 −5.0 −5.0 −5.0
RCP4.5 T (◦C) 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6

LAI crop (%) −21.1 −21.3 −20.8 −21.0 −20.7
LAI pasture (%) −9.8 −9.5 −9.2 −9.4 −9.0 −8.2 −9.2 −9.2 −10.2 −10.3 −11.0 −10.4 −10.5
LAI tree (%) −6.6 −5.1 −4.4 −4.2 −3.5 −3.0 −3.9 −3.4 −5.3 −5.3 −9.2 −7.8 −8.2
LAI total (%) −7.2 −6.7 −4.6 −4.5 −3.6 −3.3 −4.4 −3.5 −6.6 −5.7 −10.5 −9.4 −9.5
Qclim (%) −19.7 −27.5 −18.6 −18.8 −22.1 −11.5 −20.3 −20.7 −26.9 −28.1 −30.1 −27.7 −21.7
Qnet (%) −18.3 −25.7 −17.9 −18.1 −21.6 −11.2 −19.6 −20.1 −24.7 −26.2 −25.2 −22.5 −18.6
Qlai (%) 6.8 6.7 3.6 3.6 2.6 2.4 3.8 3.1 8.1 6.9 16.3 18.9 14.2

2071–2100 P (%) −5.2 −5.2 −5.2 −5.2 −5.2 −5.2 −5.2 −5.2 −5.2 −5.2 −5.2 −5.2 −5.2
RCP8.5 T (◦C) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5

LAI crop (%) −28.3 −28.3 −28.5 −28.5 −28.1
LAI pasture (%) −13.6 −13 −12.5 −12.9 −12.2 −11.1 −12.5 −12.5 −14 −14.1 −15.4 −14.6 −14.7
LAI tree (%) −9.51 −7.37 −6.34 −6.04 −5.09 −4.29 −5.54 −4.84 −7.57 −7.64 −13.2 −11.2 −11.8
LAI total (%) −10.2 −9.4 −6.5 −6.5 −5.2 −4.7 −6.2 −5.0 −9.2 −8.1 −14.9 −13.3 −13.4
Qclim (%) −24.0 −33.5 −23.9 −24.2 −27.4 −14.5 −25.0 −25.6 −32.0 −33.0 −35.1 −32.8 −25.3
Qnet (%) −22.3 −31.3 −23.0 −23.3 −26.7 −14.1 −24.0 −24.8 −29.4 −30.8 −29.2 −26.4 −21.7
Qlai (%) 7.2 6.5 3.8 3.8 2.7 2.7 3.9 3.3 8.2 6.8 16.8 19.4 14.0

∗ P (%) is the change in mean annual precipitation in percentage, T (◦C) is the change in mean annual temperature in ◦C, Qclim indicates the climate effect on runoff,
Qnet is the net effect of climate and LAI on runoff and Qlai is proportion of the climate effect (Qclim) that is offset by the LAI effect.
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Table 3. Impacts on mean monthly vegetation productivity and streamflow of projected climate
change under the RCP4.5 scenario for the period 2021–2050 averaged from the 38 CMIP5
runs.

ID Variables∗ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

P (%) 0.4 1.0 −0.9 −3.6 −4.0 −1.2 −1.2 −2.8 −4.4 −7.7 −4.4 −1.2
T (◦C) 1.1 1.1 1.0 1.0 0.9 0.8 0.8 0.8 0.9 1.0 1.1 1.2

1 LAI total (%) −9.4 −9.8 −13.2 −12.8 −12.9 −10.9 −10.4 −11.2 −8.2 −7.3 −6.1 −7.1
Qclim (%) −10.8 −10.3 −10.4 −10.9 −11.0 −8.4 −8.5 −11.2 −13.1 −19.9 −15.7 −12.4
Qnet (%) −9.7 −9.2 −9.3 −9.8 −10.1 −7.5 −7.6 −10.3 −12.3 −19.1 −14.8 −11.5
Qlai (%) 9.6 10.6 10.1 9.4 8.6 10.8 10.0 8.1 6.4 4.3 5.6 7.4

2 LAI total (%) −12.1 −12.3 −15.6 −15.3 −15.4 −12.4 −13.1 −13.1 −10.1 −9.5 −8.7 −11.0
Qclim (%) −12.8 −7.6 −6.4 −8.1 −11.5 −11.2 −14.1 −18.3 −21.1 −23.8 −20.7 −16.8
Qnet (%) −11.5 −6.4 −5.5 −7.1 −10.5 −10.3 −13.0 −16.7 −19.3 −22.4 −19.4 −15.5
Qlai (%) 10.2 14.7 14.2 11.8 8.2 7.6 7.6 8.6 8.3 6.1 6.2 7.3

3 LAI total (%) −6.3 −7.7 −10.8 −11.1 −10.2 −9.3 −9.0 −8.5 −5.9 −5.2 −4.5 −5.0
Qclim (%) −7.9 −2.9 −3.5 −6.8 −10.6 −10.7 −9.1 −8.8 −10.4 −17.5 −18.2 −14.4
Qnet (%) −7.7 −2.6 −3.2 −6.5 −10.0 −10.0 −8.4 −8.4 −10.1 −17.3 −17.9 −14.2
Qlai (%) 3.2 10.6 8.5 5.5 5.3 6.5 6.9 5.2 3.0 1.6 1.5 1.6

4 LAI total (%) −5.6 −6.4 −9.1 −10.2 −9.6 −8.3 −7.0 −6.5 −4.7 −4.2 −3.7 −4.2
Qclim (%) −7.4 −2.7 −3.0 −6.3 −8.6 −11.3 −11.1 −9.7 −10.0 −16.0 −18.8 −15.2
Qnet (%) −7.1 −2.4 −2.7 −6.0 −8.1 −10.6 −10.4 −9.2 −9.7 −15.7 −18.5 −15.0
Qlai (%) 3.6 11.1 10.9 5.3 5.7 6.2 6.0 4.5 2.8 1.6 1.4 1.6

5 LAI total (%) −4.2 −5.3 −7.2 −8.6 −7.6 −7.0 −5.7 −5.1 −3.7 −3.1 −2.7 −2.9
Qclim (%) −7.6 −5.8 −7.2 −10.4 −11.9 −12.6 −13.7 −14.3 −13.6 −17.6 −14.5 −10.3
Qnet (%) −7.4 −5.4 −6.8 −10.0 −11.4 −12.2 −13.2 −13.9 −13.2 −17.4 −14.3 −10.1
Qlai (%) 3.7 5.6 5.0 3.8 3.8 3.5 3.6 3.1 2.6 1.5 1.6 2.0

6 LAI total (%) −5.0 −6.3 −8.2 −9.4 −8.7 −7.6 −6.6 −5.5 −4.3 −3.7 −3.2 −3.6
Qclim (%) −6.9 −4.9 −4.7 −6.2 −7.7 −5.7 −4.7 −5.2 −6.6 −8.9 −10.1 −8.6
Qnet (%) −6.8 −4.7 −4.5 −6.0 −7.4 −5.4 −4.5 −5.1 −6.5 −8.8 −10.0 −8.5
Qlai (%) 2.1 3.6 4.6 4.5 4.4 4.6 3.9 2.5 1.6 1.2 1.2 1.4

7 LAI total (%) −6.7 −7.9 −9.8 −10.7 −9.8 −8.5 −7.7 −6.6 −5.3 −4.5 −4.2 −5.0
Qclim (%) −7.3 −5.6 −6.4 −9.3 −10.2 −10.9 −11.6 −13.3 −14.0 −17.6 −14.0 −10.0
Qnet (%) −6.8 −5.1 −5.8 −8.8 −9.6 −10.4 −11.0 −12.8 −13.5 −17.2 −13.6 −9.6
Qlai (%) 6.6 9.2 8.2 5.8 5.5 4.9 5.0 4.3 3.6 2.3 2.8 3.7
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Table 3. Continued.

ID Variables∗ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

8 LAI total (%) −5.2 −6.6 −8.3 −9.1 −8.1 −7.3 −6.7 −5.6 −4.4 −3.7 −3.3 −3.7
Qclim (%) −11.9 −12.8 −13.6 −14.4 −15.0 −12.6 −11.5 −11.4 −12.7 −13.6 −12.0 −11.1
Qnet (%) −11.4 −12.4 −13.2 −14.0 −14.5 −12.2 −11.1 −11.0 −12.3 −13.2 −11.7 −10.8
Qlai (%) 3.4 3.3 3.1 2.9 3.0 3.3 3.6 3.4 2.9 2.7 3.1 3.4

9 LAI total (%) −11.2 −11.9 −13.6 −13.2 −11.9 −9.2 −8.6 −8.2 −7.2 −7.0 −7.0 −8.9
Qclim (%) −9.4 −6.9 −7.3 −11.6 −12.2 −14.8 −16.6 −18.2 −19.4 −24.3 −19.8 −14.7
Qnet (%) −8.1 −5.5 −6.0 −10.3 −10.9 −13.1 −14.6 −16.3 −17.6 −22.9 −18.6 −13.5
Qlai (%) 14.0 20.4 18.6 11.5 10.8 11.4 11.9 10.1 9.2 5.4 6.1 8.0

10 LAI total (%) −8.7 −10.0 −12.9 −12.0 −10.6 −8.8 −8.1 −7.6 −6.0 −5.6 −5.3 −6.1
Qclim (%) −18.8 −13.7 −10.6 −10.4 −12.5 −10.9 −13.3 −17.1 −21.9 −26.0 −22.9 −20.6
Qnet (%) −17.3 −12.2 −9.3 −9.3 −11.3 −9.9 −12.1 −15.5 −20.3 −24.4 −21.5 −19.2
Qlai (%) 7.8 11.0 12.4 10.9 10.3 9.0 9.4 9.1 7.4 6.1 6.3 7.0

11 LAI total (%) −18.1 −17.3 −17.9 −16.1 −17.5 −12.9 −12.0 −13.0 −11.5 −12.4 −10.1 −14.3
Qclim (%) 0.4 6.4 −0.7 −8.8 −8.3 −3.7 −10.2 −19.2 −28.7 −38.8 −35.6 −29.1
Qnet (%) 0.6 6.6 −0.6 −8.7 −8.2 −3.2 −6.4 −13.8 −22.9 −34.3 −31.6 −25.4
Qlai (%) −47.1 −2.1 18.2 0.9 0.5 14.8 36.6 28.2 20.3 11.6 11.4 12.7

12 LAI total (%) −16.9 −16.2 −18.1 −16.0 −18.3 −13.1 −11.6 −12.7 −10.7 −11.6 −8.8 −12.6
Qclim (%) −13.5 −12.0 −11.8 −11.8 −11.5 −9.1 −11.2 −20.9 −25.4 −30.3 −18.8 −16.7
Qnet (%) −9.7 −7.8 −7.7 −8.3 −8.6 −6.5 −8.0 −15.6 −20.3 −26.1 −15.9 −13.2
Qlai (%) 28.4 34.5 34.3 29.6 24.9 28.6 28.6 25.3 20.0 13.8 15.8 20.7

13 LAI total (%) −16.1 −16.1 −18.5 −16.7 −18.5 −13.8 −12.7 −13.6 −11.5 −12.2 −9.7 −12.9
Qclim (%) 0.2 5.0 1.2 −8.0 −7.8 −5.0 −9.3 −17.4 −22.7 −29.8 −21.2 −9.5
Qnet (%) 0.5 5.5 1.7 −7.8 −7.5 −3.8 −6.6 −13.7 −19.1 −26.6 −19.6 −8.3
Qlai (%) −153.3 −8.9 −39.9 2.2 3.5 23.8 28.5 21.6 16.0 10.5 7.5 11.8

∗ P (%) is the change in mean annual precipitation in percentage, T (◦C) is the change in mean annual temperature in ◦C, Qclim indicates the climate effect on
runoff, Qnet is the net effect of climate and LAI on runoff and Qlai is proportion of the climate effect (Qclim) that is offset by the LAI effect.
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Table 4. Impacts on mean monthly vegetation productivity and streamflow of projected climate
under the RCP4.5 scenario for the period 2071–2100 averaged from the 38 CMIP5 runs.

ID Variables∗ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

P (%) −0.2 2.6 −3.0 −2.6 −4.0 −3.4 −2.8 −5.2 −9.2 −14.5 −7.1 −4.8
T (◦C) 1.8 1.8 1.6 1.6 1.4 1.3 1.3 1.3 1.4 1.7 1.8 1.9

1 LAI total (%) −9.8 −10.1 −13.7 −13.3 −13.3 −11.3 −10.8 −11.6 −8.5 −7.6 −6.4 −7.5
Qclim (%) −18.0 −16.0 −17.3 −15.5 −15.2 −13.6 −13.6 −18.1 −21.7 −31.2 −24.5 −22.8
Qnet (%) −16.4 −14.4 −15.8 −14.0 −13.7 −12.2 −12.3 −16.7 −20.5 −30.1 −23.2 −21.4
Qlai (%) 8.6 10.2 8.9 9.8 9.5 10.2 9.5 7.5 5.5 3.6 5.3 6.1

2 LAI total (%) −12.6 −12.7 −16.0 −15.7 −15.8 −12.9 −13.5 −13.5 −10.5 −9.8 −9.0 −11.3
Qclim (%) −20.8 −11.6 −10.8 −10.1 −14.1 −16.9 −21.6 −28.2 −33.3 −38.0 −32.0 −29.2
Qnet (%) −19.0 −10.0 −9.4 −8.6 −12.6 −15.7 −20.1 −25.9 −31.1 −36.1 −30.2 −27.5
Qlai (%) 8.9 14.2 12.6 14.4 10.4 7.4 7.0 7.9 6.6 4.9 5.6 5.9

3 LAI total (%) −6.8 −8.2 −11.6 −11.8 −10.8 −9.9 −9.5 −9.0 −6.2 −5.5 −4.9 −5.5
Qclim (%) −14.3 −3.9 −6.7 −7.4 −12.7 −15.4 −14.1 −14.3 −18.5 −29.3 −29.6 −25.5
Qnet (%) −13.9 −3.3 −6.2 −6.8 −11.8 −14.2 −13.1 −13.5 −18.0 −28.8 −29.2 −25.2
Qlai (%) 2.8 13.3 7.4 8.4 7.1 7.4 7.4 5.4 2.8 1.4 1.4 1.4

4 LAI total (%) −6.0 −6.9 −9.7 −10.9 −10.2 −8.9 −7.4 −6.9 −5.0 −4.5 −4.0 −4.5
Qclim (%) −13.5 −3.5 −6.1 −6.6 −9.8 −15.9 −16.8 −15.6 −17.6 −28.0 −30.6 −26.6
Qnet (%) −13.1 −3.0 −5.5 −6.0 −9.0 −14.8 −15.7 −14.8 −17.1 −27.6 −30.2 −26.2
Qlai (%) 3.2 14.1 9.3 8.6 8.3 7.0 6.6 4.7 2.7 1.4 1.3 1.4

5 LAI total (%) −4.7 −5.8 −7.9 −9.3 −8.3 −7.5 −6.2 −5.4 −4.0 −3.4 −3.0 −3.2
Qclim (%) −14.1 −8.9 −12.6 −13.4 −15.4 −18.9 −21.3 −22.7 −23.2 −30.2 −23.6 −20.1
Qnet (%) −13.7 −8.3 −12.0 −12.8 −14.6 −18.3 −20.5 −22.0 −22.7 −29.8 −23.3 −19.8
Qlai (%) 3.5 6.3 4.7 4.9 4.8 3.6 3.6 3.1 2.4 1.3 1.6 1.8

6 LAI total (%) −5.5 −6.8 −8.9 −10.2 −9.4 −8.2 −7.0 −5.9 −4.6 −4.0 −3.5 −3.9
Qclim (%) −12.4 −8.4 −8.5 −8.7 −9.8 −8.6 −7.7 −8.8 −11.5 −15.7 −17.2 −15.7
Qnet (%) −12.1 −8.1 −8.1 −8.2 −9.3 −8.1 −7.4 −8.6 −11.3 −15.5 −17.0 −15.5
Qlai (%) 2.0 3.7 4.4 5.6 6.0 5.4 4.2 2.6 1.6 1.1 1.2 1.3

7 LAI total (%) −7.2 −8.5 −10.5 −11.5 −10.5 −9.1 −8.2 −7.0 −5.6 −4.9 −4.5 −5.4
Qclim (%) −13.2 −9.0 −11.2 −12.6 −13.7 −16.9 −18.6 −21.3 −23.5 −29.4 −22.6 −19.3
Qnet (%) −12.5 −8.1 −10.4 −11.7 −12.8 −16.1 −17.7 −20.4 −22.7 −28.8 −22.0 −18.7
Qlai (%) 5.9 9.5 7.4 6.8 6.6 5.0 4.8 4.0 3.1 2.0 2.7 3.1
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Table 4. Continued.

ID Variables∗ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

8 LAI total (%) −5.7 −7.2 −9.1 −9.9 −8.9 −7.9 −7.2 −6.1 −4.7 −4.0 −3.6 −4.1
Qclim (%) −20.5 −21.2 −22.6 −22.3 −22.9 −20.4 −18.5 −18.2 −20.5 −22.8 −20.3 −20.2
Qnet (%) −19.8 −20.6 −21.9 −21.6 −22.2 −19.7 −17.8 −17.6 −19.9 −22.3 −19.7 −19.6
Qlai (%) 3.2 3.2 3.0 3.0 3.1 3.3 3.6 3.4 2.9 2.6 3.0 3.1

9 LAI total (%) −11.8 −12.5 −14.3 −13.8 −12.5 −9.7 −9.0 −8.6 −7.5 −7.3 −7.3 −9.4
Qclim (%) −16.5 −10.4 −12.4 −15.0 −15.6 −21.8 −25.3 −27.6 −30.8 −38.2 −30.7 −26.3
Qnet (%) −14.6 −8.3 −10.4 −13.1 −13.7 −19.5 −22.4 −25.1 −28.5 −36.6 −29.0 −24.6
Qlai (%) 11.9 20.0 16.1 12.8 12.1 10.8 11.4 9.1 7.3 4.3 5.4 6.4

10 LAI total (%) −9.4 −10.8 −13.8 −12.7 −11.3 −9.4 −8.6 −8.1 −6.4 −5.9 −5.7 −6.6
Qclim (%) −29.5 −20.2 −16.5 −13.7 −15.8 −16.3 −20.0 −25.9 −33.6 −40.0 −34.7 −33.6
Qnet (%) −27.5 −18.2 −14.6 −12.0 −13.9 −14.9 −18.3 −23.9 −31.4 −37.9 −32.8 −31.7
Qlai (%) 6.7 9.9 11.3 12.5 12.2 8.6 8.4 8.1 6.4 5.2 5.5 5.5

11 LAI total (%) −18.4 −17.5 −18.3 −16.5 −17.9 −13.2 −12.3 −13.3 −11.7 −12.6 −10.3 −14.5
Qclim (%) −1.6 9.7 −4.8 −8.0 −8.7 −6.5 −15.4 −29.2 −42.6 −56.6 −49.2 −46.3
Qnet (%) −1.3 10.0 −4.6 −7.8 −8.6 −5.8 −10.6 −21.8 −35.4 −51.7 −44.9 −42.2
Qlai (%) 18.4 −2.2 3.9 1.6 0.7 9.6 31.5 25.2 16.9 8.6 8.6 8.9

12 LAI total (%) −17.1 −16.4 −18.3 −16.3 −18.7 −13.4 −11.9 −13.0 −10.9 −11.8 −8.9 −12.7
Qclim (%) −20.7 −16.9 −18.0 −15.4 −14.5 −13.8 −16.6 −30.2 −37.0 −44.0 −29.1 −28.0
Qnet (%) −15.4 −11.2 −12.4 −10.5 −10.5 −10.1 −12.4 −23.5 −31.1 −38.7 −24.9 −23.2
Qlai (%) 25.7 33.8 30.9 31.8 27.8 27.1 25.7 21.9 15.9 12.0 14.7 16.9

13 LAI total (%) −16.3 −16.3 −18.8 −17.0 −18.8 −14.2 −13.1 −14.0 −11.8 −12.3 −9.8 −13.1
Qclim (%) −1.3 7.2 −2.0 −7.3 −8.5 −8.5 −14.1 −25.0 −35.3 −46.9 −31.7 −22.4
Qnet (%) −0.9 7.7 −1.3 −7.1 −8.2 −6.9 −10.6 −20.8 −30.6 −42.8 −29.5 −21.1
Qlai (%) 33.5 −7.9 36.1 3.2 3.6 18.9 24.9 16.8 13.4 8.8 6.9 6.0

∗ P (%) is the change in mean annual precipitation in percentage, T (◦C) is the change in mean annual temperature in ◦C, Qclim indicates the climate effect on
runoff, Qnet is the net effect of climate and LAI on runoff and Qlai is proportion of the climate effect (Qclim) that is offset by the LAI effect.
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Table 5. Impacts on mean monthly vegetation productivity and streamflow of projected climate
under the RCP8.5 scenario for the period 2021–2050 averaged from the 38 CMIP5 runs.

ID Variables∗ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

P (%) 0.3 0.7 −0.4 −1.4 −5.2 −2.2 −1.2 −4.2 −6.9 −8.0 −6.7 −2.2
T (◦C) 1.4 1.3 1.1 1.2 1.1 0.9 1.0 1.0 1.1 1.2 1.4 1.4

1 LAI total (%) −9.5 −9.9 −13.5 −13.0 −13.1 −11.1 −10.6 −11.3 −8.3 −7.4 −6.2 −7.3
Qclim (%) −13.1 −12.9 −12.2 −11.2 −13.1 −10.5 −9.5 −13.8 −16.7 −21.5 −19.4 −15.9
Qnet (%) −11.9 −11.6 −11.0 −10.0 −12.0 −9.4 −8.5 −12.8 −15.7 −20.6 −18.4 −14.9
Qlai (%) 9.2 10.0 10.2 10.9 8.6 10.2 10.4 7.5 5.8 4.3 5.3 6.8

2 LAI total (%) −12.3 −12.4 −15.8 −15.5 −15.6 −12.6 −13.3 −13.2 −10.3 −9.6 −8.9 −11.1
Qclim (%) −15.5 −10.1 −6.9 −6.4 −12.6 −13.4 −15.5 −21.9 −26.5 −26.2 −24.9 −20.7
Qnet (%) −14.0 −8.8 −5.9 −5.3 −11.5 −12.4 −14.2 −20.1 −24.6 −24.5 −23.4 −19.2
Qlai (%) 9.8 12.7 15.5 18.0 8.9 7.5 7.9 8.0 7.1 6.4 6.0 7.0

3 LAI total (%) −6.5 −7.9 −11.1 −11.3 −10.5 −9.5 −9.2 −8.7 −6.0 −5.3 −4.7 −5.2
Qclim (%) −9.9 −4.3 −3.5 −4.5 −11.1 −12.3 −10.1 −10.8 −14.1 −20.3 −21.6 −18.4
Qnet (%) −9.6 −4.0 −3.2 −4.1 −10.4 −11.5 −9.4 −10.3 −13.8 −19.9 −21.3 −18.1
Qlai (%) 3.1 8.6 10.3 10.4 6.1 6.9 7.5 5.1 2.7 1.6 1.5 1.5

4 LAI total (%) −5.8 −6.6 −9.3 −10.5 −9.9 −8.6 −7.2 −6.6 −4.8 −4.3 −3.8 −4.3
Qclim (%) −9.3 −4.2 −3.0 −3.7 −8.8 −12.9 −12.3 −11.9 −13.6 −18.3 −22.4 −19.4
Qnet (%) −8.9 −3.8 −2.6 −3.2 −8.2 −12.0 −11.5 −11.4 −13.3 −18.0 −22.1 −19.1
Qlai (%) 3.5 8.7 13.6 11.5 6.8 6.6 6.6 4.5 2.6 1.7 1.4 1.5

5 LAI total (%) −4.4 −5.5 −7.5 −8.8 −7.9 −7.2 −5.9 −5.2 −3.8 −3.2 −2.8 −3.0
Qclim (%) −9.5 −7.8 −8.0 −9.3 −13.5 −14.9 −15.1 −17.3 −18.1 −19.3 −18.5 −13.6
Qnet (%) −9.2 −7.4 −7.5 −8.8 −12.9 −14.4 −14.6 −16.7 −17.6 −19.0 −18.2 −13.3
Qlai (%) 3.6 5.2 5.6 5.4 4.1 3.5 3.9 3.0 2.4 1.6 1.6 1.9

6 LAI total (%) −5.2 −6.5 −8.4 −9.7 −8.9 −7.8 −6.8 −5.6 −4.4 −3.8 −3.3 −3.7
Qclim (%) −8.6 −6.4 −5.5 −5.4 −8.1 −6.6 −5.3 −6.5 −8.8 −10.8 −12.3 −10.8
Qnet (%) −8.5 −6.2 −5.2 −5.0 −7.7 −6.3 −5.1 −6.3 −8.6 −10.6 −12.2 −10.7
Qlai (%) 2.1 3.5 4.9 6.6 5.2 4.9 4.3 2.5 1.5 1.2 1.2 1.3

7 LAI total (%) −6.9 −8.1 −10.0 −11.0 −10.1 −8.7 −7.9 −6.8 −5.4 −4.6 −4.3 −5.1
Qclim (%) −9.0 −7.3 −7.2 −8.7 −11.6 −13.0 −13.0 −16.1 −18.2 −19.2 −17.6 −12.9
Qnet (%) −8.4 −6.7 −6.6 −8.1 −11.0 −12.3 −12.3 −15.5 −17.6 −18.8 −17.1 −12.5
Qlai (%) 6.4 8.6 8.8 7.6 5.8 5.0 5.3 4.1 3.2 2.5 2.7 3.5
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Table 5. Continued.

ID Variables∗ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

8 LAI total (%) −5.4 −6.8 −8.6 −9.4 −8.4 −7.5 −6.9 −5.8 −4.5 −3.8 −3.4 −3.9
Qclim (%) −14.5 −15.6 −16.2 −16.1 −17.5 −15.0 −13.1 −13.5 −15.6 −15.5 −15.0 −14.0
Qnet (%) −14.0 −15.1 −15.6 −15.6 −16.9 −14.5 −12.6 −13.0 −15.2 −15.0 −14.5 −13.5
Qlai (%) 3.4 3.3 3.2 3.2 3.0 3.4 3.8 3.4 2.9 2.8 3.0 3.3

9 LAI total (%) −11.4 −12.1 −13.9 −13.4 −12.2 −9.4 −8.7 −8.3 −7.3 −7.1 −7.1 −9.1
Qclim (%) −11.4 −8.8 −8.2 −10.8 −13.6 −17.1 −18.3 −21.2 −24.4 −25.8 −24.0 −18.3
Qnet (%) −9.9 −7.2 −6.6 −9.2 −12.0 −15.1 −16.1 −19.2 −22.4 −24.4 −22.6 −16.9
Qlai (%) 13.4 18.4 19.6 14.7 11.2 11.3 12.4 9.6 7.9 5.6 5.7 7.4

10 LAI total (%) −9.0 −10.3 −13.3 −12.3 −10.9 −9.1 −8.3 −7.8 −6.2 −5.7 −5.5 −6.3
Qclim (%) −22.1 −16.7 −11.7 −8.9 −13.8 −12.8 −14.6 −19.9 −26.5 −28.7 −27.0 −24.9
Qnet (%) −20.5 −15.1 −10.2 −7.6 −12.2 −11.7 −13.2 −18.2 −24.7 −26.9 −25.4 −23.3
Qlai (%) 7.4 9.8 12.9 15.3 11.0 8.8 9.8 8.6 6.9 6.3 6.0 6.4

11 LAI total (%) −18.3 −17.4 −18.1 −16.3 −17.7 −13.0 −12.1 −13.1 −11.5 −12.5 −10.3 −14.4
Qclim (%) 0.5 4.5 0.6 −3.5 −9.3 −5.0 −10.5 −22.6 −35.1 −41.3 −40.4 −34.2
Qnet (%) 0.7 4.6 0.8 −3.4 −9.3 −4.3 −6.3 −16.8 −28.6 −36.5 −36.2 −30.3
Qlai (%) −47.8 −3.6 −23.5 2.9 0.5 13.3 39.8 25.8 18.3 11.8 10.5 11.5

12 LAI total (%) −17.0 −16.3 −18.3 −16.2 −18.5 −13.2 −11.7 −12.8 −10.8 −11.7 −8.9 −12.7
Qclim (%) −15.7 −14.3 −13.2 −11.2 −12.9 −10.9 −11.6 −23.6 −29.9 −32.5 −23.0 −20.4
Qnet (%) −11.3 −9.6 −8.5 −7.2 −9.7 −7.9 −7.9 −18.4 −24.7 −27.7 −19.4 −16.4
Qlai (%) 27.8 32.9 35.2 36.1 25.3 27.5 31.8 22.2 17.4 14.8 15.5 19.4

13 LAI total (%) −16.2 −16.2 −18.7 −16.9 −18.6 −14.0 −12.9 −13.7 −11.6 −12.2 −9.8 −13.0
Qclim (%) 0.4 3.1 3.2 −3.3 −8.8 −6.6 −9.6 −20.0 −28.2 −31.0 −26.5 −11.2
Qnet (%) 0.7 3.6 3.8 −3.0 −8.5 −5.1 −6.8 −16.3 −24.2 −26.9 −24.5 −9.7
Qlai (%) −94.3 −14.4 −20.2 6.2 3.4 22.1 29.1 18.7 14.5 13.3 7.4 13.2

∗ P (%) is the change in mean annual precipitation in percentage, T (◦C) is the change in mean annual temperature in ◦C, Qclim indicates the climate effect on
runoff, Qnet is the net effect of climate and LAI on runoff and Qlai is proportion of the climate effect (Qclim) that is offset by the LAI effect.
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Table 6. Impacts on mean monthly vegetation productivity and streamflow of projected climate
under the RCP8.5 scenario for the period 2071–2100 averaged from the 38 CMIP5 runs.

ID Variables∗ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

P (%) 4.8 4.2 0.2 −5.0 −5.4 −4.2 −5.6 −5.6 −12.5 −16.8 −7.7 −3.2
T (◦C) 2.7 2.6 2.5 2.5 2.3 2.0 2.1 2.1 2.3 2.6 2.8 2.9

1 LAI total (%) −10.3 −10.6 −14.4 −13.9 −14.0 −11.7 −11.3 −12.1 −8.9 −8.0 −6.7 −7.8
Qclim (%) −19.3 −19.2 −19.2 −19.7 −19.1 −16.8 −18.6 −22.3 −28.0 −36.4 −29.5 −26.3
Qnet (%) −17.2 −17.1 −17.2 −17.7 −17.2 −15.0 −17.0 −20.5 −26.5 −34.9 −27.9 −24.5
Qlai (%) 10.6 10.8 10.5 9.9 9.8 10.8 9.0 8.0 5.5 3.9 5.7 6.8

2 LAI total (%) −13.1 −13.2 −16.7 −16.4 −16.4 −13.3 −14.0 −14.0 −10.9 −10.2 −9.4 −11.8
Qclim (%) −21.9 −13.2 −9.6 −12.7 −17.5 −20.6 −28.1 −34.7 −41.8 −44.7 −38.1 −33.0
Qnet (%) −19.7 −11.2 −7.8 −10.8 −15.6 −19.0 −26.4 −32.2 −39.4 −42.5 −35.9 −30.9
Qlai (%) 10.1 15.2 19.0 15.1 10.9 7.8 6.3 7.3 5.9 4.9 5.7 6.3

3 LAI total (%) −7.4 −8.8 −12.3 −12.5 −11.5 −10.4 −10.1 −9.5 −6.6 −5.9 −5.3 −5.9
Qclim (%) −11.5 −2.9 −3.9 −9.8 −15.6 −18.7 −20.2 −19.7 −25.5 −35.8 −35.5 −28.5
Qnet (%) −11.0 −2.1 −3.2 −8.9 −14.4 −17.2 −18.8 −18.6 −24.7 −35.2 −35.0 −28.0
Qlai (%) 4.9 25.4 18.2 8.8 7.8 7.9 6.8 5.5 2.9 1.6 1.5 1.7

4 LAI total (%) −6.5 −7.4 −10.4 −11.6 −10.9 −9.4 −7.9 −7.3 −5.3 −4.9 −4.4 −4.9
Qclim (%) −10.7 −2.7 −3.2 −9.1 −12.7 −19.4 −23.4 −21.0 −24.0 −34.7 −36.6 −29.4
Qnet (%) −10.0 −2.0 −2.4 −8.3 −11.6 −17.9 −22.0 −20.0 −23.3 −34.2 −36.0 −28.9
Qlai (%) 5.9 25.6 25.6 8.5 8.7 7.6 6.1 4.9 2.9 1.6 1.4 1.8

5 LAI total (%) −5.2 −6.3 −8.6 −10.0 −9.0 −8.1 −6.7 −5.9 −4.4 −3.7 −3.3 −3.6
Qclim (%) −13.2 −10.8 −12.2 −17.6 −19.4 −22.8 −27.7 −28.3 −30.5 −36.1 −28.7 −22.4
Qnet (%) −12.5 −9.9 −11.3 −16.7 −18.4 −21.9 −26.8 −27.4 −29.8 −35.6 −28.2 −21.9
Qlai (%) 5.5 7.5 6.9 4.9 4.9 3.9 3.3 3.1 2.3 1.4 1.9 2.4

6 LAI total (%) −6.0 −7.4 −9.7 −10.9 −10.1 −8.8 −7.6 −6.4 −5.0 −4.3 −3.8 −4.3
Qclim (%) −13.2 −9.5 −8.4 −10.3 −12.2 −10.8 −11.0 −11.8 −15.3 −20.0 −21.3 −18.1
Qnet (%) −12.8 −9.0 −7.8 −9.6 −11.4 −10.1 −10.6 −11.5 −15.0 −19.8 −21.0 −17.8
Qlai (%) 2.8 4.8 6.6 6.7 6.7 6.0 4.1 2.8 1.7 1.3 1.3 1.6

7 LAI total (%) −7.8 −9.1 −11.4 −12.4 −11.4 −9.8 −8.8 −7.6 −6.0 −5.2 −4.9 −5.9
Qclim (%) −13.4 −11.2 −12.0 −16.4 −17.4 −20.4 −24.6 −26.3 −30.3 −34.9 −27.4 −21.7
Qnet (%) −12.3 −10.0 −10.8 −15.2 −16.3 −19.3 −23.5 −25.3 −29.4 −34.1 −26.5 −20.9
Qlai (%) 8.1 10.3 9.5 6.8 6.7 5.3 4.5 4.1 3.0 2.1 3.0 3.8
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Table 6. Continued.

ID Variables∗ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

8 LAI total (%) −6.3 −7.9 −10.0 −10.8 −9.7 −8.6 −7.9 −6.6 −5.1 −4.4 −4.0 −4.6
Qclim (%) −24.7 −26.4 −27.0 −27.5 −27.9 −24.6 −24.0 −22.7 −26.2 −28.1 −25.5 −24.8
Qnet (%) −23.8 −25.5 −26.1 −26.6 −27.0 −23.7 −23.1 −21.8 −25.4 −27.3 −24.7 −23.9
Qlai (%) 3.6 3.4 3.3 3.1 3.2 3.5 3.6 3.6 3.0 2.8 3.2 3.3

9 LAI total (%) −12.5 −13.2 −15.2 −14.7 −13.4 −10.5 −9.7 −9.2 −8.0 −7.7 −7.8 −9.9
Qclim (%) −16.1 −12.2 −12.3 −18.7 −19.3 −25.5 −31.5 −33.2 −38.4 −44.0 −36.1 −28.8
Qnet (%) −13.5 −9.6 −9.7 −16.3 −16.9 −22.6 −28.0 −30.2 −35.8 −42.2 −34.1 −26.7
Qlai (%) 16.2 21.8 21.1 12.9 12.3 11.6 10.9 9.1 6.8 4.2 5.7 7.3

10 LAI total (%) −10.3 −11.6 −14.9 −13.8 −12.3 −10.2 −9.4 −8.8 −7.0 −6.4 −6.2 −7.2
Qclim (%) −31.6 −23.0 −16.6 −16.6 −19.3 −19.7 −25.5 −30.9 −40.8 −46.2 −40.6 −37.5
Qnet (%) −29.3 −20.6 −14.2 −14.3 −16.9 −17.9 −23.5 −28.5 −38.4 −44.0 −38.3 −35.4
Qlai (%) 7.4 10.5 14.4 13.5 12.6 9.2 7.9 7.9 6.0 5.0 5.6 5.6

11 LAI total (%) −19.1 −18.3 −19.2 −17.5 −18.8 −13.9 −12.9 −13.9 −12.2 −13.0 −10.7 −15.0
Qclim (%) 12.1 13.0 3.3 −12.4 −12.0 −8.2 −20.1 −35.0 −52.1 −63.2 −53.3 −46.0
Qnet (%) 12.5 13.3 3.6 −12.2 −11.9 −7.1 −13.7 −26.2 −43.7 −57.8 −48.4 −41.5
Qlai (%) −3.2 −2.2 −7.9 1.5 0.7 13.1 31.7 25.1 16.2 8.5 9.2 10.0

12 LAI total (%) −17.7 −17.0 −19.1 −17.2 −19.4 −14.0 −12.4 −13.6 −11.3 −12.1 −9.2 −13.1
Qclim (%) −21.1 −19.3 −18.8 −18.8 −17.9 −16.6 −22.0 −35.3 −45.0 −50.3 −34.6 −31.6
Qnet (%) −14.4 −12.3 −11.9 −12.7 −12.9 −11.8 −16.5 −27.8 −37.9 −43.8 −29.3 −25.6
Qlai (%) 31.6 36.5 36.8 32.3 28.3 28.9 25.3 21.3 15.7 12.8 15.3 19.1

13 LAI total (%) −16.9 −16.8 −19.5 −17.8 −19.5 −14.7 −13.6 −14.5 −12.2 −12.7 −10.1 −13.5
Qclim (%) 10.4 10.1 5.7 −11.0 −11.3 −10.5 −18.8 −29.0 −43.4 −52.2 −34.2 −17.7
Qnet (%) 11.0 10.7 6.6 −10.7 −10.9 −8.1 −14.7 −24.3 −38.2 −47.7 −32.3 −15.5
Qlai (%) −5.6 −6.4 −16.8 2.6 3.8 23.0 21.6 16.3 12.0 8.4 5.5 12.3

∗ P (%) is the change in mean annual precipitation in percentage, T (◦C) is the change in mean annual temperature in ◦C, Qclim indicates the climate effect on
runoff, Qnet is the net effect of climate and LAI on runoff and Qlai is proportion of the climate effect (Qclim) that is offset by the LAI effect.
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Figure 1. Location map of the study area (a), dryness index (mean annual reference
evapotranspiration divided by mean annual precipitation) (b) and land cover type (c).
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Figure 2. Flowchart showing procedure of the modelling experiments. CC effect indicates the
climate change effect of precipitation and temperature, CC + LAI effect indicates the climate
change effect of precipitation, temperature and leaf area index.
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Figure 3. Percentage changes in the mean monthly precipitation plotted against changes in
mean monthly temperatures in the Goulburn–Broken catchment for the future periods 2021–
2050 and 2071–2100 given by each of the 38 CMIP5 runs of climate projections from the
historical (1981–2010) mean monthly precipitation and temperatures.
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Figure 4. Changes of mean monthly LAI derived from 38 CMIP5 runs of climate projections
under RCP4.5 and RCP8.5 scenarios from the historical (1981–2010) for crop (a–d); pasture
(e–h) and tree (i–l) in the Goulburn–Broken catchment.

10627

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/10593/2014/hessd-11-10593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/10593/2014/hessd-11-10593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 10593–10633, 2014

Reconciling the
dynamic relationship

into a hydrological
model

Z. K. Tesemma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 5. Impacts on catchment mean annual streamflow of the “Millennium drought” 1997–
2009 relative to the period 1983–1995. CC effect indicates precipitation and temperature effect;
CC + LAI effect indicates precipitation, temperature and LAI effect (all bars started from the
x axis).

10628

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/10593/2014/hessd-11-10593-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/10593/2014/hessd-11-10593-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 10593–10633, 2014

Reconciling the
dynamic relationship

into a hydrological
model

Z. K. Tesemma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 6. Impact on catchment mean annual streamflow of projected climate change for the
future periods 2021–2050 and 2071–2100 under RCP4.5 and RCP8.5. CC effect indicates
precipitation and temperature effect; CC + LAI effect indicates precipitation, temperature and
LAI effect (all bars started from the x axis).
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Figure 7. Impact on mean monthly streamflow from catchments 6, 10 and 11 of projected
climate change for future periods 2021–2050 under RCP4.5 and RCP8.5. CC effect indicates
precipitation and temperature effect; CC + LAI effect indicates precipitation, temperature and
LAI effect.
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Figure 8. Impact on mean monthly streamflow from catchments 6, 10 and 11 of projected
climate change for future periods 2071–2100 under RCP4.5 and RCP8.5. CC effect indicates
precipitation and temperature effect; CC + LAI effect indicates precipitation, temperature and
LAI effect.
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Figure 9. Percentage changes in mean annual runoff driven by climate forcing from each of the
38 CMIP5 runs as compared to the historical (1981–2010) period.
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Figure 10. Percentage contribution of the LAI effect of climate change from the primary input
effect in the mean annual runoff driven by climate forcing from each of the 38 CMIP5 runs as
compared to the historical (1981–2010) period.
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