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Highlights

The SSiB4T/TRIFFID coupled model was developed by integrating the biophysical/dynamic vegetation model
SSiB4/TRIFFID with TOPMODEL.

Long-term simulations of vegetation dynamics and water balances were performed under different climate scenarios for
the Suomo River Basin in the sub-alpine mountain region.

The role of forests in increasing runoft changes to a reduction in runoff as the temperature increases or the altitude
decreases.

The climate exerts a dominant control on the forest-runoff relationship.

Abstract. It is important to understand the response of vegetation dynamics and surface water budget to the changing
climate. To investigate the effects of vegetation and climate change on evapotranspiration and runoff on a basin scale,
the SSiB4T/TRIFFID (SSiB4/TRIFFID coupled with TOPMODEL) is used to perform long-term dynamic simulations of
vegetation succession and the water balance under different climate scenarios for a subalpine basin. The results of all ex-
periments show that fraction of vegetation changes from a dominance of C3 grasses to tundra shrubs and then gradually
approaches equilibrium with a dominance of forests. Change to evapotranspiration is very sensitive to temperature changes
but is not sensitive to precipitation changes when the temperature remains unchanged. Runoff is very sensitive to changes
in both temperature and precipitation. In the increase of temperature, evapotranspiration of forests increases the most
among the three vegetation types. From the control run to the [T+5, (1+40%)P] run (A temperature increase of 5 °C, an
increase in precipitation of 40%), the role of forests in increasing runoff changes to a reduction in runoff.

Keywords: coupled model SSiB4T/TRIFFID, dynamic simulations, vegetation succession, water balances, impacts of veg-
etation and climate change, effects of forest vegetation on runoff.

Introduction

The Earth’s climate is the dominant control on the spa-
tial distribution of the major vegetation types on a global
scale (Woodward et al., 2004) and the composition and
distribution of plant communities are of fundamental
importance for evapotranspiration and the generation of
runoftf (Dunn & Mackay, 1995). Plants affect runoft via
features such as albedo and interception, stomatal behav-
ior and transpiration, rooting strategy, leaf area and phe-
nology (Dunn & Mackay, 1995). There are three different

perspectives on the relationship between forests and run-
off (Li et al., 2001): (1) forests increase runoff; (2) there is
no clear relationship between forests and runoft; and (3)
forests reduce the annual runoft from a region. A gen-
eral conclusion drawn from small watershed (<1000 km?)
studies is that a reduction in forest cover increases runoft
by decreasing evapotranspiration, whereas reforestation
usually decreases runoft (Bosch & Hewlett, 1982; Li et al.,
2001; Zhang et al., 2017). However, there have been some
inconsistent responses, suggesting the response intensity
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of annual runoff to forest cover change can be variable
among watersheds and a general conclusion on the rela-
tionship between forest change and annual runoft in large
watersheds (>1000 km?) has not yet been drawn (Zhang
et al., 2017).

The southwestern forest area of China is the second
largest area of natural forest in China and is located on
the southeastern Qinghai-Tibetan Plateau. This forest
area includes the Hengduan Mountains at the junction of
Sichuan, Yunnan and Tibet. The large difference in alti-
tude in this region results in a distinct vertical zonation of
the climate. Forests are mainly found on the middle and
lower slopes below 4000 m. Alpine shrubs are found above
4000 m, subalpine coniferous forests from 3000 to 3800 m,
and coniferous and broadleaf mixed forests between 2500
and 3000 m (Ma, 1987). The southwestern forest area is
an important area for the production of timber and water
and is also sensitive to changes in climate. The effect of
forests on runoft has been carried out in this region since
the beginning of the 1960s to study the impact of defor-
estation (or afforestation) on the runoff from rivers (Ma,
1987; Zhang et al., 2007, 2012).

There has been a long-term debate about whether for-
ests increase or decrease runoff or whether they have no
significant effect on runoff (Li et al., 2001). Traditional for-
est watershed comparison studies focus on the relation-
ship between changes in vegetation and runoff from the
watershed. It is impossible to analyze the processes and
mechanisms of the hydrological impact of forest vegeta-
tion. It is difficult to fundamentally understand the role of
forest vegetation in hydrology and to explain the relation-
ship between forests and runoff. Climate change will lead
to changes in surface vegetation and the water-carbon
balance within the basin. However, previous assessments
of the hydroclimate in this region have mainly focused
on the simulation of river runoff, whereas the response
of vegetation to climate change and the resulting hydro-
logical effects have not been fully considered. Forestry
management and the ecological restoration of watersheds
require a clear understanding of the hydrological effects
of forest vegetation and its response to climate change. To
study the hydrological effects of climate change on vegeta-
tion and the surface water balance and to reveal the major
factors controlling the spatial variation of the forest-run-
off relationship at the basin scale, we need to study the
carbon-water cycle and the vegetation dynamics within a
basin under a unified dynamic framework.

A realistic assessment of spatiotemporal variability in
the terrestrial water budget requires models that mecha-
nistically link vegetation dynamics and hydrological pro-
cesses. The land surface schemes used in climate models
are among the candidate models that meet this require-
ment (Gerten et al., 2004). Land surface models quantita-
tively describe the transfer of energy, mass and momen-
tum between the atmosphere and the vegetated surface of
the Earth (Sellers et al., 1986, 1996; Xue et al., 1991). The
third-generation land surface models incorporate a realis-
tic canopy photosynthesis—conductance model to describe

the simultaneous transfer of CO, and water vapor in the
soil-vegetation-atmosphere continuum and their response
to climate change (Sellers et al., 1997; Zhan et al., 2003;
Dan et al., 2007; Peng & Dan, 2015). The third-generation
land surface models are coupled with dynamic vegetation
models to simulate the interaction and feedback between
vegetation and climate (Cox et al., 2000; Bonan et al., 2003;
Cowling et al., 2009; Zeng et al., 2018). Whereas the earlier
land surface models mainly considered the vertical transfer
of soil water within the soil and canopy. The models ignore
the horizontal heterogeneity of soil moisture and the sub-
sequent impacts of this heterogeneity on evapotranspira-
tion and runoff (Stieglitz et al., 1996).

Topography plays a key part in the non-uniform spa-
tial distribution of soil moisture (Beven & Kirkby, 1979;
Beven, 2000). The topographic index model TOPMODEL
has provided a useful tool to reflect the effects of topog-
raphy on the soil moisture content and simple solutions
to analytically calculate hydrological processes (Stieglitz
et al., 1996). Previous work has proposed some simplified
and effective coupling schemes to couple TOPMODEL
with the current popular land surface models for use in
land-atmosphere interaction studies at basin, regional or
global scales (Stieglitz et al., 1996; Koster et al., 2000; War-
rac et al., 2002; Gedney & Cox, 2003; Douville, 2003; Niu
et al., 2005; Deng & Sun, 2012).

The simplified simple biosphere (SSiB) model has been
widely used in global and regional climate studies (Xue
et al., 1991). The revised version (SSiB2) can simulate the
CO, flux (Zhan et al., 2003). The SSiB4 model has been
coupled with the Top-down Representation of Interac-
tive Foliage and Flora Including Dynamics (TRIFFID)
model (SSiB4/TRIFFID) to investigate the interactions
between vegetation and climate and validated with 13 ob-
servational datasets with different climate and land cover
conditions (Xue et al., 2006; Liu et al., 2019). SSiB4 and
SSiB4/TRIFFID have been tested at a number of sites, but
simulation studies at the basin scale have rarely been car-
ried out.

We coupled the SSiB4/TRIFFID model with TOP-
MODEL (hereinafter referred to as SSiB4T/TRIFFID) and
carried out long-term dynamic simulations of vegetation
succession and the water balance under different climate
scenarios for the Suomo river basin in the mountainous
region of southwestern China. This study focused on: (1)
the impact of vegetation succession on evapotranspiration
and runoff; (2) the response of vegetation and the water
balance to changes in climate; and (3) the role of climate
in the spatial variation of forest-runoft relationships and
the water use efficiency (WUE) of forest ecosystems.

1. SSiB4T/TRIFFID coupled model

1.1. SSiB4/TRIFFID coupled model

The original SSiB model has eight prognostic physical
state variables: the canopy temperature, the surface soil
temperature and the deep layer temperature, the canopy
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interception water store, the ground interception water
store and three soil moisture wetness variables in the three
soil layers. The sensible heat flux and latent heat flux are
calculated as diagnostic variables. The SSiB4 model was
developed by incorporating a realistic canopy photosyn-
thesis—conductance model into the SSiB model (Zhan
et al., 2003). TRIFFID describes how the carbon density
of vegetation and the fractional coverage of a given plant
functional type (PFT) are updated based on the carbon
balance of that PFT and on competition with other PFTs
based on the Lotka-Volterra approach (Cox et al., 2001).
In the SSiB4/TRIFFID coupled model, the SSiB4 model
provides estimates of the net plant photosynthesis assimi-
lation rate, autotrophic respiration and other surface con-
ditions for TRIFFID. TRIFFID then calculates vegetation
parameters such as the plant height and leaf area index
(LAI) for the SSiB4 model. The SSiB4/TRIFFID model in-
cludes bare land and categorizes vegetation into broadleaf
trees, needleleaf trees, C3 grasses, C4 plants, shrubs and
tundra dwarf shrubs (Xue et al., 2006; Zhang et al., 2015;
Liu et al., 2019).

1.2. TOPMODEL

TOPMODEL uses a simple analytical solution for the ba-
sin to solve the local groundwater table depth z; at any
point i relative to the mean groundwater table depth over

the basin z and a relationship between z and the subsur-
face flow (base flow) Q, (Sivapalan et al., 1987):

Gzt (-t y, (1)
tanf,
Ky (z=0) & -

Q, =—*—— e )e‘ke‘fz, (2a)
where a; is the upslope area drained per unit contour
length, B; is local surface topographic slope, A =In %

_ tanf;

is the local topographic index at point i, A is the mean
topographic index over the basin, fis the decay factor
in the exponential law, K, (z=0) is the lateral saturated
hydraulic conductivity at the soil surface.

1.3. Incorporation of the TOPMODEL equations
into the SSiB4/TRIFFID model

In TOPMODEL, lateral soil saturated hydraulic conduc-
tivity is assumed to decline with depth exponentially ac-
cording to the Beven’s assumption (Beven & Kirkby, 1979;
Sivapalan et al., 1987). But in SSiB4/TRIFFID, vertical
saturated soil hydraulic conductivity is taken as constant
from soil surface to the soil bottom. After the constant
vertical soil saturated hydraulic conductivity in the origi-
nal SSiB4/TRIFFID has been replaced by the exponential
law in TOPMODEL, the baseflow can be expressed as
(Chen & Kumar, 2001; Niu et al., 2005):

_ oK (z=0) .

Q e )z, (2b)

where o is the anisotropic factor, K, (z=0) is the verti-
cal saturated hydraulic conductivities at the soil surface.

The analytic form of TOPMODEL equations are in-
corporated into the SSiB4/TRIFFID model according to a
simplified incorporation scheme in which the study region
is divided into saturated and unsaturated zones (Stieglitz
et al., 1996; Gedney & Cox, 2003; Niu et al., 2005). Soil
moisture heterogeneity is represented by saturated zone
(Stieglitz et al., 1996). The fraction of the basin that is
saturated at the surface (the water table at or above the
surface) F,,, can be derived by integrating Eq. (1). Niu
et al. (2005) proposed a SIMTOP to parameterize the satu-
rated fraction as:

F,

sat Fmaxe_cs(x_k) = Fmaxe_CSfZ > ©)
where C; is a coefficient that can be derived by fitting the
exponential function to the discrete cumulative distribu-
tion function of the topographic index and F, . is the
maximum saturated fraction for a whole basin.

Rainfall at saturation region forms saturated runoft
and does not infiltrate into soil. The scheme proposed by
Stieglitz et al. (1996) is used to estimate the mean ground-

water table depth z according to the average soil mois-

ture of each layer provided by the SSiB4/TRIFFID. The
baseflow Q, calculated using Eq. (2b) is extracted from

the soil layers containing the groundwater table or located
below the groundwater table (Niu et al., 2005; Deng &
Sun, 2012) to maintain the water balance and update the
soil moisture content in the SSiB4/TRIFFID.

2. Suomo river basin and configurations of
experiments

2.1. Suomo river basin and data

The Suomo river is located in a mountainous region of
southwestern China, extending from about 31-33° N and
102-103° E (Figure 1). The altitude ranges from about 2300
to 5000 m with a mean altitude of 4000 m. Two-thirds of
the drainage area is located in Maerkang County and one-
third in Hongyuan County. The Maerkang meteorological
station is located in the basin and the Hongyuan mete-
orological station is located outside the basin. The mean
annual precipitation, which is the area-weighted mean
of the data from these two stations from 1961 to 1987 is
777.6 mm yr~! and the mean annual depth of the total
runoff is 596.6 mm yr~!. The forcing conditions required
by modeling are the downward shortwave and long wave
radiation, the air temperature, precipitation, vapor pres-
sure and wind speed. The Princeton global forcing dataset
(Shefhield et al., 2006) from January 1, 1983 to December
31, 1987 is used as the forcing conditions for this study.
The spatial resolution is 1x1° and the temporal resolution
is 3 h. The forcing dataset is produced by averaging the
data over two grid points (31.5° N, 102.5° E and 32.5°
N, 102.5° E) in the basin. The Maerkang meteorological
station is 2600 m above sea-level and the mean annual
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temperature from 1983 to 1987 is 8.6 °C. The altitude of
the Hongyuan County meteorological station is 3500 m and
the mean annual temperature from 1983 to 1987 is 1.9 °C.
The mean annual temperature of the two stations is 4.6 °C.
The mean annual reanalysis near-surface temperature from
1983 to 1987 is 5.0 °C. The mean annual reanalysis pre-
cipitation from 1983 to 1987 is 686.3 mm yr~1, less than
the measured precipitation of 749.3 mm yr~! at Maerkang
station. The reanalysis precipitation is lower than that at
Maerkang station in July and September and the difference
between the reanalysis and measured precipitation at Mae-
rkang station is small in the other months.
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Figure 1. Sketch map of Suomo river basin

2.2. Climate scenarios and configurations of
experiments

Six long-term dynamic simulations are run for vegeta-
tion succession and the water—carbon balances using the
coupled model SSiB4T/TRIFFID (Table 1). In the first
run (represented by T), the five-year forcing data for the
Suomo river basin is repeatedly run 120 times for a to-
tal of 600 consecutive years. The results from this run are
used as a control for comparison with the outputs from
later runs. To simulate the sensitivity of vegetation and the
carbon-water balance to changes in climate, the scenarios
are derived by simply adding the changes in temperature
and precipitation to the original forcing data from 1983
to 1987 for each calculation step (e.g., in scenarios with
2 °C increase, the input temperature ¢; will be ¢; +2 °C).
The climate scenario is based on the change factor method
(Arnell, 2003; Diaz-Nieto & Wilby, 2005), which can be
used effectively in sensitive and vulnerable areas (Minville
et al.,, 2008; Dan et al., 2012), although it has the disadvan-
tage that it cannot change the spatial variability (Minville
et al., 2008; Diaz-Nieto & Wilby, 2005).

Considering that the most prominent feature of the
vertical climatic zonation is that the temperature increases
as the altitude decreases, in the second experiment the in-
put temperature of each calculation step is increased by
2 °C (represented by (T+2)). In the third run, the input
temperature and precipitation of each calculation step are
increased by 2 °C and 20%, respectively, (represented by
[T+2, (1+20%)P]). As the altitude continues to decrease,
temperature and precipitation generally further increase.
In the fourth run, the input temperature and precipitation
of each calculation step are increased by 5 °C and 40%,
respectively (represented by [T+5, (1+40%)P]). To facili-
tate the comparison between the simulated and measured
runofl, in addition to the reanalysis of the precipitation
data used in the simulation, the daily precipitation data for
Maerkang station is evenly distributed between each cal-
culation step in the simulation. In the fifth and sixth runs,
the daily precipitation data for Maerkang station from
1983 to 1987 is divided by eight to replace the reanalysis
precipitation in each step. In the fifth run, the temperature
of each calculation step is the same as in T (represented by
PT). In the sixth run, the temperature of each calculation
step is reduced by 1 °C (represented by PT-1).

Envionment CO, content is assigned to 380x107°.
The leaf drop threshold temperature is adjusted to 2 °C
for broadleaf trees (the original leaf drop threshold tem-
perature in the TRIFFID model is 0 °C) to produce more
significant seasonal variations. For the other PFTs, the
original leaf drop threshold temperatures in the TRIFFID
model are used: -30 °C for needleleaf trees, -20 °C for C3
and C4 grasses and -30 °C for shrubs (including tundra
shrubs). The leaf drop threshold moisture factor is set to
0.2 for all PFTs and the initial fractional coverage of each
vegetation type is set to 0.01. The topographic indexes
are calculated using the data from digital elevation model
of the Shuttle Radar Topography Mission (United States
Geological Survey, 2003). The spatial resolution is about
90x90 m. Based on the cumulative topographic index dis-
tribution function of the Suomo basin, F,, and C;are

Table 1. Summary of the experimental designs

Treatment Test description Precipitation
type
T Control run Rear?al'ym.s
precipitation
(T+2) Temperature increase by 2 °C for | Reanalysis
each step precipitation
[T+2, Increase in temperature of 2 °C and Reanalvsis
(14+20%) |increase in precipitation by 20% for jaysI
P] each step precipitation
[T+5, Increase in temperature by 5 °C .
. . L Reanalysis
(1+40%) |and increase in precipitation by recipitation
P] 40% for each step precip
PT Control run Mea.su'red.
precipitation
PT-1 Temperature reduced by 1 °C for Measured
each step precipitation
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derived by exponential fitting (F, . = 0.4 and C, = 0.45)
(Deng & Sun, 2012). A value of K (z=0)=2.2x10 m s~}
is used as the soil saturated hydraulic conductivity at the
surface, the anisotropic factor a is 75 and decay factor
f is 2 m~! (Deng & Sun, 2012). The soil thicknesses for
three layers are 0.02 m (surface layer), 1.0 m (root layer)
and 2.0 m (deep layer).

3. Results and analysis

3.1. Temporal evolution of vegetation fraction and
leaf area index

Figure 2a-2b shows the evolution of four major vegeta-
tion fractions during the 600 simulation years modeled
by the T run and [T+5, (1+40%)P] run. During the early
time period of model integration, the vegetation fractions
change from a dominance of C3 grasses to a dominance
of tundra shrubs and then gradually approach equilibrium
after about the 400th simulation year.

The fractional coverage of C3 grass initially increases
rapidly, but after it reaches a peak value in the sixth sim-
ulation year it decreases rapidly with an increase in the
fractional cover of tundra shrubs. The fractional cover-
age of tundra shrubs reaches a peak value in about the
25th simulation year and then decreases with the increase
in the fractional cover of trees. The fraction of needle-
leaf trees surpasses the fraction of tundra shrubs after
200 simulation years. Needleleaf trees and broadleaf trees
are dominant in the basin after 400 simulation years. The
maximum fractional coverage of C3 grass increases as
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Figure 2. Temporal evolution of vegetation fractions. Results of
experiments: (a) T; and (b) [T+5, (1+40%)P]
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Figure 3. Temporal changes in the annual LAI

the temperature increases: exp. T, 0.74; exp. (T+2), 0.77;
and exp. [T+5, (1+40%)P], 0.80. The maximum fractional
coverage of tundra shrubs decreases as the temperature
increases: exp. T, 0.82; exp. (T+2), 0.80; and exp. [T+5,
(1+40%)P], 0.76. The maximum fractional coverage of
needleleaf trees decreases as the temperature increases:
exp. T, 0.81; exp. (T+2), 0.79; and exp. [T+5, (1+40%)P],
0.70. The fractional coverage of broadleaf trees increases
as the temperature increases: exp. T, 0.07; exp. (T+2), 0.13;
and exp. [T+5, (1+40%)P], 0.30. The temporal evolution
of the vegetation fractions produced by the PT run is the
same as that simulated by the T run. The difference in
temporal evolution of the vegetation fractions between the
PT-1 and PT run is very small.

Figure 3 shows the changes in the five-year average
annual LAT modeled by the T run, (T+2) run and [T+5,
(1+40%)P] run. The LAI of the basin increases as the veg-
etation fractions in the basin evolve. After the 450th simu-
lation year, the annual LAI reaches equilibrium status with
values of about 8.0 in the T run, 8.1 in the (T+2) run and
8.3 in the [T+5, (1+40%)P] run. As temperature increases,
the coniferous forest evolves into coniferous and broadleaf
mixed forest and the annual LAI of the basin increases.

3.2. Changes in the annual evapotranspiration and
runoff depth with the evolution of vegetation

3.2.1. Temporal changes in evapotranspiration and
runoff depth

The simulated annual runoft depth and evapotranspira-
tion are averaged every five simulation years (Figure 4).
Figure 4a shows the annual changes in runoft depth in
the PT-1, PT, T, (T+2) and [T+5, (1+40%)P] runs and
Figure 4b shows the changes in the corresponding an-
nual evapotranspiration of the basin. In the PT run, as
the vegetation evolves temporally from C3 grasses into
tundra shrubs, the annual runoff of the basin decreases
rapidly with an increase in the fractional coverage of tun-
dra shrubs. The annual runoff is at a minimum when the
coverage of tundra shrubs is at a maximum. As the vegeta-
tion evolves temporally from tundra shrubs into forest, the
annual runoff continues to increase steadily and remains
stable after the 400th simulation year. The temporal evolu-
tion of the annual evapotranspiration of the basin is the
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opposite of the annual runoff. The annual evapotranspi-
ration initially increases and reaches a maximum value
when the fractional coverage of the tundra shrubs reaches
its peak value and then decreases with the decrease in the
fractional coverage of the tundra shrubs and the increase
in the fractional coverage of forest.

The change in the annual runoff depth and evapotran-
spiration with the evolution of vegetation in the control
experiment T is consistent with the changes in the PT run.
Although the input temperature is the same in the T and
the PT runs, the precipitation input in the PT run is the
data measured at Maerkang station, which is higher than
the reanalysis precipitation. The evapotranspiration in the
PT run is slightly higher than that in the T run when for-
ests are dominant in the basin (Figure 4b). The additional
precipitation in exp. PT compared to exp. T mainly in-
creases runoft (Figure 4a).

The changes of the annual runoff depth and evapo-
transpiration with the temporal evolution of vegetation
in the PT-1 run are consistent with the changes in the
PT run. In PT-1 run, the temperature is reduced by 1 °C
compared to PT run. The evapotranspiration in the PT-1
run is significantly reduced and the annual runoff depth is
clearly increased compared with the results in the PT run.

The annual runoft depth decreases and the evapotran-
spiration increases significantly in the (T+2) run com-
pared with the control experiment T. Although the annual
runoff depth increases and evapotranspiration decreases
with the increase in the fractional coverage of forest in the
(T+2) run, the increase in the runoff depth and the de-

The annual runoff depth of the basin decreases rapidly
and then continues to decrease with the increase in the
fractional coverage of forests and no longer increases in
the [T+5, (1+40%)P] run. Unlike control run and (T+2)
run, [T+5, (1+40%)P] run produces that evapotranspira-
tion reaches a maximum value and the annual runoff is
at a minimum when forests dominate the basin. From
the control run to the [T+5, (1+40%)P] run, compared
with the tundra shrubs, the presence of forests to increase
runoff changes to increase evapotranspiration and reduce
runoff depth.

3.2.2. Effects of vegetation and climate on annual
runoff depth and evapotranspiration

C3 grasses dominate the basin during the period of the
6-10th simulation years (hereinafter the first period).
Tundra shrubs dominate the basin during the period of
the 21st-25th simulation years (hereinafter the second
period), whereas forests dominate in the basin during the
period of last five simulation years (hereinafter the third
period). The simulations of these three periods are used to
analyze the effects of changes in vegetation and climate on
the surface water balance of the basin. Table 2 shows the
five-year averaged annual precipitation P (mm yr~1!), an-
nual evapotranspiration ET (mm yr~!) and annual runoff
depth R (mm yr!) for these three periods.

Table 2. Water balance of the basin during the three time
periods

crease in evapotranspiration are less than those produced Simulation year
by the control experiment T. Treatment | Variable | the 6_10th | the 21st- | the 596th-
years 25th years | 600th years

o R P 749.3 749.3 749.3
—PT PT-1 ET 332.1 382.7 308.4
_ T, R 441.2 366.8 4412

~ 500 ——T+5, (1 +40%)P
5 450 P 749.3 749.3 749.3
g §gg PT ET 393.6 444.6 397.0
= 30 R 355.7 304.8 352.6
2 0 P 686.3 686.3 686.3
2 150 T ET 388.5 445.3 388.1
= lgg R 297.8 241.0 298.0
0 50 100 150 200 250 300 350 400 450 500 550 600 p 686.3 686.3 686.3
Vear (T+2) ET 507.2 574.1 539.6
R 179.0 112.1 146.6
© E— [T+2, P 823.5 823.5 823.5
— I (1+20%) ET 516.0 587.0 548.6
12 e P] R 307.1 236.5 274.9
[T+5, P 960.8 960.8 960.8
(1+40%) ET 665.9 753.2 802.9
P] R 294.5 207.7 157.9

Evapotranspiration (mm yr ')

0 50 100 150 200 250 300 350 400 450 500 550 600
Year

Figure 4. Temporal changes in (a) the annual runoft depth; and
(b) the annual evapotranspiration

In the mountainous region of southwestern China,
annual runoft coeflicient decreases as altitude decreases
(Cheng, 1991). Modeled annual runoft coefficient de-
creases as temperature increases. During the period of last
five simulation years, from PT-1 run to [T+5, (1+40%)P]
run, Modeled annual runoff coefficient changes from 0.58
to 0.16. Although the modeled runoff is lower than the
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observed runoff, the changes of annual runoff coefficient
with temperature increase (altitude decrease) are consist-
ent with observations.

In PT-1, PT, T, (T+2) and [T+2, (1+20%)P] run, the
annual evapotranspiration of the basin is highest during
the second period. In [T+5, (1+40%)P] run, the annual
evapotranspiration becomes highest and the runoff depth
is lowest during the third period. From the control run
T to (T+2) run, the evapotranspiration of the three plant
types increases by 30.6% (C3 grasses), 28.9% (tundra
shrubs) and 39.0% (forests), respectively. From the control
run T to the [T+5, (1+40%)P] run, the evapotranspira-
tion of C3 grasses, tundra shrubs and forests increases by
69.1%, 71.4% and 106.9%, respectively. From PT-1 run to
PT run, the evapotranspiration of the three plant types
increases by 18.5%, 16.2% and 28.7%, respectively. Among
three vegetation types evapotranspiration from the forests
is most sensitive to changes in temperature.

The annual runoff depth in PT run, where the temper-
ature is increased by 1.0 °C relative to PT-1 run is reduced
by 14.8% (C3 grasses), by 16.9% (tundra shrubs) and by
20.1% (forests). The annual runoff depth in (T+2) run is
reduced by 39.9% (C3 grasses), by 53.5% (tundra shrubs)
and by 50.8% (forests). From the control run T to [T+2,
(1+20%)P] run, the annual runoff depth is increased by
3.1% (C3 grasses) and is reduced by 1.9% (tundra shrubs)
and reduced by 7.8% (forests). An increase in precipitation
of 20% can offset the increase in evapotranspiration when
c3 grasses are dominant. This does not offset the increase
in evapotranspiration when tundra shrubs and forests
are dominant. From the control run T to [T+5, (1+40%)
P] run, the annual runoft depth is reduced by 1.1% (C3
grasses), 13.8% (tundra shrubs) and 47.1% (forests), re-
spectively.

The annual evapotranspiration in PT run, where there
is an increase in precipitation of 9.2% relative to T run,
increases slightly during the three time periods and the
annual runoff depth increases by 19.7% (C3 grasses), by
26.5% (tundra shrubs ) and by 18.2% (forests). The an-
nual evapotranspiration in the [(T+2), (1+20%)P] run,
an increase in precipitation by 20% relative to (T+2) run,
increases the annual evapotranspiration by about 10 mm
yr~ L. If temperature remains unchanged, the evapotran-
spiration is not sensitive to changes in precipitation. An
increase in precipitation has little effect on evapotranspira-
tion and mainly increases runoft.

3.2.3. Influence of vegetation and climate on the three
components of evapotranspiration

Figure 5a-5c¢ show the responses of the three components
of evapotranspiration (the canopy interception evapora-
tion, transpiration and the soil evaporation) to the chang-
es in vegetation and climate produced by the T, (T+2) and
[T+5, (1440%)P] runs. For T run, transpiration reaches
its maximum value during the second period and then
decreases as the fractional coverage of forest increases. For
(T+2) run, the transpiration increases slightly as the frac-
tional coverage of forest increases and gradually reaches

the maximum. For [T+5, (1440%)P] run, transpiration
significantly increases as fractional coverage of forest in-
creases. The forests intercept the most precipitation, fol-
lowed by the shrubs and grasses. The canopy interception
evaporation increases and as the vegetation evolves from
C3 grasses to tundra shrubs and then to forests. Soil evap-
oration is significantly reduced as the vegetation evolves
from grasses to tundra shrubs to forest. Transpiration and
canopy interception evaporation increase with increasing
temperature, but the increase in transpiration and canopy
interception evaporation is significantly greater for forests
than for tundra shrubs and C3 grasses.

Table 3 shows the five-year average transpiration
(mm yr~!), canopy interception evaporation (mm yr~!)
and soil evaporation (mm yr~!) during the three periods
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Figure 5. Temporal evolution of transpiration, canopy
interception evaporation and soil evaporation: (a) Exp. T;
(b) exp. (T+2); and (c) exp. [T+5, (1+40%)P]



50 H. Deng et al. Use of the SSiB4/TRIFFID model coupled with topmodel to investigate the effects of vegetation and...

of the six experimental simulations. For C3 grasses and
tundra shrubs, soil evaporation accounts for the largest
proportion of evapotranspiration in all runs. For forests,
canopy interception evaporation accounts for the largest
proportion of evapotranspiration in the control run T. In
(T+2) run, forest transpiration and canopy interception
evaporation account for the about same proportion of
evapotranspiration. In [T+5, (1+40%)P] run, forest tran-
spiration accounts for the largest proportion of evapotran-
spiration. The transpiration in the PT run is less than that
in the T run, whereas the canopy interception evaporation
is greater than that in the T run. The input precipitation
in the PT run is higher than the reanalysis precipitation,
and the daily precipitation is evenly distributed to each
step, resulting in an increase in wet areas in the canopy
and the canopy interception evaporation and a decrease in
the transpiration from dry areas of the canopy. The evapo-
transpiration in the PT run is slightly higher than that in
the T run (Figure 4b). Therefore the equal distribution of
the daily precipitation to each calculation step affects the
ratio of transpiration and canopy interception evaporation
in canopy evapotranspiration, but has little effect on the
simulation results for evapotranspiration.

Table 3. Transpiration (E;,), canopy interception evaporation
(E,,) and soil evaporation (E,) during the three periods

Simulation year
Treatment | Variable | the 6_10th | the 6-10th | the 596th-
years years 600th years
E, 68.5 110.9 86.4
PT-1 E,. 105.5 133.2 153.9
Egs 157.2 137.6 68.7
E, 83.1 120.9 108.4
PT E,. 133.6 156.2 206.3
Egs 175.5 165.9 81.3
E, 96.6 149.2 129.2
T E,. 99.4 119.3 170.6
Eo 194.3 178.9 90.4
E, 136.3 198.2 208.0
T+2 E,. 123.2 143.4 211.3
Egs 248.9 234.3 122.1
[T+2 Ey 133.4 194.7 203.6
(1_'_20(/)1)] E,. 127.2 147.4 220.5
’ E, 253.5 242.8 122.9
[T+5 E4 185.3 258.7 353.1
(1+40‘V’)P] E,. 146.7 168.1 293.0
’ Egs 334.7 327.4 157.8

3.3. Monthly runoff depth and evapotranspiration
3.3.1. Monthly runoff depth

Figure 6 shows the five-year mean monthly runoff depth
produced by PT-1, PT, T and [T+5, (1+40%)P] runs dur-
ing the three periods. Figure 6a-6d compare the monthly
runoft depth between the measured runoft depth and the
simulations. The runoff depth is underestimated relative
to the observations, especially before the rainy season.
The biases are attributable to uncertainties in the climate

input data, such as precipitation and overestimates of the
evapotranspiration.

Figure 6a shows the results of the PT run. The monthly
runoff depth is lowest when tundra shrubs are dominant.
The monthly runoff depth when C3 grasses are dominant
is similar to that when forests are dominant. Figure 6b
shows the results of the PT-1 run. The monthly runoff
depth increases compared with the results of PT run as a
result of the decrease in temperature by 1 °C. The monthly
runoft depth is still the lowest when tundra shrubs are
dominant, but the highest monthly runoff depth is seen
when forests are dominant.
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Figure 6. Five-year mean monthly runoff depth during the
three periods: (a) PT run; (b) PT-1 run; (c) T run;
and (d) [T+5, (14+40%)P] run
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Figure 6¢ shows the results of the control run T. Be-
cause the reanalysis precipitation data is less than the
measured precipitation at Maerkang station in July and
September, the two peaks of monthly runoff in July and
September are not produced. The monthly runoff depth
is still the smallest when tundra shrubs are dominant.
Figure 6d shows the results of the [T+5, (1+40%)P] run.
The monthly runoff depth is highest when C3 grasses
are dominant, followed by the monthly runoff depth
when tundra shrubs are dominant. The lowest monthly
runoff depth occurs when forests are dominant.
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Figure 7. Five-year mean monthly evapotranspiration
during the three periods: (a) T run; (b) (T+2) run;
(c) [T+2, (1420%)P] run; and (d) [T+5, (1+40%)P] run

3.3.2. Monthly evapotranspiration of the basin

Figure 7 shows the five-year mean monthly evapotran-
spiration during the three periods produced by T, (T+2),
[T+2, (1+20%)P] and [T+5, (1+40%)P] runs. For the con-
trol experiment T in Figure 7a, the monthly evapotranspi-
ration of tundra shrubs is higher than that of C3 grasses
and forests, except in September. For the (T+2) run, the
monthly evapotranspiration of forests is lower than that
of C3 grasses during the dry season. The monthly evapo-
transpiration of forests during the dry season very similar
to that of tundra shrubs. However, it is lower than that of
tundra shrubs during the rainy season (Figure 7b). The
monthly evapotranspiration produced by [T+2, (1+20%)
P] run is very similar to that in (T+2) run (Figure 7c).
For [T+5, (1+40%)P] run, the monthly evapotranspira-
tion during the three periods increases significantly (Fig-
ure 7d). The mean monthly evapotranspiration of forests
is significant higher than that of tundra shrubs from May
to October and is slightly lower than that of tundra shrubs
during the dry season.

3.4. LAI, net primary productivity and WUE of
forest ecosystems

Figure 8 shows the monthly LAI averaged over the last five
years produced by T, (T+2), [T+2, (1+20%)P] and [T+5,
(1+40%)P] runs. The forest LAI increases with tempera-
ture in the summer half-year. The LAI produced by (T+2),
[T+2, (1+20%)P] and [T+5, (1+40%)P] runs in the winter
half-year is lower than that produced by the control run T.
This is because the fractional coverage of broadleaf trees
increases with temperature and the leaf drop threshold
temperature for broadleaf trees is set to 2 °C. In winter,
the canopy temperature drops below 2 °C and reduces the
LAI of broadleaf trees. Comparing the LAI produced by
[T+2, (1+20%)P] run with (T+2) run, an increase in pre-
cipitation of 20% has a slight effect on the LAL

Figure 9a shows the monthly net primary productiv-
ity (NPP) averaged over the last five years produced by
exp. T, exp. (T+2) and exp. [T+5, (1+40%)P]. The NPP
of forests increases with temperature in the summer half-
year. The annual NPP averaged over the last five simu-
lated years produced by exp. T, (T+2) and [T+5, (1+40%)
P] is 1052.0, 1093.6 and 1199.5 gC m~2 yr~! respectively.
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Figure 8. Mean monthly LAI averaged over
the last five years
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Figure 9. Mean monthly NPP and WUE averaged over the last
five years: (a) NPP; and (b) WUE

Figure 9b shows the monthly water use efficiency (WUE )
calculated by the ratio of the NPP to evapotranspiration.
The WUE significantly decreases with an increase in tem-
perature in the summer half-year. The annual WUE for
the three runs is 2.70 gC (kgH,0)7}, 2.02 gC (kgH,0)!
and 1.49 gC (kgH,0) 7}, respectively, and decreases as the
temperature increases.

4, Discussion

The results of the control run T show that forest evapo-
transpiration is lower than that of tundra shrub and is
almost the same as that of C3 grasses. The presence of
forests increases runoff compared with tundra shrubs. The
results for [T+5, (1+40%)P] run show that forest evapo-
transpiration is higher than that of tundra shrubs and C3
grasses. The presence of forest therefore reduces the an-
nual runoff. The hydrological effects of changes in vegeta-
tion vary with temperature.

The average mean temperature of control experiment T
is 5 °C. Transpiration of forests is 129.2 mm yr~!. Transpi-
ration of tundra shrubs is 149.2 mm yr~!. Transpiration of
forests is lower than that of tundra shrubs owing to low tem-
perature in the high mountainous areas. Evapotranspiration
from the canopy of forests is 299.8 mm yr~!. Evapotranspi-
ration from the canopy of tundra shrubs is 268.5 yr~!. Evap-
otranspiration from the canopy of forests is higher than that
from the canopy of tundra shrubs. However, soil evapora-
tion is significantly reduced when forests are dominant in
the basin. Soil evaporation changes from 178.9 mm yr~!
when tundra shrubs are dominant to 90.4 mm yr~! when
forests are dominant in the basin. As the vegetation evolves
from tundra shrubs to forests, evapotranspiration of the ba-
sin decreases and runoff depth increases.

The annual mean temperature of the (T+2) run is 7 °C.
The results for (T+2) run show that transpiration from
the canopy of forests and tundra shrubs is 208.0 mm yr!
and 198.2 mm yr! respectively. Transpiration of forests
becomes higher than that of tundra shrubs. Evapotranspi-
ration of forests is still lower than that of tundra shrubs,
but the difference between forests evapotranspiration and
evapotranspiration of tundra shrubs is less than in the
control experiment T. The ability of forests to increase
runoft therefore decreases as the temperature increases.

The average mean temperature of [T+5, (1+40%)P]
run is 10 °C, and the annual precipitation is about 1000
mm. The results produced by this run show the evapo-
transpiration of forests is significantly greater than that
of tundra shrubs and C3 grasses as a result of a signifi-
cant increase in water loss through canopy interception
evaporation and transpiration from the canopy of forests.
The annual evapotranspiration in this run when the sur-
face is dominated by forests is 137 mm higher than that
when the surface is dominated by C3 grasses and 49.7 mm
higher than that when the surface is dominated by tundra
shrubs (Table 2). Evapotranspiration reaches a maximum
and the runoff depth reaches a minimum after forests be-
come dominant in the basin. As the vegetation evolves
from tundra shrubs to forests, evapotranspiration of the
basin increases and runoff depth decreases.

A comparison of runoft from two small catchments
(3.31 and 2.91 km?, respectively) in the upper reaches
of the Minjiang River in the southwestern mountainous
area showed that the alpine forests increased annual run-
oft (Ma, 1987). The Upper Zagunao River watershed in
the upper Yangtze River is at an altitude of 1800-5800 m.
The average annual temperature is 11.2 °C and the annual
precipitation ranges from 807 mm to 1378 mm, with a
median of 1072 mm (Zhang et al., 2012). Annual runoff
was increased by a mean of 38 mm with only 15.5% of the
watershed area logged and the effects of forest harvest-
ing were completely diminished in about 20 yrs since the
most intensive harvesting activities in the study watershed
(Zhang et al., 2012, 2017). Results from [T+5, (1+40%)P]
run show that If forests are replaced by C3 grasses with
15.5% of the watershed area, the annual runoff will in-
crease by 21.2 mm and will reduce to 7.7 mm when the
surface is dominated by tundra shrubs. The five small
watersheds located on the northern edge of the Sichuan
Basin in the upper reaches of the Jialing River are at an
altitude of 515-835 m. The annual mean temperature is
16.1 °C and the annual mean rainfall is 937.3 mm. Res-
toration of the forest reduced runoff (Zhang et al., 2007).

Evapotranspiration and runoff in the humid region
of southwestern China are sensitive to changes in tem-
perature. Evapotranspiration is not sensitive to changes in
precipitation if the temperature is unchanged, but runoft
is sensitive to changes in precipitation. Increase in evapo-
transpiration resulting from an increase in temperature
reduces the soil moisture content, the groundwater table
and the saturation zone, which, in turn, reduces the runoff
from the basin. Among the three vegetation types, forest
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evapotranspiration shows the greatest increase with the
increase of temperature. This results in a change in the
forest-runoft relationship with temperature. As the tem-
perature increases (altitude decreases), the effect of forests
increasing runoff changes to a reduction in runoft. The
spatial variation in the climate leads to spatial changes in
the forest-runoft relationship.

Catchment comparison studies conducted at different
altitudes in the southwestern mountainous region also re-
flect this spatial variation in the forest-runoff relationship.
However, these traditional forest watershed comparison
studies use a “black box” approach that focuses on the
effects of a reduction in forest cover or reforestation on
the streamflow measured at the outlets from the water-
shed and do not investigate the carbon-water cycle and
vegetation dynamics within the watershed. These tradi-
tional watershed comparison studies are unable to reveal
the mechanism behind the spatial variation of the for-
est-runoft relationship. Several different types of veg-
etation often coexist in the climatic zones of the basin
rather than a single uniform vegetation type. The coupled
SSiB4T/TRIFFID model is able to deal with the spatial
heterogeneity of vegetation and to simulate the vegeta-
tion dynamics and carbon-water cycle to investigate bio-
sphere-hydrosphere interactions at the basin scale. This
can overcome the shortcomings of traditional forest catch-
ment research and can be used to investigate the response
of vegetation dynamics and surface water budget to the
changing climate.

Conclusions

We coupled the SSiB4/TRIFFID dynamic vegetation
model with TOPMODEL to investigate the effects of cli-
mate change on vegetation and the surface water balance
at a basin scale in a mountainous region of southwestern
China. We performed long-term simulations of vegetation
dynamics and the water balance under different climate
scenarios for the subalpine Suomo river basin. Based on
the simulation results, we analyzed the effects of changes
in climate and vegetation on the surface water balance and
investigated the factors and mechanisms that control the
variation in the forest-runoff relationship.

Our main conclusions are as follows. (1) The forest
type basically changes from coniferous forest to conifer-
ous and broadleaf mixed forest as the temperature increas-
es. (2) Among the three vegetation types of C3 grasses,
tundra shrubs and forests, the LAI of forests is the most
sensitive to changes in temperature and clearly increases
with temperature during the growing season. (3) Evapo-
transpiration in the humid subalpine mountain region is
very sensitive to changes in temperature, but is not sen-
sitive to changes in precipitation when the temperature
remains unchanged. Runoft is very sensitive to changes in
both temperature and precipitation. (4) Among the three
vegetation types, evapotranspiration from forests increases
the most with increasing temperature as a result of a sig-
nificant increase in water loss through canopy interception

evaporation and transpiration. (5) The WUE of the forest
ecosystem decreases as the temperature increases. (6) The
role of forests in increasing runoft changes to a reduction
in runoff as the temperature increases or the altitude de-
creases. The vertical climatic zone has an important im-
pact on this relationship in the mountainous region of
southwestern China.
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