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ABSTRACT. An afforestation project was initiated in the western plain of Taiwan to convert abandoned farming lands into
forests to improve the ecological and environmental conditions. This study was conducted to understand the potential impacts of this land cover change on evapotranspiration (ET) and other land surface processes and the differences in the
impacts under clear and rainy weather conditions. Numerical simulations with the land surface covered with crops and
forests were conducted using an atmosphere-land coupled model during a summer monsoon season. Sensitivity experiments were conducted to understand the possible impacts of the convection and atmospheric planetary boundary layer
parameterization schemes used in this study on the simulation results. The results of the entire simulation period indicate
that, although the maximum solar radiation is increased by 30 W m-2 from about 800 W m-2 due to smaller albedo after
afforestation, the maximum ET near noon time is decreased by about 3 mm h-1 from about 17 mm h-1 on clear days, mainly
due to increased stem area index and reduced wind speed within the forest canopies. Meanwhile, the maximum sensible
heat flux is increased by about 100 W m-2 from 200 W m-2 due to larger total vegetation area (the sum of leaf and stem
area index) in forests. Similar responses in ET and other land surface processes to the afforestation are obtained for clear
weather conditions. In contrast, ET is increased and sensible heat flux is decreased under rainy conditions. The changes
in ET are more important on clear days than on rainy days in determining the responses over the entire simulation period.
The sensitivity experiments confirmed the simulated responses of ET and other land surface processes. The results suggest
that afforestation would modulate hydrological cycles by reducing ET on clear days and elevating ET on rainy days,
thereby reducing the risks of hydrological extremes.
Keywords. Afforestation, Dry and wet conditions, Evapotranspiration, Regional climate modeling, Taiwan.
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and use and land cover types have changed from
time to time in many regions of the world
(Sampson, 2004) due to human activities and
climate change. Massive deforestation has occurred worldwide, converting forests to farming lands, urban, and other land uses. Subtropical and temperate North
America, Europe, and Asia during the late 19th century and
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early 20th century and tropical South America and Africa
during the middle and late 20th century have seen most of
the deforestation to meet the needs for rapid economic development and population growth. For example, forest
acreage in the U.S. declined in the 19th century and early
20th century, reaching the lowest level around the 1920s as
a result of agricultural land clearing and timber harvesting
(USDA Forest Service, 1994).
This deforestation trend reversed later in some regions,
mainly to address ecological and environmental concerns.
In the U.S., the Civilian Conservation Corps program was
initiated during the Great Depression. About 3 billion trees
were planted from 1933 to 1942 that turned a large portion
of agricultural and abandoned logging lands into forests in
the U.S. Southeast and Midwest. In China, the Three-North
Shelter Forest Program (the Green Great Wall) started in
the late 1970s (Fang et al., 2001; Zhang et al., 2007; Liu et
al., 2008b) aiming to increase forest cover from 5% to 15%
in northern China by 2050 when the project is completed.
Today, China has the most planted forests in the world
(>0.5 million km2), contributing to the recent dramatic increase of national forest coverage to 18%. In Africa, about
20 countries agreed upon the Sahel Initiative to build a
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“Great Green Wall” by planting trees on the southern edge
of the Sahara desert to slow desertification (Schleeter,
2013).
Forest deforestation or afforestation can affect evapotranspiration (ET) and other hydrologic processes through
changing vegetation properties such as albedo, leaf area
index (LAI), and surface roughness (Pielke et al., 2011;
Jones et al., 2012; Sun and Liu, 2013). When land cover is
replaced with a different type of vegetation, surface albedo
is changed, leading to different solar radiation absorbed on
the ground, directly affecting heat energy available for
evapotranspiration. LAI is an important land surface characteristic that controls seasonal evapotranspiration dynamics. Forests have a larger LAI than bared land or short crops
and therefore can generally intercept more precipitation and
transfer more water from soils to the atmosphere through
transpiration. Forest canopies usually have larger roughness
and therefore intensify water and heat transfer with the atmosphere through reducing aerodynamic resistance. Because energy and water balances are tightly coupled, the
changes in energy balances can impact local and regional
hydrology (Jackson et al., 2005; McVicar et al., 2007).
Large-scale land cover change also occurred in the
western plain of Taiwan. This region was originally covered by primary forests that are commonly found on the
other side of the mountain ranges today. Cultivation and
settlement centers were established mostly in the 18th century when immigrants from mainland China moved to Taiwan (Liu, 1998). With the rapid population growth and
industrial development in the middle 20th century, many
farm lands were replaced by urban construction. Similar to
other regions in the world, the land cover changes have
resulted in many hydrological and environmental consequences (Wu et al., 2001; Lin et al., 2008). For example,
Wu et al. (2001) found significant increase in runoff and
decrease in groundwater recharge when a rice paddy field
was converted to a dry farming field. Since globalization of
the economy started in the early 2000s, farming has become less or even no longer profitable for farmers in Taiwan. As a result, some farming lands have been abandoned
and have caused ecological and environmental problems. A
regional “Afforestation in the Flat Area” project to reforest
the abandoned lands was initiated to improve the living
environment and resources as well as to mitigate the impacts of global warming (Shen, 2009).
When compared to bared or less vegetated land surfaces,
ET rates of trees or forests are higher in general, and thus
streamflow is lower in forest-dominated watersheds.
Worldwide “paired watershed” experiments have confirmed this general conclusion: afforestation increases ET
and decreases streamflow (Sun and Liu, 2013). However,
the impacts of afforestation on local and regional climate
and hydrology vary substantially with latitude, topography,
and size of afforestation. For the thermal effects, for example, Li et al. (2015) indicated that afforestation generally
leads to a strong cooling effect throughout the year in tropical regions, moderate cooling in summer but moderate
warming in winter with net cooling annually in temperate
regions, and strong warming in winter and moderate cool-
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ing in summer with net warming annually in boreal regions.
Taiwan is an island located in the transition zone of tropical
and subtropical climate regimes with complex topography
of the western flat plain and the eastern mountain ranges.
The possible differences in the impacts of afforestation on
climate and hydrology between this region and other tropical regions are not clear.
The purpose of this study was to understand and quantify the potential hydrological responses to afforestation in
the western plain of Taiwan. Hourly and daily ET and other
land surface processes were examined through numerical
simulations with the National Center for Atmospheric Research (NCAR) regional climate model (RCM) RegCM
(Giorgi et al., 1993a, 1993b) with 10 km resolution for June
1994.

METHODS
REGION
The Taiwan island, with an area of about 36,000 km2, is
located about 200 km southeast of the coast of mainland
China across the Taiwan Strait. The topography of the island is characterized by the contrast between the western
flat plain and the eastern mountain ranges, which peak at
nearly 4000 m. The land use types are mainly agriculture
and urban in the west and forests in the east. Figure 1
shows the land types of the simulation domain. About onefourth of the land (9,000 km2) is under cultivation, mainly
rice paddy along the western plain and in the south. As
described below, the Biosphere-Atmosphere Transfer
Scheme (BATS) (Dickinson et al., 1993) was used to simulate the land surface processes. The BATS scheme has
18 land types, but urban is not included and therefore no
urban areas are shown in figure 1. The annual rainfall is
around 2500 mm, and the summer temperature is around
28°C. The climate is influenced by the East Asian monsoon, with summer monsoon (from May to October) rainfall accounting for 90% of the annual rainfall in the south
and 60% in the north.
CLIMATE MODEL
RegCM was used for this simulation study. RegCM is a

Figure 1. Land cover types of Taiwan and the surrounding areas.
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numerical tool for simulating physical conditions and
changes in the atmosphere coupled with vegetation and the
soil. It was developed in the late 1980s at NCAR (Dickinson et al., 1989; Giorgi and Bates, 1989) based on the
standard Penn State/NCAR Mesoscale Model Version 4
(MM4) (Anthes et al., 1987) through including more detailed descriptions of some physical processes important to
climate, including radiation, land surface, planetary boundary layer (PBL), and precipitation. These processes are very
simple or not included in a weather model because they
may not be important for short-term atmospheric variations.
RegCM was used and evaluated in regional climate modeling of East Asia (Liu et al., 1994, 1996).
RCMs address some of the scale issues associated with
low-resolution global general circulation models (GCMs)
in modeling regional climate. GCMs mostly have spatial
resolutions of several hundred kilometers, and the effects of
local and regional forcing such as terrain and land cover
variability are often not well represented. RCMs, on the
other hand, have spatial resolutions of tens of kilometers or
higher, are often equipped with more detailed schemes for
local and regional properties, and are therefore a better tool
for understanding climate at regional scale. However, unlike GCMs, which can be run for as long as thousands of
years, RCMs usually are run from months to years because
of the extreme computer time consumption due to the higher resolution and more detailed description of physical processes.
SIMULATIONS
The simulation domain covered the Taiwan island and
the surrounding areas, centered at 23.5° N and 121° E. The
domain had 60 × 70 grid points, a horizontal resolution of
10 km, and 14 vertical layers up to 80 hPa. The simulation
was conducted for June 1994. As indicated by Misra and
Dirmeyer (2009), the hydroclimate in summer is generally
more active, with equally active convective precipitation
that serves as a conduit between the surface fluxes and precipitation. In addition, based on the Clausius-Clapeyron
relation, the absolute humidity in the atmospheric column
is larger in summer than in winter, This raises the moist
static energy, which gives rise to relatively stronger convective activity and potentially larger influence of boundary forcing differences on the water cycle.
The initial and horizontal lateral boundary conditions of
wind, temperature, water vapor, and surface pressure were
interpolated from the analysis of the European Center for
Medium Range Weather Forecast (ECMWF) with a resolution of 1.875° (Trenberth and Olson, 1988). Soil water content initialization was described by Giorgi and Bates (1989)
based on the specified vegetation type. Time-dependent sea
surface temperature was interpolated from a set of observed
monthly means with a resolution of 0.5° (Shea et al., 1992).
The precipitation and temperature data used for simulation
evaluation were obtained from weather stations in Taiwan
(available at tutiempo.net/en/Climate/Taiwan/TW.html).
Water and heat fluxes on the land surface were calculated through BATS. BATS includes a set of equations for
soil and vegetation energy and water balances to predict
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temporal variations of temperature and moisture, parameterizations schemes to estimate fluxes of heat and water,
and specifications of physical parameter values. All parameters are provided for 18 types of land cover and 12 classes
of soil texture. The vegetation within a grid cell is assumed
to be a “big leaf” instead of individual trees. BATS has
three soil layers (the surface, root zone, and a third layer
between the root zone and the groundwater) extending from
the soil surface to 0.1 m, 1 or 2 m (depending upon land
cover type), and 3 m, respectively. Soil moisture of each
layer is modeled as a function of precipitation, evapotranspiration, and runoff. Soil moisture is also affected by soilvegetation water exchanges through root water uptake in
the root zone and water exchange with the groundwater in
the third layer. Runoff is proportional to soil moisture and
water balance between precipitation and evapotranspiration. The water level of the groundwater layer is assumed
to be constant, despite the finding that the water level could
fluctuate remarkably during a prolonged drought event.
There are no horizontal interactions between grid cells. The
BATS scheme was integrated at a time step of 3 min. Water
and heat fluxes were calculated for the entire grid cell
(10 km).
In addition to evaporation from the bared ground surface, soil water is transported through transpiration to the
foliage surface and then evaporated into the surrounding
air. The evaporation (Ef) and sensible heat flux (Hf) from
the foliage surface are calculated as:

E f = ρa [ra −1Lw + (ra + rs )−1 Ld ](q sat
f − qaf )
q sat
f ≥ qaf

(1)

where
ρa = air density
ra = aerodynamic resistance
Lw = fractional water on leaves, which is determined by
precipitation intercepted by leaves
rs = stomatal resistance
Ld = (1 − Lw)(LAI/LSAI)
qfsat and qaf = corresponding saturation humidity of foliage
surface and specific humidity of air inside canopy.

H f = C pσ f LSAIra −1(T f − Taf )

(2)

where
Cp = heat capacity
σf = fractional vegetation cover
LSAI = sum of LAI and stem area index (SAI)
Tf and Taf = temperatures of foliage surface and air inside
the canopy, respectively.
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(3)

where
Cf = constant
Va = wind speed above the canopy
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k = von Karman constant
CR = a parameter depending on surface bulk Richardson
number, which is a function of vertical temperature gradient
z0 and z1 = roughness length and height of the lowest atmospheric level
Df = characteristic dimension of leaves in the direction of
wind flow.
rs = rmin Rl Sl M l

(4)

where
rmin = minimum value of stomatal resistance
Rl, Sl, and Ml = net radiation, temperature, and soil moisture
factors for stomatal resistance.
The key BATS parameters used for this study are presented in table 1. Different albedo values are assigned to
visual (wavelength <0.7 μm) and near-infrared (wavelength
≥0.7 μm) solar radiation. Soil albedo is a sum of a value for
saturated soil and a factor that increases with soil dryness.
The albedo for saturated soil depends on soil color and is
about 0.85 (wavelength <0.7 μm) and 0.17 (wavelength
≥0.7 μm) averaged over all eight soil colors in BATS. No
soil type and color changes were made in this study. LAI is
a sum of its minimum value and the difference between
maximum and minimum values with a temperature factor.
LAI reaches its largest value in summer and smallest value
in winter. The LAI values in BATS vary with season remarkably for crops but little for rainforests. The maximum
values are the same and were used for this study. SAI is a
constant for each land cover type. Fractional foliage cover
varies with season for both crop and forest. It has the largest values during summer of 0.85 for crop and 0.9 for forest, which were used for this study. Roughness, an indicator
of plant height, is a constant value for each land cover type
in BATS.
The Kuo scheme (Kuo, 1974; Anthes, 1977) was used to
simulate convective precipitation. This scheme assumes
that convections occur when the atmosphere becomes unstable with moisture convergence. Some converged moisture increases atmospheric humidity, and some is converted
into rainfall. The core of this scheme is to determine the
partition based on water and energy balances. The Kuo
scheme is simple but less capable of reproducing realistic
convection.
The nonlocal scheme developed by Holtslag et al. (1990,
1993) was used to describe the PBL processes. In addition
to the traditional vertical gradient of average air properties,
the scheme also includes counter-gradient fluxes resulting
from large-scale eddies in an unstable, well-mixed atmosphere when calculating turbulent diffusion. The countergradient fluxes are determined by the surface temperature
Table 1. Parameters for crop and forest in BATS.
Parameter
Crop
Forest
0.1
0.04
Albedo (wavelength <0.7 μm)
0.3
0.2
Albedo (wavelength ≥0.7 μm)
Maximum LAI
6.0
6.0
Stem area index (SAI)
0.5
2.0
Maximum fractional foliage
0.85
0.9
Roughness (m)
0.06
2.0
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or water vapor flux, the turbulent convective velocity that
depends on the friction velocity, and the PBL height.
RegCM uses the NCAR Community Climate Model
(CCM) radiative transfer package (Briegleb, 1992; Kiehl et
al., 1996). The solar component accounts for the radiative
effects of O3, H2O, CO2, and O2. It includes 18 spectral
intervals from 0.2 to 5 μm. The cloud scattering and absorption parameterization follows that of Slingo (1989)
whereby the optical properties of the cloud droplets (extinction optical depth, single scattering albedo, and asymmetry
parameter) are expressed in terms of the cloud liquid water
content and an effective droplet radius (Elguindi et al.,
2007).
Two simulations were conducted. In the control simulation, the current land use is dominated by rice paddy in the
western plain without considering urbanization. In the afforestation simulation, all crop lands are converted into
forests at the grid points in the western plain with elevations lower than 500 m. The hydrological impacts of the
afforestation are measured by the differences in ET as well
as other related fluxes and variables between the afforestation and control simulations. The land types in the simulation domain were specified based on the global 1 km resolution International Geosphere Biosphere Program (IGBP)
land cover dataset (Zeng et al., 2000).
SENSITIVITY EXPERIMENTS
There are some limitations with the RegCM modeling
technique. RegCM is driven by GCMs and/or meteorological measurements; any errors in lateral conditions will be
passed to RegCM. Even though the complex local land
surface condition was one of the reasons for using RegCM,
information deficiencies limit the ability of RegCM to reproduce important features in the atmosphere and other
earth components. Domain size and internal variability
created by disturbances in initial and boundary conditions
affect RegCM performance (Seth and Giorgi, 1998; Giorgi
and Shields, 1999). The RegCM version used for this study
is a hydrostatic model, meaning that the vertical pressure
gradient force is equal to gravity. This assumption works
well for flat land surfaces but causes problems in areas with
complex topography, especially for simulations of local
convections and circulations (Kato et al., 1999). This would
affect simulations in Taiwan, although likely less remarkably for the afforested flat western plain.
RegCM performance could vary substantially depending
on the parameterizations of important physical processes of
land surface, convection, PBL, radiation, etc. Sensitivity
experiments were conducted to understand how robust the
simulations results are with varied physical parameterization schemes. The alternative Grell convective scheme
(Grell, 1993), developed based on the Arakawa-Schubert
scheme (Arakawa and Schubert, 1974), was used. Convective instability in the scheme is produced by large-scale
atmospheric processes, while dissipated by small-scale processes. Clouds are represented by an updraft and a
downdraft. Condensation within the updraft occurs as a
saturated air parcel is lifted. There is only a single dominant cloud type instead of a spectrum of cloud types. In
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comparison with the Kuo scheme, the Grell scheme includes more physical processes but is complex and needs
longer calculation time. Furthermore, a PBL scheme without including the counter-gradient fluxes was examined. As
in the simulations described above (denoted the reference
simulations), each sensitivity experiment included control
and afforestation simulations, which were conducted over a
dry period (June 26-30, 1994) and a wet period (June 1-5,
1994).

RESULTS
EVALUATION OF SIMULATED PRECIPITATION
AND AIR TEMPERATURE
The simulated mean precipitation and temperature over
the western plain were evaluated against daily observations
from 22 stations. The distance between two adjacent stations varies but is about 20 km on average. Two major rainfall events with daily rainfall of about 35 mm and 15 mm
occurred on June 1 and 18, respectively, in the western
plain of Taiwan (fig. 2). A weak rainfall event with daily
rainfall around 3 mm occurred during June 5-7. RegCM
was able to catch the three precipitation events despite the
differences with the observed events in both magnitude and
timing. The simulated precipitation is smaller in magnitude
by half for the first major event but much larger for the
weak event, and the simulated precipitation lasts one day
longer for the second major event and starts one day earlier
for the weak event. The model had large bias in simulating
the first major event and the weak event during the first
seven days. The circulation systems that produced both
rainfall events during this period and the second major
event on June 18 were easterly waves. The airflows moved
westward over the ocean east of Taiwan, turned north first
and then south over the island, and returned to westward
over the ocean west of Taiwan (not shown). The trough line
oriented from south to north was over the western plain.

Figure 2. Daily variations of simulated (red) and observed (green)
precipitation P (top) and surface air temperature T (bottom) averaged
over the western plain of Taiwan.
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The model may have had low capacity in simulating the
airflows due to the limitation of the hydrostatic assumption.
In contrast, the trough line of the easterly waves for the
second major event was located farther west, with the airflows behind the trough line generally over the western
plain. The impact of the hydrostatic assumption was relatively smaller.
The observed surface air temperature showed an increasing trend over the simulation period. The values corresponding to the two major rainfall events were relatively
low, at about 23.5°C and 26°C, respectively, but rose rapidly following each major precipitation event. The simulated
temperature closely follows the observed daily variation.
The difference in magnitude is within 1°C in the first
20 days but nearly double that thereafter. The differences
are within the acceptable bias range.
EVAPOTRANSPIRATION
The daily ET rates from the control run averaged over
the simulation period decrease from about 6 mm d-1 in the
flat coastal area to 4 mm d-1 in the elevated mountains
(fig. 3). This spatial pattern is similar to that on a clear
summer day in 2002 detected by the MODIS satellite (Zhan
et al., 2011). However, the MODIS detection showed a
different pattern on a clear summer day in 2003, indicating
that ET in summer could be influenced by factors other
than topography and land cover type.
The afforestation leads to a decrease in ET by more than 1
mm d-1, a relative change of nearly 20%. The change occurs
only in the afforested area. Both ET and its change occur
mainly during daytime (fig. 4a). The ET value is very small
before 7:00 a.m., gradually reaches a peak around noon, and
then decreases until about 7:00 p.m. The change in ET follows a similar diurnal cycle, except with negative values.
ENERGY BALANCE
Net radiation, sensible heat, and latent heat are approximately in balance over a long period during which temperature change is relatively small. The simulated net solar radiation on the land surface (vegetation and soil) increases

Figure 3. Spatial patterns of ET (mm d-1) averaged over the simulation period for the control simulation (left) and the difference between
the afforestation and control simulations (right).
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Figure 6. Spatial patterns of daily sensible heat flux (W m-2) averaged
over the simulation period for the control simulation (left) and the
difference between the afforestation and control simulations (right).

Figure 4. Diurnal cycles of ET from the control simulation (green line,
left axis) and the difference between the afforestation and control
simulations (red line, right axis) averaged over the simulation period.
Panels (a) to (f) are ET (mm h-1), net solar radiation (Rs, W m-2), sensible heat (H, W m-2), latent heat (L, W m-2), zonal wind (U, m s-1), and
meridional wind (V, m s-1).

Figure 5. Spatial patterns of daily net radiation (W m-2) averaged over
the simulation period for the control simulation (left) and the difference between the afforestation and control simulations (right).

from about 250 W m-2 in the western plain to 280 W m-2 in
the mountain region (fig. 5). Afforestation leads to an increase of up to 20 W m-2 during daytime (fig. 4b). Little
change occurs in longwave radiation. The increased net
solar radiation is simply due to reduced albedo from 0.1
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(0.3) with crop to 0.04 (0.2) with forest for wavelengths of
<0.7 μm (≥0.7 μm) (table 1).
The reduced evapotranspiration in response to afforestation means smaller latent heat flux. This, together with the
positive change in net radiation, suggests that sensible heat
flux would increase (fig. 6). The simulated sensible heat
flux and its change show spatial patterns similar to those
for net solar radiation, i.e., increase from the western plain
to the mountains for the simulation and positive change in
the western plain for the response. The magnitude of simulated sensible heat is much smaller, ranging between 10 and
80 W m-2. The magnitude of the response is 30 W m-2. The
magnitude of the change during daytime hours is much
larger for either sensible or latent heat flux than for net solar radiation (figs. 4b through 4d), suggesting that other
mechanisms may play a more important for the changes in
sensible and latent heat fluxes than for solar radiation.
CIRCULATION PATTERN
The island is located in the far western section of the
dominant northwestern Pacific Subtropical High with weak
anti-cyclonic (clockwise) airflows. The simulated average
ground airflows (fig. 7) are mostly southerly and divided
into two major branches when meeting the central range,
and the wind speed becomes weaker due to larger friction
over land than over the ocean surface. Meanwhile, the sealand thermal contrast generates sea breezes, which blow
toward land (ocean) during day (night) time, as indicated
by the positive (negative) sign of zonal wind.
Afforestation leads to remarkable wind speed reduction
with both large-scale circulations and local sea breezes in
the afforested western plain. The change in the meridional
(y) component is negative (northerly wind trend), which is
opposite to the simulated southerly wind. The change in the
zonal (x) component is negative or easterly (positive or
westerly) during day (night) time, opposite to the corresponding simulated westerly (easterly) wind (figs. 4e and
4f).
RESPONSES UNDER RAINY CONDITIONS
To understand the influence of precipitation on ET and
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Figure 7. Spatial patterns of wind vectors averaged over the simulation period for the control simulation (left) and the difference between
the afforestation and control simulations (right).

Figure 9. Spatial patterns of wind vectors averaged over the rainy
days for the control simulation (left) and the difference between the
afforestation and control simulations (right).

Figure 8. Spatial patterns of precipitation (mm d-1) averaged over the
rainy days for the control simulation (left) and the difference between
the afforestation and control simulations (right).

Figure 10. Spatial patterns of ET (mm d-1) averaged over the rainy
days for the control simulation (left) and the difference between the
afforestation and control simulations (right).

heat flux responses, averages were made over the days for
the three rainfall events (rainy days) and over other days
(clear days). The simulated precipitation averaged over the
rainy days appears mainly in northern and central Taiwan
(fig. 8). The first major event and the weak event, occurring
in the first few days of the simulation period, spread across
the entire island except the southwestern and northwestern
coastal areas, with rainfall >20 mm d-1 in central Taiwan.
The second major event, occurring around June 18, spreads
across the entire island except the southwest, with rainfall >20 mm d-1 only in northern Taiwan (not shown). Precipitation change in response to afforestation appears
patchy with alternate positive and negative values across
Taiwan; the small magnitudes occur in the western plain,
and the large magnitudes occur on the northeastern coast
and adjacent ocean area.
The corresponding airflows are mostly easterly east of
Taiwan (fig. 9), split into two branches while passing the
island, and then merge. The wind response to afforestation
is small except in far south, where airflows opposite to the
simulated airflows are seen.
The simulated ET averaged over the rainy days has a
similar spatial pattern to that averaged over the entire simulation period despite the reduced magnitude in northern
Taiwan (fig. 10). However, the response to afforestation is
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Figure 11. Spatial patterns of sensible heat flux averaged over the
rainy days for the control simulation (left) and the difference between
the afforestation and control simulations (right).

totally different, as indicated by an overwhelmingly positive change with a magnitude of 0.5 mm d-1 in the afforested area except in the far south. The change in sensible heat
flux averaged over the rainy days is also opposite to that
averaged over the simulation period, with a negative sign in
a majority of the afforested area (fig. 11).
The spatial patterns of ET and sensible heat and their

641

changes averaged over the clear days (not shown) are similar
to those averaged over the entire simulation period except
with greater magnitude. The changes in ET and sensible heat
flux in the spatial distribution are -0.75 mm d-1 and 18 W m2
, respectively. The similarity indicates that the change for
the clear days contributes more than the change for the rainy
days to the overall change for the entire simulation period.
PHYSICAL MECHANISMS
The large change in LSAI due to afforestation appears to
be a major factor for the opposite responses between ET
and sensible heat. LAI varies seasonally and is about the
same for crops (close to the maximum value of 6.0) and
forests (a constant value of 6.0) during June. However, SAI
for forests is four times that for crops (table 1). Thus, forests have a much larger LSAI than crops. Sensible heat,
which is proportional to LSAI (eq. 2), tends to increase due
to afforestation. Evapotranspiration, on the other hand, is
proportional to the ratio of LAI to LSAI (eq. 1), which is
much smaller for forests than for crops. Thus, latent heat
flux and sensible heat flux respond oppositely to afforestation.
For the rainy days, the increase in ET may be caused by
the increased water storage capacity on the foliage surface.
The intercepted rainfall is proportional to precipitation rate
and fractional vegetation cover. In BATS, forests have fractional vegetation cover comparable to that of crops during
summer. However, the maximum water content on the foliage surface is proportional to LSAI, which is several times
larger than that of crops. This means that much more rain
water can be held on the foliage surface and later returned
to the air by evaporation. Larger ET from trees consumes
more latent heat, and therefore less sensible heat flux is
available in forests than in crops.
The changes in other vegetation properties have different impacts on ET and other land surface processes. On one
hand, more solar radiation and vegetation lead to larger
transpiration. In addition, roughness length is tens of times
larger for trees than for crops (table 1). The aerodynamic
resistance is therefore much smaller for trees, in favor of
increasing water and heat transfer from foliage. On the other hand, afforestation leads to a large decrease in background winds, as shown above. This favors an increase in
aerodynamic resistance and therefore decreasing water and
heat transfer for forests. The reduced ET due to afforestation implies that the change in background winds should be
more important than the changes in solar radiation and
roughness.
The changes in temperature and air specific humidity
gradients are another mechanism for the responses of ET
and sensible heat fluxes to afforestation. However, it is
difficult to examine this mechanism because of the complex interactions and feedbacks with the energy fluxes.

Figure 12. Spatial patterns of ET (mm d-1) averaged over the dry
period for the control simulation (left) and the difference between the
afforestation and control simulations (right) (ref, cup, and pbl = reference, convection, and PBL sensitivity simulations, respectively).

western Taiwan (fig. 12). In spite of the differences, the
changes due to afforestation are the same (i.e., reduced ET
in the afforested area) with comparable magnitude among
the reference simulation, convection sensitivity experiment,
and PBL sensitivity experiment.
For the rainy period (fig. 13), differences with the reference simulation are also seen for the convection sensitivity
simulation, which has larger ET over the ocean areas south
of Taiwan and mainland China. But again, the changes due
to afforestation are the same among the reference simulation, convection sensitivity experiment, and PBL sensitivity
experiment. The ET changes are positive in most of the
afforested region, which is opposite to those for the dry
period. Negative values are found in the south and north of
the region.
The same responses of ET to afforestation are also seen
for other properties, such as radiation, sensible heat flux,
temperature, and wind speed (not shown). The results thus
indicate that the effects of afforestation simulated with
RegCM are robust.

SENSITIVITY EXPERIMENTS
In comparison with the reference simulation for the dry
period, the convection sensitivity experiment produces
larger ET, with values exceeding 6 mm d-1 in the eastern
range and the mainland China coastal area in addition to
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ances (Sun et al., 2008; Sun and Liu, 2013), climatic regime and distribution (Jones et al., 2012), and ecosystem
structure (Ford et al., 2011).
Our study separated rainy days from dry days and found
opposite ET changes due to afforestation in Taiwan; ET
increased during rainy days but decreased during clear
days. Thus, afforestation in this region is likely to modulate
extreme hydrological conditions by evaporating less (more)
water during clear (rainy) periods and reduce the risks of
droughts and floods to a certain extent. Climate and hydrological extremes and their future trends have become an
important issue owing to the rise in water demand and
looming climate change (Mishra and Singh, 2010). The
findings from our study suggest the potential role of afforestation in mitigating the impacts of extreme conditions.

Figure 13. Spatial patterns of ET (mm d-1) averaged over the rainy
period for the control simulation (left) and the difference between the
afforestation and control simulations (right) (ref, cup, and pbl = reference, convection, and PBL sensitivity simulations, respectively).

DISCUSSION
IMPACTS OF AFFORESTATION
Previous studies on the impacts of land cover change on
ET and other land surface processes in other climate regimes show that afforestation generally increases ET and
decreases sensible heat flux (Sun and Liu, 2013). One example is the study on the Three-North Shelter Forest Program in northern China (Liu et al., 2008a). The findings
from our study for western Taiwan are opposite to the general findings but consistent with those of Liu et al. (2008b),
which indicated an increase in annual ET of 182 mm on
national average due to cropland expansion in China during
the 20th century. The different and even opposite responses
to land cover change for ET and sensible heat flux under
different climate regimes were noted in a review by Pielke
et al. (2011), who stated that, although observational studies from various continents had provided convincing evidence that land cover and land use change plays a significant role in altering surface fluxes, empirical studies are by
no means inclusive. There is large variability for the general forest-water relationships, presumably due to the variability of the type, extent, and magnitude of forest disturb-
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LAND SURFACE MODELING
The complexity in the afforestation responses may be also related to the assumptions used by various models to
simulate ET and energy balance. As described above, sensible heat flux (ET) is proportional (inversely proportional)
to LSAI in BATS. Afforestation in the western plain of Taiwan increases LSAI and therefore leads to increased (decreased) sensible (latent) heat flux. In some other models,
such as the Simple Biosphere Model (SiB) (Sellers et al.,
1986), the roles of the vegetation area indexes, which are
considered in calculating the bulk boundary layer resistance
of the leaf surface and stomatal resistance, are the same for
sensible heat flux and evaporation. Thus, smaller difference
in the responses between the two types of fluxes would be
expected from SiB. The land surface scheme is critical to
this study. There have been improvements to BATS, and
new schemes such as Community Land Model (CLM)
(Oleson et al., 2010) are now available in RegCM. Applications of these improved schemes should improve this study.
PHYSICAL FACTORS
Albedo, stem area index, and roughness are important
factors for the impacts of afforestation on ET and other
land surface processes. A possible approach to fully understand the relative importance of the three factors is to conduct sensitivity experiments to examine how much the responses of ET and other land surface processes to afforestation vary with each factor. Although such experiments were
not conducted in this study, the relative importance of the
three factors can be expected through the following twostep comparisons. The first step is to find the most important factor. The change in either albedo or roughness
due to afforestation would have similar impacts on ET and
sensible heat flux. Reduced albedo would provide more
energy to the water and heat fluxes, while increased roughness would reduce wind speed and the water and heat fluxes. However, the change in stem area index would lead to
opposite changes in ET and sensible heat flux, and to opposite changes in ET between dry and rainy periods. Thus, we
could first assume that the modeling results would be most
sensitive to stem area index among the three factors. The
second step is to find the second important factor. The land
change from crops to forests would lead to larger change in
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roughness than albedo due to the big difference in the plant
height and the small difference in plant color. Thus, we
could further assume that the modeling results would be
more sensitive to roughness than albedo between the two
factors.
Another important issue that was not analyzed in this
study is the possible impact of the changes in soil properties due to afforestation. Afforestation would change soil
properties (porosity, hydraulic conductivity, tension at saturation, wetness parameters, etc.), which would in turn affect
ET and other land surface processes. Kim et al. (2005)
showed the differences in these properties between paddy
field and forests in Thailand and examined the ET impacts
of these properties together with the differential properties
in vegetation and physiology.
MODEL DYNAMICS
Our simulations used 14 vertical atmosphere layers, with
only five of them in the PBL. This could impact our simulations in several ways. First, all land surface fluxes calculated with BATS need atmospheric conditions of temperature, humidity, and wind speed right above the ground.
They were obtained from the lowest atmospheric level in
RegCM. Fewer model layers in the PBL means a greater
distance from that level to the ground, which leads to larger
bias in determining the air conditions on the ground. Secondly, PBL height is an important parameter for the development of turbulence and eddies. For the same reason,
fewer model layers in the PBL would lead to larger bias in
calculating this parameter. Thirdly, the PBL usually includes the surface layer and mixed layer, which have different properties with turbulent fluxes. Fewer model layers
would increase the difficulty in accurately determining the
interface of the two layers. In future modeling studies,
higher vertical resolution in the PBL should be used to reduce the related biases.
A simulation with an RCM often uses a spin-up time to
make the various components in a soil-atmospherevegetation system adjust to each other. Such a spin-up process was not included in this study. Second, the monsoon
climate has large inter-annual variability. Thus, simulation
of a specific year is only considered a case study. Fixed
ocean condition is a common approach for most regional
climate modeling. For simulation of the Taiwan island,
however, sea breeze is an important local process for precipitation and temperature in the western plain, while
changes in the thermal condition of the ocean may affect
the development of sea breezes and the responses to afforestation investigated in this study. This possible impact
needs to be examined.
As described in the Method section, the hydrostatic assumption is a major limitation of this study. Nonhydrostatic dynamics have been adopted in RegCM to predict vertical motion. Applications of the new RegCM as
well as other non-hydrostatic models such as the Weather
Research and Forecast (WRF) model (Skamarock et al.,
2008) and the Advanced Regional Prediction System
(ARPS) (Xue et al., 2000, 2001) with increased grid resolution should improve the simulation of afforestation effects
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in Taiwan by more realistically describing the atmospheric
processes in the central range.

CONCLUSIONS
Numerical simulations and sensitivity experiments were
performed using RegCM to investigate the impacts of land
cover conversion from crops to forests in western Taiwan
on ET and other land surface processes. The results indicated that afforestation may have different ET changes depending on weather conditions. ET would decrease during
clear days due to afforestation but increase during rainy
days. Thus, afforestation in this region is likely to modulate
extreme hydrological conditions by evaporating less (more)
water during clear (rainy) periods and reduce the risks of
droughts and floods to a certain extent. However, the results may be influenced by many model limitations, including applications of the hydrostatic assumption and the low
vertical resolution of the model. The responses of soil
properties to afforestation were not investigated in this
study. Future studies should be conducted for longer periods with model parameters derived locally.
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