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Abstract

This study examines the effects of future climate changes on watershed hydroecology, including runoff, evapotranspira-
tion, soil moisture content, gross primary production (GPP), and photosynthetic productivity (PSNnet), by applying the
Regional Hydroecological Simulation System model to the Seolmacheon catchment (8.5 km?). Based on the daily runoff,
evapotranspiration, and soil moisture content in the watershed from 2007 to 2009, calibration (2007-2008) and validation
(2009) of the model were conducted. By utilizing PSNnet and GPP data collected with the Moderate Resolution Imaging
Spectroradiometer sensor onboard the Terra satellite, model calibration (2007) and validation (2008) were implemented.
For future climate change data, the MIROC3.2 (hires) and the HadCM3 climate change scenarios (A1B and B1), which
were provided by the IPCC, were used for reference. Compared to the baseline period, the future temperature increased by
a maximum of +4.9 °C in the MIROC3.2 A1B scenario, and precipitation increased substantially in spring and winter. In
the hydrological evaluation, MIROC3.2 showed annual change rates from —33.9 to 6.0%. Both the A1B and B1 scenarios
showed 6.0% and 1.0% increases in the 2020s and —33.9% and — 32.8% decreases in the 2080s, respectively. For HadCM3,
the A1B (B1) scenario showed rates of —9.9% (1.4%), —48.6% (—19.2%), and —42.4% (—32.1%), in the 2020s, 2050s,
and 2080s, respectively. Because climate region movement is relatively slow for temperature ranges when plant movement
increases, existing forests might survive in their minimum state or vanish under extreme conditions, such as heat stress,
droughts, and fires. In the simulation, the evapotranspiration volume, which was closely related to vegetation, caused the
average annual temperature to increase by 2.6-3.6 °C, which caused local vegetation to vanish.
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Introduction has resulted from human activity and that the temperature

of Earth’s surface would increase by as much as 1.8-4.0°

On February 2, 2007, the United Nations Intergovern-
mental Panel on Climate Change (UN IPCC) released its
comprehensive report on climate change 6 years follow-
ing the previous meeting, which noted that global warming
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within this century. The report also warned that such cli-
mate changes would result in more serious heavy rains, ice
melting, droughts, scorching summer heats, and sea level
increases (IPCC 2007). Temperature increases and changes
in precipitation patterns in the future due to global warming
will lead to changes in evapotranspiration and soil moisture
content and, ultimately, changes in the water cycle and run-
off (Mlinville et al. 2009; Shi et al. 2011; Dan et al. 2012).
As a result, a serious will arise regarding water resources,
including stream flow rates, the aquatic ecosystem, agricul-
ture, floods, droughts, and water quality. Therefore, it is nec-
essary to predict and evaluate the effects of climate changes
on water resources for long-term and national water resource
plans (Yang et al. 2009; Joh et al. 2011; Shi et al. 2013; Park
et al. 2013; Shin et al. 2014).
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When simulating and predicting hydrological changes in
watersheds throughout ecosystem water cycles, it is known
that evapotranspiration affects runoff and soil moisture
content significantly, which are in turn affected by climatic
states and surface evaporation characteristics, including net
radiation, ground and atmospheric temperatures, soil mois-
ture, wind velocity, and air pressure. Hydrological models
used in hydrological evaluation studies hardly consider the
effects of changes in leaf area index (LAI), stomatal resist-
ance (related to changes in climate and CO, density), soil
moisture content, evapotranspiration, and streamflow due to
mainly insufficient measured data related to evapotranspira-
tion and soil moisture content. Few simulations have been
performed regarding the LAI and stomatal resistance. Due to
costs when measuring evapotranspiration and soil moisture
content and the limited availability of equipment in Korea,
there has been limited data on the actual measurement of
runoff and hydrological elements. Thus, actual measurement
data of hydrological elements (excluding a except for runoff
and so on) have been in a referred to in previous study. As a
result, there have been few studies on hydrological calibra-
tion. However, since 2007, the Hydrological Survey Center
at the Korea Institute of Construction Technology has made
it possible to measure evapotranspiration and soil moisture
contents in the Seolmacheon catchment, and comparable
and quality measurements have accumulated. The utiliza-
tion of actual measurement data is expected to enhance
the reliability of the model simulation results (Joh et al.
2010). Few studies have calculated regional or global net
production amounts by means of satellite images. The local
observation of net production amounts requires a substantial
amount of time and effort due to measurement difficulties.
By utilizing the Terra MODIS to obtain satellite images over
large areas, it is now possible to monitor certain regions (or
even national territories) with insufficient information. Net
production information can be utilized to examine various
factors, such as the carbon cycle, biosphere characteristics
(Nemani et al. 2003), and the expected amount of food and
plant production (Running et al. 2004). MODIS net produc-
tion data are obtained with the BIOME-BGC model, which
is an ecological model used in the MODIS NPP algorithm
and includes input factors such as climate data, land cover
rate, MODIS LAI, and the photosynthesis effective radiation
amount (Running et al. 2000).

In most hydrological models, potential evapotranspiration
that is estimated with a soil moisture content or vegetation
empirical formula is utilized to statistically predict actual
evapotranspiration. When modeling vegetation changes in a
hydrological model, vegetation information (e.g., LAI and
stomatal resistance) used for evapotranspiration estimation is
of great importance. Among the ecology and hydrological pro-
cess studies that have used watershed hydroecology models,
the Sim-CYCLE terrestrial ecosystem model (Ito and Oikawa
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2000) refers to potential evapotranspiration rates that explain
soil moisture content changes related to photosynthesis. The
Frankfurt biosphere model (Liideke et al. 1994) and CEVSA
model (Cao and Woodward 1998), which utilize a similar
approach regarding the potential evapotranspiration and soil
moisture content empirical formula, calculate streamflow as
the remaining quantity when the soil moisture reaches full
capacity. In addition to the BIOME-BGC, RHESSys is a more
comprehensive ecology model that is capable of comparatively
examining crown layer blocking and evapotranspiration in a
hydrological cycle. Recently, Topog (Vertessy et al. 1996) and
Macaque (Watson et al. 1999) hydrological models have made
it possible to simulate detailed carbon changes and hydrologi-
cal elements related to vegetation growth. For both vegeta-
tion and hydrology, most hydrological models (except the few
models listed above) can represent neither changing elements
nor vegetation parameters.

RHESSys is a type of biogeochemical model used in ecol-
ogy, but it is different from other models in that it comprehen-
sively simulates the hydrological and biogeochemical cycles.
RHESSys simulates the flows of carbon, water, and nutrient
salt in three-dimensional space by utilizing a geographic infor-
mation system (Tague and Band 2004). The distribution of
soil moisture contents in a watershed affects the variety of
vegetation, primary productivity, and spatial heterogeneity
of the soil biogeochemical process, especially for runoff in
a forest watershed. For research on the adjusted spatial dis-
tributions of various soil moisture conditions for grassland
productivity, RHESSys has been applied to forest watersheds
in the northwest region of the Pacific (Tague and Band 2001)
and the northern plains of Canada (Creed et al. 2000). Zierl
et al. (2006) applied RHESSys to various small watersheds
over the Alps in Europe and, as a result, was able to predict
evapotranspiration, runoff, and snowfall amounts that were
significantly similar to the actual measurements. Hwang et al.
(2008) applied RHESSys to the Gwangneung research water-
shed and comparatively analyzed runoff, soil moisture content,
evapotranspiration, and net ecosystem exchange data. Lopez-
Moreno et al. (2014) predicted the future increase in water
storage with RHESSys to manage the water volume in reser-
voirs across Spain to reflect climate changes.

The purpose of this study is to analyze the effects of
future climate changes on hydrological patterns (runoff,
evapotranspiration, soil moisture content) and ecological
circulations over forest watersheds.

Materials and methods
Study area and watershed

To apply a hydroecology model in this study, the Seol-
macheon catchment upstream of the Imjin River was chosen
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of which hydrological elements have been observed and
available for a prolonged period since 2007 by the Korea
Institute of Construction Technology for the observation
of hydrological elements (Korea Institute of Construc-
tion Technology 2008). For hydrological observations of
the watershed, six precipitation stations (Jeonjeokbigyo,
Biryongpodae, Beomryunsa, Beanbay, Seolmari, and Gam-
masan), one water level station (Jeonjeokbigyo), and one
weather observation station (Biryongpodae) were estab-
lished for observations at 10-min intervals. The flux tower
and the soil moisture contents were regularly observed over
the deciduous forest region, which is located between 126°
52'-126° 58" E and 37° 55'-37° 58’ N (Fig. 1). The water-
shed area is 8.5 km?, its basin length is 5.8 km, its channel
slope is 2%, and its average annual precipitation is 1210 mm.
This catchment is a typical steep-slope, mountainous mean-
dering stream, where 90% of the watershed consists of conif-
erous trees and broadleaf trees that are 20-30 years of age.
The topsoil is thin, and the recharge capacity is very low.
A large quantity of rocks and gravel on the slope can cause
debris flow due to torrential downpours.

RHESSys model description

RHESSys was designed to comprehensively predict the
cycles and movements of water, carbon, and substances
within a watershed related to plants, air, and soil. As driv-
ing factors, changes in the hydrologic process, including
runoff, soil moisture content, and evapotranspiration, along
with biogeochemical processes, including tree increments,

net primary productivity, soil aspiration, and the LAI, can
be predicted on a daily basis (Tague and Band 2004). Earlier
versions of RHESSys were designed to combine the forest
biogeochemical cycle (FOREST-BGC) canopy model (Run-
ning and Coughlan 1988) with topographical patterns due
to critical meteorological forcing (Running et al. 1987); the
model (Fig. 2), which was developed by Band et al. (1993)
(Baron et al. 1998; Tague and Band 2004), then integrated
the hydrological process by adopting the TOPMODEL
hydrological model (Beven and Kirkby 1979) and the moun-
tainous micrometeorology model MTCLIM (Running et al.
1987).

Unlike coupled models, RHESSys describes the water
connectivity between landscapes and vertical water flows
directly. The model also describes the interactions among
the carbon and substance cycles in an ecosystem, includ-
ing the hydrological process and plant growth. Hence, this
method is advantageous as it can classify and specifically
evaluate processes such as photosynthesis and evapotran-
spiration, as well as the physical characteristics of detail
procedures. The Farquhar model (Farquhar and von Caem-
merer 1982) calculates photosynthesis based on the limi-
tations of three elements, which are used to calculated
photosynthesis: enzyme (nitrogen), electronic transmission
(light), and pore conductivity (light and water). For the
calculation of potential evaporation, the Penman—Monteith
expression (Monteith 1965) is applied. Stomatal conduct-
ance utilizes the Jarvis multiplicative model (Jarvis 1976)
assuming that various environmental limitations (e.g.,
radiation, CO,, leaf water potential, and vapor pressure

China
) ~North Korea

South Korea Jéb‘anﬁ ‘

A

. Water Level Station

@ Rainfall Station
Weather Station

Eddy Covariance Flux Tower
TDR Sensors 0
Stream

(2

Gamaksan

Beomryunsa

Seolmari

0.5 1 2
P e e —  Kilometers

Fig. 1 Map of the Seolmacheon watershed and locations of the hydrological observation sites
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Fig.2 The structure of the
RHESSys model. (Tague and
Band 2004)
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deficit) are determined with the maximum stomatal
conductance (Jarvis 1976), which expands the range of
hydraulic conductivity by using LAI information. Photo-
synthesis and evapotranspiration share values of hydraulic
conductivity. Both RHESSys and BIOME-BGC utilize the
CENTURY model to express soil organic matter decompo-
sition, and RHESSys uses CENTURYNGAS (Parton et al.
1996) to simulate N-cycling processes, such as nitrifica-
tion and denitritation. The RHESSys model, which is a
watershed hydroecology model that considers hydrologic

and ecological processes, was applied to the Seolmacheon
catchment (Fig. 3).

Future climate change scenarios

This study uses the MIROC3.2 (hires) and the UKMO
HadCM3 A1B and B1 scenarios to extract monthly aver-
age temperature (°C) and precipitation deviations (%) in the
future (2009-2100) using a baseline of 1977-2006, where
the 100 future years are divided into three analysis periods
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in increments of 30 years (i.e., 2020s: 2010-2039; 2050s:
2040-2069; and 2080s: 2070-2099), to produce climate
change scenarios for each observation center based on 100-
year daily data developed by the LARS-WG. Shin et al.
(2014) presents a detailed description of this process.

After the period is divided into 30-year units, MIROC3.2
A1B temperature increases for spring, summer, fall, and
winter from +3.6% (0.4 °C) to +28.8% (3.2 °C), +4.6%
(1.0°C) to +17.7% (4.2 °C), +18.0% (2.3 °C) to +47.8%
(6.1 °C), and +130.4% (3.1 °C) to +256.9% (6.0 °C),
respectively. MIROC3.2 A1B precipitation increases for
precipitation 2020s, and 2080s from 10.2% (129.7 mm) to
23.1% (292.3 mm) (Table 1, Fig. 4).

Input and measured data for the RHESSys model
simulation

To evaluate the applicability of the RHESSys model,
a distribution model in this study based on hydrologi-
cal climate data has been determined using a validated/
calibrated database from 2007 to 2009, which includes
a digital elevation model (DEM), a soil map and land
use, vegetation, satellite, daily precipitation (mm), solar
radiation (MJ/m?), average wind velocity (m/s), and aver-
age relative humidity (%) data (Table 2). Because it is
currently operated as a model watershed by the Korea
Institute of Construction Technology (1995-present), the
Seolmacheon catchment has a precipitation station, gaug-
ing station, flux tower, soil moisture content measurement
system, and weather observation station to collect hydro-
logical data. For this study, data from the Seolmacheon

catchment, including hydrological data, evapotranspira-
tion data, and soil moisture content, were provided from
the hydrological survey center at the Korea Institute of
Construction Technology and used for model validation/
calibration. The evapotranspiration validation and calibra-
tion were based on the measurements by using the flux
tower eddy covariance system for mixed forests. For the
soil moisture content calibration and validation, measure-
ments were utilized by using time domain reflectometry
(TDR) sensors in the Seolmacheon catchment sandy loam
soil (Deoksan Toyangtong) and runoff data collected at the
watershed entrance. These hydrological elements were all
actual measurements collected by the Hydrological Sur-
vey Center at the Korea Institute of Construction Technol-
ogy. Regarding evapotranspiration, the post-treated and
calibrated data (Kwon et al. 2009) were presented by the
Yonsei University Department of Atmospheric Sciences.
The climate condition input data were accumulated from
2002 to 2008.

For vegetation distributions, a forest type map produced
by the fourth national forest resources inventory survey
(conducted by the Korea Forest Service) was used and
reclassified for three forest types—coniferous forests (with
a crown occupied area and a vegetation stock ratio of 75% or
greater), deciduous forests, and rocky areas—that are used
in the hydrological and environmental management area.
The flow rates were defined using hydraulic conductivity.
Hence, the water flow characteristics in the soil can be inter-
preted regarding the hydraulic conductivity. In this study, the
saturated hydraulic conductivity from Clapp and Hornberger
(1978) was utilized as the model input data.

Table 1 Annual and seasonal

T Period 2020s 2050s 2080s
precipitation and temperature
change rates (%) GCM MIROC3.2 HadCM3 MIROC3.2 HadCM3 MIROC3.2 HadCM3
Scenario AlB Bl AlB Bl AlIB Bl AlB Bl AlIB Bl AlB Bl
Spring (March—-May)
Prec. 8.1 2.5 1339 89 21.1 3.6 1544 79 378 16.0 170.6 16.0
Temp. 36 -35 29.0 11.7 13.8 13.8 417 202 288 279 540 279
Summer (June—August)
Prec. 4.5 47 -238 110 114 2.9 14.0 4.1 147 53 10.7 5.3
Temp. 4.3 39 10.9 50 11.6 8.3 21.5 86 177 129 267 129
Autumn (September—November)
Prec. 27.8 323 6.7 72 205 263 -29 186 337 188 9.5 1838
Temp. 18.0 297 -20 171 379 30.8 10.1 250 47.8 303 219 303
Winter (December—February)
Prec. 214 38.6 36.0 327 384 358 84.1 362 359 18.0 100.5 18.0
Temp. 1304 157.0 —-41.0 143.6 2259 208.7 -25.1 207.0 256.9 2509 929 2509
Annual
Prec. 10.2  11.1 11.0 11.1 16.1 9.0 37.8 9.0 231 102 41.6 102
Temp. 150 17.7 10.1 177 318 272 23.0 272 43.1 351 382 351
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Fig.4 Future downscaled yearly precipitation (a) and temperature (b) in the 2020s, 2050s and 2080s for the A1B and B1 scenarios (left:
MIROC3.2; right: HadCM3)

Table 2 Data sets for RHESSys model parameterization

Data type Source Scale/period Data description/properties

Topography Korea National Geography Institute 1/5000 Elevation

Soil Korea Rural Development Administration  1/25,000 Soil classifications and physical properties such as bulk
density, texture, porosity, wilting point, field capacity
and saturated hydraulic conductivity

Land cover Landsat TM satellite image 30 m Land cover classifications such as water, forest, urban,
grassland, bare ground, paddy and upland crop

Vegetation information Ministry of Environment 30m Forest classification (3 classes)

‘Weather Korea Meteorological Administration 1977-2009  Daily precipitation, mean, max., min., temperature, wind
speed, relative humidity and sunshine hour

Streamflow Korea Institute of Construction Technology 2007-2009  Daily observed streamflow

Evapotranspiration Korea Institute of Construction Technology/ 2007-2009  Daily evapotranspiration data at mixed forest area

Yonsei Univ.
Soil water content Korea Institute of Construction Technology 2007-2009  Daily soil water content
Photosynthesis Terra MODIS satellite image 2000-2008  Photosynthetic Productivity (8 days)

Gross Primary Production (8 days)

Future forest vegetation changes

To predict changes in future vegetation distributions in for-
ests, a database was established for this study, where current
and future climate, altitude, and soil map data over South
Korea were collected. An analysis on the correlation between
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the collected data and the current vegetation distribution was
conducted, and variables with the highest correlations were
selected. Regarding the distribution of selected variables and
the current vegetation distribution, a multinomial logistic
regression was implemented to generate a corresponding
expression for each forest vegetation category. Based on the
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type and source of the future climate data, future changes in
forest vegetation distributions were predicted.

As a result of analyzing the correlations among the 14
environment variables as well as forest vegetation (altitude,
temperature, precipitation, soil organic matter, and degree
of base saturation). Regarding these six variables—forest
vegetation distribution, altitude, temperature in cold months,
summer precipitation, degree of base saturation, and soil
organic matter—a multinomial logistic regression with a
4 km resolution was implemented. As a result, a correla-
tion regression equation was developed for each forest veg-
etation type (i.e., coniferous tree, broadleaf tree, broadleaf
tree mixed forest, mixed forest; Table 3). Regarding cold
month temperatures and summer precipitation in the 2020s
(2010-2039), 2050s (2040-2069), and 2080s (2070-2099),
the multinomial logit regression expressions for each forest
vegetation type were applied, and future vegetation distri-
butions in forests were predicted. In comparison with the
current states, the broadleaf trees and mixed forests in the
2080s were predicted to increase by as much as 15.4% and
26.7%, respectively, while coniferous trees would decrease
by as much as 62.5%. Because the Seolmacheon catchment
has a wealth of broadleaf trees, it is predicted that more
broadleaf trees will be distributed in the future. Details of
the forest vegetation change results of model have been pub-
lished (Shin et al. 2012a; in Korean with English abstract).

MODIS data

MODIS is a multipurpose sensor that is applicable over
marine, ground, and atmospheric areas. It is a major sensor
on the NASA Terra Earth Observation System (EOS) satel-
lite, which provides various types of data about the terres-
trial biosphere (i.e., atmospheric, ground, and marine areas)
using 36 bands (Shin et al. 2010). The NASA EOS Data
Gateway provides various satellite images that are produced
through the EOS, including MODIS images, which can be
divided into subcategories (i.e., the atmosphere, glacier,
land, and ocean) for data calibration (Park et al. 2006). It
also has spatial and temporal resolutions that are effective
for the observation of time/space characteristics over a cer-
tain region. MOD17 combines the initial productivity model
and remote sensing methods to understand the global carbon

cycle by utilizing a 1 km spatial resolution for vegetation and
average GPP and PSNnet products (for 8 consecutive days;
gC/mz), which derive from the Terra satellite MODIS sensor
(Running et al. 2000; Heinsch et al. 2003).

Model parameters for calibration and validation

For model calibration, daily runoff data from 2007 to 2008
are used in this study. RHESSys performs the calibration
using “m,” which is the damping ratio for hydraulic conduc-
tivity (dependent on depth), and “K,” which is the hydraulic
conductivity of each soil type depending on the vegetation
distribution (Table 4). Regarding changes in streamflow as
a function of parameter changes, as the hydraulic conduc-
tivity value (i.e., a streamflow-related parameter) increases,
the total runoff increases accordingly. For the operation of
RHESSys, the initial values of carbon, nitrogen, and humid-
ity content over the vegetation and soil are required. How-
ever, because it is difficult to determine all initial values
based only on the actual measurements, RHESSys initializes
the model by using the spin-up method, where the initial
values of a model are determined until the carbon gain is
stabilized in the ecosystem. The period for stabilization is
450 years. After the initialized RHESSys was operated from
2002 to 2009, the results were compared with the actual
measurements. Details of the calibrated parameters and
streamflow results of model calibration and validation have
been published (Shin et al. 2012b; in Korean with English
abstract).

Parameters that would affect vegetation growth include
whole plant mortality (WPM), dry weight LAI (specific leaf
area (SLA), m2/l<gC), the leaf C:N ratio, the nitrogen rubisco
content in the leaf, and the coefficient distribution of photo-
synthesis products. Turnover and mortality parameters are
used to describe the portion of the plant pools that are either
replaced each year or removed through fire or plant death
(White et al. 2000). For all deciduous biomes, Leaf and root
turnover (1 year) is set to 1.0, indicating that the entire leaf
and fine root carbon pools are turned over every year (White
et al. 2000). White et al. (2000) set LWT to 0.7 for all woody
biomes. WPM (unit: 1 year'l; e.g., total tree death rates and
pruning) is applied to the upper and lower parts of the eco-
logical carbon repository system that dies and regenerates

Table 3 Relational functions

. Forest vegetation
between forest vegetation types

Multinomial logistic regression equation

and environmental variables

Coniferous —5.8543
Deciduous —7.6284
Deciduous mixed  —6.7188
Mixed —17.0664

—-0.0032A —-0.0088B  +0.0066C +0.0183D —0.1158E
—-0.0069A  +0.0728B  +0.0077C  +0.0181D  +0.5555E
-0.0076 A +0.2214B  +0.0090C +0.0096D -0.3283 E
—-0.0106 A +0.1545B  +0.0073C  +0.0194D -0.18394E

A Degree of base saturation, B Soil organic matter, C DEM, D Average summer precipitation over 30 years
(i.e., the rainfall variable), E Average temperature in cold months over 30 years
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Table 4 The streamflow parameters of the calibrated RHESSys model

Parameter Description Units Default Min. value Max. value
K Saturated hydraulic conductivity at surface m/day 1 0.02 5

Rawls et al. (1982)

m Decay of saturated hydraulic conductivity with saturation deficit  1/(meter of water) 1 0.01 10
porosity_0 Porosity at soil surface Range (0-1) 0.435 0.395 0.500
porosity_decay Porosity scaling parameter with depth—porosity decays as 1/m 4000 1 1000

m_z Decay of saturated conductivity with actual soil depth. If poros-  1/m 1 0.5 2

ity does not scale with depth then m_z should be m/porosity_0

every year (Table 5). The forest values applied to the model
(0.005), which are considered to indicate the branch and
tree death rates, are based on a large-scale field experiment
conducted by forestry researchers. The decrease in transpi-
ration and the increase in carbon absorption (when there
is an increase in CO,) increase both the humidity and soil
moisture content. Many researchers state that the increase in
CO, results in high soil moisture content levels (Knapp et al.
1996; Fredeen et al. 1997; Lutze and Gifford 1998; Morgan
et al. 1998; Volk et al. 2000). Maximum stomatal conduct-
ance (gsmax; m/s) determines conductivity rates when there
are no environmental condition limitations. Three reports
have presented the same value of gsmax, which indicates
a minimal difference among natural vegetation from that
perspective (Kelliher et al. 1995; Korner 1995; Schulze et al.
1994). Kelliher et al. (1995) performed a more recent evalu-
ation on all types of biomasses, where a gsmax of 0.006 m/s
was applied. The LAI significantly affects all aspects of can-
opy physiology and is considered when calculating SLA and
leaf carbon (kgC/m?) production.

Results and discussions

Results of the hydrological calibration
and validation

As objective functions of the model, the Nash—Sutcliffe
(Nash and Sutcliffe 1970) model efficiency and coefficients
of determination were used. Based on the average parameter
values and daily runoff data from 2007 to 2008, the model
validation was conducted. After analyzing the correlations
among the actual measurements and the simulated measure-
ments for daily runoff during the calibration period at the
watershed entrance, the Nash—Sutcliffe model efficiencies
were 0.63 and 0.84, and the coefficients of determination
were 0.74 and 0.92, respectively, indicating high correla-
tions (Table 6).

For the simulated results for runoff, evapotranspiration,
and soil moisture content, daily soil moisture contents rec-
ognized by the TDR sensor were compared with those that
were predicted with the RHESSys model, and the results
are shown in Table 5 and Fig. 5. The predicted soil moisture
contents in summer, which is a season of growth, were quite
similar to those from the actual measurements. However,
the predicted values using the RHESSys model simplified
and overestimated the daily changes in comparison with the
actual measurements.

Table 5 The ecophysiological parameters of the calibrated RHESSys model (White et al. 2000)

Parameters Description Units DBF ENF
epc.gl_smax Maximum stomatal conductance m/s 0.006 0.006
epc.proj_epc.proj_sla Specific leaf area m%kgC 32.0 8.2
epc.leaf_cn Carbon:nitrogen ratio of leaves kgC/kgN 25.0 42.0
epc.froot_turnover Annual fine root turnover fraction (percent carbon per year) Range (0-1) 1.00 0.26
epc.livewood_turnover Annual live wood turnover fraction (percent carbon per year) Range (0-1) 0.70 0.70
epc.mortality Vegetation loss through mortality Range (0-1) 0.01 0.005
epc.froot_cn Carbon:nitrogen ratio for fine roots kgC/kgN 48.0 58.0
epc.alloc_frootc_leafc Ratio of new fine root carbon to new leaf carbon allocation Dimensionless 1.2 1.4

DBF deciduous broadleaf forest, ENF evergreen needle leaf forest
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Table 6 Hydrological calibration and validation results (Shin et al. 2012b)

Period Observation Simulation Statistical summary Note

P (mm/y) Q (mm/y) QR (%) Q (mm/y) QR (%) E R
2007 1262.2 761.0 0.60 736.4 0.58 0.59 0.59 C
2008 1498.3 941.6 0.63 1103.2 0.74 0.67 0.89 C
2009 1351.7 1001.4 0.74 831.8 0.62 0.84 0.92 v
Period P SM (%) ET (mm) Note
Period Obs. Sim. R? Period Obs. Sim. R?

2007 1262.2 Jun.-Dec. 26.0 25.6 0.37 Sep.—Dec. 109.0 113.5 0.53 C
2008 1498.3 Jun.-Dec. 229 25.0 0.52 Jan.—Dec. 471.7 473.8 0.54 C
2009 1351.7 Jun.-Dec. 23.6 21.5 0.18 Jan.—Dec. 408.6 471.0 0.49 v

P precipitation, Q streamflow, QR runoff ratio, SM soil moisture, ET evapotranspiration, E Nash-Sutcliffe model efficiency, R? coefficient of

determination, C calibration, and V verification

In general, hydrological models require validation and
calibration regarding simulated and actual measurements of
daily runoff due to observation data limitations. In contrast,
this study utilizes hydrological data, PSNnet, GPP ecologi-
cal data for runoff, evapotranspiration, and soil moisture
content for model validation and calibration in comparison
with the observation and remote sensing data. Hydrologi-
cal and ecological parameters organically affect each other.
Specifically, transpiration in plants is a process where soil
moisture circulates in woody tissues and leaves through the
roots, which affects soil moisture content loss and is a decid-
ing factor for runoff in watersheds. This observation and
other major parameters that affect ecology are presented in
Table 5. For evapotranspiration, the daily evapotranspiration
measured at the flux tower was compared with that of the
RHESSys model.

Modeled evapotranspiration contains an interception
measurement related to evaporation, as well as the vegeta-
tion crown canopy, snow sublimation, and vegetation tran-
spiration volume, which are calculated based on the daily
precipitation occurrence time and the vapor pressure deficit
(VPD). Therefore, evapotranspiration is affected signifi-
cantly by soil moisture and transpiration volume, which are
closely related to ground and vegetation water flow.

Results of the ecological parameter calibration
and validation

When using the Terra satellite MODIS sensor with a 1 km
resolution for vegetation, the average daily production
results for the 8-day GPP (gC/mz) and PSNnet (gC/mz) were
compared with those simulated by the model. For PSNnet,
the coefficients of determination after calibration (2007)
and validation (2008) were 0.55 and 0.38, respectively.
MODIS PSNnet showed overestimated values compared to
the expected values from the RHESSys model. For GPP,

the RHESSys model expected value was overestimated, and
the simulated monthly pattern showed a similar tendency.
The coefficients of determination after calibration (2007)
and validation (2008) were 0.93 and 0.93, respectively. The
simulated results from the watershed model are presented in
Table 7. PSNnet and GPP excluded transpiration activities
during precipitation in the model, as was the case for evapo-
transpiration as well. Hence, the PSNnet values in July and
August, which comprise the summer season with a substan-
tial amount of precipitation, were lower than those in May.
The simulated values were lower than the MODIS values
measured with remote sensing.

The effects of future climate and forest vegetation
changes on forest hydrological conditions

First, annual and seasonal changes in evapotranspiration
(Fig. 6a) show a decrease in annual evapotranspiration and
a general decrease over all seasons. MIROC3.2 changed
throughout the year from —33.9 to 6.0%. Both the A1B and
B1 scenarios showed an increase from 1.0 to 6.0% in the
2020s but a decrease from —32.8 to —33.9% in the 2080s.
For seasonal evapotranspiration values in every scenario,
winter evapotranspiration increased by 99.4%, while that
in spring and summer decreased by —39.7% and 40.7%,
respectively. Evapotranspiration in fall increased only in the
2020s, based on the annual comparison, and decreased to
—26.8% throughout the rest of the period. For HadCM3, the
change rates in the A1B scenario were —9.9%, —48.6%, and
—42.4% in the 2020s, 2050s, and 2080s, while those in the
B1 scenario were 1.4%, —19.2%, and —32.1%, respectively.
For seasonal evapotranspiration values, the B1 scenario in
spring was —38.8% in the 2080s, which was the largest
negative rate, and that in the B1 scenario was —3.4% in the
2020s, which was the smallest negative rate. In summer,
the rate decrease was consistent in the MIROC3.2 data, and
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Table7 PSNnet, GPP Period P (mm/y) PSNnet (¢C/m?) GPP (gC/m?) R?
calibration and validation
results (Shin et al. 2012b) MODIS Sim. MODIS Sim. PSNnet GPP
2007 1262.2 780.8 524.6 1192.9 1395.8 0.55 0.93
2008 1498.3 807.7 500.0 1206.5 1373.0 0.38 0.93
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evaporation and transpiration are shown in Figs. 6b and 5c,
respectively. For annual change rates in evaporation volume
using MIROC3.2, 41.9% and 29.9% increases were shown
in the 2020s in scenarios A1B and B1, respectively, and a
3.1% increase was shown in the B1 scenario in the 2050s.
Annual change rates from scenario A1B in the 2050s and
the 2080s in scenario B1 decreased by —0.5%, —9.9%, and
—12.7%, respectively. Although evapotranspiration in these
two scenarios decreased in spring and summer in the 2020s,
the evaporation volume increased in the 2020s in every sea-
son. The rate of increase in the B1 winter scenario was the
largest (115.5%), while that in summer was the smallest
(5.5%). In the 2050s and the 2080s, the change rate in win-
ter increased. Although several fluctuations were shown over
different periods, the evapotranspiration change rate in fall
increased by 69.5%.

While the evapotranspiration in spring decreased in
every scenario, the evaporation volume increased in the
2020s and 2050s even though the predicted general volume
decreased. Evapotranspiration in summer decreased in all
scenarios, except in the 2020s, when evapotranspiration
increased during all seasons. The annual evaporation rate
using HadCM3 increased in the 2020s and 2050s by 30.1%
and 3.0%, respectively, in the B1 scenario, but for the rest
of the period, it decreased by —42.5%. In the A1B scenario,
values decreased in all seasons in the 2050s and 2080s,
and the change rate was the largest in summer in the 2050s
(=51.6%). In the A1B scenario, the value increased in all
seasons in the 2020s, except in summer, when the value was
negative (— 16.4%), which is similar to the change pattern
in the 2050s when using MIROC3.2. Hence, the HadCM3
A1B scenario showed a higher change rate than that of
MIROC3.2. The annual transpiration volume change rate of
HadCM3 decreased when using MIROC3.2 from —55.4 to
—24.9%, respectively, in all scenarios, and the change rate
of the A1B scenario was higher than that of the B1 scenario.
For seasonal patterns, the change rate in spring was the high-
est. The A1B change rate in the 2080s decreased by —63.8%,
which is different from that in the 2020s, where evaporation
increased for every season. The annual transpiration volume
using HadCM3 decreased in all scenarios from — 18.2 to
—54.1%, and the overall value increased for all seasons. In
the A1B scenario, the rate of decrease in winter was large
compared to that of MIROC3.2.

As for the annual soil moisture content, those from
MIROC3.2 increased by 13.2% and 10.9% in the 2020s for
scenarios A1B and B1, respectively, as shown in Fig. 6d,
which is a similar result to that of evapotranspiration; in
other scenarios, the contents decreased by — 16.3%. As in
the annual comparison, the seasonal comparison showed that
in the 2020s, soil moisture contents increased every sea-
son. In the A1B scenario, contents decreased every season
in the 2050s and 2080s, especially in summer, when the
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change rates were the largest (— 11.5% and — 19.8%, respec-
tively). In the B1 scenario, the value decreased by —3.8%
and — 6.0% in the 2050s in spring and summer but increased
by 2.1% and 1.6% in fall and winter, respectively. In the
2080s, the value decreased by 18.5% in summer, which was
the largest change rate. For HadCM3, the decrease rate in
scenario A1B was larger than that when using MIROCS3.
Particularly in the 2050s, the decrease rate in scenario A1B
was — 30.6%, which was the most significant change among
the climate change scenarios, and that of scenario B1 in the
2050s was — 1.6%, which was the smallest decrease rate.
For MIROC3.2, an increase in the 2020s and a decrease
in other periods were observed. The decreasing pattern in
summer was also similar to that of evapotranspiration, where
the decrease rate in spring was larger than that in other sea-
sons. Because the decrease in soil moisture content directly
affects the growth of farm products, and domestic sowing is
accomplished in spring, measuring the lack of soil moisture
content needs to be considered in the future.

Finally, annual and seasonal changes in runoff, which
is the most important element in watershed hydrology,
are shown in Fig. 6f. For MIROC3.2, the A1B scenario
showed a change rate increase of 0.1% in 2020 and 39.6%
in 2080. For seasonal changes in runoff, the MIROC3.2
results increased from 43.1 to 114.2% in spring and 52.2 to
84.3% in fall. The summer values decreased in the A1B sce-
nario in 2020 and in the B1 scenario for all periods at rates
of —19.8% and — 1.1%, respectively. In winter, the value
increased by 60.9% for almost all seasons. For HadCM3,
the annual runoff increased from 3.6 to 70.4%, and the run-
off volume increased in every season, except for summer.
In A1B scenario specifically, runoff in spring increased by
551.2%, and the rates of increase in spring and fall were high
in the B1 scenario.

The effects of future climate and forest vegetation
changes on GPP and PSNnet

The annual and seasonal PSNnet and GPP values in the
watershed, which were simulated by the RHESSys model
for future climate changes, were analyzed, and the results
are presented in Fig. 7.

For the annual PSNnet (Fig. 7a), the MIROC3.2
decreased from —4.1 to —69.2%, which decreased further
(—84.2%) in all seasons, except in winter in the 2020s.
The summer change rate was the highest. For HadCM3,
the change rate of annual PSNnet ranged from —38.1 to
—75.7%, which indicated that the decrease rate was larger
than that of MIROC3.2. Seasonal change patterns were
similar to those of MIROC3.2, and the rate decreased by
-97.5%.

For MIROC3.2, the annual GPP (Fig. 7b) increased
in every scenario, and the change rate ranged from 7.3 to
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Fig. 7 Prediction of seasonal PSNet (a) and GPP (b) in response to climate changes (left: MIROC3.2; right: HadCM3)

80.3%. As time progressed, the decrease rate became larger
in both scenarios. For A1B, the rate of increase was 81.8% in
spring in the 2020s and 20.7% in the 2080s. In summer, the
change ranged from 76.9 to — 10.0%, and in fall, the increase
rate gradually decreased from 80.3% in the 2020s to 14.0%
in the 2080s. In winter, the increase rate in the 2050s was
the largest (157.9%). In the B1 scenario, the rate of increase
in the 2020s was the largest, but it decreased gradually as
time progressed. The HadCM3 pattern was similar to that of
MIROC3.2 regarding the B1 scenario. In the A1B scenario,
the value decreased in winter in the 2020s by —0.2%, and
it continued to decrease further as time progressed. For the
A1B scenario, the largest increase rate in the 2020s was
lower than that in other scenarios. The annual GPP in sum-
mer and winter decreased in the 2040s and 2080s.

Summary and conclusions

This study applies the Regional Hydroecological Simula-
tion System (RHESSys) model, which comprehensively
simulates carbon and water circulations in the ecosystem
by considering interactions among the atmosphere, plants,
and soils, to the Seolmacheon catchment (8.5 km?) to predict
the vegetation distributions in the 2020s, 2050s, and 2080s.
The purpose of this study is to analyze the effects of future

climate changes on hydrological patterns and ecological cir-
culations over forest watersheds. The results are summarized
as follows:

After the calibration of daily runoff, PSNnet, and GPP
from 2007 to 2008, the coefficients of determination ranged
from 0.59 to 0.93.

For seasonal changes in temperature as a result of future
climate changes, MIROC3.2 increased for all four sea-
sons, while HadCM3 drastically decreased from —41.0%
(=1.0°C) to —25.1% (— 0.6 °C) in winter in the 2020s and
2050s; precipitation increased in all scenarios.

The hydrological evaluation of the watershed, which was
conducted by simulating the RHESSys model for each cli-
mate change scenario, showed that evapotranspiration and
soil moisture content increased in the 2020s for all scenarios
then gradually decreased in the latter part of the study period
as runoff increased.

When analyzing the dependence of PSNnet on climate
changes, the rate decreased from —34.1 to —69.2% when
using MIROC3.2. The rate decreased by — 84.2% in the
2020s for all seasons (except winter). The rate of change
in summer was especially high. For HadCM3, the rate of
change in the annual PSNnet ranged from —38.1 to —75.7%,
which indicate that the rate of decrease was higher than that
of MIROC3.2. Seasonal change patterns were similar to
those of MIROC3.2, and the rate decreased by —97.5%.
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Annual GPP from the MIROC3.2 increased in all scenarios,
and the rate of change ranged from 7.3 to 80.3%. In both
scenarios, the rate of decrease increased as time progressed.
HadCM3 was similar to MIROC3.2 in the B1 scenario in
regard to annual GPP, but in A1B, the value decreased in
winter in the 2020s by —0.2%, which further decreased as
time progressed. In the A1B scenario, the largest rate of
increase in the 2020s was far smaller than that in other sce-
narios. The annual GPP and the GPP in summer and winter
in the 2040s and 2080s decreased.

Because the movement of plants is slower than that of
climate zones due to temperature increases, the projected
decrease in evapotranspiration in existing forests should
remain in the minimal state or potentially wither and die
due to heat stress, droughts, and fires (in an extreme case).
The simulation results show that local plants withering away
cause the average annual temperature to increase by as much
as 2.6-3.6 °C.
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