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ABSTRACT

Land Surface Model (LSM) is an important tool used to understand the complicated hydro-meteorological flux interac-
tion systems between the land surface and atmosphere in hydrological cycles. Over the past few decades, LSMs have further
developed to more accurately estimate weather and climate hydrological processes. Common Land Model (CLM) and Noah
Land Surface Model (Noah LSM) are used in this paper to estimate the hydro-meteorological fluxes for model applicability
assessment at two different flux tower sites in Korea during the summer monsoon season. The estimated fluxes such as net
radiation (Ry), sensible heat flux (H), latent heat flux (LE), ground heat flux (G), and soil temperature (T,) were compared
with the observed data from flux towers. The simulated Ry from both models corresponded well with the in situ data. The root-
mean-square error (RMSE) values were 39 - 44 W m for the CLM and 45 - 50 W m? for the Noah LSM while the H and LE
showed relatively larger discrepancies with each observation. The estimated T, from the CLM corresponded comparatively
well with the observed soil temperature. The CLM estimations generally showed better statistical results than those from the
Noah LSM, even though the estimated hydro-meteorological fluxes from both models corresponded reasonably with the ob-
servations. A sensitivity test indicated that differences according to different locations between the estimations from models
and observations were caused by field conditions including the land-cover type and soil texture. In addition the estimated Ry,
H, LE, and G were more sensitive than the estimated T, in both models.
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1. INTRODUCTION

Land surface fluxes produced by Land Surface Mod-
els (LSMs) represent the physical processes that adjust the
transfer of water and energy into the atmosphere after pre-
cipitation and solar radiation reach the land surface (Zeng et
al. 2002; Rodell et al. 2005). Recently, bucket-type LSMs
have been further developed for the purpose of designing
an effective tool to estimate the hydrological processes and
components of weather and climate systems (Bastidas et al.
2003). Over the past few decades the focus of LSMs re-
search studies has been land-surface developments and pa-
rameterizations (Avissar and Pielke 1989; Li and Avissar
1994; Oleson et al. 1997; Liang and Guo 2003; Kahan et al.
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2006; Han et al. 2008; Patil et al. 2011). A number of exper-
iments have been conducted to develop and evaluate LSMs
with the goal of facilitating their advancement (Hogue et
al. 2005).

The Common Land Model (CLM) and Noah Land Sur-
face Model (Noah LSM) have been developed so that the
Global Energy and Water Experiment (GEWEX) can be ap-
plied to forecast climate components along with other mod-
els such as the Variable Infiltration Capacity model (VIC;
Liang et al. 1994; Peters-Lidard et al. 1997) and the National
Aeronautic and Space Administration (NASA)’s Mosaic
LSM (De Haan et al. 2007). The CLM, a Soil-Vegetation-
Atmospheric Transfers (SVAT) model, was developed by
the National Center for Atmospheric Research (NCAR) and
is recognized as one of the most advanced NCAR LSM types
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for improving land-surface biophysical processes (Bonan et
al. 2002). Niu and Yang (2006) showed that the CLM is ad-
vantageous for terrestrial water storage simulations for soil
moisture and snow water compared with Gravity Recovery
and Climate Experiment (GRACE) data. Stockli et al. (2008)
modified several CLM calibration schemes at a number of
fields including north boreal, Mediterranean, and tropical
regions. Choi et al. (2010) acquired reasonable results for
energy and water fluxes using CLM with in situ flux data
from the Korea Flux Network (KoFlux) during the grow-
ing season at a farmland area. Li et al. (2012) modified the
soil thermal conductivity in the CLM to improve simulated
fluxes on bare soil in the Loess Plateau of Northwestern Chi-
na. Yang et al. (2009) employed LSMs including the CLM,
Noah LSM, and Simple Biosphere Model 2 (SiB2) in the
Tibetan Plateau to estimate soil water content.

The Noah LSM was first developed in 1993 through
multi-institutional cooperation (Mahrt and Ek 1984; Mah-
rt and Pan 1984; Pan and Mahrt 1987; Chen et al. 1996,
1997, Schaake et al. 1996; Koren et al. 1999; Ek et al. 2003;
Niu et al. 2011) under sponsorship from the GEWEX,
GEWEX Continental-Scale International Project (GCIP),
and GEWEX Americas Prediction Project (GAPP; Mitchell
2005). The Noah LSM is a stand-alone model that can be
implemented in a coupled or uncoupled mode and is widely
used for accurate water and energy flux simulations (Kato
et al. 2007). Similar to a number of CLM applications, the
land-surface parameters were also simulated using the Noah
LSM under a variety of field conditions. Van der Velde et
al. (2009) simulated surface heat fluxes and temperature
states in soil profiles and identified the various simulation
effects to adjust the soil and vegetation parameters using
the Noah LSM in the Tibetan plateau. Patil et al. (2011)
employed the Noah LSM for land-surface variables under
tropical conditions in Gujarat, India, whereby the simulat-
ed skin temperature and net radiation were in good agree-
ment with observations under a dry condition. However, the
simulated soil temperature at different depths was particu-
larly discordant under a wet condition. The Oregon State
University (OSU) LSM and the Noah LSM were used by
De Haan et al. (2007) to simulate meteorological variables.
Compared with the OSU LSM, the Noah LSM produced
more reasonable results regarding the simulated tempera-
ture, precipitation variability and precipitation climatology.
Radell and Rowe (2008) simulated land-surface fluxes us-
ing the Noah LSM at a sand hill and in wet and dry val-
leys in the Nebraska Sand Hills. Their results showed sound
agreement between the Noah LSM and the in sifu data for
the mean diurnal and annual energy fluxes. In most cases,
the root-mean-square error (RMSE) was 20 - 25%. Hogue
et al. (2005) identified that the Noah LSM accurately gener-
ated energy budget components when compared with in situ
data at two semiarid sites in southern Arizona.

Over the previous decade primary studies were carried

out to estimate hydro-meteorological variables using LSMs
in different countries. However, a dearth of research exists
regarding the main hydrological cycle components from a
standalone LSM simulation in Korea. In this study we as-
sessed the applicability of the CLM and Noah LSM in Ko-
rea. The hydro-meteorological fluxes included net radiation
(Ry), sensible heat flux (H), latent heat flux (LE), ground
heat flux (G), and soil temperature (T;). The corresponding
flux estimates from the two LSMs were evaluated through a
comparison between the estimated fluxes and observations
observed from two different eddy-covariance flux towers
during the early summer of 2012. In the following section
descriptions of the model are presented along with an over-
view of the CLM and Noah LSM. Section 3 describes the
study sites and in situ data. The temporal variations of the
simulated fluxes and observations are presented and dis-
cussed in section 4, along with the sensitivity analyses for
both models. Our conclusions are presented in section 5.

2. MODEL DESCRIPTIONS
2.1 Land Surface Models (LSMs)

The CLM is a state-of-the-art model developed by
various groups from multi-institutional projects (Whitfield
et al. 2006; Meng et al. 2009). The CLM is based on a Com-
munity Land Model (Bonan et al. 2002) that was developed
from a combination of LSMs, the Biosphere-Atmosphere
Transfer Scheme (BATS), and an LSM from the Chinese
Academy of Sciences Institute of Atmospheric Physics (Dai
et al. 2003). The model can measure land-surface fluxes and
interpret the interaction between the land surface and atmo-
sphere (Dai et al. 2003). The CLM process was developed
to employ a variety of parameterization schemes from other
LSMs that had been improved (Huang et al. 2008; Meng et
al. 2009; Li et al. 2012).

The CLM can calculate runoff and infiltration that
has been detected by the TOPography based hydrological
MODEL (TOPMODEL; Beven and Kirkby 1979). The
model uses 10 soil layers for soil moisture and tempera-
ture estimations and it employs the MOSAIC method for
grid-scale calculations. The CLM was derived from the
vegetation classification from the International Geosphere-
Biosphere Programme (IGBP), and grid-classified rep-
resentative land-surface boundary conditions are used to
obtain more accurate results (Lawrence and Chase 2007).
The CLM calculates hydro-meteorological variables such
as heat fluxes, soil moisture, runoff, and air temperature.
The basic information includes longitude/latitude, height of
forcing data measurement, soil texture and color, porosity,
leaf area index, and IGBP land cover classification to ex-
ecute the CLM. The initial dataset includes soil moisture,
soil temperature, and air temperature obtained from obser-
vations for accurate results. The CLM 2.1 version was used
in this study to calculate the hydro-meteorological fluxes.
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The Noah LSM was developed by the National Cen-
ters for Environmental Prediction (NCEP), OSU, the Air
Force, the Hydrology Research Laboratory at the National
Weather Service under the sponsorship of the National Oce-
anic and Atmospheric Administration (NOAA) Office of
Global Programs (OGP), and the regional Eta model and its
Eta Assimilation System (EDAS). The Noah LSM operates
based on the energy and water balance equations (Sridhar
et al. 2003). The model can be simulated independently or
in combination with other models such as the Weather Re-
search and Forecasting model (WRF; Kato et al. 2007). The
model contains four soil layers measuring 10, 20, 60, and
100 cm, and its root zone depth can be changed spatially
according to the vegetation class (De Haan et al. 2007). The
model can further be implemented for 13 vegetation covers
and 9 soil types (Hogue et al. 2005). The Noah LSM consid-
ers the soil surface resistance according to the relationship
between the evaporation efficiency and soil water content
(Yang et al. 2009). The Noah LSM also required initial data
and parameterization to execute the model. The basic infor-
mation includes site location, number of soil layers, height
of the forcing measurement, soil type, vegetation type, slope
type, monthly albedo, and monthly green vegetation fraction
fed according to the environmental condition at study sites.
In addition, the initial skin temperature and canopy water
content were modified for initial state variables. Those data
were obtained from flux tower measurement at study sites.
Noah LSM version 2.7.1 was used in this study.

These LSMs have similar basic structure for reproduc-
ing the hydro-meteorological cycle. The two models repre-
sent realistic land processes and understanding the feedback
and interactions together. The major difference between
the two models is that the CLM has relatively fewer user
defined parameters than other LSMs (Dai et al. 2003). In
addition, the number of soil layers and soil texture and land
cover types classification varies for the flux calculation.

2.2 Basic Equations of LSM

The CLM and Noah LSM are based on the water-mass-
balance equation [Eq. (1)] and energy-conservation equa-
tion [Eq. (2); Dai et al. 2003], as follows:
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In Eq. (1), Vis the control volume (m), p; is the intrin-
sic density of constituent k (kg m?), 0, is the partial volume

of constituent k (m* m), U, is the mass flux (kg m?s™), M,
is the phase change from phase to phase (kg m?® s™), My,
is the Kronecker delta, and S, is a source or sink term. In
Eq. (2), T is temperature (K), A is the thermal conductivity
of the medium (W m™' K*'), and R is radiation flux (W m™).

3.STUDY SITES, IN SITU DATA, AND INITIAL
PARAMETERIZATION

We executed the two models at the Cheongmicheon
(CMC) and Seolmacheon (SMC) sites (Fig. 1). The two
models produced hydro-meteorological fluxes such as Ry,
H, LE, G, and T,. These variables were validated at the
CMC and SMC sites using comparison with the in sifu data
from flux towers.

3.1 Cheongmicheon Site (CMC)

The CMC site is located on the northeastern side of
South Korea. The site geographical information is indicated
in Table 1. The CMC watershed area is 595.70 km? with a
slope of 17.01%, and the flow channel length is 60.8 km
(Yi et al. 2010). The flux tower was located at 37°9* 35”°N,
127°39°10”’E to record the fluxes at 30 min intervals. The
flat-terrain site comprises farmland between a river and
mountains and the soil varies from sandy loam to loam. The
specific vegetation ratio is 48.5% mountains, 43.1% farm-
land, and 8.4% other vegetation types. The annual mean air
temperature is 11.5°C and the annual mean precipitation is
1107 mm, with the maximum precipitation occurring during
the summer rainy season.

3.2 Seolmacheon Site (SMC)

The SMC site is located on the northern side of South
Korea. The SMC watershed area is 8.51 km? with a slope of
36.96%, representing a typical steep-slope mountain chan-
nel. The channel length is 5.50 km with a slope of 3.10%
(Jang et al. 2007). The SMC is comprised of complex ter-
rain with needle- and broad-leaf tree vegetation types. The
soil varies from sandy loam to loam. The latitude and lon-
gitude of the flux tower are 37°56’18°’N and 126°57°12"’E,
respectively. The annual mean air temperature and annual
mean precipitation are 11.5°C and 1332 mm, respectively.

3.3 In Situ Data

The in situ data from the CMC and SMC flux towers
were measured at the Hydrological Survey Center (HSC)
in Korea. The meteorological variables that were observed
using eddy-covariance techniques were provided at each
site. These techniques are generally used to measure energy
fluxes. An open-path measurement system was employed
at the study sites and the flux-measurement instruments are
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described in Table 2. The data were implemented with qual-
ity control based on micro-meteorological theories and a sta-
tistical test (e.g., quality flagging, the control of ranges and

Lat. 37° 56' 18"
Lon. 126° 57" 12"

spikes, correction of coordinate rotation) (Kwon et al. 2007,
2009) for instrumental measurement errors supplementation
and data-accuracy procurement. The quality control could

Lat. 37° 9" 35"
Lon. 127° 39' 10"

0 30 60 120 180

240 km

Fig. 1. Study sites with flux towers. (Color online only)

Table 1. The characteristics of the study sites.

Mean annual air Mean annual
Sites | Latitude/Longitude Terrain types  Vegetation types Soil types o precipitation Study period
temperature (°C )
(mm)
CMC | 37°9°35°/127°39°10” Flat Cropland Sandy loam to Loam 11.5 1107 152 - 173
SMC | 37°56°18°/126°57°12"" Complex Terrain ~ Mixed Forest ~ Loamy sand to Loam 115 1332 (DOY) in 2012

Table 2. Flux measurement instruments at the study sites.

Study sites

Variables

Instruments

Wind speed

RMS81000 3D Sonic Anemometer (RMYoung, USA)

Air temperature

RMS81000 3D Sonic Anemometer (RMYoung, USA)

Water vapor

KH20 Hygrometer (Campbell Sci., USA)

Barometric pressure

Vaisala Weather Transmitter (WXTS510, Vaisala, Finland)

eMe Precipitation Vaisala Weather Transmitter (WXT510, Vaisala, Finland)
Soil temperature TCAVHS (Campbell Sci., USA)
Net radiation Net R;diometer (CRN2, Kipp and ionen, Netherlands)
Soil heat flux Heat Fiux plate (HFPO1SC, CampBéll Sci., Inc., USA)
Wind speed 3D sonic anemometer (CSAT3, Campbell Sci., Inc., USA)
Air temperature 3D soﬁic anemometer (CSAT3, Ca;r;pbe]l Sci., Inc., USA)
Water vapor Open ﬁath (LI-7500, Li-Cor, USA)W
Barometric pressure P path (LI-7500, Ifi—Cor,'USA)W

SMC AWS (WXT-510, Vaisala, Finland)

Precipitation

AWS (WXT-510, Vaisala, Finland)

Soil temperature

Soil thermocouple probe (TCAV, Campbell Sci., Inc., USA)

Net radiation

Net radiometer (CNR1, Kipp and Zonen, Netherlands)

Soil heat flux

Heat Flux plate (HFPO1SC, Campbell Sci., Inc., USA)
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contribute to attaining stable flux data. The selected CLM vegetation parameters are cropland
(CMC) and mixed forest (SMC), while the cultivations
(CMCQC) and broad- and needle-leaf trees (SMC) are the
Noah LSM parameters. The albedo (unit less) of the Noah

The soil and vegetation parameterization are shown in LSM is a user-defined parameter that is a reference to Brut-

Table 3. The CLM and Noah LSM produced different pa- saert (1982).

rameter values due to the distinction between the parameter

compositions of both models. Vegetation parameters values 4. RESULTS AND DISCUSSIONS

such as the leaf area index (m?> m?) and canopy roughness

length (m) were predetermined using a land-cover classifi-

3.4 Initial Parameterization

4.1 Estimated Hydro-Meteorological Fluxes

cation for both models. Table 3 shows the CLM and Noah Figure 2 shows the time series for the estimated Ry for
LSM vegetation and soil parameters given in accordance both the CLM and Noah LSM models at the CMC and SMC
with the initially chosen land-cover types for each model. sites. Notably the estimated Ry was in sound agreement

Table 3. Initial parameterization of soil and vegetation at the study sites.

i . Broad-leaf and
Parameters (CLM) Cropland Mixed forest Parameters (Noah LSM) Cultivations roac-leal an
needle-leaf trees
Soil texture Sandy Loam to Loamy Sand to Soil texture Sandy Loam to  Loamy Sand to
..... . Loam Loam . . . . . Loam e oam
Porosity (m* m?) 0.458 0.450 Porosity (m* m?) 0.404 0.468
Leaf area index (m?> m?) 0.05 - 6.00 3.00 - 6.00 Leaf area index (m?> m?) 0.00 - 5.00 0.00 - 5.00
Canopy roughness length (m) 0.06 0.80 Canopy roughness length (m) 0.075 0.800
Saturated hydraulic conductivity (mm s')  Clapp and Hornberger (1978) Albedo (Unit less) 0.15 0.20
Stomatal resistance (s m™) Collatz et al. (1991) Stomatal resistance (s m™) 40 125
Thermal conductivity (W m™' K') Farouki (1981) Green vegetation fraction (Unitless) 0.80 0.80
a Net Radiation (W m?) b
o @ e e ®
cmc e ] =]
000 —am 800
—Noah 2
_ 800 h A 3
z - 600
£ 60 { PE a A
H s ¥ 3 400
k- -
3 @0 &8 = °
= o 4 ‘ g 200
= 200 $ | L )
i RVRT-RT, o e ) W b ’
-200 10 -200
152 153 154 155 156 157 158 159 160 161 15290\363 164 165 166 167 168 169 170 171 172 173 .200 0 200 400 600 800 1000
Ob: tii
(C) Net Radiation (W m2) (d) servation
1200 - T - - 0 1000
recipitation —C
1000 smc I :E‘::: e ' 800
—Noah 2
l | I i A
L [ A 2 By g : 2 600
s { i § L8 i 3 4 E
5 W I : 2
i 1 : . 1l jsg 340
§ 400 '|1 I ‘|U!‘ s E = 2
g I ol od |5 200 ¢
200 1 | »
| ) 5 b )
g : i & 5 0
0 g y ' e ,r__- o B 5 e ‘".' 3 5
200 10 2200
152 1s3 154 155 156 157 1s8 159 160 161 ISIWVISS 164 165 166 167 168 169 170 mn 172 173 200 0 200 400 600 200 1000
Observation

Fig. 2. Time series of observed and simulated net radiations (Ry) at (a) CMC and (c) SMC and scatter plots between observed and simulated Ry at
(b) CMC and (d) SMC for 31 May - 21 June 2012. (Color online only)
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with the observed Ry at both sites. Figure 2 shows that the
estimated Ry from the CLM was slightly overestimated by
about 50 W m in comparison with the observations.

However, the estimated Ry from the Noah LSM was
underestimated by about 10 W m? relative to the daytime
observations. Although differences exist between the two
models, these values are quite small and the night-time low
values are distributed around -70 W m?2 (CMC) and -60 W m™
(SMC). Overall, the ranges varied from -96 - 863 W m™
(CLM) and from -96 - 767 W m? (Noah LSM) at CMC, and
from -91 - 841 W m? (CLM) and -93 - 774 W m? (Noah
LSM) at SMC. The scatter plots show a nearly straight line
between the observations and estimations with coefficient
of determination (r?) values of 0.99 (Figs. 2b and d). The
difference between the estimated Ry under cropland and
mixed-forest conditions is only slight.

Figure 3 presents the time series for the observed and
estimated H, whereby the estimated H shows more dis-
crepancies than the estimated Ry. In Fig. 3a and Table 4
the estimated H from the CLM was more accurate in com-
parison with the estimated H from the Noah LSM, which
was underestimated during most of the study period. The
RMSE was 87 W m? (CLM) and 109 W m? (Noah LSM) at
CMC and 76 W m? (CLM) and 151 W m™ (Noah LSM) at
SMC, with r? values of 0.77 (CLM) and 0.59 (Noah LSM)
at CMC, and 0.92 (CLM) and 0.90 (Noah LSM) at SMC
(Table 4). The precipitation effect appeared to be relatively

(a) Sensible Heat Flux (W m-2)
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g

Sensible Heat Flux (W m?)
N &
8 8
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(C) Sensible Heat Flux (W m'?)
1200 - T
SMC l
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g

Sensible Heat Flux (W m?)
a
&
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-400

large for the CLM and it was distinct from the pattern of
observations and estimations from the Noah LSM (Fig. 3)
even though the estimated H from the CLM plunged into
negative quantities during the precipitation events at both
sites. This phenomenon was caused by LE overestimation
during rainfall events for energy balance in the CLM (Choi
et al. 2010). Overall, the observed H from the CLM showed
a decreased pattern (with an increased pattern of LE) dur-
ing the monsoon period. The Noah LSM could not perfectly
reproduce H during this period.

The estimated LE from the CLM and Noah LSM
showed similar trends to those observed for H (Fig. 4). The
H and LE are major components of determining Ry, so the H
and LE values therefore complemented each other (Stockli
et al. 2008). The estimated LE of the Noah LSM was over-
estimated while the estimated LE of the CLM was under-
estimated in comparison with the observations. The RMSE
ranged from 60 - 61 W m? (CLM) and from 83 - 97 W m?
(Noah LSM). The bias ranged from -16 - 1 W m? (CLM) and
from -34 - 28 W m (Noah LSM). The r? is 0.69 (CLM) and
0.56 (Noah LSM) for CMC and 0.48 (CLM) and 0.56 (Noah
LSM) for SMC. Typically, eddy-covariance systems that
measure LE and H have an average error of about 30 W m
due to energy closure (Twine et al. 2000). At the SMC, the 12
of the estimated LE from the Noah LSM was better than that
of the CLM due to the effect of precipitation events (Fig. 4).
The estimated LE from the CLM spiked immediately after
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Fig. 3. Time series of observed and simulated sensible heat fluxes (H) at (a) CMC and (c) SMC and scatter plots between observed and simulated

H at (b) CMC and (d) SMC for 31 May - 21 June 2012. (Color online only)
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Table 4. Estimated hydro-meteorological fluxes such as net radiation (Ry), sensible heat flux (H), latent heat
flux (LE), ground heat flux (G), and soil temperature (T,) from the CLM and Noah LSM; Statistical analysis
of fluxes with initial parameters at the study sites (y = ax + b, x = measurement and y = estimation).
Models Land Cover Types Variables (W m? RMSE Bias a b r’
Ry 39 18 1.10 -34.37 0.99
H 87 7 0.93 -2.77 0.77
Cropland (CMC) LE 60 1 0.69 26.25 0.69
G 17 11 0.84 -8.92 091
T, 091 3.73 145 -129.76 0.79
CLM
Ry 44 15 1.13 -38.19 0.99
H 76 42 0.93 -33.42 0.92
Mixed Forest (SMC) LE 61 -16 0.65 3493 0.48
G 32 -14 -4.59 -17.45 0.10
T, 0.92 0.04 0.66 98.52 0.77
Ry 50 39 0.94 -28.58 0.99
H 109 6 0.58 2072 0.59
Cultivations (CMC) LE 83 28 0.76 -7.27 0.56
G 21 5 0.83 -2.95 0.76
T, 7.07 6.98 134  -104.93 0.87
Noah LSM
Ry 45 37 1.02 -40.11 0.99
Broadleaf and H 151 87 0.46 -16.46 0.90
Needle-leaf Trees LE 97 -34 1.28 1891 0.56
(SMC) G 48 17 188 2191 001
T, 3.73 3.21 2.51 -440.18 0.85
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Fig. 4. Time series of observed and simulated latent heat fluxes (LE) at (a) CMC and (c) SMC and scatter plots between observed and simulated
LE at (b) CMC and (d) SMC for 31 May - 21 June 2012. (Color online only)
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the rainfall events, in contrast with the estimated H. Under
the wet surface condition, the overestimated LE is highly
connected with precipitation related to water table changes
(Comer et al. 2000). In the case of the estimated LE from the
Noah LSM, spiking patterns did not arise during the rainfall
period. In general, the CLM showed more sound agreement
with the observations with a relatively better RMSE and bias
at the SMC site in comparison with the Noah LSM. There-
fore, the estimated H and LE from using the CLM gener-
ally show more effective results than those from the Noah
LSM (Figs. 3 and 4, and Table 4). According to the site loca-
tions, the LE statistics at CMC are a better result than those
at SMC, although the r? values from the Noah LSM showed
the occurrence of the same values at both sites.

Kahan et al. (2006) found that the over- and underesti-
mations of H and LE from the Simplified Simple Biosphere
Model (SSiB) at Sahelian in Niger were influenced by the
model stomatal resistance. In wetland conditions Verseghy
et al. (1993) suggested that the resistance functions needed
to be adjusted to reduce the consistent evapotranspiration
errors. In addition, Van der Velde et al. (2009) stated that
soil-thermal-properties parameter adjustment and vegeta-
tion parameters calibration of the minimum stomatal resis-
tance and optimum temperature reduced the transpiration
uncertainties in the simulated H and LE in the Noah LSM.

The G is also a major component of energy balance
equation. The diurnal variations of the estimated G from the
both models at CMC are in sound agreement with the ob-
servations. The observed G at SMC shows relatively small
values during the study period (Fig. 5a) because the ground
surface heat flux in dense forests is barely about 3 - 6%
of the Ry above the canopy (Van der Meulen and Klaas-
sen 1996). Especially, this impact was great at the growing
season based on talks with field investigators. In addition,
Oliver et al. (1987) also referred that the solar radiation in-
tercepted by the vegetation resulted in low G fluctuation,
thus, the observed G was considered underestimated values.
However, the G is a residual value (G = solar radiation-net
longwave radiation-H-LE), thus, the estimated G at SMC
could be assumed that it was a reliable value because the
estimated H and LE showed relatively good results at SMC.
In addition, the G from CLM and Noah LSM showed simi-
lar results each other, thus, the G values based on the energy
balance equation was reliable in principle. The RMSE and
bias are 17 and 11 W m? (CLM), and 21 and 5 W m (Noah
LSM) at CMC, respectively, and 32 and -14 W m? (CLM)
and 48 and -17 W m? (Noah LSM) at SMC, respectively.
The r? are 0.91 (CLM) and 0.76 (Noah LSM) at CMC, and
0.10 (CLM) and 0.01 (Noah LSM) at SMC (Table 4).

The temporal variations in T are presented in Fig. 6.
While the estimated T, from CLM were overestimated, the
estimated T, from Noah LSM were underestimated in com-
parison with the in situ data. The RMSE and bias ranged
from 0.91 - 0.92 K and from 0.04 - 3.73 K for CLM, and

ranged from 3.73 - 7.07 K and from 3.21 - 6.98 K for Noah
LSM (Table 4). The r? ranged from 0.77 - 0.79 (CLM) and
from 0.85 - 0.87 (Noah LSM). Although the r? values be-
tween the estimated T, from the Noah LSM and the observa-
tions were better than those of the CLM, the other statistical
analysis values such as the RMSE and bias from the Noah
LSM were worse than those from the CLM. The clear in-
crease patterns of observed T, and estimated T, from the
Noah LSM was probably causative of better r? values, while
the T, from the CLM appeared modest increase patterns rel-
atively. The better RMSE and bias for the CLM with obser-
vations were also evident in Fig. 6. There were clear differ-
ences between the CLM and the Noah LSM. The estimated
T, from both models, however, had similar diurnal fluctuat-
ing patterns to those of the observations, even though the
differences between T, from the Noah LSM and observed
T, showed relatively large differences. The daily maximum
values were observed in the afternoon during the dry pe-
riod and relatively small fluctuations of temperature were
observed during the rainy period. The difference between
the daily maximum and minimum values is about 2.5 K at
each site. The T; is interrelated with soil moisture, since soil
moisture errors are caused by erroneous soil heat capacity
and incorrect thermal energy transport in the soil (Whitfield
et al. 20006); in addition, the soil respiration related to T in-
fluences the soil moisture (Davidson et al. 1998). A propor-
tional relationship exists between evapo-transpiration and
T, (Breshears et al. 1998). The runoff can also be affected
by T, especially during snowmelt season (Nakayama and
Watanabe 2006). In default Noah LSM parameterization the
soil vertical heterogeneity was not considered. According
to this the soil temperature was influenced by the estimated
error (Van der Velde et al. 2009). Yang et al. (2008) also
showed that the Zilitinkevich (1995) scheme in the Noah
LSM overestimated the roughness length, consequently
leading to underestimated surface-temperature peak values.

In terms of RMSE and bias, both models at CMC per-
formed relatively better than those at SMC due to environ-
mental factors like terrain type and vegetation conditions.
The observed and simulated hydro-meteorological fluxes
that were acquired under stable conditions such as flat and
farmland (e.g., CMC) are relatively sound compared with
the forest condition (e.g., SMC). In addition, both models
could simulate quite reasonable results based on the preced-
ing analysis of the figures and tables showing the statistical
results, and the CLM shows relatively better statistical re-
sults such as RMSE and bias.

4.2 Sensitivity Analysis

In this experiment the parameterizations of vegetation
classification and soil texture were selected to assess the
model sensitivity. First, the International Geosphere—Bio-
sphere Programme (IGBP) land-cover classifications in the
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CLM (cropland and mixed forest were initially chosen at
CMC and SMC) were adjusted to cropland/natural vegeta-
tion mosaic (CMC) and evergreen needle-leaf forests/decid-
uous broad-leaf forests (SMC) to investigate how land-cov-
er classification affects the model performance. Generally,
the CLM responded more sensitively than the Noah LSM
with a modification of the land-cover types (Table 5). The
RMSEs of Ry, H, LE, and T, increased by approximately
0 - 24 W m? (Table 5) with adjusted land-cover classifi-
cations (cropland/natural vegetation mosaic and evergreen
needle-leaf forests/deciduous broad-leaf forests at CMC
and SMC) from the vegetation conditions that we originally
chose. In the Noah LSM we modified the land-cover types
from cultivation (CMC) and broad- and needle-leaf trees
(SMC) into broad-leaf and deciduous trees and ground cov-
er, but only to consider the land-cover heterogeneity across
the study sites. As was previously described the Noah LSM
was numerically less susceptible to land-cover changes
(Table 5). The statistical Noah LSM statistical results show
relatively few changes in the RMSE and bias, unlike the
general CLM results. Secondly, the percentage of sand and
clay was modified +10% from the initial values up to +50%
for the soil texture influence on CLM performance. The re-
sults show that H is more sensitive than the other fluxes

such as LE and T, (Fig. 7). The normalization of H and LE
were fluctuated by approximately 0.5% with variations in
sand and clay percentages and a clay-percentage increase
shows a particularly positive impact in contrast to the sand-
percentage increase that induced a negative pattern (Fig. 7).
Furthermore, the LE normalization shows a counter trend
to the percentage adjustments for both sand and clay and
was relatively less susceptible to the soil texture. The T, was
unperturbed by the soil texture and remained mainly unaf-
fected by the clay percentage in particular. Peters-Lidard et
al. (1998) found that the H, LE, and T, depended on soil
characteristics such as thermal conductivity that are differ-
ent from soil texture.

Thirdly, the soil texture in the Noah LSM was derived
from Zobler’s soil-class categories (Zobler 1986), which are
comprised of 9 soil textures. Therefore, the soil texture sensi-
tivity analysis was conducted to modify the Zobler soil class
in each category in Fig. 8. The sensitivity test results for the
Noah LSM show a relatively large distinction depending on
the soil-class number selection which was fixed in the model
instead of entering the soil texture percentage. In the Noah
LSM, energy fluxes especially showed sensitive reactions
to each number of soil classifications. The H was the most
sensitive among the other fluxes, whereas the normalization

Table 5. The variation in estimated fluxes in the CLM and Noah LSM for sensitivity analysis; the
variation of statistical analysis for fluxes (IAl) with modified land cover types at the study sites (y =

ax + b, x = measurement and y = estimation).

Models Land Cover Types Variables RMSE (IAl)  Bias (IAl) r? (Al
Ry 14 0 0.00
H 1 46 0.15
Cropland/Natural Vegetation
Mosaic (CMC) LE 7 26 0.25
G 9 25 0.76
T, 0.18 3.13 0.01
CLM
Ry 0 6 0.00
Evergreen Needle-leaf Forests H 24 44 0.14
and Deciduous Broad-leaf LE 24 26 0.20
Forests (SMC) 3 62 0.05
T, 0.11 0.04 0.08
Ry 6 5 0.00
H 1 6 001
Groundcover Only (CMC) LE 3 1 0.03
0 0 0.00
T, 0.07 0.07 0.00
Noah LSM

Ry 6 8 0.00
H 13 9 0.00

Broad-leaf and Deciduous
Trees (SMC) LE 2 1 0.00
G 1 0 0.00
T, 0.03 0.04 0.00

Note: a: Units of the Ry, H, LE, and G are W m?. Unit of the T, is K.
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of T, was altered within a 0.5% range (Fig. 8). In addition, texture was altered. Mihailovic et al. (1992) also indicated
the normalization of H and LE showed opposite tenden- a strong connection between the soil texture and turbulent
cies that are common with prior results. These Noah LSM fluxes in comparison with other land parameterizations. Jac-
sensitivity-analysis results signified that the Zobler soil class quemin and Noilhan (1990) identified that the soil texture
was limited in its reflection of an accurate soil state because considerably influenced the fluxes. We also analyzed the
the categorization was coarse without a detailed percentage flux changes according to albedo, and only the H showed a
adjustment of the soil texture. In addition, the Zobler soil meaningful alteration that was inversely proportional to the
class also had a duplicate division for loamy sand according albedo (changed approximately 35% with H according to a
to the classification descriptions. The soil texture analysis 0.08 change with albedo).

effect for the Noah LSM was therefore inaccessible. Wil-
son et al. (1987) conducted sensitivity experiments on the
effects of soil texture and vegetation and mentioned that the
largest change in the model’s results occurred when the soil We compared the estimated hydrometeorological fluxes

5. CONCLUSIONS
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such as Ry, H, LE, G, and T, from the CLM and Noah LSM
offline modeling systems over 21 days during the early
summer monsoon season at the CMC and SMC sites in Ko-
rea. The fluxes estimated from both models were compared
with in situ data from the HSC. In addition, the sensitivity
analyses were performed to examine how land-cover classi-
fications and soil texture affect the fluxes from both models.
The results from this study showed that the CLM simulates
more reasonable hydro-meteorological fluxes than the Noah
LSM. The estimated fluxes such as Ry, H, LE, and G from
both models at the CMC site show relatively better results
in comparison with the estimations at SMC due to environ-
mental factors including terrain type and vegetation condi-
tion. Overall, this study demonstrated that the CLM is far
more applicable in Korea during the monsoon period than
the Noah LSM. In accordance with the sensitivity analysis,
the CLM was more sensitive to land-cover types than the
Noah LSM. In addition, the soil texture had a greater influ-
ence on the Ry, H, LE, and G than the T, of both models.
Further research studies, such as those on the hydro-mete-
orological flux parameterizations for both models under a
variety of field conditions, should be conducted to improve
the models’ applicability at various sites, as these will allow
for an improved understanding of the interaction between
the land surface and atmosphere.
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