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Abstract The Tibetan Plateau (TP) region experiences strong land-atmosphere interactions, and as an
elevated heating source, significantly influences the formation of the Asian monsoon. Those interactions
are not well represented in current land-surface models (LSMs), partly due to difficulties in representing
heterogeneities in soil structures in LSM. Simulations using the Noah with multiparameterization options
(Noah-MP) LSM are employed to assess the relative importance of parameterizing vertical soil heterogeneity,
organic matter, and soil rhizosphere and their impacts on seasonal evolution of soil temperature, soil
moisture, and surface energy and water budgets at the sparsely vegetated Amdo site located in central TP.
The LSM spin-up time at the central TP depends on the complexity of the model physics, ranging from 4 years
with simplest soil physics to 30 years with the addition of organic matter and spare to dense rhizosphere
parameterization in Noah-MP. Representing layered soil texture and organic matter does not improve
low biases in topsoil moisture. Reducing the saturated conductivity from the mucilage in the rhizosphere
produces better results. Surface sensible and latent heat fluxes are better simulated in the monsoon season
as well. Adding layered soil texture and organic matter in Noah-MP retard the thawing in deep soil layers, and
the rhizosphere effect delays thawing even more in the transient season. Uncertainties in soil initialization
significantly affect deep-soil temperature and moisture, but uncertainties in atmospheric forcing conditions
mainly affect topsoil variables and consequently the surface energy fluxes. Differing land-surface physics
cause 36% uncertainty in the accumulated evapotranspiration and subsurface runoff.

1. Introduction

Understanding of the interactions between land surfaces and the atmosphere helps improve numerical weather
prediction [Chen et al., 2001; Chen and Zhang, 2009; Chang et al., 2009; Trier et al., 2004, 2008; Kumar et al., 2014;
Barlage et al., 2015; Rasmussen et al., 2011]. In these interactions, terrestrial water budgets control the
dryness/wetness of a given region. The evapotranspiration provides water vapor from the land surface to the
overlay atmosphere and affects stability of the planetary boundary layers and precipitation initiation [Trier et al.,
2004, 2011; Gao et al., 2008; Xue et al., 2012; LeMone et al., 2013, 2014]. However, the regional evapotranspiration
could not be measured with the same quality as precipitation, and it is usually estimated using a land-surface
model (LSM) and remote sensing [Bolten et al., 2004; Lakshmi, 2004]. Several generations of LSMs have been
developed in recent decades for their use in weather and climate models [Dickinson et al., 1986; Sellers et al.,
1996; Chen and Dudhia, 2001; Dai et al., 2003; Niu et al., 2011]. Despite continuous improvements in LSMs regard-
ing their capability of simulating surface heat fluxes and hydrologic components, discrepancies still remain, par-
ticularly in areas with high degrees of surface heterogeneity and sparse vegetation [Zhang et al., 2014a, 2014b].

The Tibetan Plateau (TP) is a region that experiences strong land-atmosphere interactions. It has been widely
accepted that the TP provides an elevated heating source to the middle troposphere, and therefore, the
land-atmosphere interactions play an important role in the formation of the Asian monsoon [Yeh and Gao,
1979; Yanai et al., 1992; Yanai and Wu, 2006; Xu et al., 2010]. However, land-atmosphere interactions over the
TP are not well represented in current LSMs coupled to weather and climate models [Yang et al., 2005; Yang
et al., 2009; Chen et al., 2012]. For instance, studies found significant underestimation of the LSM-simulated soil
liquid water (SLW) content in the topsoil in the central TP [Yang et al., 2005]. Among efforts to mitigate this dis-
crepancy, Yang et al. [2005] indicated that the vertically heterogeneous soils affect soil subsurface processes
and play an important role in controlling surface-soil wetness and surface energy partition. Also, the soil organic
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matter within the topsoil is important in
changing the profile of soil moisture
in the central and eastern TP besides
the soil stratification beneath the alpine
meadows [Yang et al., 2009]. Recently,
Chen et al. [2012] investigated the
stratification of soil thermal properties
induced by soil organic carbon and
its impact on the parameterization of
the thermal properties. They attributed
the underestimation in the topsoil to the
soil organic carbon-caused stratification.
Those studies focused on the soil stra-
tification due to either soil texture het-
erogeneity or soil organic matter.

Similarly, vegetation has strong interactions with land-atmosphere energy and moisture fluxed [Matsui et al.,
2005]. The soil near vegetation roots is called the rhizosphere [Darrah, 1993; Hinsinger et al., 2005; Gregory,
2006]. Heavily influenced by vegetation roots and microorganism activities, the rhizosphere develops different
biological, chemical, and physical properties from those of the bulk soil [Darrah, 1993; Hinsinger et al., 2005;
Gregory, 2006; Carminati et al., 2010; Moradi et al., 2011; Hinsinger et al., 2009]. As for physical properties, espe-
cially hydraulic properties (soil water retention curve and hydraulic conductivity), they may be affected by poly-
meric substances such as mucilage released by roots [Moradi et al., 2011; Nakanishi et al., 2005]. Due to its
viscosity, mucilage is believed to clog pores and significantly decrease the soil-saturated conductivity
[Carminati et al., 2011; Or et al., 2007] leading to a higher water-holding capacity for the rhizosphere [Chenu,
1993; McCully and Boyer, 1997; Moradi et al., 2011; Read et al., 1999; Roberson and Firestone, 1992; Watt et al.,
1994]. Similar effects of rhizosphere on soil hydraulic properties are discussed in subsequent observations
[McCully and Boyer, 1997; Nakanishi et al., 2005; Carminati et al., 2010; Reeder et al., 2014]. Yen [2001] indicated
that the decreased degree of soil-saturated conductivity could reach 4 orders of magnitude. Reeder et al. [2014]
found 3 orders reduction of the soil-saturated conductivity through the laboratory experiments. The vegetation
is sparse in the central TP due to the cold and arid climate, and consequently, the vegetation roots are usually
located in shallow soils (Figure 1). There is no in situ or laboratory measurement of root impact conducted over
the TP. It is necessary to explore the shallow root impacts over there through the sensitive tests to provide
guidance for the undergoing Third Tibetan Experiments [Li et al., 2015].

The Noah LSM with multiparameterization options (Noah-MP) is a new-generation, community model and
widely used in the research and operational communities [Niu et al., 2011; Yang et al., 2011; Barlage et al.,
2015]. While there exist focused efforts to validate the Noah-MP LSM for various land-cover types [Niu et al.,
2011; Chen et al., 2014; Cai et al., 2014], little is known about its applicability to the TP region. Therefore, themain
goal of this study is to assess the relative importance of representing different soil processes (vertical soil het-
erogeneity, organic matter, and soil rhizosphere) in Noah-MP and specifically to investigate the impacts of the
above parameterizations on the seasonal evolution of soil temperature, soil moisture, and surface energy and
water budgets at the Amdo site located in central TP. Effects of uncertainties in themodel physics, initialization,
and atmospheric forcings on the simulated soil temperature and moisture for this site are discussed. Such
a study is useful to provide guidance to improving the Noah-MP model and hence the Weather Research
and Forecasting (WRF)-simulated land-atmosphere interactions over the TP region. The paper is organized as
follows: section 2 describes the Noah-MP model, configuration, and data used. Section 3 discusses the LSM
spin-up and analyzes results from various Noah-MP experiments. The summary is presented in section 4.

2. Description of the Noah-MP Model and Data Used
2.1. The Noah-MP Land-Surface Model

Noah-MP is a new-generation of LSM, based on the Noah LSM [Chen et al., 1996; Chen and Dudhia, 2001],
which is coupled to the WRF community weather and regional climate models [Barlage et al., 2015]. It pro-
vides a unique multiparameterization framework that allows running the model with different combinations

Figure 1. Landscape conditions over the central TP.
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of alternative process schemes for individual land processes [Niu et al., 2011]. Noah-MP simulates several bio-
physical and hydrological processes that control surface fluxes between the surface and the atmosphere.
These processes include surface exchange coefficients for heat, radiation interactions with the vegetation
canopy and the soil, as well as the hydrological processes within the canopy and the soil, a multilayer snow-
pack, frozen ground, an unconfined aquifer model for groundwater dynamics, stomatal conductance, and
photosynthesis. We used Noah-MP v1.1 in an off-line stand-alone 1-D mode with atmospheric forcing at a
temporal resolution of 30min. The atmospheric forcing includes downward shortwave and longwave radia-
tion, wind speed, temperature, precipitation, relative humidity, and surface air pressure. The Noah-MP physics
options used in our study are similar to Barlage et al. [2015] and Chen et al. [2014] and are listed in Table 1. In
the default configuration of Noah-MP, soil texture and corresponding parameters are assumed to be unique
in the entire soil column, and no soil organic matter or rhizosphere is included.

To evaluate effects of soil processes, we modified Noah-MP to include

1. Vertical heterogeneity in soil layers. Soil hydraulic parameters and thermal parameters are set to be an
array of soil layers as function of soil texture [Cosby et al., 1984; Peters-Lidard et al., 1998]. The soil hydraulic
parameters include the porosity, saturate hydraulic conductivity, b-curve slope, hydraulic potential, field
capacity, wilt point, and saturated soil water diffusivity. Soil thermal parameters include the dry thermal
conductivity, saturated thermal conductivity, and thermal capacity. Yang et al. [2005] documented an
observed soil texture at 5 cm, 20 cm, and 60 cm depths at the Amdo site, which are used as the soil texture
at upper three layers in Noah-MP, and the fourth layer uses the same texture at 60 cm depth. The soil
hydraulic and thermal parameters at each layer are calculated using equations in Cosby et al. [1984]
and Chen and Dudhia [2001].

2. Organic matter parameterization. The soil parameters are changed to be Ai= (1� Vsoc,i)Am,i+ Vsoc,iAsoc, in
which i is the layer, Ai is the parameter, and Asoc are the hydraulic and thermal parameters of the organic
matter. Soil porosity, saturated hydraulic conductivity, water potential, and b-curve slope are defined as
0.9m3m�3, 1.0 × 10�4ms�1, 10.3mm, and 2.7, respectively, according to Lawrence and Slater [2008].
Vsoc,i is the volume percentage of the organic matter and calculated as

Vsoc; i ¼
ρp 1� θsat;m;i
� �

msoc;i

ρsoc 1�msoc;i
� �þ ρp 1� θsat;m;i

� �
msoc;m;i þ 1� θsat;m;i

� � ρsocmg;i

1�mg;ið Þ
� � ;

where ρp is the density of themineral soil, ρsoc is the bulk density of the organic matter, θsat,m is the porosity of
the organic matter, andmsoc,i andmg,i are the organic and gravel percentages at each layer. Soil texture and
soil organic matter measurements in Yang et al. [2005] and Chen et al. [2012] are used (Table 2) in this study.

Rhizosphere: vegetation roots are rather shallow at Amdo site compared with the flatland due to the cold and
arid climatology in the TP. Therefore, only the rhizosphere impact is considered in the first soil layer.
According to Or et al. [2007], the rhizosphere water-holding capacity is thousands of times smaller than that
of the bulk soil. Therefore, for sensitivity tests, the saturated conductivity of the 0.1m topsoil is set to be
10�1–10�3 times smaller of the normal soil, respectively.

Table 1. Noah-MP Parameterization Options Used in This Study

Parameterizations Description Schemes Used

Dynamic vegetation 4: table LAI, shdfac =maximum
Stomatal resistance 1:Ball-berry, related to photosynthesis [Ball et al., 1987]
Soil moisture factor controlling stomatalResistance 1:Noah scheme, function of moisture [Chen and Dudhia, 2001]
Runoff and groundwater 2: SIMTOP [Niu et al., 2005]
Surface exchange coefficient for heat 1: M-O [Brutsaert, 1982]
Supercooled liquid water in frozen soil 2: Koren99 [Koren et al., 1999]
Frozen soil permeability 1:NY06 [Niu and Yang, 2006]
Radiation transfer 3: gap = 1—FVEG
Snow surface albedo 2: CLASS [Verseghy, 1991]
Partitioning precipitation into rainfall and snowfall 1: Jordan91 [Jordan, 1991]
Lower boundary condition of soil temperature 1: zero flux
The first-layer snow or soil temperature time scheme 1: semiimplicit
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2.2. Observation Sites and Soil/Vegetation Parameters

This study focuses on the Global Energy and Water Cycle Experiment Asian Monsoon Experiment on the
Tibetan Plateau (GAME/Tibet, 1996–2000) intensive observing period (16 May to 26 September 1998) con-
ducted in the central TP (http://wdcdgg.westgis.ac.cn/chinese/DATABASE/Game_Tibet/plateau98.jpg). The
Anduo (also named Amdo in GAME/Tibet, elevation ~4700m) was selected for this study, because it is
located in an alpine meadow—a typical and dominant vegetation type in the central TP and collected a more
comprehensive array of measurements. Under the influence of winter westerlies, the local climate at Amdo is
cold and dry with a long frozen-ground season from October to June. During the summer, it is typically
affected by the Asian monsoon. The amount of precipitation is only 7mm during the premonsoon season
but reaches 278mm during the monsoon season [Yang et al., 2005, 2009]. The onset of the plateau monsoon
in 1998 was 15 June, which was later than that in normal monsoon years [Yang et al., 2005]. The land surfaces
are characterized by nearly bare soils in the premonsoon season but turn to grassland afterward. The
vegetation is sparse in the central TP due to the cold and arid climate, and consequently, the vegetation
roots grow in shallow soils (Figure 1).

During 16 May to 26 September 1998, site measurements included precipitation, radiation, soil moisture, and
turbulent fluxes. SLW was measured by the time domain reflectometer and turbulence fluxes by eddy-
covariance system. Data averaged over each interval of 30 or 60min were recorded. The surface temperature
was converted from downward and upward longwave radiation with the surface emissivity derived from obser-
vations [Yang et al., 2008]. Missing data from 6 to 15 June were gap filled using the nearby flux-tower observa-
tions. The net surface radiation and ground heat flux are observed. Several independent studies have
demonstrated that the observed latent and sensible fluxes are prone to severe errors at this site [Tanaka
et al., 2003; Yang et al., 2004; Su et al., 2006]. Alternatively, the sensible and latent heat fluxes are calculated based
on the observations using the Bowen ratio approach. This approach has been used in prior studies and proved
agreeing well with results from other approaches well [Yang et al., 2009]. The vegetation type is set to grassland
according to Yang et al. [2005], and the monthly 10 year climatology SPOT/VEG leaf area index (LAI) at Amdo is
used [Baret et al., 2013]. Monthly LAI are 0.23, 0.51, 0.92, 0.92, and 0.62 from May to September, respectively.

2.3. Forcing Data

LSM spin-up is necessary to obtain equilibrium soil states, which would require long-term forcing
conditions [Chen and Mitchell, 1999; Cosgrove et al., 2003; Chen et al., 2007]. Two long-term gridded
China Meteorological Forcing Data Sets are available for the central TP. One was developed at the
Institute of Tibetan Plateau Research, Chinese Academy of Sciences (http://dam.itpcas.ac.cn/data/
User_Guide_for_China_Meteorological_Forcing_Dataset.htm; Yang et al., 2010; hereafter ITPCAS). It covers
the period of 1981–2008 at a 0.1° × 0.1° grid with temporal resolution of 3 h. The observations collected at
740 operational stations of the China Meteorological Administration are merged into the corresponding
Princeton meteorological forcing data [Sheffield et al., 2006] to produce near-surface air temperature,
pressure, wind speed, and specific humidity. The other was developed at the Beijing Normal University
(http://globalchange.bnu.edu.cn/; Li et al., 2014; Huang et al., 2013; hereafter BNU). It covers the period of
1958–2010 on a 5 km grid with temporal resolution of 3 h. They used the spline and residual correction
approach to merge observational, reanalysis, and remote sensing data for mapping near-surface air tempera-
ture, pressure, humidity, precipitation, wind speed, and shortwave and longwave radiations.

Table 2. Vertical Soil Texture and Organic Matters in Simulations (From Yang et al. [2005] and Chen et al. [2012]) for the
Control (CTL), Soil Vertical Stratification (LAY), and Soil Organic Matter (SOM)

Layer SOC % Sand % Clay % Gravel % Soil Type

CTL 1–4 - 72 8 sand loam
LAY 1 - 30.64 9.48 silt loam

2 - 70.86 8.65 3.92 sand loam
3 - 79.21 10.32 3.35 sand loam
4 - 79.21 10.32 sand loam

SOM 1 3.1 The same as Exp2 silt loam
2 1.13 sand loam
3 0 sand loam
4 0 sand loam
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These two gridded data sets are compared with on-site observations fromMay to September 1998 (Figure 2).
Both data sets have comparable abilities to capture the variability of the seven forcing variables in the mea-
surement period. BNU/ITPCAS slightly overestimates the longwave radiation/surface pressure. Given the finer
resolution of BNU over ITPCAS, we combined the near-surface air temperature, precipitation, pressure, wind
speed, specific humidity, and shortwave radiation from the BNU and the longwave radiation from the ITPCAS
as the forcing data at Amdo site.

2.4. Noah-MP Experiments

Eight Noah-MP simulations, documented in Table 3, were conducted to evaluate impacts of soil structures
and processes. Before the simulation of 1998, a 30 year spin-up simulation was conducted with the combined
gridded 1997 forcing to ensure the soil equilibrium state in all experiments but In Situ. The values of soil-state
variables after the equilibrium, valid on 1 January 1998, were then used to initialize Noah-MP for simulation in
1998 in the former six experiments. CTL used a single, uniform soil texture in the entire soil column. LAY,
compared to CTL, was designed to assess the impact of heterogeneity in the vertical soil texture profile.
SOM assessed the impact of the soil organic matter at the topsoil layer. Root-s (Root-1, Root-2, and Root-3)
evaluated the effect of the vegetation roots.

To investigate the soil-state initialization impact, simulations using the spun-up initiation (Root-3) are com-
pared to In Situ that used observed soil moisture and temperature valid on 26 May 1998 to initialize soil-state
variables (i.e., without spin-up and the simulation length is from May to September in In Situ). The former
seven experiments used in situ observed forcing from 26 May to 16 September replacing the combined

Table 3. Noah-MP Numerical Experiments

Model Physics Atmospheric Forcing

CTL Uniform column soil texture Combine gridded forcing for 1 January 1997 to 25 May 1998
and in situ measurements for 26 May to 16 September 1998

LAY Layered soil texture Same as in CTL
SOM Soil organic matter at topsoil based on Exp.2 Same as in CTL
Root-1 Rhizosphere at topsoil (Ks*10�1)based on Exp.3 Same as in CTL
Root-2 Rhizosphere at topsoil (Ks*10�2)based on Exp.3 Same as in CTL
Root-3 Rhizosphere at topsoil (Ks*10�3)based on Exp.3 Same as in CTL
In Situ The same as Exp.4 No spin-up, using in situ measurements for 26 May to 16 September 1998
Grid The same as Exp.4 Gridded forcing for 1 January 1998 to 16 September 1998

Figure 2. Comparing seven forcing variables between ITP/BNU (Y axis) and site observations (X axis) from 26 May to 16 September at Amdo. They are daily mean
including nighttime values for (a) precipitation (mmd�1), (b) surface air temperature (°C), (c) relative humidity (%), (d) downward shortwave radiation (Wm�2),
(e) downward longwave radiation (Wm�2), (f) wind speed (m s�1), and (g) surface pressure (hPa), respectively.
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gridded forcing, but the last one (Grid) used the combined gridded forcing from 1 January to 16 September
1998 to explore the influence of the forcing data at different scales.

3. Results and Discussions
3.1. Impacts of Soil Processes on Noah-MP Model Spin-Up

Cosgrove et al. [2003] utilized two extreme initial soil-moisture values (saturated and completely dry) and
found that three LSMs investigated reached a state of rough equilibrium within the first 1 to 2 years. Chen
and Mitchell [1999] found that, based on results of Noah-LSM 1° global simulations, the equilibrium condi-
tions were established within 3 years over most areas. They indicated that in some regions with a deep soil
layer and sparse vegetation, the equilibrium process took longer because the evaporation was limited by
slow water diffusion time scales between the surface and deep soil layers.

The Amdo site is located in a permafrost region with an elevation about 4700m. For the Noah-MP parame-
terizations used here, roughly a 4 year spin-up time was needed when using the default four soil layers with
homogeneous column soil texture in CTL (Figure 3), compared to 3 year spin-up over most low-altitude areas
[Chen et al., 2007]. This suggests a slightly longer spin-up time due to the cryosphere processes at high alti-
tude. However, LSM spin-up time significantly increases with the complexity of the soil vertical heterogeneity:
4 years at the topsoil but 10 years at the bottom of soil when heterogeneous soil texture is considered in LAY
and up to 11 years when the organic matter is taken into account in SOM. Finally, it could take up to 15 to
30 years at the top/bottom layer to reach equilibrium in Root-s with spare to dense rhizosphere.

After the Noah-MP LSM reaches equilibrium, simulated soil temperature (ST), SLW, and total moisture content
(SM, liquid SLW plus soil ice) on 26 May 1998 are listed in Table 4. The spun-up ST is generally close to obser-
vations but is slightly underestimated at two middle layers (1–3°C) and slightly overestimated in the topsoil

Figure 3. Spin-up time of (a–d) soil temperature (ST in °C) and (e–h) soil moisture (SM in %) for CTL, LAY, SOM, and Root-3.
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layer (0.5–1°C). At the bottom layer, all simulation results compared well with observations with negligible
biases (0.1–0.3°C). For the top and bottom layers, the smallest bias occurs in Root-3, but CTL produces smal-
lest bias for the two middle layers.

SLW is generally underestimated except for the second layer. Largest underestimation exists at the bottom
layer following with the third layer. The large underestimation in SLW at the two bottom layers are likely
related to the underestimation of ST which is below the freezing point, and most soil moisture was converted
from liquid water to ice. The soil water, percolated from the topsoil, is stored in soil ice, leading to a slight
overestimation in SLW at the second layer. Larger bias suggesting the organic matter plays a role there.
Overestimation of SLW is also shown at the second layer in SOM, Root-1, Root-2, and at the top layer in
SOM, which corresponds to a higher SLW, indicating that the organic matter does increase the SLW by
increasing the porosity. Root-3 holds the SLW at the topsoil and reduces the overestimation at the second
layer leading to a relative small bias.

It is also useful to examine simulated soil-ice content. Since the ST at the third layer is approximately the
freezing point and above the freezing point at two upper layers, soil ice only exists in the bottom two layers.
Ice fraction, denoting that the ice content divided the total SM, is 0.0% (62.1%), 20.0% (72.7%5), 71.9%
(76.9%), 65.7% (76.9%), 64.9% (76.9%), and 53.8% (74.3%), respectively, for the third (fourth) layer. As above
mentioned, the soil ice at the third layer closely follows the ST simulation. CTL produces ST 1° above the freez-
ing point with zero ice fractions. Other experiments produce ST near the freezing point at the third layer with
less than ¼ soil ice fractions. At the bottom layer, all experiments produce a lower ST than that at the third
layer withmore than 60% ice fractions. Other five experiments producemore ice than CTL, suggesting a great
impact of the vertical heterogeneity on the ice-fraction simulation. Consistent with the SM, SOM, and Root-1,
Root-2 simulates more ice fraction at two low layers than other experiments, due to the lower ST. Taking the
SLW into account, we find that the relatively larger SM simulated in SOM, Root-1, and Root-2 are decomposed
into the SLW at two upper layers when the ST is above the freezing point and into the soil ice at two bottom
layers when the ST is below the freezing point. The increases in soil ice at the two bottom layers in SOM, Root-
1, and Root-2 are due to lower ST causing the underestimation in the SLW. Unlike the ST, all experiments
overestimate the ground temperature by about 3°C. The canopy water, snowpack depth, and snow water
equivalent are zero at this site in the late May (not listed).

3.2. Impact of Soil Structures and Processes in the Monsoon Season

Consistent with Yang et al. [2005], the default Noah-MP simulation greatly underestimates the topsoil SLW in
the monsoon season (CTL in Figure 4e and Table 5), a common problem in land model simulation in TP [Yang
et al., 2009; Chen et al., 2012]. As shown in Figure 4, adding vertical heterogeneity in soil texture (LAY) makes
such an underestimation slightly worse. Including organic matter (SOM) in Noah-MP does, to some extent,
reduce the underestimation. However, including rhizosphere (Root-s) substantially reduces the dry bias
in the topsoil SLW and the Root-3, in particular, agrees with the OBS well (Table 5 and Figure 4e). More
significant improvements occur after July where the daily bias is reduced from �11.9m3m�3 in CTL to

Table 4. States of Four Variables (ST: Soil Temperature; SM: Soil Moisture; SLW: Soil Liquid Water Content; TG: Ground
Temperature) for Observations and Simulated Statements for CTL, LAY, SOM, Root-1, Root-2, and Root-3 at 26 May
1998 as the Initialization of 1998 Simulation

Layer Obs CTL LAY SOM Root-1 Root-2 Root-3

ST 1 281.8 281.1 281.2 280.9 281.2 281.2 281.3
2 280.2 279.1 278.4 278.0 277.9 277.5 277.7
3 276.3 274.3 273.2 273.2 273.2 273.2 273.2
4 272.8 273.1 273.0 273.0 273.0 272.9 272.7

SM 1 - 0.19 0.18 0.26 0.20 0.15 0.15
2 - 0.23 0.22 0.27 0.29 0.29 0.24
3 - 0.26 0.25 0.32 0.35 0.37 0.26
4 - 0.29 0.33 0.39 0.39 0.39 0.35

SLW 1 0.21 0.19 0.18 0.26 0.20 0.15 0.15
2 0.21 0.23 0.22 0.27 0.29 0.29 0.24
3 0.20 0.26 0.20 0.09 0.12 0.13 0.12
4 0.21 0.11 0.09 0.09 0.09 0.09 0.09

TG 278.6 281.5 281.6 281.2 281.6 281.7 281.7
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�0.4m3m�3 in Root-3, and root-mean-square error (RMSE) is reduced from 13.0m3m�3 in CTL to 3.5m3m�3

in Root-3, primarily due to the third-order reductions in the saturated conductivity at Amdo. This substantial
improvement after July suggests a more dominant role of vegetation roots in SLW simulation in themonsoon
season. SOM and Root-s produce an overestimation in SLW at the third layer and underestimation at the
fourth layer below 1m due to the organic matter impact. Roots in Root-3 hold more topsoil SLW (Figure
4e) and reduce the amount of soil water percolating to lower layer, leading to a good agreement between
model results and observations at the second and third layers (Figures 4f and 4g).

All experiments underestimate ST from the top to the bottom layers in the monsoon season (Figures 4a–4d).
The underestimation at the second and third layers might relate to the initiation of soil-state variables after
spin-up that will be further discussed in section 3.4. Given the good performance of Root-3, we will focus on
the results of Root-3 in the following sections, and the difference between Root-s and SOM is accepted as the
root impact at this site.

Simulated differences in topsoil ST and SLW led to substantial differences in simulated surface energy and
mass exchanges as shown in Figure 5 due to modifications in temperature and moisture gradients between
land surface and near-surface air. CTL, LAY, and SOM overestimate the surface sensible heat fluxes but greatly
underestimate latent heat fluxes in the monsoon season (Figures 5b and 5c). The low latent heat fluxes and
high sensible heat fluxes in CTL, LAY, and SOM could be attributed to the dry biases in the topsoil SLW. Root-3
improves biases in the sensible heat and latent heat fluxes (Figures 5b and 5c). Biases in the latent heat flux
are substantially reduced (Table 5). Remarkably, it better depicts the trend of increasing latent heat fluxes
(Figure 5c) and decreasing sensible heat fluxes (Figure 5b) from the dry season to the monsoon season.

Figure 4. Variations of the daily mean (a–d) soil temperature (ST in K) and (e–h) soil liquid water content (SLW in %) at
(Figures 4a and 4e) 5 cm, (Figures 4b and 4f) 25 cm, (Figures 4c and 4g) 75 cm, and (Figures 4d and 4h) 150 cm soil depth
for 26 May to 16 September 1998 for the observation and CTL, LAY, SOM, Root-1, Root-2, and Root-3.
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Consistent with the seasonal variability, Root-3 shows improvements in the monthly diurnal cycle of the
latent heat flux and sensible heat flux (Figures 6b and 6d).

The Bowen ratio is the ratio of sensible heat fluxes to latent heat fluxes. Depending on the surface conditions,
the Bowen ratios range from above 10 over the desert down to less than 0.1 over the ocean [Bowen, 1926;
Lewis, 1995]. In general, 2 is the division between the semiarid and semihumid landscape, so the Bowen ratio

Figure 5. Scatterplots of the daily-averaged (a) surface net radiation and (b) sensible, (c) latent, and (d) ground heat fluxes
(Wm�2) for CTL, LAY, SOM, and Root-3versus the observation from 26 May to 16 September 1998.

Table 5. Bias and RMSE of the Soil Temperature (ST) and Soil Liquid Water Content (SLW) for Eight Experiments
Compared to the Observation From 26 May to 16 September

SLW ST

Layer 1 2 3 4 1 2 3 4

CTL BIAS �7.7 4.2 5.6 �0.7 �1.0 �0.9 �1.0 �1.6
RMSE 10.9 4.6 5.7 6.3 1.3 1.2 1.4 2.3

LAY BIAS �8.8 2.2 4.2 �3.2 �1.0 �1.6 �2.5 �3.4
RMSE 12.0 3.5 4.4 9.2 1.2 1.8 2.7 4.0

SOM BIAS �3.8 7.1 7.7 �9.3 �1.4 �3.0 �4.7 �3.4
RMSE 9.5 7.3 12.0 10.4 1.7 3.1 4.8 4.0

Root-1 BIAS �4.2 8.7 10.2 �9.4 �1.7 �3.3 �4.8 �3.4
RMSE 7.0 9.0 13.0 10.4 1.9 3.4 4.9 4.0

Root-2 BIAS �4.2 8.3 10.7 �10.5 �2.1 �3.9 �5.1 �3.4
RMSE 5.3 8.9 13.1 11.1 2.4 4.0 5.3 4.0

Root-3 BIAS �1.5 2.7 2.9 �10.0 �2.4 �3.7 �4.6 �3.4
RMSE 3.9 4.2 4.7 10.9 2.8 3.8 4.7 4.0

In Situ BIAS �1.3 �1.3 �1.4 �2.8 �1.7 �1.1 0.3 2.9
RMSE 3.5 3.3 1.8 3.0 2.2 1.5 0.7 3.0

Grid BIAS �2.6 2.6 2.9 �9.7 �1.8 �3.2 �4.3 �3.4
RMSE 8.1 4.4 4.6 10.6 2.3 3.4 4.5 4.0
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is also used to illustrate the evolution between the dry and wet seasons [Zhang et al., 2014c]. Compared to
the large Bowen ratio in the transient season, Root-3 better depicts the Bowen ratio variations from the
dry season to the wet season (Figure 7).

In general, biases in simulated ground heat fluxes are slightly improved in Root-3 as compared to CTL, LAY,
and SOM (Table 6) as well. CTL, LAY, and SOM match the ground temperature well, but Root-3 increases the
bias by 1°C. Note that when the Chen97 [Chen et al., 1997] surface-layer parameterization scheme is used in
Noah-MP, CTL, LAY, and SOM overestimate the ground temperature but Root-3 produces better results. This
demonstrates that the bias in the ground temperature is highly related to the surface exchange parameter-
ization and the treatment of thermal roughness length as indicated by Chen and Zhang [2009] and Yang et al.
[2011], which would be an interesting subject to explore in future studies.

Daily surface runoff generally followed the variability of the precipitationmore closely in themonsoon season
(Figures 8a and 8c) than that in transient season (Figure 8b) due to frozen ground physics in the latter. Also, it
is better correlated with precipitation than with subsurface SLW in all experiments. When the same precipita-
tion forcing is used as CTL, LAY, SOM, and Root-3, larger surface runoff in these simulations (Figure 8a) corre-
sponds to smaller topsoil SLW in Figure 4. However, subsurface runoff shows a clear correlation with
subsurface SLW. CTL, LAY, and SOM produce a relative larger subsurface runoff than Root-3 (Figure 8d).

Large subsurface runoff in CTL, LAY, and SOM is
clearly related to the overestimation in the SLW
at subsurface layers as shown in Figures 4f–4h,
which in turn is related to the thawing at subsur-
face layers (Figures 4c and 4d).

3.3. Impact of Soil Parameterizations in the
Transient Season

Differences in model results during the monsoon
season discussed above are certainly related to the
evolution of soil state in the transient season. Due
to the lack of observations for the transient season
(April–May), we focused on comparing different
Noah-MP simulations to assess the impacts of the
above soil processes on soil ice melting. Figure 9
shows the variability of SLW, soil ice, and ST for
CTL, LAY, SOM, and Root-3 from 1 April to 31 May
where soil ice thaws. Various soil processes had little
impact on the evolution of topsoil temperature
(Figure 9a) that increased above the freezing point

Figure 7. Comparing simulated Bowen ratio from CTL, LAY,
SOM, and Root-3with observation from 26May to 16 September.

Figure 6. Monthly diurnal cycle for June, July, August, and September of (a) surface net radiation (NR in Wm�2), (b) sensible heat flux (SH in Wm�2), (c) ground heat
fluxes (G0 in Wm�2), and (d) latent heat flux (LE in Wm�2). Hours are in local standard time.
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on 7 April but substantially affected ST in deep soil layers. For instance, in the second soil layer, CTL first
climbs above the freezing point, followed 4 days later by LAY, then followed 10 days later by Root-3, and
finally followed 7 days later by SOM. For the deep fourth soil layer, LAY produced highest ST and Root-3
produces lowest ST.

Table 6. Bias and RMSE of the Surface Net Radiation (NR); Skin Temperature (TG); and Sensible (SH), Latent (LE), and
Ground (G0) Heat Fluxes for CTL, LAY, SOM, Root-3, In Situ, and Grid Compared to the Observation From 26 May to
16 September

NR G0 TG SH LE

BIAS RMSE BIAS RMSE BIAS RMSE BIAS RMSE BIAS RMSE

CTL 4.1 14.9 2.9 5.3 �0.8 1.4 11.4 20.9 �20 34.3
LAY 2.6 15.2 3.9 5.5 �0.6 1.4 16.8 25.8 �27.7 41.9
SOM 6.3 18.6 4.3 5.8 �0.8 1.7 15.1 26.6 �23.2 42.8
Root-3 7.3 13.4 2.0 4.6 �1.8 2.1 �1.5 17.1 �3.1 22.1
In Situ 13.1 18.5 �4.0 5.7 �1.6 2.0 7.3 19.1 �0.6 24.6
Grid 3.1 28 2.2 6 �1.2 2.1 2.2 26.1 �12.1 34.4

Figure 8. (a–c) Normalized surface runoff (R0) versus normalized precipitation (P) and (d–f) normalized subsurface runoff
(R1) versus normalized subsurface SLW. Figures 8a and 8d are CTL, LAY, SOM, and Root-3 results in the monsoon season;
Figures 8b and 8e are CTL, LAY, SOM, and Root-3 results in the transient season; and Figures 8c and 8f are Root-3, In Situ,
and Grid results in themonsoon season. The subsurface SLW here is the average of the SLW except for the top layer. P, SLW,
and runoff are normalized to 0–1 by (A-Amin)/(Amax-Amin).
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It is clear that the first-layer SLW evolution is mainly controlled by precipitation, soil hydraulic conductivity,
and runoff, rather than by soil temperature (Figure 9e). Root-3 shows the largest seasonal amplitude because
of high water-holding capacity in the shallow root zones for wetting and higher soil-ice fraction during freez-
ing periods which reduce liquid soil moisture. SOM produced overly high soil moisture mainly due to its high
soil porosity in the first layer.

It is also clear that the second-layer SLW evolution is highly correlated with ST evolution, because liquid soil
moisture begins to increase after mid-April following the thawing soil ice (Figures 9b, 9f, and 9i) in each
experiment. CTL wets earliest responding to the early thawing, and the layered soil texture in LAY delays
the thawing by about 3 days. Higher second-layer SLW in SOM is largely due to higher ST and greater perco-
lation from its higher first-layer SLW, because soil hydraulic conductivity is increased in organicmatter (Figure 9e).
Although the rhizosphere effect is only parameterized for the topsoil, it affects the second layer due to the
movements of the SLW between soil layers.

Soil temperature at the third layer is below the freezing point except for CTL by the end of May, so sig-
nificant soil ice exists throughout the transient season (Figure 9k). However, liquid water exists even in
subfreezing temperature in all soil layers due to the treatment of supercooled liquid water (SLW) and frac-
tional soil ice in Noah-MP [Niu et al., 2011]. SLW in CTL increases to its highest values by the end of May
due to the start of the melting phase and higher soil moisture in the first and second layers. However,
before ST becomes higher than the freezing point, SLW keeps increasing from the beginning of the
May, mainly due to the percolation of soil water from the second layer where soil ice melts earlier
(Figures 9f and 9i).

SLW in the third soil layer in CTL and LAY are substantially greater than that in SOM and Root-3 (Figure 9g),
suggesting that more SLW is held in the two upper layers (Figures 9e and 9f) because the organic matter
enlarges the porosity and roots reduce their hydraulic conductivity. The bottom layer (Figures 9d and 9h)
is similar to the third layer.

Therefore, generally, the seasonal variations in SLW are highly correlated with ST simulation because of the
freeze-thaw cycle. Low thermal conductivity in organic matter in SOM produces lower soil temperature
throughout the soil column, consistent with results of Lawrence and Slater [2008]. In Root-3, low hydraulic

Figure 9. Daily mean (a–d) soil temperature (ST in K), (e–h) soil liquid water content (SLW in %), and (i–l) soil ice content
(Sice in %) at (Figures 9a, 9e, and 9i) 5 cm, (Figures 9b, 9f, and 9j) 25 cm, (Figures 9c, 9g, and 9k) 75 cm, and (Figures 9d,
9h, and 9l) 150 cm soil depths from 1 April to 31 May 1998 simulated in CTL, LAY, SOM, and Root-3.
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conductivity reduces soil moisture in deeper layers and hence reduces thermal conductivity, leading to lower
soil temperatures as well. Lower ST results in higher fractions of soil ice and lower SLW in SOM and Root-3
(Figures 9d, 9h, and 9l).

Figure 10 shows variations of surface heat fluxes and hydrologic components for CTL, LAY, SOM, and Root-3
in the transient season. The greatest difference across experiments lies in the latent heat flux (Figure 10c),
which is highly correlated with the SLW variations in the topsoil (Figure 9e). The SOM produced highest
topsoil SLW and latent heat flux after thawing because of greater porosity in organic soils. Although SM in
Root-3 in April is lower than that in SOM, the saturation levels are relatively higher than Root-3 due to lesser
porosity in Root-3 to produce higher latent heat flux. The variability pattern in the sensible heat flux is the
opposite of the latent heat flux, but differences in the sensible heat flux between experiments are smaller
compared to the latent heat flux.

The other pronounced difference between simulations is the simulated subsurface runoff, especially in May
(Figure 10e), which is highly correlated with subsurface SLW (Figure 8e). CTL and LAY produce higher bottom
layer SLW and hence greater subsurface runoff than SOM and Root-3. Simulated surface runoff is nearly
identical among experiments, which is essentially controlled by the precipitation and surface infiltration rate.
Small amounts of intermittent precipitation (Figure 10a), along with a large fraction of impervious soil in early
April (Figures 9a–9d), generate low surface runoff. Root-3 produced relatively higher surface runoff than CTL,
LAY, and SOM due to its low hydraulic conductivity.

3.4. Uncertainties in the Initialization of State Variables

Two methods are commonly used to initialize land-surface models: (1) using directly observed soil moisture,
soil temperature, and snow and (2) using spun-up soil conditions from long-term off-line LSM
simulation/assimilation, because the observations alone may not provide the necessary information for
LSM initialization or each LSMmay have its own climatology [Koster and Milly, 1997]. So far, we have discussed
experiments with spun-up soil conditions. In this section, we now assess the results using direct observations

Figure 10. Variations of the daily (a) precipitation (P, unit: mmd�1), (b) sensible heat flux (SH, unit: Wm�2), (c) latent heat
flux (LE, unit: Wm�2), and (d) surface and (e) subsurface runoff (R0 and R1, unit: mmd�1) from 1 April to 31 May 1998 for
the observation (Obs), CTL, LAY, SOM, and Root-3.
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as soil initial conditions. Root-3 and In Situ are all forced by the site observations from 26 May to 16
September, so the differences between those two simulations are solely caused by initial soil conditions
on 26 May: Root-3 using spun-up ST and SLW conditions and In Situ using the observed ST and SLW.

The topsoil ST in Root-3 and In Situ is similar and underestimated (Figure 11a). Thus, the general trend of
underestimating ST came from the parameterizations, not the initiation. At two middle soil layers, however,
significant differences in ST between Root-3 and In Situ on May 26 have a long memory to influence ST in
the following months. While Root-3 underestimated ST, In Situ agreed with observations very well. The
low bias in ST is reduced from �2.21°C in Root-3 to 0.32°C in In Situ in middle soil layers (Table 5).
Clearly, underestimation of ST in Root-3 can be attributed to the underestimation of ST at the model
initialization time.

At the bottom layer, Root-3 underestimated ST, but In Situ overestimated ST. Although In Situ overestimated
the bottom soil ST (1.5m below the ground surface), it reproduced the seasonal variations of observed ST
better than Root-3 in which ST is rather stationary. This indicates an active bottom soil at this site, because
higher ST in the third soil layer in In Situ transports greater heat than Root-3 downward to warm its bottom
soil layer. Differences in ST between Root-3 and In Situ increased with the soil depth, indicating that deeper
soils are more affected by the initialization than shallow soil layers.

Root-3 produced lower SLW in topsoil than In Situ in late May and early June but was similar to In Situ
after mid-June (Figure 11e). In Situ produced lower SLW at two middle soil layers and higher SLW at
the bottom layer than Root-3 but closer to observations (Figures 11f and 11g). These differences suggest
substantial influences of SLW initialization, especially at deep soil layers. Both Root-3 and In Situ underes-
timated seasonal variability of SLW, whereas Root-3 showed a greater variability than In Situ. The mid-June
rapid increase of the third soil layer SLW in Root-3 is closely associated with its simulated thawing in
that layer.

Figure 11. Variations of daily mean (a–d) soil water content (SLW in %) and (e–h) soil temperature (ST in K) at four soil
depths from 26 May to 16 September 1998 for the Obs, Root-3, In Situ, and Grid.
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Despite those differences in ST and SLW, little difference is found in net surface radiation, sensible heat flux,
and latent heat flux between Root-3 and In Situ (Figures 12a, 12c, and 12d). The only noticeable difference
is perhaps the ground heat flux (Figure 12e), and In Situ underestimated the ground heat flux (see also
Table 6) due to its higher topsoil temperature than Root-3. Except for the ground heat flux, the other
difference is simulated subsurface runoff (Figure 8f): In Situ shows a constant subsurface runoff due to a
nearly constant SLW from 26 May to 16 September, but Root-3 shows an increasing subsurface runoff
due to an increasing subsurface SLW. Despite the pronounced differences in the subsurface runoff simula-
tion, Root-3 and In Situ generate a comparable surface runoff (Figure 8c) due to the identical precipitation.
This again demonstrates that surface runoff is more correlated to the precipitation; however, the subsurface
runoff is more correlated to the subsurface water content. In summary, soil initialization at this site has long
memory to affect seasonal soil temperature and hydrologic components (soil moisture and runoff) in deep
soil layers.

3.5. Uncertainties in Atmospheric Forcing Conditions

As shown in Table 3, combined gridded forcing (5 km horizontal resolution) from 1 January 1997 to 16
September 1998 is used as forcing in Grid. To test the sensitivity of the model physics, the gridded forcing
from 26 May to 16 September 1998 was replaced with the in situ point measurements from Root-3. Hence,
differences between Root-3 and Grid indicate the impact of forcing at different scales. Figure 11 illustrates
that different scale forcings mainly affect the topsoil simulation results and elicit almost no difference in
the deep soil. Grid shows greater seasonal variability in the topsoil ST and SLW than the Root-3, being
cooler and wetter during 16 June to 15 July and warmer and dryer later which is consistent with the
gridded forcing.

Figure 12. Daily (a) net surface radiation (NR, unit: Wm�2), (b) precipitation (P, unit: mmd�1), (c) sensitive heat flux
(SH, unit: Wm�2), (d) latent heat flux (LE, unit: Wm�2), and (e) ground heat flux (G0, unit: Wm�2) from 26 May to 16
September 1998 for the observation (Obs), Root-3, In Situ, and Grid.
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Differences in topsoil ST and SLW modify the land-surface temperature and humidity gradients and conse-
quently affect net radiation and sensible and latent heat fluxes (Figures 12 and 13 and Table 6). In general,
Grid shows lower net radiation than Root-3, leading to a slightly lower ground temperature. The smaller
net radiation in Grid occurredmostly during 18 July to 18 August; it is opposite in 18 June to 18 July. The smal-
ler net radiation from 18 July to 18 August distributes into an even large smaller latent heat flux and a slight
larger sensible heat (Figure 12). The monthly diurnal cycle only presented an underestimation in surface net
radiation for Grid in the afternoon (Figure 13a); however, it is overestimated in the morning.

Low biases in the surface net radiation in Grid occurred in the afternoon (Figure 13a), primarily caused by
lower downward solar radiation (Figure 13b). The morning net radiation is overestimated in Grid, which is
again consistent with its shortwave radiation variations (Figure 13b). Moreover, the underestimation in the
net radiation in the afternoon is mainly partitioned into latent heat fluxes in August and September
(Figure 13d), but the overestimation in the net radiation in the morning is mainly partitioned into sensible
heat fluxes all over the simulation period (Figure 13c).

In contrast to the impact of soil initialization, the impact of different scale forcings mainly affects surface vari-
ables. The seasonal variability of surface energy fluxes in Grid and Root-3 is mainly modulated by input pre-
cipitation (Figures 2a and 12b) and shortwave radiation (Figures 2d and 13b). This confirms that the
precipitation and radiation forcings play an important role in the surface flux exchanges through the impact
on the topsoil temperature and moisture, which could exert further impact on the weather prediction [Trier
et al., 2004, 2011; Gao et al., 2004, 2008].

3.6. Accumulated Water Budget

Koster and Milly [1997] demonstrated that different LSMs exhibit substantially different climatology of the
annual mean of soil moisture and the amplitude of the seasonal change of soil moisture owing to
differences in treating evaporation and runoff as functions of soil moisture. The observed accumulation
of precipitation (P) at this site is 313.4mm from 26 May to 16 September (Figure 14a), and observed

Figure 13. Variability of the daily (a) net surface radiation (NR, unit: Wm�2), (b) downward shortwave radiation (Srad, unit:
Wm�2), (c) sensitive heat flux (SH, unit: Wm�2), (d) latent heat flux (LE, unit: Wm�2), and (e) ground heat flux (G0, unit:
Wm�2) from 26 May to 16 September 1998 for the observation (Obs), Root-3, In Situ, and Grid.
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accumulation of evaporation (E) calculated
from latent heat fluxes is 254.2mm
(Figure 14b). Thus, the estimated total
runoff from P-E is 58.9mm. Root-3 pro-
duced the highest accumulated E with
246.5mm among four simulations, and
LAY and SOM had relative low E ranging
from 158.3mm to 180.4mm (Figure 14b).
Including the rhizosphere with a larger
water-holding capacity in Root-3 results in
more topsoil SLW and higher E in the mon-
soon season. SOM has higher E after melt-
ing in May but lower E in the monsoon
season, consistent with the greater topsoil
SLW in the transient season and relative
lesser topsoil SLW in the monsoon season.
The difference between the largest and
smallest bias in simulated E accumulation
reaches 88.2mm (36% of the E accumula-
tion in Root-3) between LAY and Root-3.
This suggests the uncertainty in simulated
accumulated E from the soil structure and
physics reaching 36% in LAY when com-
pared to Root-3.

Consequently, lower E in LAY and SOM
results in more runoff than Root-3. The
higher runoff in LAY and SOM is proportion-
ally distributed into surface and subsurface
runoffs. LAY simulates the highest subsur-
face runoff due to the large infiltration from
above layers (Figures 14c and 14d). Root-3
produces the lowest runoff accumulation

owing to large E, especially low subsurface runoff because of the small SLW in the subsurface layers.
Runoff ratio denoted as runoff dividing precipitation is 18.8%, 25%, 37%, 25%, and 16% for the OBS, CTL,
LAY, SOM, and Root-3, respectively.

Soil initialization has minor impacts on the simulated evapotranspiration and surface runoff when compar-
ing Root-3 to In Situ (Figures 15b and 15c) owing to the identical precipitation (Figure 15a) but mainly
affects subsurface variables (Figure 15d) as discussed in section 3.4. However, the gridded forcing (Grid)
has greater impact on the accumulate E and R0 due to different P. The accumulated gridded precipitation
is 245.2mm from 26 May to 16 September (Figure 15a), which is 68.2mm less than the OBS, Exps6 and 7.
Grid simulates 213.7mm in the accumulated evapotranspiration (Figure 15b). It occupies 87% of the
precipitation and smaller percentage runoffs, especially the surface runoff, than the OBS, Exsp6 and 7
(Figure 15c).

4. Summary

Land-surface models can build understanding of soil dryness/wetness by accurately simulating the evolution
of soil moisture, evapotranspiration, and runoff over the TP region where observations are sparse. This study
assesses the simulations with the new generation Noah-MP LSM conducted at the Amdo site in the central
TP. The default Noah-MP gives large dry biases in topsoil moisture in the monsoon season, a common
problem in previous LSM studies for this region. Using observed profiles of soil texture to replace the
default, vertically uniform soil texture in Noah-MP, and representing organic matter in the model do not
significantly improve the topsoil moisture simulation. Because the short-grassland roots in the central TP

Figure 14. Comparison of accumulated (a) precipitation (P, unit: mm),
(b) evapotranspiration (E, unit: mm), (c) surface runoff (R0, unit: mm),
(d) and subsurface runoff (R1, unit: mm) from 26May to 16 September
for the OBS, CTL, LAY, SOM, and Root-3.
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are mostly distributed underneath shallow
soils, a number of sensitive experiments
were conducted to explore the influence
of the rhizosphere, along with impact of
uncertainties in forcing conditions and initi-
alization, on soil temperature, soil moisture,
surface energy, and water cycles. The main
findings are

1. The LSM spin-up time at the central
TP depends heavily on the complexity
of the model physics, ranging from
4 years with the simplest soil physics to
11–30 years with the addition of organic
matter and spare to dense rhizosphere
parameterization in Noah-MP.

2. The topsoil moisture is underestimated
by about 50% in the default Noah-MP,
but representing layered soil texture
and organic matter does not improve
much. However, such an under-
estimation is greatly reduced when the
rhizosphere effect is taken into consid-
eration. Reducing the saturated conduc-
tivity due to the mucilage in the
rhizosphere at the topsoil produces
better results. Impact of the rhizosphere
could be illustrated as Figure 16. Surface
sensible and latent heat fluxes are better
simulated in the monsoon season as

well. Adding layered soil texture and organic matter in Noah-MP retard the thawing in deep soil layers,
and the rhizosphere effect delays thawing even more in the transient season.

3. Uncertainties in soil initialization significantly affect soil temperature and moisture in deep soils but have
minimal influences on surface energy fluxes. Conversely, uncertainties in atmospheric forcing conditions
mainly affect topsoil variables and consequently the surface energy fluxes, surface runoff, and evapora-
tion. In general, at this site, uncertainties in forcing conditions seem to have more impact than uncertain-
ties in soil initialization.

4. Model physics could cause up to 36% uncertainty in the accumulated evapotranspiration simulation in
May to September 1998. Runoff ratio could be up to 2 times of the OBS. Subsurface runoff is more affected
due to the differences in the subsurface SLW. Different forcing exerts greater impacts on evapotranspira-
tion and surface runoff accumulation because of the precipitation differences. Subsurface runoff is seldom
affected by the forcing.

This study highlights the significant effects of soil process uncertainties on Noah-MP simulated surface
energy and water budgets, and including the rhizosphere parameterization helps improve model results.
Nevertheless, the reduced Ksat is a sensitive test for the roots impacts which require further in situ

Figure 15. (a–d) The same as Figure 14 but for the OBS Root-3, In Situ,
and Grid.

Figure 16. Flow chart of the impact of the rhizosphere.
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measurements to confirm in the Third Tibetan Experiments. Moreover, using the 10�3 reduction in the hydro-
logical conductivity in rhizospheremight not apply to other plant species or to other growing-season periods.
Carminati and Vetterlein [2013] documented that the water-holding capacity varies with seasons, plant
species, and growing conditions and decreases from the young roots to the old ones. Parameterizing the
dynamic rhizosphere process, by considering the above factors, will certainly help a more realistic represen-
tation of this process in LSMs.
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