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Abstract

The parameterization of surface exchange coefficients (Ch) representing land—atmosphere coupling strength plays a key role
in land surface modeling. Previous studies have found that land-atmosphere coupling in land surface models (LSMs) is
overestimated, which affects the predictability of weather and climate evolution. To improve the representation of land—
atmosphere interactions in LSMs, this study investigated the dynamic canopy-height-dependent coupling strength in the offline
Noah LSM with multiparameterization options (Noah-MP) when applied to China. Comparison with the default Noah-MP
LSM showed the dynamic scheme significantly improved the Ch calculations and realistically reduced the biases of simulated
surface energy and water components against observations. It is noteworthy that the improvements brought by the dynamic
scheme differed across land cover types. The scheme was found superior in reproducing the observed Ch as well as surface energy
and water variables for short vegetation (grass, crop, and shrub), while the improvement for tall canopy (forest) was found
not significant, although the estimations were reasonable. The improved version benefits from the treatment of the roughness
length for heat. Overall, the dynamic coupling scheme markedly affects the simulation of land—atmosphere interactions, and
altering the dynamics of surface coupling has potential for improving the representation of land—atmosphere interactions and

thus furthering LSM development.
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Key Points:

e Impacts of C; on coupling strength as well as surface energy and water
components over China were simulated

e The dynamic canopy-height-dependent C, scheme was found superior in
reproducing observations

e The dynamic scheme performed better for short vegetation because of the
treatment of the roughness length for heat
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Abstract

The parameterization of surface exchange coefficients (C;) representing land—
atmosphere coupling strength plays a key role in land surface modeling. Previous
studies have found that land—atmosphere coupling in land surface models (LSMs) is
overestimated, which affects the predictability of weather and climate evolution. To
improve the representation of land—atmosphere interactions in LSMs, this study
investigated the dynamic canopy-height-dependent coupling strength in the offline
Noah LSM with multiparameterization options (Noah-MP) when applied to China.
Comparison with the default Noah-MP LSM showed the dynamic scheme
significantly improved the C; calculations and realistically reduced the biases of
simulated surface energy and water components against observations. It is noteworthy
that the improvements brought by the dynamic scheme differed across land cover
types. The scheme was found superior in reproducing the observed Cy as well as
surface energy and water variables for short vegetation (grass, crop, and shrub), while
the improvement for tall canopy (forest) was found not significant, although the
estimations were reasonable. The improved version benefits from the treatment of the
roughness length for heat. Overall, the dynamic coupling scheme markedly affects the
simulation of land-atmosphere interactions, and altering the dynamics of surface
coupling has potential for improving the representation of land-atmosphere

interactions and thus furthering LSM development.

Keywords: land-atmosphere interaction; surface coupling strength; surface exchange

coefficient; surface fluxes
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1. Introduction

Land-atmosphere interactions that are manifest as the exchange of energy, mass, and
momentum between the land surface and the atmosphere play a fundamental role in
the evolution of weather and climate systems (Betts et al., 1996; Knist et al., 2017,
Los et al., 2006; Mahmood & Hubbard, 2003). Recent studies have shown that
excessive land—-atmosphere coupling in numerical models leads to large uncertainties
regarding surface energy and water components. For example, Koster et al. (2004)
identified several “hot spots” in terms of strong coupling between soil moisture (SM)
and rainfall, some of which could not be captured correctly in the Global Land-—
Atmosphere Coupling Experiment study (Dirmeyer et al., 2006) or even did not
register as regions of strong land—atmosphere coupling, e.g., the U.S. Southern Great
Plains (Zhang et al., 2008). Relevant studies have been restricted by many factors
such as the treatment of the roughness length for heat in land surface
parameterizations (Chen et al., 1997; Chen & Zhang, 2009; LeMone et al., 2008) and
the accuracy of the meteorological inputs (Santanello et al., 2009). Such work has
highlighted the critical importance of models in predicting the strength of land—
atmosphere coupling, as expressed by the surface exchange coefficients (Cy), although
such fundamental coupling remains poorly understood.

The efficiencies of the exchange of energy and water vapor between the land surface
and the lower atmosphere are represented by the parameter Cy. In a land surface
model (LSM), this parameter controls the land-atmosphere coupling strength for
different land cover types and climate regimes (Garratt, 1992; LeMone et al., 2008),
which has consequences regarding the prediction of atmospheric, hydrological, and
ecological components (LeMone et al., 2008; Li et al., 2009; Yang et al., 2011). The
Noah LSM with multiparameterization options (Noah-MP) is a state-of-the-art LSM
(Niu et al., 2011; Yang et al., 2011) that is used as an augmented land—surface scheme
for the atmospheric Weather Research and Forecasting model (Barlage et al., 2015;

Skamarock et al., 2008). Two Cy, calculations provided in the Noah-MP LSM are the
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Monin-Obukhov (M-O) (Brutsaert, 1982) and Chen97 (Chen et al., 1997) schemes,
both of which are obtained through the M-O similarity theory and are mainly
dependent on the roughness length for heat or moisture (Z,;) and momentum (Z,n) as
well as the atmospheric stability. The Chen97 scheme accounts for the difference
between Z. and Zoy but not for zero-displacement height, while the M-O scheme is
the opposite. The differences lead to the M-O scheme theoretically producing greater
Ch and hence larger sensible heat flux (SH) than Chen97 (Niu et al., 2011). Recently,
studies have indicated some deficiencies of the two schemes in their representation of
land surface processes. For example, the M-O scheme stimulates more runoff than the
Chen97 scheme, which is more consistent with observations (Yang et al., 2011).
Moreover, Pilotto et al. (2015) found that using the M-O scheme produces surface
fluxes and runoff with significant errors for an Amazonia forest site. However, the
M-O scheme markedly improves the simulation of the land skin temperature, while
Chen97 shows significant cold bias in arid regions of the western U.S. (Niu et al.,
2011). The discrepancies are mainly attributed to the treatment of Zo/Zom (Chen et al.,
1997; Chen & Zhang, 2009). The parameter Z is different from Z,, because heat and
momentum transfers are determined by different resistances and mechanisms within
the roughness layer (Chen & Zhang, 2009; Sun & Mahrt, 1995). The Zy/Z,m ratio can
modulate surface fluxes through the change of an empirical coefficient C,
(Zilitinkevich, 1995). Although the Chen97 scheme considers the differences between
Zo and Zom, a constant C (usually specified as 0.1) is adopted in the Cy, calculation of
the scheme. However, studies have shown that C,; values are dependent on vegetation
type and that a dynamic C,; could be more appropriate for reducing the impact of
land—atmosphere coupling strength on surface fluxes (Chen & Zhang, 2009; Zheng et
al., 2015). These earlier studies have shown the great potential for improvement in
model performance through implementation of a dynamic C; in the M-O scheme that
accounts for zero-displacement height, which is not considered in the Chen97 scheme

(Yang et al., 2011).
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Chen et al. (2019) assessed the effect of a dynamic C; on surface heat flux,
temperature, and precipitation at eight FLUXNET Canada sites and seven AmeriFlux
sites. However, the impact of land—-atmosphere coupling within LSMs with regard to
China has yet to be clarified because of the complexity of climate change, terrain, and
vegetation distribution as well as the lack of observations. In the current study, we
extended that modeling and analysis method using data collected from nine ChinaFlux
sites and obtained from the China Meteorological Administration. Using the offline
Noah-MP LSM, the objective of this study is to evaluate the impact of C;; in the M-O
scheme on land—-atmosphere coupling strength as well as on surface energy and water
components over China. Section 2 describes the experimental setup of the offline
Noah-MP LSM and provides details of the land—-atmosphere coupling method. Section
3 focuses on evaluation of the simulation results against observations in terms of
coupling strength as well as surface energy and water components. Discussions and

conclusions are provided in sections 4 and 5, respectively.

2. Data and Methods

2.1. Land-Atmosphere Coupling Method

LSMs can provide SH and surface latent heat flux (LH), as lower-boundary-layer
conditions for coupled atmospheric models, to control the diurnal evolution and
stability of the planetary boundary layer and subsequently to affect the development
of weather and climate (Liu et al., 2017; Trier et al., 2011). SH and LH are determined

through the bulk transfer relations (Garratt, 1992) as:

SH :pCpChlul(es_ea) (1)
LH = pCelUl(qs - Qa) (2)
Cr = oS ©)

= pCplUIO,-62)
where p is the air density, C, is the heat capacity of air, and U is the wind speed. Here,
Cn and C. are the surface exchange coefficients of SH and LH, respectively.

Generally, C, is assumed equal to Cy, which controls the total surface heat flux input

5
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into the atmosphere and can be associated directly with the coupling strength;
therefore, we hereafter focus on Cy. In the above equations, 6, and g, represent the
potential temperature and specific humidity of the air at the lowest model level or at a
specific measurement height above the ground, and & and g are the surface potential
temperature and specific humidity. In addition, the observed Cy, can be reconstituted
from the observations of variables contained in Eq. (3) transformed from Eg. (1)
(Chen & Zhang, 2009). Instruments at observing stations can provide direct
measurements of SH and U, whereas &, is calculated from observed air temperature
adjusted adiabatically for height above the surface, and &, is converted from downward
and upward longwave radiation with the surface emissivity derived from observations
(Yang et al., 2008). The values of C, and p are derived from air temperature, relative
humidity, and precipitation.

Within the Noah-MP LSM, C;, for the M-O scheme is computed based on the M-O

similarity theory (Brutsaert, 1982) as:

[n(Z2)-wm () -wn ()

where L is the M-O length, k is the von Karman constant (=0.4), do is the

Ch = (4)

zero-displacement height, ¥, and ¥, are stability functions, Z is the height above the
ground surface, Z,n is the roughness length for momentum, and Z; is the roughness
length for moisture and heat. The parameter Z,y represents the height at which the
average wind goes to zero and the scalars at Z < Z,y are assumed transported by
molecular processes. The parameter Zy is the height at which the air temperature is
equal to the soil surface temperature.

In the Noah-MP LSM, Z is related to Z,, as a function of atmospheric flow, as

proposed by Zilitinkevich (1995):

*Zum
Zot = Zom exp(_kczil\/ Re)' R, = uOT (5)
where C; is an empirical coefficient, R is the roughness Reynolds number, u, is the

friction velocity, and v is the kinematic molecular viscosity. The Cj values are
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assumed to vary from 0.01 to 1.00, denoting strong to weak surface coupling (Chen et
al., 1997; Zheng et al., 2015). The value of C is usually specified as 0.1, which is
based on calibration with field data measured over grassland (Chen et al., 1997).
Smaller values of C, generate larger Z,, which indicates a rougher surface for heat
and moisture, resulting in stronger turbulence and larger Cy. The adjustment of Cy
can contribute to improved model estimates of surface fluxes (Gutmann & Small,
2007; LeMone et al., 2008; Moncrieff, 2004). Furthermore, using the least squares
regression method, Chen and Zhang (2009) analyzed multiyear Ameriflux data to
determine that C; values are dependent on vegetation type and can be represented as
a function of canopy height h (unit: m):

Con = 100040 (6)
The primary focus of this study was implementation of the formula for the
canopy-height-dependent C,; into the M-O scheme to assess its impact on the

simulations.

2.2. Offline Noah-MP LSM and Modeling Setting

The Noah-MP LSM has been developed to improve the performance of the Noah
LSM (Chen & Dudhia, 2001; Chen et al, 1996), and it provides a
multiparameterization framework that allows different combinations of available land
process schemes (Niu et al., 2011; Yang et al., 2011). In this study, the Noah-MP
LSM v3.6 was used in an offline standalone mode to execute single-site and
regional-scale land surface experiments. Single-point experiments were executed at
nine flux tower sites (Figure 1 and Table 1), while the simulated regional domain
covered all of China (Figure 1). The atmospheric forcing fields used in the Noah-MP
LSM were wind speed, air temperature, relative humidity, air pressure, precipitation,
and downward shortwave and longwave radiation. Single-point experiments were
forced by 30-min ChinaFlux observations; regional experiments were forced by the
Global Land Data Assimilation System (GLDAS2.1) product with temporal and

spatial resolutions of 3 h and 0.25°, respectively, during 2003-2012 (Rodell et al.,
7
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2004). Regional simulations were initialized using the land use, soil texture, terrain
height, and land-water mask through the preprocessing system of the Weather
Research and Forecasting model. The Noah-MP physics options used in the study are
listed in Table 2.

Three cases were designed to simulate the different responses of coupling strength as
well as the surface water and energy components to C;; in the M-O scheme: (1) the
original M-O option with identical Z,, and Z,; (Default), (2) a constant C,; specified
as 0.1 (C; = 0.1 or Czil), and (3) a dynamic canopy-height-dependent C (C-h or
Newczil). In these simulations, everything was identical except for the surface-layer
parameterization scheme.

To initialize the Noah-MP LSM properly, we first examined the spin-up time required
to reach the equilibrium stage, defined as when the difference between two
consecutive one-year simulations becomes <0.1% for the annual means (Cai et al.,
2014; Chen et al., 2016; Yang et al., 1995). Almost all sites required no more than 9
years to reach equilibrium, except site Sw2 (at least 13 years). Areas with sparse
vegetation and deep soil layers usually require a long time to reach equilibrium, which
was true of Sw2 being the driest of the nine sites (Chen & Mitchell, 1999; Cosgrove et
al., 2003). Consequently, we ran a 10-year spin-up initialization for all stations except
Sw2 (20 years) for the single-point experiments, and we conducted 20-year-long runs

as spin-up for the regional experiments.

2.3. Validation Datasets

The ChinaFlux network provides observations at 30-min intervals at nine flux tower
sites located in areas with different land cover types (grassland, forest, and wetland)
and climatic regimes (arid, wet, semiarid, and semihumid regions). Figure 1 shows the
geographical locations of the nine ChinaFlux network sites and associated general
information is presented in Table 1. Surface energy and water variables in the
observations were used for evaluation of the LSM outputs in addition to forcing the

Noah-MP single-point experiments. Several missing data for relative humidity and net
8
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surface radiation were gap-filled using the nearby observations.

Regional C;, was calculated using surface monthly meteorological data (\VV3.0) obtained
from the China Meteorological Administration. These data comprised monthly air
temperature, wind speed, relative humidity, pressure, and ground surface temperature
obtained at over 2000 stations during 2003-2012. We interpolated these monthly site
observations to 0.25° spatial resolution using a Cressman-type interpolation.
Regional-scale surface energy fluxes simulated by the Noah-MP LSM were validated
using observation-based FLUXNET-MTE (Model Tree Ensemble) data. The gridded
FLUXNET-MTE dataset, with monthly temporal resolution and 0.0833° spatial
resolution, was integrated with observations from global 253 FLUXNET eddy
covariance towers using machine learning technology, i.e., the MTE algorithm (Jung et
al., 2009). We resampled the products from 0.0833° to 0.25° using a bilinear
interpolation method. The gridded dataset was incomplete over western China because
of the lack of in situ observations. Moreover, the uncertainty in the FLUXNET-MTE
product owing to the uneven spatial distribution of flux towers selected for training the

model tree is not negligible.

2.4. Evaluation Statistics

The level of agreement between model simulations and field observations is usually
measured via three statistics (Brovkin et al., 2013; Dai et al, 2019;
Frydrychowicz-Jastrzebska & Bugala, 2015): the Pearson correlation coefficient (R),
root mean square error (RMSE), and mean bias error (MBE):

TN (M;—M) (0;—0)

R= (7
JEL -2 510102
1 oN
MBE = ﬁZi=1(Mi - 0;) (8)
N — 02
RMSE = 21=1(M—101) (9)

N
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where M; and O; are the model simulated and field observed values for the same
variable, respectively, M and O are the means of the simulations and observations,

respectively, and N is the number of days.

3. Model Verification and Comparisons

To explore the sensitivity of land—atmosphere coupling strength to C, and to
determine whether the C,;-h scheme could improve climate simulations, three Cg
schemes (the default M-O, C, = 0.1, and C-h) were implemented in the Noah-MP
LSM and evaluated for different land cover types over China. First, we compared the
performance of each scheme in quantifying the land—atmosphere coupling strength
against the observed Cy, and then we assessed the impact on the surface energy and

water components.

3.1. Surface Coupling Strength Sensibility to Cy

Because the representation of C;; realized by varying the degrees of surface exchange
simulation significantly affects the evolution of weather and climate systems (Chen &
Zhang, 2009; LeMone et al., 2008; Trier et al., 2011), we first analyzed the impact of
each C; scheme on its C, calculation. Figure 2 compares the observations and
simulations of the midday C; averaged from 10:00-15:00 local time for the nine
ChinaFlux sites in spring and summer, i.e., during the growth season of vegetation.
Compared with the observation-derived C;, the Cy, values modeled by the Noah-MP
LSM have much smaller variability and seasonality across the various land cover
types. Boreal sites (such as Cng) experience a large increase in summer Cy, as the land
cover changes from a smooth sparsely vegetated surface in spring to a rougher surface
with flourishing vegetation in summer, as reflected clearly by the observed Cy. The
simulated C;, values based on the default M-O scheme are substantially overestimated
at almost all sites, especially in grassland areas. The C;, values simulated in the C;; =
0.1 experiment are decreased, but the unsatisfactory reduction results in insufficient

underestimation at grassland sites and slightly too efficient underestimation for forest
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sites. In comparison, the Cy values derived from the Cj;-h scheme are in better
agreement with the observations, especially sites with short vegetation (such as grass),
suggesting significant improvement in the performance of the C;-h scheme in
comparison with the other two in terms of the representation of the land—atmosphere
coupling strength. Additionally, the C,-h scheme provides reasonable estimations,
similar to the default M-O scheme, at sites with tall vegetation (such as forest),
although the overestimated Cy, values against the observations, which are consistent
with results over North America (Chen et al., 2019; Chen & Zhang, 2009), indicate
similar skill of the C,;-h scheme in terms of global applicability.

To confirm the findings obtained from the single-site simulations, long-term regional
climate modeling over China was conducted to further examine the climatological
behavior of land—atmosphere coupling strength sensibility to C. Figure 3 shows the
observed and Noah-MP modeled Cy over China during the summers of 2003-2012.
Spatial climatology differences between the observations and the simulations of the
three C, schemes are shown in Figure 3a—c. Compared with the observations, the Cy,
values of the default M-O scheme are substantially overestimated with too efficient
coupling, while the C,;; = 0.1 scheme slightly modulates the positive deviation. In
contrast, the C,;-h scheme presents the smallest bias against the observations for short
vegetation types (grass, crop, and shrub), and it produces overestimated but
reasonable Cy, values for sites with tall vegetation (forest) in comparison with the
default run, with similar results for the nine ChinaFlux sites. Spatial differences
between the C, schemes (Figure 3d and 3e) also show that both the C,; = 0.1 and the
C.ii-h schemes present negative bias against the default run in most parts of China.
Additionally, the spatial patterns of the differences are similar to that of vegetation
canopy height, implied by a significant boundary between short and tall canopy, for
either the C4 = 0.1 scheme or the C,-h scheme. These findings indicate that the Cy
values are more realistically related to the canopy-height-dependent Cj. From the

perspective of vegetation type, we further quantified the sensitivity of the coupling
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strength response to C; for different land cover types, as shown in Figure 3f. For
barren land or sparse vegetation, crop, grass, and shrub, the regional average Ci
values modeled by the C-h run are the smallest in terms of three C, experiments. In
contrast, the default M-O scheme obtains overly high estimates, while the C-h

simulations for forest are similar to the default run.

3.2. Surface Energy and Water Variations Affected by C;

The parameter Cy, representing the exchange efficiency between land and atmosphere,
plays an important role in controlling surface energy and water variables in the
Noah-MP LSM (Yang et al., 2011). The values of Cy, simulated by the C,j-h scheme
have been verified to be closer to the observations compared with the other two
schemes. Therefore, we further evaluated the potential skill of the three C;; schemes
incorporated into the Noah-MP LSM in reproducing the observed surface energy and
water variables.

Figures 4-7 present the daily average soil temperature (ST) and SM at the depth of 0—
10 cm, as well as SH and LH, at nine ChinaFlux sites (Dan, Sw2, Cng, HaM, Du2,
Ha2, Qia, Din, and Cha; Table 1). The LSM shows the ability to favorably capture the
seasonal variability of the surface energy and water variables. For each Cg
experiment, the simulations have significant correlations with the observations at the
nine sites, and the minimum correlation coefficients passing the 95% confidence level
for ST, SM, SH, and LH are 0.96 (Ha2), 0.38 (Cha), 0.32 (HaM), and 0.81 (Din),
respectively. All these results demonstrate that the Noah-MP LSM has good
performance with regard to the surface energy and water variables at these sites.
Comparisons of the simulated and observed ST at the nine stations are shown in
Figure 4 and Table 3. Generally, the values of ST are all underestimated by the three
C,ii schemes in comparison with the observations. However, the C-h scheme
presents its superiority over the default M-O scheme and the C, = 0.1 scheme at most
sites. The C-h scheme shows greater consistency between the simulation and the

observations, as revealed by the smallest RMSE at five of the nine sites (Dan, HaM,
12
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Qia, Din, and Cha), as well as the highest correlation at six sites (Dan, Sw2, Du2, Qia,
Din, and Cha). The cold season ST values are substantially underestimated by all
three C;; schemes, while the C,-h scheme slightly modulates the negative deviations.
The daily mean simulated SM values against the observations are shown in Figure 5
and Table 4. Precipitation is a key contributor to the seasonal variability of SM.
Usually, SM exhibits large daily variations during summer when most rainfall events
are concentrated, while SM fluctuations are stable during winter when fewer rainfall
events take place. The three C; schemes capture the seasonal evolutions of SM
reasonably well. There are dry biases at Sw2, Cng, HaM, and Cha, while the
remaining sites have wet biases. Similarly, the C,;-h scheme slightly narrows the
discrepancy of the simulation from the observations, with the smallest RMSE at seven
of the nine sites. Figures 6 and 7 show daily averaged SH and LH variations,
respectively. Simulated SH shows positive biases against the observations for most
sites (Table 5), while LH shows negative values (Table 6). Compared with the other
two schemes, the C;-h scheme shows values of SH and LH that are more comparable
with the observations, with the smallest RMSE at most stations.

At the regional scale, we analyzed the seasonally spatial differences of LH and SH
modeled by the three C, experiments against FLUXNET-MTE observations, as
Figure 8 shows. Overall, the surface energy fluxes simulated with a dynamical
changing C, scheme show favorable spatial correspondence with FLUXNET-MTE
data. Moreover, it should also be noted that the influence of C; on LH is smaller
compared with SH, suggesting less spatial heterogeneity regarding the differences in

the modeling simulations.

3.3. Impacts of C; on Short and Tall Canopy Types

We have thus far shown that the variability of C;, across land cover types becomes
clear and that it can be divided roughly into short (grass, crop, and shrub) and tall

(forest) vegetation categories in order of increasing Cp. Therefore, from the
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perspective of canopy types, we hereafter address the effect of C; on the simulations
in terms of on-site grassland (short canopy) and forest (tall canopy).

Synthetically considering the correlation coefficients and normalized standard
deviations (Figure 9), the C,i-h experiments show that the majority of short vegetation
sites present significant improvements in the simulations, i.e., the C-h simulations
closest to the observations occur at three of five sites (Sw2, HaM, and Du?2) for LH, at
four sites (Dan, Sw2, Cng, and Du?2) for SH, and at three sites (Dan, Cng, and HaM)
for SM. Regarding three tall vegetation sites (Qia, Din, and Cha), the C-h scheme
shows the same level of ability as the default M-O in simulating the surface energy
and water components.

Diurnal surface heat fluxes for short and tall vegetation are shown in Figure 10. The
simulations for short vegetation are averages from five ChinaFlux grassland sites
(Dan, Sw2, Cng, HaM, and Du2), while those for tall vegetation are averages from
three forest sites (Qia, Din, and Cha). The modeled LH values show negligible
differences among the three C, schemes for both short and tall canopy types, but
underestimations (overestimations) are evident against the observed LH for short (tall)
canopy types. Comparatively, large discrepancies are found regarding the SH values
simulated by the different C,; schemes, especially around midday (10:00-15:00 local
time). In comparison with the observed SH at grassland sites, the default M-O run
overestimates SH with coupling strength that is too strong, especially in summer;
however, the Cj;-h simulations agree well with the observed SH but with
underestimation in spring. For forest sites, the C;-h scheme produces the same level
of variation in SH as the default M-O scheme, while the C,= 0.1 scheme simulates

the smallest SH values.
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4. Discussions

4.1. Superiority of the C;-h Scheme in Regenerating Observations across Land
Cover Types

The default M-O scheme substantially overestimates the land—-atmosphere coupling
strength relative to the observations, which might illustrate a deficiency of LSMs, i.e.,
LSMs might have overly strong coupling that results in the transfer of too much
energy and water vapor (Chen & Zhang, 2009; Ruiz-Barradas & Nigam, 2005).
Correct determination of the coupling strength is closely related to the definition of
the calculation of Z,; in LSMs (Brutsaert, 1982; Garratt, 1992; Sun & Mahrt, 1995).
The analysis in section 3 demonstrated that modest adjustment of the C; values
affecting the treatment of Z, in Eq. (5) could significantly improve the land—
atmosphere coupling strength. However, such impacts should be viewed across land
cover types. Compared with the default M-O scheme of the Noah-MP LSM, the C-h
scheme provides significant improvements in the simulations for short vegetation;
improvements for tall canopy types are not evident, although the estimations are
reasonable, which is consistent with results obtained in North America (Chen et al.,
2019; Chen & Zhang, 2009). Regarding the ability for direct connection between
surface coupling strength and terrestrial ecosystems in Eq. (6), the Ci-h scheme
realistically reduces the coupling strength for short canopy types, but produces
positive bias similar to that of the default M-O run for tall canopy types because of the
equivalent heat and momentum roughness length resulting from a close-to-zero Cy;.
Tall vegetation with a rough surface has large values of C;, and hence generally
stronger coupling, with C;, values 10 times larger than for shorter vegetation (Chen &
Zhang, 2009). Regarding shorter canopy types, with increasing C, the coupling
strength becomes weak, resulting in less rough surface for heat or moisture transfer,
and the simulated surface fluxes are less spatially heterogeneous. For the Cg-h
scheme, the smaller values of C resulting from the taller canopy enhance the Cy

values and hence the surface coupling strength; however, C; shows little change
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when the canopy height is >5 m, as indicated by Eq. (6). For example, the difference
in C4 values between vegetation canopy heights of 1 and 2 m is 0.24, whereas it is
only 1.51 x 108 between canopy heights of 19 and 20 m. As such, assigning different
C.ii values for different land cover types will allow the Noah-MP LSM to reasonably
reproduce the observed Cy. It should also be noted that the values of summer Cy, are
slightly larger than spring because of the rougher surface with vegetation greening
from spring to summer. Therefore, in spring with the slightly weaker coupling
strength in comparison with summer, the C,-h scheme is likely to produce overly low

simulations, as shown in Figure 10a.

4.2. Discrepancy of C,; Impacts on Surface Energy Partitioning

To understand how C; affects surface energy components, for instance, why the
influence of C,; on LH appears smaller than on SH (Figure 10), we tried to account
for the issue from the perspective of the surface energy budget. Recent studies have
shown that the surface energy balance problem is subject to many factors, such as
measurement errors, heat storage in soil and canopy, as well as exchange processes on
large scales of the heterogeneous landscape (Etchevers et al., 2004; Foken, 2008;
Franssen et al., 2010; Tang et al., 2019). However, the available energy of net
radiation and ground heat flux as well as the turbulent fluxes of sensible and latent
heat are able to explain approximately 80% of the closure of the energy balance
(Kanemasu et al., 1992; Leuning et al., 1982; Wilson et al., 2002). Therefore, here, the
discrepancy of C impacts on surface energy partitioning is considered in terms of
available energy and turbulent fluxes. Net radiation not directly provided by LSM
outputs can be derived as the residual of the radiation budget balance, i.e., the deficit
between downward and upward radiation (Xin et al., 2018). Figure 11 shows the
spatial relative differences between the C;; schemes for SH, LH, ground heat flux, and
net radiation. The simulated SH and ground heat flux differ markedly with the C;
schemes, while the simulated net radiation appears insensitive to the C values. For

LH, the values tend to vary little with the different C,; schemes, but marked
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differences can be found between the C,i-h and default schemes in spring. The C-h
experiment modeled smaller LH over eastern regions of China and larger values over
most western and northeastern areas. The situation was reversed for SH. The C-h
scheme simulated smaller SH over much of China, leading to less heat being
transported from the surface into the atmosphere; thus, an increase in surface

temperature enhances ground heat flux.

5. Conclusions

The impact of land—atmosphere coupling within LSMs with regard to China has yet to
be clarified because of the complexity of climate change, terrain, and vegetation
distribution as well as the lack of observations. In this study, using observations
collected from nine ChinaFlux sites and data from over 2000 automatic
meteorological stations, the impacts of land—atmosphere coupling for different land
cover types over China were assessed. This was achieved by testing three C,; schemes
(the default M-O, constant C; = 0.1, and dynamic canopy-height-dependent C,i-h
schemes) with the offline Noah-MP LSM. The parameter C;; is strongly associated
with Cy,, which is a critical parameter in the transfer of surface energy into the lower
atmosphere and directly reflects the land-atmosphere coupling strength. By
performing both single-site and regional-scale experiments, we verified and compared
the sensibility of Cy, and subsequently of the surface energy and water components in
response to different C,; schemes. The main results of the study can be summarized as
follows.

The different C,; schemes have considerable impact on surface coupling strength. The
default M-O scheme, which has equivalent roughness length for heat and momentum
with no-C, substantially overestimates Cy. The constant C, = 0.1 scheme reduces
the positive Cy, bias produced by the default scheme for short vegetation (grass, crop,
and shrub); however, it overly underestimates Cy for tall vegetation (forest). In

contrast, the C,;-h scheme produces the least Cy, bias against the observations for short
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canopy types, and provides overestimated but reasonable values for tall canopy types,
similar to the default M-O simulation.

The accuracy of simulated surface water and energy components in LSMs is closely
related to surface coupling strength, which is in turn determined by C,. As the
discrepancies in Cy, produced by the different C; schemes show, in general, the C-h
scheme significantly reduces the bias against observations in comparison with the
default and constant C, schemes. The Cj-h scheme can better reproduce the
observed surface energy components, while the improvement in water variables such
as SM remains limited.

Assigning different C, values for different land cover types displays the superiority
of the Noah-MP LSM in reproducing the observed Cy, as well as the surface variables
for short vegetation (grass, crop, and shrub), while the improvement for the tall
vegetation (forest) is not significant, although the estimation are reasonable. These
results underline the critical importance of C in relation to canopy height in LSMs,
and thus raise other intriguing problems for further study, e.g., the question of how to
effectively improve simulations for tall vegetation through optimization of the C,-h
scheme, and how best to employ coupled climate models to investigate the effects of

Ch on climate simulations.
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Table 1. General information regarding the nine FLUXNET sites.

Latitude, Land-Cover Canopy
Site Code Site Name Elevation (m) Years
Longitude Type Height (m)
CN-Dan Dangxiong 30.50, 91.07 4250 GRA 0.1 2004-2005
CN-Sw2 Siziwang Banner  41.79, 111.90 1456 GRA 0.1~0.2 2011
CN-Cng Changling 44.59, 123.51 270 GRA 0.17 2008
CN-HaM Haibei Alpine 37.37,101.18 3190 GRA 0.25 2003
CN-Du2 Duolun 42.05, 116.28 1324 GRA 0.3 2007
CN-Ha2  Haibei Shrubland ~ 37.61, 101.33 3190 WET 0.6-0.7 2003-2005
CN-Qia Qianyanzhou 26.74, 115.06 100 ENF 12 2003-2005
CN-Din Dinghushan 23.17,112.54 240 EBF 17 2003-2005
CN-Cha Changbaishan 42.40,128.10 738 MF 26 2003-2005

GRA: grasslands; WET: permanent wetlands; ENF: evergreen needleleaf forest; EBF: evergreen broadleaf forest;

MF: mixed forests
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Table 2. Noah-MP LSM parameterization options used in this study.

Parameterization description

Options

Dynamic vegetation

Stomatal resistance

Soil moisture factor for stomatal
resistance

Runoff/soil lower boundary

Surface layer drag coefficient
calculation

Supercooled liquid water
Soil permeability

Radiative transfer

Surface albedo

Precipitation partitioning between
snow and rain

Soil temp lower boundary

Snow/soil temperature time

4: table LAI, shdfac=maximum

1: BALL-Berry (Ball et al., 1987)

1: original Noah (Chen and Dudhia, 2001)

1: original surface and subsurface runoff
(free drainage)

1: Monin-Obukhov (Brutsaert, 1982)

1: no iteration (Niu and Yang, 2006)

1: linear effects, more permeable (Niu and
Yang, 2006)

3: two-stream applied to vegetated fraction

2: CLASS (Verseghy, 1991)
1: Jordan (Jordan, 1991)

2: TBOT at ZBOT (8 m) read from a file

1: semi-implicit
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Table 3. Statistics of daily averaged soil temperature at the depth of 0-10 cm from the
nine FLUXNET sites. R, MBE, and RMSE denote the Pearson correlation coefficient,
mean bias error, and root mean square error between the observation and simulation,
respectively. Soil temperature simulated by the Noah-MP LSM using the default M-O
scheme is represented by Default; using the C; = 0.1 scheme is represented by Czil;
and using the C-h scheme is represented by Newczil.

Default Czil Newczil
MBE RMSE R MBE RMSE R MBE RMSE

Site Code

CN-Dan 0.98 -0.97 290 098 0.66 242 098 0.66 242
CN-Sw2 0.99 -3.47 2130 099 -3.65 2279 099 -344 2390
CN-Cng 099 062 1434 098 0.61 14.94 098 111 19.20
CN-HaM 0.97 -481 29.42 097 -466 28.32 097 -401 2582
CN-Du2 0.99 -193 7.58 099 -180 7.39 099 -117 7.68
CN-Ha2 0.97 -2.54 10.89 097 -197 1045 096 -1.07 16.29
CN-Qia 099 -047 3.22 099 046 439 099 -047 3.22
CN-Din 097 -0.09 299 097 070 3.67 097 -0.09 299

CN-Cha 097 -0.81 17.25 097 -022 2112 097 -0.81 17.25
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753  Table 4. As in Table 3 but for soil moisture at the depth of 0-10 cm.

Default Czil Neweczil

Site Code
MBE RMSE R MBE RMSE R MBE RMSE

CN-Dan 0.84 0.07 0.01 0.87 0.07 0.1 0.87 0.07 0.01
CN-Sw2 0.72 -0.01 0.002 0.72 -0.01 0.002 0.69 -0.01 0.002
CN-Cng 0.69 -0.13 0.04 0.69 -0.13 0.04 0.72 -0.13 0.04
CN-HaM 094 -0.13 0.02 094 -0.13 0.02 095 -0.13 0.02
CN-Du2 0.70 0.03 0.003 0.71 0.03 0.003 0.73 0.02 0.002
CN-Ha2 087 0.05 0.01 086 0.05 0.01 0.83 0.05 0.01
CN-Qia 054 016 0.03 055 016 0.03 054 016 0.03
CN-Din  0.77 0.04 0.003 0.76 0.04 0.003 0.77 0.04 0.003

CN-Cha 0.38 -0.08 0.02 039 -0.09 0.02 0.38 -0.08 0.02
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Table 5. As in Table 3 but for sensible heat flux.

Site Code Default Czil Newczil

MBE RMSE R MBE RMSE R MBE RMSE
CN-Dan 0.54 1225 663.28 054 466 340.11 0.54 466 340.11
CN-Sw2 0.82 -9.37 508.41 0.83 -9.19 468.04 0.85 -12.21 42484
CN-Cng 0.74 729 44285 0.75 6.45 387.70 073 266 274.10
CN-HaM 0.32 -12.03 679.30 0.33 -12.69 597.83 0.33 -13.29 462.76
CN-Du2 0.74 257 602.27 0.75 0.87 529.45 0.75 -522 461.64
CN-Ha2 051 -10.54 905.12 0.56 -13.32 765.79 0.57 -19.20 769.01
CN-Qia 0.73 10.07 391.62 0.70 3.61 242.20 0.73 10.07 391.57
CN-Din 0.65 3.36 21355 0.57 -243 228.10 0.65 3.36 21355
CN-Cha 0.69 16.06 677.90 0.73 856 377.00 0.69 16.06 677.90
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802
803
804
805
806

807 Table 6. As in Table 3 but for latent heat flux.

] Default Czil Newczil
Site Code

MBE RMSE R MBE RMSE R MBE RMSE

CN-Dan 090 -15.16 770.62 092 -14.87 732.86 0.92 -1487 732.86
CN-Sw2 0.83 -9.63 232.85 0.83 -9.68 233.76 0.83 -9.61 231.80
CN-Cng 090 -5.65 212.66 091 -5.65 205.26 092 -574 173.62
CN-HaM 093 3.44 169.75 093 370 169.13 093 189 12143
CN-Du2 0.82 -554 167.17 0.82 -539 163.21 0.83 -5.14 163.64
CN-Ha2 090 -10.03 378.07 091 -9.08 329.46 093 -9.09 282.24
CN-Qia 0.87 5.03 368.81 0.86 4.45 383.47 0.87 5.03 368.83
CN-Din 081 6.36 564.07 082 6.82 496.01 0.81 6.36 564.06

CN-Cha 094 -436 14494 094 -194 134.29 0.94 -436 14494
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Figure 1. Noah-MP modeling domain and the locations of the nine ChinaFlux sites
(dark circles). Shaded contours represent IGBP/MODIS land cover/land use
classification. Values in parentheses indicate canopy height (unit: m).
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Figure 2. Cy, (plotted at 1og10 scale) derived from the ChinaFlux observations, and
calculated by the Noah-MP LSM using the default M-O, C,; = 0.1, and C-h schemes.
These are midday (10:00-15:00 local time) values and averaged for (a) spring and (b)
summer. Each box comprises 75% of all midday Cy, values for every site, while the
middle lines represent the median values of spring (summer) average Cy. Green bars

in (a) denote canopy height for each site. Observations are represented by OBS; Cy,
calculated by the Noah-MP LSM using the default M-O scheme is represented by
Default; using the C,; = 0.1 scheme is represented by Czil; and using the C,-h

scheme is represented by Newczil.
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Figure 3. Comparisons of C;, (plotted at log10 scale) over China derived from on-site
observations, and calculated by the Noah-MP LSM using the default M-O, C; = 0.1,
and C-h schemes during the summers of 2003-2012. The differences between the
observations and the values simulated by the three schemes are shown in (a)—(c), and
the differences between both the C;; = 0.1 and the C;;-h schemes and the default M-O
scheme are shown in (d) and (e), respectively. Regional averaged Cy, values for typical
land cover types are shown in (f). The C;, values in (d)—(f) are midday (average of
09:00, 12:00, and 15:00 local time) averages, but those in (a)—(c) are daily averages
because only daily observations were available.
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Figure 4. Comparisons of daily average soil temperature (ST) at the depth of 0—-10 cm
between the ChinaFlux observations and the Noah-MP LSM simulations using the
default M-O, C;; = 0.1, and Cgj-h schemes.
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Figure 5. As in Figure 4 but for soil moisture (SM) at the depth of 0—10 cm.
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Figure 6. As in Figure 4 but for sensible heat flux (SH).
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Figure 7. As in Figure 4 but for latent heat flux (LH).
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Figure 8. Seasonally spatial differences of LH and SH simulated by the Noah-MP LSM
using the default M-O, C,; = 0.1, and C;;-h schemes against FLUXNET-MTE
observations during spring and summer 2003-2012.
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Figure 9. Statistics of daily averaged ST, SM, SH, and LH between the ChinaFlux
observations and the Noah-MP LSM simulations using the default M-O, C, = 0.1, and
C.ii-h schemes. SM and ST are at the depth of 0-10 cm.
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Figure 10. Comparisons of SH and LH between the ChinaFlux observations and the
Noah-MP LSM simulations using the default M-O, C,; = 0.1, and C;-h schemes for
short and tall vegetation types. The values in (a)—(d) represent short vegetation types
averaged from five ChinaFlux grassland sites (Dan, Sw2, Cng, HaM, and Du2), and
those in (e)—(h) represent tall vegetation types averaged from three ChinaFlux forest
sites (Qia, Din, and Cha).
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Figure 11. Spatial difference patterns of SH, LH, ground heat flux (GRDFLX), and net
radiation (NETRAD) between the C, = 0.1 and default M-O schemes during spring
and summer 2003-2012 are shown in (a) and (b), and the difference patterns between
the C,i-h and default M-O schemes are shown in (c) and (d).
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