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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: 17 

 Impacts of Czil on coupling strength as well as surface energy and water 18 

components over China were simulated 19 

 The dynamic canopy-height-dependent Czil scheme was found superior in 20 

reproducing observations 21 

 The dynamic scheme performed better for short vegetation because of the 22 

treatment of the roughness length for heat 23 
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Abstract  28 

The parameterization of surface exchange coefficients (Ch) representing land–29 

atmosphere coupling strength plays a key role in land surface modeling. Previous 30 

studies have found that land–atmosphere coupling in land surface models (LSMs) is 31 

overestimated, which affects the predictability of weather and climate evolution. To 32 

improve the representation of land–atmosphere interactions in LSMs, this study 33 

investigated the dynamic canopy-height-dependent coupling strength in the offline 34 

Noah LSM with multiparameterization options (Noah-MP) when applied to China. 35 

Comparison with the default Noah-MP LSM showed the dynamic scheme 36 

significantly improved the Ch calculations and realistically reduced the biases of 37 

simulated surface energy and water components against observations. It is noteworthy 38 

that the improvements brought by the dynamic scheme differed across land cover 39 

types. The scheme was found superior in reproducing the observed Ch as well as 40 

surface energy and water variables for short vegetation (grass, crop, and shrub), while 41 

the improvement for tall canopy (forest) was found not significant, although the 42 

estimations were reasonable. The improved version benefits from the treatment of the 43 

roughness length for heat. Overall, the dynamic coupling scheme markedly affects the 44 

simulation of land–atmosphere interactions, and altering the dynamics of surface 45 

coupling has potential for improving the representation of land–atmosphere 46 

interactions and thus furthering LSM development.  47 

Keywords: land–atmosphere interaction; surface coupling strength; surface exchange 48 

coefficient; surface fluxes 49 
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1. Introduction 54 

Land–atmosphere interactions that are manifest as the exchange of energy, mass, and 55 

momentum between the land surface and the atmosphere play a fundamental role in 56 

the evolution of weather and climate systems (Betts et al., 1996; Knist et al., 2017; 57 

Los et al., 2006; Mahmood & Hubbard, 2003). Recent studies have shown that 58 

excessive land–atmosphere coupling in numerical models leads to large uncertainties 59 

regarding surface energy and water components. For example, Koster et al. (2004) 60 

identified several “hot spots” in terms of strong coupling between soil moisture (SM) 61 

and rainfall, some of which could not be captured correctly in the Global Land–62 

Atmosphere Coupling Experiment study (Dirmeyer et al., 2006) or even did not 63 

register as regions of strong land–atmosphere coupling, e.g., the U.S. Southern Great 64 

Plains (Zhang et al., 2008). Relevant studies have been restricted by many factors 65 

such as the treatment of the roughness length for heat in land surface 66 

parameterizations (Chen et al., 1997; Chen & Zhang, 2009; LeMone et al., 2008) and 67 

the accuracy of the meteorological inputs (Santanello et al., 2009). Such work has 68 

highlighted the critical importance of models in predicting the strength of land–69 

atmosphere coupling, as expressed by the surface exchange coefficients (Ch), although 70 

such fundamental coupling remains poorly understood.  71 

The efficiencies of the exchange of energy and water vapor between the land surface 72 

and the lower atmosphere are represented by the parameter Ch. In a land surface 73 

model (LSM), this parameter controls the land–atmosphere coupling strength for 74 

different land cover types and climate regimes (Garratt, 1992; LeMone et al., 2008), 75 

which has consequences regarding the prediction of atmospheric, hydrological, and 76 

ecological components (LeMone et al., 2008; Li et al., 2009; Yang et al., 2011). The 77 

Noah LSM with multiparameterization options (Noah-MP) is a state-of-the-art LSM 78 

(Niu et al., 2011; Yang et al., 2011) that is used as an augmented land–surface scheme 79 

for the atmospheric Weather Research and Forecasting model (Barlage et al., 2015; 80 

Skamarock et al., 2008). Two Ch calculations provided in the Noah-MP LSM are the 81 
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Monin–Obukhov (M-O) (Brutsaert, 1982) and Chen97 (Chen et al., 1997) schemes, 82 

both of which are obtained through the M-O similarity theory and are mainly 83 

dependent on the roughness length for heat or moisture (Zot) and momentum (Zom) as 84 

well as the atmospheric stability. The Chen97 scheme accounts for the difference 85 

between Zot and Zom but not for zero-displacement height, while the M-O scheme is 86 

the opposite. The differences lead to the M-O scheme theoretically producing greater 87 

Ch and hence larger sensible heat flux (SH) than Chen97 (Niu et al., 2011). Recently, 88 

studies have indicated some deficiencies of the two schemes in their representation of 89 

land surface processes. For example, the M-O scheme stimulates more runoff than the 90 

Chen97 scheme, which is more consistent with observations (Yang et al., 2011). 91 

Moreover, Pilotto et al. (2015) found that using the M-O scheme produces surface 92 

fluxes and runoff with significant errors for an Amazonia forest site. However, the 93 

M-O scheme markedly improves the simulation of the land skin temperature, while 94 

Chen97 shows significant cold bias in arid regions of the western U.S. (Niu et al., 95 

2011). The discrepancies are mainly attributed to the treatment of Zot/Zom (Chen et al., 96 

1997; Chen & Zhang, 2009). The parameter Zot is different from Zom because heat and 97 

momentum transfers are determined by different resistances and mechanisms within 98 

the roughness layer (Chen & Zhang, 2009; Sun & Mahrt, 1995). The Zot/Zom ratio can 99 

modulate surface fluxes through the change of an empirical coefficient Czil 100 

(Zilitinkevich, 1995). Although the Chen97 scheme considers the differences between 101 

Zot and Zom, a constant Czil (usually specified as 0.1) is adopted in the Ch calculation of 102 

the scheme. However, studies have shown that Czil values are dependent on vegetation 103 

type and that a dynamic Czil could be more appropriate for reducing the impact of 104 

land–atmosphere coupling strength on surface fluxes (Chen & Zhang, 2009; Zheng et 105 

al., 2015). These earlier studies have shown the great potential for improvement in 106 

model performance through implementation of a dynamic Czil in the M-O scheme that 107 

accounts for zero-displacement height, which is not considered in the Chen97 scheme 108 

(Yang et al., 2011).  109 
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Chen et al. (2019) assessed the effect of a dynamic Czil on surface heat flux, 110 

temperature, and precipitation at eight FLUXNET Canada sites and seven AmeriFlux 111 

sites. However, the impact of land–atmosphere coupling within LSMs with regard to 112 

China has yet to be clarified because of the complexity of climate change, terrain, and 113 

vegetation distribution as well as the lack of observations. In the current study, we 114 

extended that modeling and analysis method using data collected from nine ChinaFlux 115 

sites and obtained from the China Meteorological Administration. Using the offline 116 

Noah-MP LSM, the objective of this study is to evaluate the impact of Czil in the M-O 117 

scheme on land–atmosphere coupling strength as well as on surface energy and water 118 

components over China. Section 2 describes the experimental setup of the offline 119 

Noah-MP LSM and provides details of the land–atmosphere coupling method. Section 120 

3 focuses on evaluation of the simulation results against observations in terms of 121 

coupling strength as well as surface energy and water components. Discussions and 122 

conclusions are provided in sections 4 and 5, respectively. 123 

2. Data and Methods 124 

2.1. Land–Atmosphere Coupling Method 125 

LSMs can provide SH and surface latent heat flux (LH), as lower-boundary-layer 126 

conditions for coupled atmospheric models, to control the diurnal evolution and 127 

stability of the planetary boundary layer and subsequently to affect the development 128 

of weather and climate (Liu et al., 2017; Trier et al., 2011). SH and LH are determined 129 

through the bulk transfer relations (Garratt, 1992) as: 130 

𝑆𝐻 = 𝜌𝐶𝑝𝐶ℎ|𝑈|(𝜃𝑠 − 𝜃𝑎)                        (1) 131 

𝐿𝐻 = 𝜌𝐶𝑒|𝑈|(𝑞𝑠 − 𝑞𝑎)                        (2) 132 

𝐶ℎ =
𝑆𝐻

𝜌𝐶𝑝|𝑈|(𝜃𝑠−𝜃𝑎)
                           (3) 133 

where  is the air density, Cp is the heat capacity of air, and U is the wind speed. Here, 134 

Ch and Ce are the surface exchange coefficients of SH and LH, respectively. 135 

Generally, Ce is assumed equal to Ch, which controls the total surface heat flux input 136 
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into the atmosphere and can be associated directly with the coupling strength; 137 

therefore, we hereafter focus on Ch. In the above equations, a and qa represent the 138 

potential temperature and specific humidity of the air at the lowest model level or at a 139 

specific measurement height above the ground, and s and qs are the surface potential 140 

temperature and specific humidity. In addition, the observed Ch can be reconstituted 141 

from the observations of variables contained in Eq. (3) transformed from Eq. (1) 142 

(Chen & Zhang, 2009). Instruments at observing stations can provide direct 143 

measurements of SH and U, whereas a is calculated from observed air temperature 144 

adjusted adiabatically for height above the surface, and s is converted from downward 145 

and upward longwave radiation with the surface emissivity derived from observations 146 

(Yang et al., 2008). The values of Cp and  are derived from air temperature, relative 147 

humidity, and precipitation. 148 

Within the Noah-MP LSM, Ch for the M-O scheme is computed based on the M-O 149 

similarity theory (Brutsaert, 1982) as:  150 

𝐶ℎ =
𝑘2

[ln(
𝑧−𝑑0
𝑧𝑜𝑚

)−𝜓𝑚(
𝑧−𝑑0

𝐿
)][ln(

𝑧−𝑑0
𝑧𝑜𝑡

)−𝜓ℎ(
𝑧−𝑑0

𝐿
)]

                  (4) 151 

where L is the M-O length, k is the von Kármán constant (=0.4), d0 is the 152 

zero-displacement height, Ψm and Ψh are stability functions, Z is the height above the 153 

ground surface, Zom is the roughness length for momentum, and Zot is the roughness 154 

length for moisture and heat. The parameter Zom represents the height at which the 155 

average wind goes to zero and the scalars at Z < Zom are assumed transported by 156 

molecular processes. The parameter Zot is the height at which the air temperature is 157 

equal to the soil surface temperature.  158 

In the Noah-MP LSM, Zot is related to Zom as a function of atmospheric flow, as 159 

proposed by Zilitinkevich (1995): 160 

𝑍𝑜𝑡 = 𝑍𝑜𝑚 exp(−𝑘𝐶𝑧𝑖𝑙√𝑅𝑒),    𝑅𝑒 =
𝑢0

∗ 𝑍𝑜𝑚

𝜐
                  (5) 161 

where Czil is an empirical coefficient, Re is the roughness Reynolds number, u
* 

0  is the 162 

friction velocity, and v is the kinematic molecular viscosity. The Czil values are 163 
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assumed to vary from 0.01 to 1.00, denoting strong to weak surface coupling (Chen et 164 

al., 1997; Zheng et al., 2015). The value of Czil is usually specified as 0.1, which is 165 

based on calibration with field data measured over grassland (Chen et al., 1997).  166 

Smaller values of Czil generate larger Zot, which indicates a rougher surface for heat 167 

and moisture, resulting in stronger turbulence and larger Ch. The adjustment of Czil 168 

can contribute to improved model estimates of surface fluxes (Gutmann & Small, 169 

2007; LeMone et al., 2008; Moncrieff, 2004). Furthermore, using the least squares 170 

regression method, Chen and Zhang (2009) analyzed multiyear Ameriflux data to 171 

determine that Czil values are dependent on vegetation type and can be represented as 172 

a function of canopy height h (unit: m): 173 

𝐶𝑧𝑖𝑙 = 10(−0.4ℎ)                           (6) 174 

The primary focus of this study was implementation of the formula for the 175 

canopy-height-dependent Czil into the M-O scheme to assess its impact on the 176 

simulations. 177 

2.2. Offline Noah-MP LSM and Modeling Setting 178 

The Noah-MP LSM has been developed to improve the performance of the Noah 179 

LSM (Chen & Dudhia, 2001; Chen et al., 1996), and it provides a 180 

multiparameterization framework that allows different combinations of available land 181 

process schemes (Niu et al., 2011; Yang et al., 2011). In this study, the Noah-MP 182 

LSM v3.6 was used in an offline standalone mode to execute single-site and 183 

regional-scale land surface experiments. Single-point experiments were executed at 184 

nine flux tower sites (Figure 1 and Table 1), while the simulated regional domain 185 

covered all of China (Figure 1). The atmospheric forcing fields used in the Noah-MP 186 

LSM were wind speed, air temperature, relative humidity, air pressure, precipitation, 187 

and downward shortwave and longwave radiation. Single-point experiments were 188 

forced by 30-min ChinaFlux observations; regional experiments were forced by the 189 

Global Land Data Assimilation System (GLDAS2.1) product with temporal and 190 

spatial resolutions of 3 h and 0.25°, respectively, during 2003–2012 (Rodell et al., 191 
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2004). Regional simulations were initialized using the land use, soil texture, terrain 192 

height, and land–water mask through the preprocessing system of the Weather 193 

Research and Forecasting model. The Noah-MP physics options used in the study are 194 

listed in Table 2. 195 

Three cases were designed to simulate the different responses of coupling strength as 196 

well as the surface water and energy components to Czil in the M-O scheme: (1) the 197 

original M-O option with identical Zom and Zot (Default), (2) a constant Czil specified 198 

as 0.1 (Czil = 0.1 or Czil), and (3) a dynamic canopy-height-dependent Czil (Czil-h or 199 

Newczil). In these simulations, everything was identical except for the surface-layer 200 

parameterization scheme. 201 

To initialize the Noah-MP LSM properly, we first examined the spin-up time required 202 

to reach the equilibrium stage, defined as when the difference between two 203 

consecutive one-year simulations becomes <0.1% for the annual means (Cai et al., 204 

2014; Chen et al., 2016; Yang et al., 1995). Almost all sites required no more than 9 205 

years to reach equilibrium, except site Sw2 (at least 13 years). Areas with sparse 206 

vegetation and deep soil layers usually require a long time to reach equilibrium, which 207 

was true of Sw2 being the driest of the nine sites (Chen & Mitchell, 1999; Cosgrove et 208 

al., 2003). Consequently, we ran a 10-year spin-up initialization for all stations except 209 

Sw2 (20 years) for the single-point experiments, and we conducted 20-year-long runs 210 

as spin-up for the regional experiments.  211 

2.3. Validation Datasets 212 

The ChinaFlux network provides observations at 30-min intervals at nine flux tower 213 

sites located in areas with different land cover types (grassland, forest, and wetland) 214 

and climatic regimes (arid, wet, semiarid, and semihumid regions). Figure 1 shows the 215 

geographical locations of the nine ChinaFlux network sites and associated general 216 

information is presented in Table 1. Surface energy and water variables in the 217 

observations were used for evaluation of the LSM outputs in addition to forcing the 218 

Noah-MP single-point experiments. Several missing data for relative humidity and net 219 
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surface radiation were gap-filled using the nearby observations.  220 

Regional Ch was calculated using surface monthly meteorological data (V3.0) obtained 221 

from the China Meteorological Administration. These data comprised monthly air 222 

temperature, wind speed, relative humidity, pressure, and ground surface temperature 223 

obtained at over 2000 stations during 2003–2012. We interpolated these monthly site 224 

observations to 0.25° spatial resolution using a Cressman-type interpolation. 225 

Regional-scale surface energy fluxes simulated by the Noah-MP LSM were validated 226 

using observation-based FLUXNET-MTE (Model Tree Ensemble) data. The gridded 227 

FLUXNET-MTE dataset, with monthly temporal resolution and 0.0833° spatial 228 

resolution, was integrated with observations from global 253 FLUXNET eddy 229 

covariance towers using machine learning technology, i.e., the MTE algorithm (Jung et 230 

al., 2009). We resampled the products from 0.0833° to 0.25° using a bilinear 231 

interpolation method. The gridded dataset was incomplete over western China because 232 

of the lack of in situ observations. Moreover, the uncertainty in the FLUXNET-MTE 233 

product owing to the uneven spatial distribution of flux towers selected for training the 234 

model tree is not negligible.  235 

2.4. Evaluation Statistics 236 

The level of agreement between model simulations and field observations is usually 237 

measured via three statistics (Brovkin et al., 2013; Dai et al., 2019; 238 

Frydrychowicz-Jastrzebska & Bugala, 2015): the Pearson correlation coefficient (R), 239 

root mean square error (RMSE), and mean bias error (MBE): 240 

R =  
∑ (𝑀𝑖−𝑀̅) 𝑁

𝑖=1 (𝑂𝑖−𝑂̅)

√∑ (𝑀𝑖−𝑀̅)2𝑁
𝑖=1 √∑ (𝑂𝑖−𝑂̅)2𝑁

𝑖=1

                     (7) 241 

MBE =  
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)𝑁

𝑖=1                        (8) 242 

RMSE =  √∑ (𝑀𝑖−𝑂𝑖)2𝑁
𝑖=1

𝑁
                       (9) 243 
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where Mi and Oi are the model simulated and field observed values for the same 244 

variable, respectively,M andO are the means of the simulations and observations, 245 

respectively, and N is the number of days.  246 

3. Model Verification and Comparisons 247 

To explore the sensitivity of land–atmosphere coupling strength to Czil, and to 248 

determine whether the Czil-h scheme could improve climate simulations, three Czil 249 

schemes (the default M-O, Czil = 0.1, and Czil-h) were implemented in the Noah-MP 250 

LSM and evaluated for different land cover types over China. First, we compared the 251 

performance of each scheme in quantifying the land–atmosphere coupling strength 252 

against the observed Ch, and then we assessed the impact on the surface energy and 253 

water components.  254 

3.1. Surface Coupling Strength Sensibility to Czil 255 

Because the representation of Czil realized by varying the degrees of surface exchange 256 

simulation significantly affects the evolution of weather and climate systems (Chen & 257 

Zhang, 2009; LeMone et al., 2008; Trier et al., 2011), we first analyzed the impact of 258 

each Czil scheme on its Ch calculation. Figure 2 compares the observations and 259 

simulations of the midday Ch averaged from 10:00–15:00 local time for the nine 260 

ChinaFlux sites in spring and summer, i.e., during the growth season of vegetation. 261 

Compared with the observation-derived Ch, the Ch values modeled by the Noah-MP 262 

LSM have much smaller variability and seasonality across the various land cover 263 

types. Boreal sites (such as Cng) experience a large increase in summer Ch as the land 264 

cover changes from a smooth sparsely vegetated surface in spring to a rougher surface 265 

with flourishing vegetation in summer, as reflected clearly by the observed Ch. The 266 

simulated Ch values based on the default M-O scheme are substantially overestimated 267 

at almost all sites, especially in grassland areas. The Ch values simulated in the Czil = 268 

0.1 experiment are decreased, but the unsatisfactory reduction results in insufficient 269 

underestimation at grassland sites and slightly too efficient underestimation for forest 270 
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sites. In comparison, the Ch values derived from the Czil-h scheme are in better 271 

agreement with the observations, especially sites with short vegetation (such as grass), 272 

suggesting significant improvement in the performance of the Czil-h scheme in 273 

comparison with the other two in terms of the representation of the land–atmosphere 274 

coupling strength. Additionally, the Czil-h scheme provides reasonable estimations, 275 

similar to the default M-O scheme, at sites with tall vegetation (such as forest), 276 

although the overestimated Ch values against the observations, which are consistent 277 

with results over North America (Chen et al., 2019; Chen & Zhang, 2009), indicate 278 

similar skill of the Czil-h scheme in terms of global applicability.  279 

To confirm the findings obtained from the single-site simulations, long-term regional 280 

climate modeling over China was conducted to further examine the climatological 281 

behavior of land–atmosphere coupling strength sensibility to Czil. Figure 3 shows the 282 

observed and Noah-MP modeled Ch over China during the summers of 2003–2012. 283 

Spatial climatology differences between the observations and the simulations of the 284 

three Czil schemes are shown in Figure 3a–c. Compared with the observations, the Ch 285 

values of the default M-O scheme are substantially overestimated with too efficient 286 

coupling, while the Czil = 0.1 scheme slightly modulates the positive deviation. In 287 

contrast, the Czil-h scheme presents the smallest bias against the observations for short 288 

vegetation types (grass, crop, and shrub), and it produces overestimated but 289 

reasonable Ch values for sites with tall vegetation (forest) in comparison with the 290 

default run, with similar results for the nine ChinaFlux sites. Spatial differences 291 

between the Czil schemes (Figure 3d and 3e) also show that both the Czil = 0.1 and the 292 

Czil-h schemes present negative bias against the default run in most parts of China. 293 

Additionally, the spatial patterns of the differences are similar to that of vegetation 294 

canopy height, implied by a significant boundary between short and tall canopy, for 295 

either the Czil = 0.1 scheme or the Czil-h scheme. These findings indicate that the Ch 296 

values are more realistically related to the canopy-height-dependent Czil. From the 297 

perspective of vegetation type, we further quantified the sensitivity of the coupling 298 
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strength response to Czil for different land cover types, as shown in Figure 3f. For 299 

barren land or sparse vegetation, crop, grass, and shrub, the regional average Ch 300 

values modeled by the Czil-h run are the smallest in terms of three Czil experiments. In 301 

contrast, the default M-O scheme obtains overly high estimates, while the Czil-h 302 

simulations for forest are similar to the default run. 303 

3.2. Surface Energy and Water Variations Affected by Czil 304 

The parameter Ch, representing the exchange efficiency between land and atmosphere, 305 

plays an important role in controlling surface energy and water variables in the 306 

Noah-MP LSM (Yang et al., 2011). The values of Ch simulated by the Czil-h scheme 307 

have been verified to be closer to the observations compared with the other two 308 

schemes. Therefore, we further evaluated the potential skill of the three Czil schemes 309 

incorporated into the Noah-MP LSM in reproducing the observed surface energy and 310 

water variables. 311 

Figures 4–7 present the daily average soil temperature (ST) and SM at the depth of 0–312 

10 cm, as well as SH and LH, at nine ChinaFlux sites (Dan, Sw2, Cng, HaM, Du2, 313 

Ha2, Qia, Din, and Cha; Table 1). The LSM shows the ability to favorably capture the 314 

seasonal variability of the surface energy and water variables. For each Czil 315 

experiment, the simulations have significant correlations with the observations at the 316 

nine sites, and the minimum correlation coefficients passing the 95% confidence level 317 

for ST, SM, SH, and LH are 0.96 (Ha2), 0.38 (Cha), 0.32 (HaM), and 0.81 (Din), 318 

respectively. All these results demonstrate that the Noah-MP LSM has good 319 

performance with regard to the surface energy and water variables at these sites. 320 

Comparisons of the simulated and observed ST at the nine stations are shown in 321 

Figure 4 and Table 3. Generally, the values of ST are all underestimated by the three 322 

Czil schemes in comparison with the observations. However, the Czil-h scheme 323 

presents its superiority over the default M-O scheme and the Czil = 0.1 scheme at most 324 

sites. The Czil-h scheme shows greater consistency between the simulation and the 325 

observations, as revealed by the smallest RMSE at five of the nine sites (Dan, HaM, 326 
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Qia, Din, and Cha), as well as the highest correlation at six sites (Dan, Sw2, Du2, Qia, 327 

Din, and Cha). The cold season ST values are substantially underestimated by all 328 

three Czil schemes, while the Czil-h scheme slightly modulates the negative deviations. 329 

The daily mean simulated SM values against the observations are shown in Figure 5 330 

and Table 4. Precipitation is a key contributor to the seasonal variability of SM. 331 

Usually, SM exhibits large daily variations during summer when most rainfall events 332 

are concentrated, while SM fluctuations are stable during winter when fewer rainfall 333 

events take place. The three Czil schemes capture the seasonal evolutions of SM 334 

reasonably well. There are dry biases at Sw2, Cng, HaM, and Cha, while the 335 

remaining sites have wet biases. Similarly, the Czil-h scheme slightly narrows the 336 

discrepancy of the simulation from the observations, with the smallest RMSE at seven 337 

of the nine sites. Figures 6 and 7 show daily averaged SH and LH variations, 338 

respectively. Simulated SH shows positive biases against the observations for most 339 

sites (Table 5), while LH shows negative values (Table 6). Compared with the other 340 

two schemes, the Czil-h scheme shows values of SH and LH that are more comparable 341 

with the observations, with the smallest RMSE at most stations.  342 

At the regional scale, we analyzed the seasonally spatial differences of LH and SH 343 

modeled by the three Czil experiments against FLUXNET-MTE observations, as 344 

Figure 8 shows. Overall, the surface energy fluxes simulated with a dynamical 345 

changing Czil scheme show favorable spatial correspondence with FLUXNET-MTE 346 

data. Moreover, it should also be noted that the influence of Czil on LH is smaller 347 

compared with SH, suggesting less spatial heterogeneity regarding the differences in 348 

the modeling simulations. 349 

3.3. Impacts of Czil on Short and Tall Canopy Types 350 

We have thus far shown that the variability of Ch across land cover types becomes 351 

clear and that it can be divided roughly into short (grass, crop, and shrub) and tall 352 

(forest) vegetation categories in order of increasing Ch. Therefore, from the 353 
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perspective of canopy types, we hereafter address the effect of Czil on the simulations 354 

in terms of on-site grassland (short canopy) and forest (tall canopy).  355 

Synthetically considering the correlation coefficients and normalized standard 356 

deviations (Figure 9), the Czil-h experiments show that the majority of short vegetation 357 

sites present significant improvements in the simulations, i.e., the Czil-h simulations 358 

closest to the observations occur at three of five sites (Sw2, HaM, and Du2) for LH, at 359 

four sites (Dan, Sw2, Cng, and Du2) for SH, and at three sites (Dan, Cng, and HaM) 360 

for SM. Regarding three tall vegetation sites (Qia, Din, and Cha), the Czil-h scheme 361 

shows the same level of ability as the default M-O in simulating the surface energy 362 

and water components. 363 

Diurnal surface heat fluxes for short and tall vegetation are shown in Figure 10. The 364 

simulations for short vegetation are averages from five ChinaFlux grassland sites 365 

(Dan, Sw2, Cng, HaM, and Du2), while those for tall vegetation are averages from 366 

three forest sites (Qia, Din, and Cha). The modeled LH values show negligible 367 

differences among the three Czil schemes for both short and tall canopy types, but 368 

underestimations (overestimations) are evident against the observed LH for short (tall) 369 

canopy types. Comparatively, large discrepancies are found regarding the SH values 370 

simulated by the different Czil schemes, especially around midday (10:00–15:00 local 371 

time). In comparison with the observed SH at grassland sites, the default M-O run 372 

overestimates SH with coupling strength that is too strong, especially in summer; 373 

however, the Czil-h simulations agree well with the observed SH but with 374 

underestimation in spring. For forest sites, the Czil-h scheme produces the same level 375 

of variation in SH as the default M-O scheme, while the Czil = 0.1 scheme simulates 376 

the smallest SH values.  377 
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4. Discussions 378 

4.1. Superiority of the Czil-h Scheme in Regenerating Observations across Land 379 

Cover Types 380 

The default M-O scheme substantially overestimates the land–atmosphere coupling 381 

strength relative to the observations, which might illustrate a deficiency of LSMs, i.e., 382 

LSMs might have overly strong coupling that results in the transfer of too much 383 

energy and water vapor (Chen & Zhang, 2009; Ruiz-Barradas & Nigam, 2005). 384 

Correct determination of the coupling strength is closely related to the definition of 385 

the calculation of Zot in LSMs (Brutsaert, 1982; Garratt, 1992; Sun & Mahrt, 1995). 386 

The analysis in section 3 demonstrated that modest adjustment of the Czil values 387 

affecting the treatment of Zot in Eq. (5) could significantly improve the land–388 

atmosphere coupling strength. However, such impacts should be viewed across land 389 

cover types. Compared with the default M-O scheme of the Noah-MP LSM, the Czil-h 390 

scheme provides significant improvements in the simulations for short vegetation; 391 

improvements for tall canopy types are not evident, although the estimations are 392 

reasonable, which is consistent with results obtained in North America (Chen et al., 393 

2019; Chen & Zhang, 2009). Regarding the ability for direct connection between 394 

surface coupling strength and terrestrial ecosystems in Eq. (6), the Czil-h scheme 395 

realistically reduces the coupling strength for short canopy types, but produces 396 

positive bias similar to that of the default M-O run for tall canopy types because of the 397 

equivalent heat and momentum roughness length resulting from a close-to-zero Czil. 398 

Tall vegetation with a rough surface has large values of Ch, and hence generally 399 

stronger coupling, with Ch values 10 times larger than for shorter vegetation (Chen & 400 

Zhang, 2009). Regarding shorter canopy types, with increasing Czil, the coupling 401 

strength becomes weak, resulting in less rough surface for heat or moisture transfer, 402 

and the simulated surface fluxes are less spatially heterogeneous. For the Czil-h 403 

scheme, the smaller values of Czil resulting from the taller canopy enhance the Ch 404 

values and hence the surface coupling strength; however, Czil shows little change 405 
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when the canopy height is >5 m, as indicated by Eq. (6). For example, the difference 406 

in Czil values between vegetation canopy heights of 1 and 2 m is 0.24, whereas it is 407 

only 1.51 × 10
–8

 between canopy heights of 19 and 20 m. As such, assigning different 408 

Czil values for different land cover types will allow the Noah-MP LSM to reasonably 409 

reproduce the observed Ch. It should also be noted that the values of summer Ch are 410 

slightly larger than spring because of the rougher surface with vegetation greening 411 

from spring to summer. Therefore, in spring with the slightly weaker coupling 412 

strength in comparison with summer, the Czil-h scheme is likely to produce overly low 413 

simulations, as shown in Figure 10a. 414 

4.2. Discrepancy of Czil Impacts on Surface Energy Partitioning 415 

To understand how Czil affects surface energy components, for instance, why the 416 

influence of Czil on LH appears smaller than on SH (Figure 10), we tried to account 417 

for the issue from the perspective of the surface energy budget. Recent studies have 418 

shown that the surface energy balance problem is subject to many factors, such as 419 

measurement errors, heat storage in soil and canopy, as well as exchange processes on 420 

large scales of the heterogeneous landscape (Etchevers et al., 2004; Foken, 2008; 421 

Franssen et al., 2010; Tang et al., 2019). However, the available energy of net 422 

radiation and ground heat flux as well as the turbulent fluxes of sensible and latent 423 

heat are able to explain approximately 80% of the closure of the energy balance 424 

(Kanemasu et al., 1992; Leuning et al., 1982; Wilson et al., 2002). Therefore, here, the 425 

discrepancy of Czil impacts on surface energy partitioning is considered in terms of 426 

available energy and turbulent fluxes. Net radiation not directly provided by LSM 427 

outputs can be derived as the residual of the radiation budget balance, i.e., the deficit 428 

between downward and upward radiation (Xin et al., 2018). Figure 11 shows the 429 

spatial relative differences between the Czil schemes for SH, LH, ground heat flux, and 430 

net radiation. The simulated SH and ground heat flux differ markedly with the Czil 431 

schemes, while the simulated net radiation appears insensitive to the Czil values. For 432 

LH, the values tend to vary little with the different Czil schemes, but marked 433 
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differences can be found between the Czil-h and default schemes in spring. The Czil-h 434 

experiment modeled smaller LH over eastern regions of China and larger values over 435 

most western and northeastern areas. The situation was reversed for SH. The Czil-h 436 

scheme simulated smaller SH over much of China, leading to less heat being 437 

transported from the surface into the atmosphere; thus, an increase in surface 438 

temperature enhances ground heat flux.  439 

5. Conclusions 440 

The impact of land–atmosphere coupling within LSMs with regard to China has yet to 441 

be clarified because of the complexity of climate change, terrain, and vegetation 442 

distribution as well as the lack of observations. In this study, using observations 443 

collected from nine ChinaFlux sites and data from over 2000 automatic 444 

meteorological stations, the impacts of land–atmosphere coupling for different land 445 

cover types over China were assessed. This was achieved by testing three Czil schemes 446 

(the default M-O, constant Czil = 0.1, and dynamic canopy-height-dependent Czil-h 447 

schemes) with the offline Noah-MP LSM. The parameter Czil is strongly associated 448 

with Ch, which is a critical parameter in the transfer of surface energy into the lower 449 

atmosphere and directly reflects the land–atmosphere coupling strength. By 450 

performing both single-site and regional-scale experiments, we verified and compared 451 

the sensibility of Ch and subsequently of the surface energy and water components in 452 

response to different Czil schemes. The main results of the study can be summarized as 453 

follows.  454 

The different Czil schemes have considerable impact on surface coupling strength. The 455 

default M-O scheme, which has equivalent roughness length for heat and momentum 456 

with no-Czil, substantially overestimates Ch. The constant Czil = 0.1 scheme reduces 457 

the positive Ch bias produced by the default scheme for short vegetation (grass, crop, 458 

and shrub); however, it overly underestimates Ch for tall vegetation (forest). In 459 

contrast, the Czil-h scheme produces the least Ch bias against the observations for short 460 



 

18 

 

canopy types, and provides overestimated but reasonable values for tall canopy types, 461 

similar to the default M-O simulation.  462 

The accuracy of simulated surface water and energy components in LSMs is closely 463 

related to surface coupling strength, which is in turn determined by Czil. As the 464 

discrepancies in Ch produced by the different Czil schemes show, in general, the Czil-h 465 

scheme significantly reduces the bias against observations in comparison with the 466 

default and constant Czil schemes. The Czil-h scheme can better reproduce the 467 

observed surface energy components, while the improvement in water variables such 468 

as SM remains limited.  469 

Assigning different Czil values for different land cover types displays the superiority 470 

of the Noah-MP LSM in reproducing the observed Ch, as well as the surface variables 471 

for short vegetation (grass, crop, and shrub), while the improvement for the tall 472 

vegetation (forest) is not significant, although the estimation are reasonable. These 473 

results underline the critical importance of Czil in relation to canopy height in LSMs, 474 

and thus raise other intriguing problems for further study, e.g., the question of how to 475 

effectively improve simulations for tall vegetation through optimization of the Czil-h 476 

scheme, and how best to employ coupled climate models to investigate the effects of 477 

Ch on climate simulations. 478 

 479 
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 680 

Table 1. General information regarding the nine FLUXNET sites. 681 

Site Code Site Name 

Latitude, 

Longitude 

Elevation (m) 

Land-Cover 

Type 

Canopy  

Height (m) 

Years 

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; 682 

MF: mixed forests 683 
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Table 2. Noah-MP LSM parameterization options used in this study. 706 

Parameterization description Options 

Dynamic vegetation 4: table LAI, shdfac=maximum 

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

Soil moisture factor for stomatal 

resistance 
1: original Noah (Chen and Dudhia, 2001) 

Runoff/soil lower boundary 
1: original surface and subsurface runoff 

(free drainage) 

Surface layer drag coefficient 

calculation 
1: Monin–Obukhov (Brutsaert, 1982) 

Supercooled liquid water 1: no iteration (Niu and Yang, 2006) 

Soil permeability 
1: linear effects, more permeable (Niu and 

Yang, 2006) 

Radiative transfer 3: two-stream applied to vegetated fraction 

Surface albedo 2: CLASS (Verseghy, 1991) 

Precipitation partitioning between 

snow and rain 
1: Jordan (Jordan, 1991) 

Soil temp lower boundary 2: TBOT at ZBOT (8 m) read from a file 

Snow/soil temperature time 1: semi-implicit 
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Table 3. Statistics of daily averaged soil temperature at the depth of 0–10 cm from the 727 

nine FLUXNET sites. R, MBE, and RMSE denote the Pearson correlation coefficient, 728 

mean bias error, and root mean square error between the observation and simulation, 729 

respectively. Soil temperature simulated by the Noah-MP LSM using the default M-O 730 

scheme is represented by Default; using the Czil = 0.1 scheme is represented by Czil; 731 

and using the Czil-h scheme is represented by Newczil. 732 

Site Code 
Default  Czil  Newczil 

R MBE RMSE  R MBE RMSE  R MBE RMSE 

CN-Dan 0.98 -0.97 2.90  0.98 0.66 2.42  0.98 0.66 2.42 

CN-Sw2 0.99 -3.47 21.30  0.99 -3.65 22.79  0.99 -3.44 23.90 

CN-Cng 0.99 0.62 14.34  0.98 0.61 14.94  0.98 1.11 19.20 

CN-HaM 0.97 -4.81 29.42  0.97 -4.66 28.32  0.97 -4.01 25.82 

CN-Du2 0.99 -1.93 7.58  0.99 -1.80 7.39  0.99 -1.17 7.68 

CN-Ha2 0.97 -2.54 10.89  0.97 -1.97 10.45  0.96 -1.07 16.29 

CN-Qia 0.99 -0.47 3.22  0.99 0.46 4.39  0.99 -0.47 3.22 

CN-Din 0.97 -0.09 2.99  0.97 0.70 3.67  0.97 -0.09 2.99 

CN-Cha 0.97 -0.81 17.25  0.97 -0.22 21.12  0.97 -0.81 17.25 
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Table 4. As in Table 3 but for soil moisture at the depth of 0–10 cm. 753 

Site Code 
Default  Czil  Newczil 

R MBE RMSE  R MBE RMSE  R MBE RMSE 

CN-Dan 0.84 0.07 0.01  0.87 0.07 0.01  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 0.94 -0.13 0.02  0.94 -0.13 0.02  0.95 -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 0.87 0.05 0.01  0.86 0.05 0.01  0.83 0.05 0.01 

CN-Qia 0.54 0.16 0.03  0.55 0.16 0.03  0.54 0.16 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  0.39 -0.09 0.02  0.38 -0.08 0.02 
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 780 

Table 5. As in Table 3 but for sensible heat flux. 781 

Site Code 
Default  Czil  Newczil 

R MBE RMSE  R MBE RMSE  R MBE RMSE 

CN-Dan 0.54 12.25 663.28  0.54 4.66 340.11  0.54 4.66 340.11 

CN-Sw2 0.82 -9.37 508.41  0.83 -9.19 468.04  0.85 -12.21 424.84 

CN-Cng 0.74 7.29 442.85  0.75 6.45 387.70  0.73 2.66 274.10 

CN-HaM 0.32 -12.03 679.30  0.33 -12.69 597.83  0.33 -13.29 462.76 

CN-Du2 0.74 2.57 602.27  0.75 0.87 529.45  0.75 -5.22 461.64 

CN-Ha2 0.51 -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 3.36 213.55  0.57 -2.43 228.10  0.65 3.36 213.55 

CN-Cha 0.69 16.06 677.90  0.73 8.56 377.00  0.69 16.06 677.90 
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Table 6. As in Table 3 but for latent heat flux. 807 

Site Code 
Default  Czil  Newczil 

R MBE RMSE  R MBE RMSE  R MBE RMSE 

CN-Dan 0.90 -15.16 770.62  0.92 -14.87 732.86  0.92 -14.87 732.86 

CN-Sw2 0.83 -9.63 232.85  0.83 -9.68 233.76  0.83 -9.61 231.80 

CN-Cng 0.90 -5.65 212.66  0.91 -5.65 205.26  0.92 -5.74 173.62 

CN-HaM 0.93 3.44 169.75  0.93 3.70 169.13  0.93 1.89 121.43 

CN-Du2 0.82 -5.54 167.17  0.82 -5.39 163.21  0.83 -5.14 163.64 

CN-Ha2 0.90 -10.03 378.07  0.91 -9.08 329.46  0.93 -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 0.81 6.36 564.07  0.82 6.82 496.01  0.81 6.36 564.06 

CN-Cha 0.94 -4.36 144.94  0.94 -1.94 134.29  0.94 -4.36 144.94 
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 821 

Figure 1. Noah-MP modeling domain and the locations of the nine ChinaFlux sites 822 

(dark circles). Shaded contours represent IGBP/MODIS land cover/land use 823 

classification. Values in parentheses indicate canopy height (unit: m). 824 
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 845 

Figure 2. Ch (plotted at log10 scale) derived from the ChinaFlux observations, and 846 

calculated by the Noah-MP LSM using the default M-O, Czil = 0.1, and Czil-h schemes. 847 

These are midday (10:00–15:00 local time) values and averaged for (a) spring and (b) 848 

summer. Each box comprises 75% of all midday Ch values for every site, while the 849 

middle lines represent the median values of spring (summer) average Ch. Green bars 850 

in (a) denote canopy height for each site. Observations are represented by OBS; Ch 851 

calculated by the Noah-MP LSM using the default M-O scheme is represented by 852 

Default; using the Czil = 0.1 scheme is represented by Czil; and using the Czil-h 853 

scheme is represented by Newczil.  854 
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 860 

Figure 3. Comparisons of Ch (plotted at log10 scale) over China derived from on-site 861 

observations, and calculated by the Noah-MP LSM using the default M-O, Czil = 0.1, 862 

and Czil-h schemes during the summers of 2003–2012. The differences between the 863 

observations and the values simulated by the three schemes are shown in (a)–(c), and 864 

the differences between both the Czil = 0.1 and the Czil-h schemes and the default M-O 865 

scheme are shown in (d) and (e), respectively. Regional averaged Ch values for typical 866 

land cover types are shown in (f). The Ch values in (d)–(f) are midday (average of 867 

09:00, 12:00, and 15:00 local time) averages, but those in (a)–(c) are daily averages 868 

because only daily observations were available. 869 
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 876 

Figure 4. Comparisons of daily average soil temperature (ST) at the depth of 0–10 cm 877 

between the ChinaFlux observations and the Noah-MP LSM simulations using the 878 

default M-O, Czil = 0.1, and Czil-h schemes. 879 
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Figure 5. As in Figure 4 but for soil moisture (SM) at the depth of 0–10 cm. 902 
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Figure 6. As in Figure 4 but for sensible heat flux (SH). 920 
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Figure 7. As in Figure 4 but for latent heat flux (LH). 934 
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 943 

Figure 8. Seasonally spatial differences of LH and SH simulated by the Noah-MP LSM 944 

using the default M-O, Czil = 0.1, and Czil-h schemes against FLUXNET-MTE 945 

observations during spring and summer 2003–2012. 946 
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 955 

Figure 9. Statistics of daily averaged ST, SM, SH, and LH between the ChinaFlux 956 

observations and the Noah-MP LSM simulations using the default M-O, Czil = 0.1, and 957 

Czil-h schemes. SM and ST are at the depth of 0–10 cm. 958 
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 965 

Figure 10. Comparisons of SH and LH between the ChinaFlux observations and the 966 

Noah-MP LSM simulations using the default M-O, Czil = 0.1, and Czil-h schemes for 967 

short and tall vegetation types. The values in (a)–(d) represent short vegetation types 968 

averaged from five ChinaFlux grassland sites (Dan, Sw2, Cng, HaM, and Du2), and 969 

those in (e)–(h) represent tall vegetation types averaged from three ChinaFlux forest 970 

sites (Qia, Din, and Cha). 971 
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 996 

 997 

Figure 11. Spatial difference patterns of SH, LH, ground heat flux (GRDFLX), and net 998 

radiation (NETRAD) between the Czil = 0.1 and default M-O schemes during spring 999 

and summer 2003–2012 are shown in (a) and (b), and the difference patterns between 1000 

the Czil-h and default M-O schemes are shown in (c) and (d). 1001 
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