
R E S E A R CH A R T I C L E

Sensitivity of simulated frozen ground temperatures to
different solar radiation and air temperature products—a case
study in the Qilian Mountains in West China

Yanlin Zhang1 | Xin Li2 | Xiaoli Chang1,3 | Huijun Jin3,4 | Anning Huang5 |

Ji Liang1 | Guodong Cheng2,4,6 | Xin Wang1

1School of Earth Sciences and Spatial

Information Engineering, Hunan University of

Science and Technology, Xiangtan, Hunnan

Province, China

2CAS Centre for Excellence in Tibetan Plateau

Earth Sciences, Chinese Academy of Sciences,

Beijing, China

3School of Civil Engineering, Institute of Cold-

Regions Engineering Science and Technology,

and Northeast-China Observatory and

Research-Station of Permafrost Geo-

Environment-Ministry of Education, Northeast

Forestry University, Harbin, China

4Da-Xing'anling Observatory and Research

Station of Permafrost Engineering and

Environment and State Key Laboratory of

Frozen Soils Engineering, Northwest Institute

of Eco-Environment and Resources, Chinese

Academy of Sciences, Lanzhou, China

5CMA-NJU Joint Laboratory for Climate

Prediction Studies, State Key Laboratory of

Severe Weather and Joint Center for

Atmospheric Radar Research of CMA/NJU,

School of Atmospheric Sciences, Nanjing

University, Nanjing, China

6Institute of Urban Study, Shanghai Normal

University, Shanghai, China

Correspondence

Xiaoli Chang, School of Civil Engineering,

Institute of Cold-Regions Engineering Science

and Technology, and Northeast-China

Observatory and Research-Station of

Permafrost Geo-Environment-Ministry of

Education, Northeast Forestry University,

Harbin, China.

Email: changxiaoli2002@163.com

Funding information

National Natural Science Foundation of China,

Grant/Award Numbers: 41975081, 41671059,

41971079; Strategic Priority Research

Program of the Chinese Academy of Sciences,

Grant/Award Number: XDA20100103

Abstract

Downward solar radiation (DSR) and air temperature (Ta) have significant influences

on the thermal state of frozen ground. These parameters are also important forcing

terms for physically based land surface models (LSMs). However, the quantitative

influences of inaccuracies in DSR and Ta products on simulated frozen ground tem-

peratures remain unclear. In this study, three DSR products (CMFD-SR, Tang-SR, and

GLDAS-SR) and two Ta products (CMFD-Ta and GLDAS-Ta) were used to force an

LSM model in an alpine watershed in Northwest China, to investigate the sensitivity

of simulated ground temperatures to different DSR and Ta products. Compared to a

control model (CTRL) forced by in situ observed DSR, ground temperatures simulated

by the experimental model forced by GLDAS-SR are obviously decreased because

GLDAS-SR is much lower than in situ observations. Instead, simulation results in

models forced by CMFD-SR and Tang-SR are much closer to those of CTRL. Ta prod-

ucts led to significant errors in simulated ground temperatures. In conclusion, both

CMFD-SR and Tang-SR could be used as good alternatives to in situ observed DSR

for forcing a model, with acceptable errors in simulation results. However, more care

need to be paid for models forced by Ta products instead of Ta observations, and

conclusions should be carefully drawn.
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1 | INTRODUCTION

The spatial distribution and thermal dynamics of frozen ground

(including permafrost and seasonal frost) have attracted extensive

attention worldwide,1–5 because they could have significant

impacts on terrestrial eco-hydrological processes6–10 and

carbon cycling through modulating soil thermal–hydraulic properties

and the decomposition rate of organic matter.11–13 The thermal

state of frozen ground is regulated by the surface energy

balance, which is jointly controlled by climatic conditions, such as

solar radiation and air temperature, and local factors,

including topography, snow cover, vegetation condition, moisture,

among others.14–19

Solar radiation and air temperature are crucial to the energy

exchange between the ground and atmosphere, and they are key

variables for estimating the thermal state of frozen ground.20,21

Solar radiation could become a dominating factor for permafrost

mapping at a local or landscape scale in mountainous areas.22,23 In

recent decades, as a quantitative analysis tool for simulating heat

and water transfer in the soil–vegetation–atmosphere system, physi-

cally based land surface models (LSMs)24,25 have been widely used

for mapping permafrost, predicting the responses of frozen ground

to climate change,26,27 and assessing their environmental conse-

quences.28 Solar radiation and air temperature are important forcing

terms for LSMs, and accurate inputs are essential to achieving good

simulation results for evapotranspiration, snowpack, ground temper-

atures, and moisture.29–31 Distributed simulations at larger scales

(e.g., continental or regional) require obtaining accurate datasets of

spatial–temporally distributed air temperature (Ta) and downward

solar radiation (DSR), which is a challenge with sparse in situ obser-

vations, especially in mountainous areas, where the impacts of ter-

rain cannot be ignored.32–35 In general, Ta and DSR have very

strong spatial heterogeneities.36,37 For example, at a given region

and time, DSR depends on the atmospheric conditions (including

water vapor content, cloud amount and thickness, and aerosol types

and concentrations), and randomly floating clouds will reduce the

DSR to varying degrees depending on the cloud amount and thick-

ness.38,39 However, in the long term, both DSR and Ta may display

some horizontal and vertical zonalities under specific atmospheric

circulation and climatic conditions.37

There are three main approaches often used to obtain a region-

ally distributed DSR and Ta, including spatial interpolation, output of

global circulation models (GCMs) and its reanalysis, and remote

sensing inversion technology. With a sparse and uneven network of

observational stations mostly installed in easily accessible areas, spa-

tial interpolation cannot effectively capture the spatial heterogeneity

of DSR and Ta caused by some random factors, and therefore it will

inevitably lead to large errors at locations far from the observational

stations, especially for remote and alpine regions.40,41 Although typi-

cally characterized by coarse spatial resolution and poor accuracy,

some DSR and Ta products generated by GCMs and reanalysis tech-

nology, such as NCEP-1 (National Centers for Environmental

Prediction Reanalysis 1), ERA-Interim (European Center for Medium-

Range Weather Forecasts Reanalysis-Interim), JRA-55 (Japanese

55-year Reanalysis), MERRA (Modern-Era Retrospective analysis for

Research and Applications), and GLDAS (Global Land Data Assimila-

tion System), have been widely used for forcing LSMs at regional to

continental scales.42–44

Estimating DSR based on remote sensing datasets and algo-

rithms can be traced back to the 1980s.45 In recent decades, with

the increasing availability of remote sensors, many empirical

methods,46 and physically based models and algorithms making use

of radiation transfer model and look-up tables47,48 have been devel-

oped to retrieve DSR from remotely sensed products of clouds,

vapor water content, and aerosols. Various global DSR products

have been successively released, for example Global Energy and

Water Exchanges Surface Radiation Budget (GEWEX-SRB),49 Inter-

national Satellite Cloud Climatology Project-FD-SRF,50 Clouds and

the Earth's Radiant Energy System Project-Energy Balanced and

Filled,51 and University of Maryland's surface radiation budget,52

among others. Most of these products have a coarse spatial resolu-

tion and a poor accuracy in alpine regions in West China because of

insufficient incorporation of local observations.53,54 Various down-

scaling technology or remote sensing datasets of high spatial resolu-

tion have been used together with in situ observations to improve

the local DSR. Yang et al55 produced and validated a 3-hourly and

0.1� DSR dataset in China on the basis of GEWEX-SRB, and this is

included in the China Meteorological Forcing Dataset (CMFD, and

the DSR product is referred to as CMFD-SR hereafter). Based on

the International Satellite Cloud Climatology Project (ISCCP) H-

series pixel level gridded cloud products (HXG) and the European

Center for Medium-Range Weather Forecasts Reanalysis v5 (ERA5),

Tang et al56 produced a 16-year (2000–2015), high-resolution (3 hr,

10 km) global shortwave solar radiation dataset (Tang-SR hereafter)

using an improved physical parameterization scheme. There have

also been some attempts to retrieve information on surface air tem-

perature based on remote sensed datasets.57,58 However, only daily

or monthly mean or maximum/minimum values can be retrieved,

which is far from ideal for driving LSMs.

Inaccuracies and uncertainties are inevitable in all the above-

mentioned products, and their quantitative influences on simula-

tions of the thermal state of frozen ground remain unclear and

need to be investigated. Therefore, three DSR products (CMFD-SR,

Tang-SR, and GLDAS-SR) and two Ta products (CMFD-Ta and

GLDAS-Ta) were selected and validated against in situ measure-

ments, and used to force a simultaneous heat and water transfer

model in a cold and arid mountainous watershed in the Qilian

Mountain on the northeastern Qinghai–Tibet Plateau in Northwest

China. After model evaluation, simulation results of some experi-

mental models forced by each DSR and Ta product were compared

with simulation results from a control model (CTRL) forced by in

situ observed meteorological data to investigate the influences of

different DSR and Ta products on simulating the thermal state of

frozen ground in LSMs.
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2 | STUDY AREA, DATA, AND MODEL
SETUP

2.1 | Study area and datasets

In this study, numerical experiments and analyses were conducted

in the eastern upstream basin (i.e., the Babao River basin) of Hei'he

River in the Qilian Mountains on the northeastern margin of the

Qinghai–Tibet Plateau in Northwest China (Figure 1). With the ele-

vation ranging from 2,640 to 5,000 m asl (above sea level) in a

catchment area of about 2,450 km2, the Babao River basin has a

rugged terrain with great contrasts between ridges and valleys.

Annual precipitation in the basin ranges from 270 to 600 mm, and

the dominant ecological community is alpine meadow. Due to the

high elevations, mean annual air temperature is about +1.7�C at the

basin outlet (2,640 m asl) and about �4.1�C over the entire basin.

Seasonally frozen ground, permafrost, alpine cold desert, seasonal

snow cover, and glaciers exist in the basin. In the basin, continuous

permafrost is distributed in regions above 4,000 m, with the active

layer thickness (ALT) <2.0 m. Isolated permafrost occurs sporadically

in regions lower than 4,000 m,59 with a lower limit of elevation at

about 3,650 m for south-facing slopes and 3,400 for north-facing

slopes in regions with rich organic matter in soil. On average, the

ALT at an elevation of 3,700 m is about 4 m, but can decrease to

2 m in peat.60

In the Babao River basin, a comprehensive observational system

has been installed and maintained from the beginning of the Water-

shed Allied Telemetry Experimental Research program (WATER)61

and in the successive Hei'he Watershed Allied Telemetry Experimen-

tal Research program (HIWATER),62 which provided substantial data

support for the present study. For example, meteorological data,

including precipitation, DSR, air temperature, relative humidity, wind

direction and speed, and atmospheric pressure, at five ordinary auto-

matic weather stations (namely, ARSF, ARNF, HCG, EB, and JYL, see

Figure 1) and one superstation (namely, AR, with many more other

observing systems and variables, see https://data.tpdc.ac.cn/zh-hans/

data/88688751-90af-44e7-8f73-e4f1aeedde2a) were collected from

August 16, 2013 to December 31, 2014.

F IGURE 1 Topographical map of the Babao
River basin. Automatic weather stations (AR, JYL,
HCG, EB, ARNF, and ARSF) are indicated by black
squares with elevations given. [Colour figure can
be viewed at wileyonlinelibrary.com]
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Sensors for monitoring ground temperature and volumetric soil

water (liquid) content were installed at depths of 4, 10, 20, 40,

80, and 120 cm at all stations (including 160 and 240 cm at AR). In

the entire observational period, all stations show unfrozen ground

temperatures in summer or autumn at a depth of 1.2 m, which indi-

cates the absence of permafrost or deep active layer. All stations

except JYL, with elevations lower than 3,600 m (Figure 1), are located

in areas of seasonally frozen ground. With an elevation of 3,750 m

and rich organic matter in soil, station JYL is located in permafrost,

with an ALT of about 3 m,60 which is deeper than the observational

domain. Meteorological data and ground temperatures recorded at

10-min temporal resolution were aggregated into hourly series.

Hourly ground temperatures and volumetric soil water (liquid) content

were used to assess model performance. These meteorological data

can be downloaded from the National Tibetan Plateau/Third Pole

Environment Data Center.63 Land use and daily LAI (leaf area index)

required by the model were from the datasets published by Ran

et al64 and Yuan et al,65 respectively.

To investigate the influences of different DSR and Ta products on

the simulated ground temperatures or thermal state, three DSR prod-

ucts (CMFD-SR, Tang-SR, and GLDAS-SR) and two Ta products

(CMFD-Ta and GLDAS-Ta) were used to force an LSM in this study

after validation against in situ measurements. All selected products

have a 3-hourly time step. In validation, the 3-hourly series and their

daily means were compared with the counterparts extracted or aggre-

gated from hourly observations.

2.2 | Model setup and methods

An extended simultaneous heat and water transfer model

(SHAW)66,67 was used in this study. SHAW was initially designed for

simulating the heat and water transfer in a vertical profile from either

the top of the canopy, snow cover, or soil to a specified depth in the

ground, which has been widely used in frozen ground analysis.68 In

the model, mutually coupled conservation equations for governing

energy and water fluxes (see equations in Appendix A) were solved

simultaneously using a finite difference method in a vertically layered

system. Zhang et al69 extended this into a spatially distributed frame-

work (SHAWDHM) and implemented a mountainous solar radiation

module with full consideration of slope orientation and topographic

shadows in a complex terrain (algorithm details refer to Zhang et al33).

In this study, numerical modeling experiments were conducted at

hourly time steps at six stations in the framework of SHAWDHM.

Although five stations from six are located in seasonally frozen ground,

the framework of this study is assumed to be used in a distributed way

in the basin, where extensive permafrost exists. Therefore, the vertical

model domain for the ground was set as confined from the soil surface

to a constant depth of 15 m in the ground, to describe the future ther-

mal and water transfer in permafrost. In the model, a self-adaptive

layering system was used for canopy and snow stacking on the top of

soil, according to the variation in canopy height (a growth curve was

estimated for each vegetation type based on a few height observations

in the year) and snow depth. The soil or ground was discretized into

15 horizontal layers, with calculating nodes fixed at 0.0, 0.04, 0.1, 0.2,

0.4, 0.8, 1.2, 1.6, 2.4, 4.0, 6.0, 9.0, 12.0, 14.0, and 15.0 m, respectively.

To capture the large gradient and rapidly changing signal in ground

temperature close to the surface, thin soil or ground layers were

adopted. Layer thickness increased gradually downward, considering

the compatibility of calculating nodes with station observation depths

at the same time for the convenience of subsequent model validation.

This discretization scheme of gradually increased layer thickness is

often adopted in other LSMs.25

Soil parameters including bulk density, organic content, pore size

distribution index, air entry potential, saturated hydraulic conductivity,

porosity, field capacity, and soil texture were extracted from the data-

set published by Dai et al70 for depths from 0 to 2.4 m (the maximal

depth for the dataset). Bulk density, porosity, and saturated conduc-

tivity were set to 1,600 kg/m3, 0.1, and 10�8 m/s at depths below

2.4 m, and other parameters were set identical to those in the deepest

layer in the dataset. A zero-flux condition was set for both heat and

water transfer equations at the bottom boundary, and lateral heat and

moisture exchanges were ignored. Initial model conditions, including

snow depth, soil moisture content, and ground temperatures, were

obtained through hundreds of spin-up cycles driven by 1-year meteo-

rological data from August 16, 2013 to August 15, 2014 with arbi-

trarily given values at the beginning. Obtained initial ground

temperatures and volumetric soil water (liquid) content profiles at all

stations were validated against in situ observations (shown in Support-

ing Information Figures S1 and S2).

After evaluating the ground temperatures simulated by the con-

trol model (CTRL; see Table 1) forced by in situ observed meteorologi-

cal data, sensitive experimental models were set up identical to CTRL

except that either the input DSR or Ta was replaced by products in

the model (e.g., CMFD-SR-Exp, Tang-SR-Exp, and others; see

Table 1). The simulation results of all these experimental models were

compared with CTRL to distinguish the influences of substitution of

observed DSR or Ta by products on the simulated ground tempera-

tures. For comparison, some experimental models (CMFD-Rh-Exp,

CMFD-Wind-Exp, and others; see Table 1) centering on the influences

of relative humidity (Rh) and wind speed (Wind) products were also

set up identical to CTRL, except substituting the observed Rh and

Wind in CTRL with products. All detailed descriptions of these experi-

mental models are listed in Table 1.

To evaluate the accuracies of simulated ground temperatures and

products of Ta or DSR, root mean squared error (RMSE) and bias (BIA)

were selected as quantitative assessing criteria, as follows,

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1
ysi�yoið Þ2=N

r
, ð1Þ

BIA¼
XN

i¼1
ysi�yoið Þ=N, ð2Þ

where yoi is the observed or control series, ysi is the series being vali-

dated, and N is the sample size. BIA describes the bias of simulated

ground temperatures from observed ones in a series. Generally, a

4 ZHANG ET AL.
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small absolute BIA means good performance. RMSE presents the

overall divergence, or average distance between simulated ground

temperatures from observed ones. The lower the RMSE, the better

performance a given model achieves. For example, a perfect model

will result in an RMSE of 0.

3 | RESULTS

3.1 | Evaluation of the control model

CTRL models were forced by in situ observed meteorological data

(including both DSR and Ta) at six selected stations. To evaluate the

accuracies of CTRL models, the simulated ground temperatures and

volumetric soil water (liquid) content were compared with in situ

observations. For the convenience of visual comparison, hourly series

of simulated results and observations were aggregated into daily

series, and results are presented in Figures S3–S14 for each station.

BIA and RMSE values between the simulated results and in situ obser-

vations for some selected depths at each station are summarized in

Figures 2 and 3. Results show that the simulated ground temperatures

are in a good agreement with measurements at most stations, with

most RMSE values <1.5�C and all RMSE values <2�C except for the

deepest two layers at JYL. All absolute BIA values for the simulated

ground temperatures are <0.8�C except for the first layer at ARSF and

the deepest two layers at JYL.

Visual inspection of simulated and observed volumetric soil water

(liquid) content curves (Figures S4, S6, S8, S10, S12, and S14) shows

that the performance of simulated volumetric soil water (liquid) con-

tent is not as good as that of simulated ground temperatures. The rea-

sons for this are twofold. First, the simulated soil water (liquid)

content in the model is much more sensitive to soil hydraulic parame-

ters, such as porosity, hydraulic conductivity, and pore size distribu-

tion index, which were set according to a published dataset without

calibration. These parameter values set in the model may be very dif-

ferent from the real field conditions, which may exhibit heterogeneity

throughout the landscape and depth profile, and inevitably lead to sig-

nificant simulation errors. Second, errors in the simulated ground tem-

peratures and uncorrected ground states of alternating freezing or

thawing can also lead to significant simulation errors in soil water (liq-

uid) content. For example, an uncorrected early soil thawing in the

model would cause an obvious shift in the soil water (liquid) content

curve. Overall, the model shows acceptable performance.

3.2 | Validation for DSR and Ta products

The selected 3-hourly DSR and Ta products were compared with in

situ observations from August 16, 2013 to December 31, 2014, and

scatter plots with BIA and RMSE values are shown in Figures 4 and 5.

Similar comparisons for the daily means of these products are shown

in Figures S15 and S16. BIA, 3-hourly, and daily RMSE against in situ

observations are summarized in Figures 6 and 7 for DSR and Ta prod-

ucts, respectively.

For DSR products, inferred from the boxplots of BIA and RMSE

at all stations (Figure 6d–f), CMFD-SR has the best precision among

three selected products. Compared with in situ measurements, BIA of

CMFD-SR ranges from �20 to 14 W/m2, with a mean value of

�2.89 W/m2 for all stations. The daily RMSE ranges from 29 to

39 W/m2 with a mean value of 34.8 W/m2, and the 3-hourly RMSE

ranges from 92 to 114 W/m2 with a mean value of 103.4 W/m2. The

accuracy of Tang-SR is slightly inferior to that of CMFD-SR, with BIA

ranging from �23 to 5 W/m2 and a mean value of �6.9 W/m2.

Although the 3-hourly RMSE values of Tang-SR differ slightly from

those of CMFD-SR, the daily RMSE values range from 34 to 50 W/m2

with a mean value of 41.5 W/m2, which are worse than those of

TABLE 1 Descriptions for the control model and experimental
models.

Model name Description

CTRL The control model, which was forced by in situ

observed meteorological data in an hourly

time step at all stations

CMFD-SR-Exp A sensitivity experimental model, which was

identical to CTRL except that the input

downward solar radiation (DSR) in the model

was replaced by hourly interpolated CMFD-

SR

Tang-SR-Exp A sensitivity experimental model, which was

identical to CTRL except that the input DSR

in the model was replaced by hourly

interpolated Tang-SR

GLDAS-SR-Exp A sensitivity experimental model, which was

identical to CTRL except that the input DSR

in the model was replaced by hourly

interpolated GLDAS-SR

CMFD-Ta-Exp A sensitivity experimental model, which was

identical to CTRL except that the input air

temperature (Ta) in the model was replaced

by hourly interpolated CMFD-Ta

GLDAS-Ta-Exp A sensitivity experimental model, which was

identical to CTRL except that the input Ta in

the model was replaced by hourly

interpolated GLDAS-Ta

CMFD-Rh-Exp A sensitivity experimental model, which was

identical to CTRL except that the input

relative humidity (Rh) in the model was

replaced by hourly interpolated CMFD-Rh

GLDAS-Rh-Exp A sensitivity experimental model, which was

identical to CTRL except that the input

relative humidity (Rh) in the model was

replaced by hourly interpolated GLDAS-Rh

CMFD-Wind-Exp A sensitivity experimental model, which was

identical to CTRL except that the input wind

speed (Wind) in the model was replaced by

hourly interpolated CMFD-Wind

GLDAS-Wind-Exp A sensitivity experimental model, which was

identical to CTRL except that the input wind

speed (Wind) in the model was replaced by

hourly interpolated GLDAS-Wind

ZHANG ET AL. 5
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CMFD-SR. For GLDAS-SR, although its daily RMSE values are slightly

smaller than those of Tang-SR, its 3-hourly RMSE values are much

higher, ranging from 155 to 189 W/m2 with a mean value of

171.3 W/m2. Compared to in situ observations, GLDAS-SR is obvi-

ously underestimated, with BIA ranging from �41 to 1 W/m2 and a

mean value of �17.7 W/m2 for all stations. In this study, the models

ran with an hourly time step. The 3-hourly DSR products were linearly

interpolated into hourly series. However, compared to hourly in situ

observations, the BIA and RMSE of hourly interpolated DSR products

differ only slightly from those of 3-hourly series (Figure S17). Linearly

interpolated hourly GLDAS-SR in 2014 is compared with hourly in situ

observations in Figures S18 and S19 for ARNF and ARSF. As shown,

there is a systematic underestimation in GLDAS-SR.

Compared to in situ observations, the accuracies for both CMFD-

Ta and GLDAS-Ta are not very good, and there is no obvious superi-

ority for either product. Air temperature in two selected products is

F IGURE 2 BIA (bias) and
RMSE (root mean squared error)
values for simulated ground
temperatures (from August
16, 2013 to December 31, 2014)
at various depths by the control
model against in situ
measurements at all stations (AR,
JYL, HCG, EB, ARNF, and ARSF).

[Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 BIA (bias) and RMSE (root mean squared error) values for simulated volumetric soil water (liquid) content (from August 16, 2013
to December 31, 2014) at various depths by the control model against in situ measurements at all stations (AR, JYL, HCG, EB, ARNF, and ARSF).
[Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 4 Scatter plots between DSR (downward solar radiation) products (CMFD-SR, Tang-SR, and GLDAS-SR, 3-hourly series from August
16, 2013 to December 31, 2014) and in situ measurements at all stations (AR, JYL, HCG, EB, ARNF, and ARSF), with BIA (bias) and RMSE (root
mean squared error) values presented. [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 Scatter plots between Ta (air temperature) products (CMFD-Ta and GLDAS-Ta, 3-hourly series from August 16, 2013 to
December 31, 2014) and in situ measurements at all stations (AR, JYL, HCG, EB, ARNF, and ARSF), with BIA (bias) and RMSE (root mean squared
error) values presented. [Colour figure can be viewed at wileyonlinelibrary.com]
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generally underestimated, as inferred from significant negative BIA

values at most stations (Figure 7). CMFD-Ta has a much larger range in

BIA than GLDAS-Ta, with a maximal BIA value of 1.96�C at ARSF and a

minimal BIA value of �3.31�C at HCG. Most RMSE values of both

CMFD-Ta and GLDAS-Ta are >3�C at most stations, except for those

at AR and EB in CMFD-Ta. On average, RMSE values of GLDAS-Ta are

higher than those of CMFD-Ta. In addition, the smaller RMSE values

(e.g., at AR and EB) in CMFD-Ta are obviously connected with smaller

absolute BIA values, and there is no similar pattern for GLDAS-Ta. That

is, a smaller BIA of GLDAS-Ta will not assure a better performance

when it is used for driving an LSM, because large RMSE values mean an

overall large divergence of the Ta product from the real Ta.

3.3 | Sensitivity of simulated ground temperatures
to different DSR products

To investigate the influences of DSR products on simulated ground

temperatures or thermal state in the model, in situ observed DSR in

CTRL was substituted with DSR products (i.e., CMFD-SR, Tang-SR,

and GLDAS-SR) and other input datasets or parameters were kept

identical to CTRL. Then, three experimental models (i.e., CMFD-SR-

Exp, Tang-SR-Exp, and GLDAS-SR-Exp) forced by different DSR prod-

ucts were set up. Simulation results of these experimental models

were compared directly against the simulation results of CTRL, instead

of with in situ observations, because the differences between

experimental and CTRL models can be assumed to be caused directly

by the substitution of DSR. In the long term, there would be system-

atic deviations between DSR products and measurements, and the

inaccuracy or errors in a DSR product would take a long time to prop-

agate downward from the surface and be reflected in the ground tem-

peratures at depth when it was used to force LSMs. Therefore, all

experimental models ran for 10 years repeatedly with the meteorolog-

ical data of 2014 and the results in the last year were compared with

the counterpart of the 10-year version of CTRL. After a 10-year

model run, the simulated ground temperatures at selected depths at

all stations in CTRL and experimental models are compared and illus-

trated in Figures S20–S25.

Compared to CTRL, the simulated ground temperatures were

obviously underestimated in GLDAS-SR-Exp at most stations, espe-

cially in warm seasons. Differences in simulated maximum (corre-

sponding to warm seasons) and minimum (corresponding to cold

seasons) ground temperatures between the experimental and CTRL

models are summarized in Figures S26 and S27. As shown in

Figure S26C, the maximal ground temperatures simulated in GLDAS-

SR-Exp were greatly underestimated at most stations compared to

CTRL. At ARNF, they were decreased by about �4�C. The reason is

that GLDAS-SR is much lower than in situ measurements at most sta-

tions (see Figures S18 and S19, and BIA values in Figure 6). However,

the differences in simulated maximal ground temperatures between

CMFD-SR-Exp/Tang-SR-Exp and CTRL were relatively smaller,

although they were also underestimated at some stations.

F IGURE 6 BIA (bias) and
RMSE (root mean squared error)
values for downward solar
radiation products (CMFD-SR,
Tang-SR, and GLDAS-SR) at all
stations (AR, JYL, HCG, EB,
ARNF, and ARSF) against in situ
measurements from August
16, 2013 to December 31, 2014,

with boxplots describing the
variation in DSR among stations
for each product presented in
(d–f). (a) and (d) are for BIA
values; (b) and (e) are for RMSE
values of 3-hourly (3H) series;
and (c) and (f) are for RMSE
values of daily series. [Colour
figure can be viewed at
wileyonlinelibrary.com]
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Figures S20–S25 also indicate that the simulated ground tempera-

tures in CMFD-SR-Exp and Tang-SR-Exp are relatively closer to CTRL

than those in GLDAS-SR-Exp. The differences in simulated minimal

ground temperatures between the three experimental models and

CTRL were relatively smaller than those in maximal ground tempera-

tures among CMFD-SR-Exp, Tang-SR-Exp, and GLDAS-SR-Exp.

BIA and RMSE values of simulated ground temperatures in three

experimental models against CTRL are listed in Figures 8 and 9. The

absolute BIA and RMSE values of CMFD-SR-Exp and Tang-SR-Exp

are much smaller than those of GLDAS-SR-Exp, suggesting that

CMFD-SR-Exp and Tang-SR-Exp show a better performance than

GLDAS-SR-Exp. The BIA values between all experimental models and

CTRL differ slightly with depth along the vertical profile at all stations,

indicating that the inaccuracy or errors in DSR products have been

fully propagated to deep layers. RMSE shows a similar pattern along

the vertical profile, although it decreases slightly with depth, which is

presumably caused by the dampening effect of ground or soil.

Mean values of BIA and RMSE at all depths (e.g., the mean of

BIA/RMSE values in a column in Figure 8a–c or 9a–c) were calculated

along the entire vertical profile for each station for the simulated

ground temperatures between experimental models and CTRL.

Figure 10 shows that the mean values of BIA and RMSE for simulated

ground temperatures are closely related to errors (i.e., BIA or RMSE

against in situ observations) in DSR products. Generally, a larger abso-

lute BIA in DSR could lead to a higher absolute mean BIA in the simu-

lated ground temperatures in experimental models. Most mean values

of absolute BIA for simulated ground temperatures in CMFD-SR-Exp

and Tang-SR-Exp are much smaller than those in GLDAS-SR-Exp, and

there are no apparent advantages between CMFD-SR-Exp and Tang-

SR-Exp. However, from the perspective of RMSE, CMFD-SR-Exp

tends to show a slightly better performance than Tang-SR-Exp and

GLDAS-SR-Exp.

Although the relationship between the daily RMSE of DSR and

the mean RMSE of simulated ground temperatures along the vertical

profile is inconspicuous, 3-hourly DSR products with lower RMSE

obviously lead to lower mean RMSE for simulated ground tempera-

tures in experimental models (Figure 10c). The RMSE of 3-hourly

CMFD-SR and Tang-SR at most stations ranges from 100 to 120 W/

m2, leading to a mean RMSE value of about 0.5–0.75�C for the simu-

lated ground temperatures. However, the RMSE of 3-hourly GLDAS-

SR is >160 W/m2 at most stations, and the mean RMSE is >1�C for

simulated ground temperatures in GLDAS-SR-Exp at most stations,

except for JYL with a mean RMSE of 0.29�C, which could be

explained by the occurrence of permafrost, because permafrost

F IGURE 7 BIA (bias) and RMSE (root mean
squared error) values for air temperature products
(CMFD-Ta and GLDAS-Ta) at all stations (AR, JYL,
HCG, EB, ARNF, and ARSF) against in situ
measurements from August 16, 2013 to
December 31, 2014, with boxplots describing the
variation in Ta among stations for each product
presented in (d–f). (a) and (d) are for BIA values;
(b) and (e) are for RMSE values of 3-hourly

(3H) series; and (c) and (f) are for RMSE values of
daily series. [Colour figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 8 (a) BIA (bias) values for simulated ground temperatures at various depths in the last year after a 10-year model running by CMFD-

SR-Exp against the control model at all stations (AR, JYL, HCG, EB, ARNF, and ARSF). (b) The same as A except that it is for Tang-SR-Exp. (c) The
same as a except that it is for GLDAS-SR-Exp. Boxplots for each experimental model (d for CMFD-SR-Exp, e for Tang-SR-Exp, and f for GLDAS-
SR-Exp) describing the variation in BIA among various depths at each station are presented in (d–f). [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 9 (a) RMSE (root mean squared error) values for simulated ground temperatures at various depths in the last year after a 10-year
model running by CMFD-SR-Exp against the control model at all stations (AR, JYL, HCG, EB, ARNF, and ARSF). (b) The same as a except that it is
for Tang-SR-Exp. (c) The same as a except that it is for GLDAS-SR-Exp. Boxplots for each experimental model (d for CMFD-SR-Exp, e for Tang-
SR-Exp, and f for GLDAS-SR-Exp) describing the variation in RMSE among various depths at each station are presented in (d–f). [Colour figure
can be viewed at wileyonlinelibrary.com]
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thawing can absorb large amounts of heat and substantially dampen

the propagation of ground temperature variation downward from the

surface. Therefore, it is also difficult for an error or change in DSR to

affect the deep ground temperatures in permafrost before it thaws. In

short, a BIA of �20 W/m2 in CMFD-SR or Tang-SR will lead to a BIA

of about �0.5�C in the simulated ground temperatures, and an RMSE

of about 100–120 W/m2 in 3-hourly DSR products will result in an

RMSE of about 0.5–0.75�C in the simulated ground temperatures.

3.4 | Sensitivity of simulated ground temperatures
to different Ta products

Both CMFD and GLDAS (which have 3-hour Ta products) were line-

arly interpolated into hourly series and used to force SHAWDHM as a

replacement of in situ observed Ta in CTRL, and other inputs and

parameters were kept unchanged. Then, two experimental models

(i.e., CMFD-Ta-Exp and GLDAS-Ta-Exp) were obtained. As with DSR

model runs, to guarantee that impacts of inaccuracy or errors in Ta

products were fully reflected in the simulated ground temperatures,

CMFD-Ta-Exp and GLDAS-Ta-Exp ran repeatedly for 10 years with

the meteorological data of 2014, and results of the last year were

compared with the 10-year version of CTRL, illustrated in

Figures S28–S33. Differences in simulated maximal and minimal

ground temperatures between CMFD-Ta-Exp/GLDAS-Ta-Exp and

CTRL are also summarized in Figures S34 and S35.

The BIA and RMSE values of CMFD-Ta and GLDAS-Ta against

in situ observations at all stations in 2014 are presented in the first

rows in Figures 11 and 12. As shown, both CMFD-Ta and GLDAS-

Ta have obvious BIA against in situ measurements (also see

Figure 7), and most absolute BIA values are >1�C. In general, the

performance of CMFD-Ta-Exp and GLDAS-Ta-Exp in simulating

ground temperatures was worse than that of CMFD-SR-Exp and

GLDAS-SR-Exp, resulting in higher BIA and RMSE values. For exam-

ple, most absolute BIA values of simulated ground temperatures in

CMFD-Ta-Exp and GLDAS-Ta-Exp are >1�C, and some are even

>1.5 or 2�C (Figure 11a and b).

The mean BIA of all depths (i.e., the mean of BIA values in a col-

umn except the first row in Figure 11a and b) for simulated ground

temperatures along the entire vertical profile in CMFD-Ta-Exp and

GLDAS-Ta-Exp is highly related to BIA in CMFD-Ta or GLDAS-Ta,

and they are in close linear relationship (Figure 11c, p < 0.001). On

average, every 1�C of BIA in the input Ta product will lead to a BIA of

0.72�C in the simulated ground temperatures, and neither CMFD-Ta-

Exp nor GLDAS-Ta-Exp has a significant superiority to each other in

performance (Figure 11c). The first row of Figure 12a and b illustrates

RMSE values of CMFD-Ta and GLDAS-Ta against in situ measure-

ments, and the rest rows present RMSE values of simulated ground

temperatures in CMFD-Ta-Exp and GLDAS-Ta-Exp against CTRL. As

shown, almost all RMSE values for these two Ta products are greater

than 2�C, even greater 3�C at some stations. Due to the inadequate

accuracies (e.g., high BIA and RMSE values) in the selected Ta prod-

ucts, most RMSE values of simulated ground temperatures in CMFD-

Ta-Exp and GLDAS-Ta-Exp are higher than 1�C, which are much

worse than those in CMFD-SR-Exp and Tang-SR-Exp. In general, a Ta

product with higher RMSE would lead to higher RMSE values in sim-

ulated ground temperatures. However, the linear relationship

between RMSE of Ta and mean RMSE of simulated ground tempera-

tures along the entire vertical profile is not obvious. In contrast, the

mean RMSE of all depths for simulated ground temperatures has a

stronger linear relationship with absolute BIA of Ta products, as

shown in Figure 13.

F IGURE 10 Relationship between mean BIA (bias)/RMSE (root mean squared error) at all depths (e.g., the mean of BIA/RMSE values in a
column in Figures 8a–c or 9a–c) for simulated ground temperatures in each experimental model and the BIA/RMSE of DSR (downward solar
radiation) products at all stations (each point stands for one station). All BIA or RMSE values are calculated based on the data from the last year of
the 10-year model running. (a) Relationship between mean BIA at all depths for simulated ground temperatures in experimental models (CMFD-
SR-Exp, Tang-SR-Exp, and GLDAS-SR-Exp) and BIA of DSR products (CMFD-SR, Tang-SR, and GLDAS-SR); (b) relationship between mean RMSE

at all depths for simulated ground temperatures and daily RMSE of DSR products; (c) relationship between mean RMSE at all depths for simulated
ground temperatures and 3-hourly RMSE of DSR products. [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

According to the simulation results, CMFD-SR and Tang-SR are good

alternatives to in situ observed DSR for forcing LSMs in remote areas

with scarce solar radiation observations, with acceptable accuracies in

simulated ground temperatures. For example, most absolute BIA and

RMSE values of simulated ground temperatures in CMFD-SR-Exp and

Tang-SR-Exp against CTRL are <0.6 and 0.9�C, respectively. However,

simulated ground temperatures are far more sensitive to the

substitution of Ta than the substitution of DSR. Using either CMFD-

Ta or GLDAS-Ta, the model resulted in much larger errors in the simu-

lated ground temperatures. The study area has a rugged terrain with

dramatic variation in elevation, which leads to significant variation in

Ta with altitude and results in many challenges for obtaining accurate

estimation of spatially distributed Ta. The results in this study are use-

ful for understanding the impacts of an atmospheric forcing dataset

on simulated ground temperatures and thermal state, and help inter-

pret simulation results and conclusions, which should be carefully

F IGURE 11 (a) BIA (bias) values for Ta (air temperature) product (e.g., the first row shows BIA values for CMFD-Ta) and simulated ground
temperatures at various depths (all except the first row) by CMFD-Ta-Exp against the control model at all stations (AR, JYL, HCG, EB, ARNF, and
ARSF); (b) the same as A except that it is for GLDAS-Ta and GLDAS-Ta-Exp; (c) relationship between mean BIA at all depths (i.e., the mean of BIA
values in a column except the first row in A and B) for simulated ground temperatures and BIA (the first row in A and B) for Ta products (CMFD-
Ta and GLDAS-Ta), each point standing for one station. Note that all BIA values are calculated based on the data from the last year of the 10-year
model running. [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 12 (a) RMSE (root mean squared error) values for Ta (air temperature) product (e.g., the first row shows RMSE values for CMFD-Ta)
and simulated ground temperatures at various depths by CMFD-Ta-Exp against the control model at all stations (AR, JYL, HCG, EB, ARNF, and
ARSF); (b) the same as A except that it is for GLDAS-Ta and GLDAS-Ta-Exp; (c) relationship between the mean RMSE at all depths (i.e., the mean
of RMSE values in a column except the first row in A and B) for simulated ground temperatures and RMSE (the first row in A and B) for Ta
products (CMFD-Ta and GLDAS-Ta), each point standing for one station. Note that all RMSE values are calculated based on the data from the

last year of the 10-year model running. [Colour figure can be viewed at wileyonlinelibrary.com]
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considered when LSMs are driven by various Ta products, instead of

observations.

There are still some aspects that have not been considered in this

study, which may limit the range of applicability of the analysis

results.

First, there are many LSMs (e.g., Common Land Model and Com-

munity Land Model)25,71 prevailing in the current community.

Although the governing equations for heat transfer in the ground are

nearly the same in most models, model structure, parameterization

schemes, and components (e.g., boundary conditions, residue, canopy,

snowpack) and algorithms (e.g., ground heat flux from the surface and

other boundary conditions) for the boundary layer may differ signifi-

cantly.72 For example, the impacts of residue and shadows cast by

surrounding terrain were considered in SHAWDHM, but they are

often ignored in other LSMs.71 The consequence is that the difference

in simulated ground temperatures between LSMs would be consider-

able, even when the models are driven by the same forcing dataset.73

In turn, responses of simulated ground temperatures to the substitu-

tion of Ta or DSR by products would also differ in different LSMs, and

model intercomparisons were not conducted in this study or found in

the literature. There are some similar sensitivity analyses of terrestrial

evapotranspiration (ET) to the choices of forcing datasets. The most

sensitive variables that drive the difference in simulated ET are very

different between models.74,75 That is, when another LSM was used,

the results could be different from this study, depending on the model

structure and implementations.

Second, analysis in this study was limited to investigating the

impacts of uncertainties in forcing datasets on simulated ground tem-

peratures, and did not attempt to reproduce to the occurrence of per-

mafrost (i.e., permafrost distribution). Numerical experiments were

conducted only at six stations, and five of them are located in season-

ally frozen ground, only one in permafrost. Although all experimental

models reproduced the permafrost occurrence at JYL, the influence of

forcing dataset choice on permafrost distribution in the study area

was not investigated explicitly.

Third, only either Ta or DSR was substituted with products in

experimental models, and other forcing variables (e.g., air humidity,

wind speed, and precipitation) were not included in this study.

Because the soil water transfer is deeply coupled to heat transfer, the

impacts of precipitation on ground temperatures or thermal state

would be significant. Generally, the impacts from precipitation are

complicated, and they could be imposed through various paths,

including heat convection of rain, soil moisture (related to thermal

capacity, conductivity, and phase change), ET, and snow cover.76 As

reported, in GLDAS runs driven by different precipitation products,

the percentage differences in volumetric soil water content (SWC)

ranged from �75 to +100%, and the soil temperature spread

between simulations ranged up to ±3.0 K.77 Substitution of air humid-

ity, pressure, and wind speed in LSMs would also have obvious influ-

ences on the simulation results, although they would be much smaller

than those from the substitution of Ta and DSR (similar results are

listed in Figures S36 and S37 for models CMFD-Rh-Exp, GLDAS-Rh-

Exp, CMFD-Wind-Exp, and GLDAS-Wind-Exp, forced by wind speed

and relative humidity products from CMFD and GLDAS). In addition,

only one forcing variable was substituted by products at each time in

the experimental models, and the influences of product combinations

of multiple forcing variables were not investigated. In fact, in many

LSM simulations or projections, input meteorological data were often

chosen from a single dataset, and simulation results may differ when

different datasets were chosen. For example, obvious discrepancies in

simulated temporal changes of permafrost area (�5.8 to �9.0%) and

active layer thickness (9.9–20.2%) have been reported when different

atmospheric forcing datasets were used to drive the community

land model (CLM).78

5 | CONCLUSIONS

DSR and Ta have significant influences on the thermal state of frozen

ground. They are also important forcing terms with crucial impacts on

ground temperature simulation in physically based LSMs, which are

useful quantitative analysis tools and have often been widely used for

permafrost mapping and predicting the responses of frozen ground to

climate change. However, the accuracies of spatially distributed input

forcing datasets are vital to the simulation results, especially at

regional or continental scales.

F IGURE 13 Relationship between mean RMSE (root mean
squared error) at all depths (e.g., mean of RMSE values in a column
except the first row in Figure 12a and b) for simulated ground
temperatures in experimental models (CMFD-Ta-Exp and GLDAS-Ta-
Exp) and absolute BIA of air temperature products (CMFD-Ta and
GLDAS-Ta), each point standing for one station. Note that all RMSE
and BIA values are calculated based on the data from the last year of
the 10-year model running. [Colour figure can be viewed at
wileyonlinelibrary.com]
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In this study, three selected DSR products and two Ta products

were first evaluated against in situ observations at six stations in an

alpine watershed in West China. Then, a physically based land surface

model (i.e., SHAWDHM) was driven by in situ observed meteorologi-

cal data, and validated against measurements at these stations (the

validated model is namely called CTRL). Finally, some experimental

models were modulated from CTRL by substituting the in situ

observed DSR or Ta by one of various selected products each time

(CMFD-SR, Tang-SR, and GLDAS-SR for DSR, and CMFD-Ta and

GLDAS-Ta for Ta), and sensitivities of simulated ground temperatures

to the substitutions were analysed by comparing the results of experi-

mental models with those of CTRL. Validation shows that

SHAWDHM has good performance in simulating ground

temperatures.

Among the three selected DSR products, CMFD-SR has the best

accuracy with smaller absolute BIA and RMSE values. Tang-SR is

slightly inferior to CMFD-SR, with slightly higher absolute BIA and

3-hourly RMSE values, and much higher daily RMSE values. Both

CMFD-SR and Tang-SR are far superior to GLDAS-SR, which has sig-

nificantly higher BIA and RMSE values. In addition, in GLDAS-SR, the

DSR is systematically underestimated at all six stations. When they

are used to force SHAWDHM, the simulated ground temperatures in

GLDAS-SR-Exp were obviously underestimated at most stations,

especially in warm seasons. In the meantime, the deviations of

CMFD-SR-Exp and Tang-SR-Exp from CTRL are not very significant,

with much smaller absolute BIA and RMSE values for most stations. In

addition, there is no apparent advantage between CMFD-SR and

Tang-SR for forcing SHAWDHM. That is, either CMFD-SR or Tang-SR

could be a good alternative to in situ observation to force an LSM in

remote areas with no DSR observation, resulting in acceptable errors

in simulated ground temperatures.

Both CMFD-Ta and GLDAS-Ta at most stations have significant

discrepancies from in situ observations (with large BIA and RMSE

values), which inevitably leads to significant errors in simulated ground

temperatures. In general, the results of CMFD-Ta-Exp and GLDAS-

Ta-Exp were overall worse than those in CMFD-SR-Exp and Tang-SR-

Exp. The simulated ground temperatures in SHAWDHM were much

more sensitive to the substitution of observed Ta by a Ta product

than the substitution of DSR. That is, for some results or conclusions

related to simulated ground temperatures or thermal state of frozen

ground, more care should be paid when an LSM is driven by using a

Ta product instead of observed air temperature series.
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APPENDIX A

Governing equations for heat and water transfer in SHAW

In SHAW, heat and water transfer in the vertical profile from either

the top of the canopy, snow or soil to a specified depth in the ground

are governed by group-coupled partial differential equations on the

basis of energy and mass conservation. For example, the soil heat and

water transfer in SHAW is described as follows:

Cs
∂T
∂t

�ρiLf
∂θi
∂t

¼ ∂

∂z
λs
∂T
∂t

� �
�ρlcl

∂qlT
∂z

�Lv
∂qv
∂z

� ∂ρv
∂t

� �
þEs ðA1Þ

∂θl
∂t

þρi
ρl

∂θi
∂t

¼ ∂

∂z
K

∂ψ

∂z
þ1

� �� �
þ 1
ρl

∂qv
∂z

þU ðA2Þ

where Cs is the volumetric heat capacity of soil (J/m3/�C); T is the soil

temperature (�C); t is time (s); ρi is ice density (kg/m3) and Lf is latent

heat for ice fusion (335 000 J/kg); θi is the volumetric ice content of

soil; λs is the thermal conductivity of soil (W/m/�C); z is the depth

from the soil surface (m); ρl is the density of liquid soil water and cl is

its specific heat capacity (J/m/�C); ql is the liquid water flux (kg/m2/s);

qv is the vapor water flux (kg/m2/s); Lv is the latent heat for water

vaporization (J/kg); ρv is the vapor density (kg/m3); Es is the net energy

fluxing in/out from the soil surface (W/m2), including solar radiation,

sensible heat flux, and latent heat flux; θl is the volumetric liquid

water content of soil; K is the hydraulic conductivity of soil (m/s); ψ is

the soil water potential (m); U is a source/sink term for water flux

(m3/m3/s).

The governing equation for soil heat transfer (Equation A1)

includes terms for thermal storage change, phase change of soil water,

heat conduction, and heat convection caused by liquid water and

vapor flux. The phase change (i.e., change in θi) is jointly determined

by soil water content and temperature. Equation (A2) is the equation

governing soil moisture transfer in the soil. Soil water transfer is

mainly governed by the soil water potential (Equation A2), which is a

function of soil temperature when the soil is frozen. Explicit relation-

ships between soil potential, liquid soil water content, hydraulic con-

ductivity, and soil temperature are necessary to solve the coupled

equations, as follows:

ψ ¼ψe
θl
θs

� ��b

ðA3Þ

K¼Ks
θl
θs

� �2bþ3

ðA4Þ

ψ ¼ Lf
g

T
TK

� �
ðA5Þ

where ψe is the air-entry potential of soil (m); Ks is the hydraulic con-

ductivity of saturated soil (m/s); b is a parameter for soil pore size dis-

tribution; g is the acceleration due to gravity (9.81 m/s2), and Tk is the

absolute soil temperature (K).

For the sake of brevity, governing equations for water and heat

transfer in the canopy, residue, and snow are not described here in

detail, but can be found in Flerchinger and Saxton.66 The coupled par-

tial differential equations were solved by using the Newton–Raphson

iteration technique with an implicit finite difference form in a verti-

cally discretized system. Parameters in the equations, such as soil pore

size distribution index, air-entry potential, and other hydraulic param-

eters, were derived by using the method described by Saxton and

Rawls79 based on the soil texture properties.
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