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A B S T R A C T   

Acquiring soil hydrothermal information using process-based models is important for agricultural management 
in dry alpine regions where in situ data collection is difficult. However, few modeling studies have considered the 
soil airflow transport mechanism for arid regions especially, the presence of dry airflow in soil can affect water 
and heat transport. Here, we adopt an airflow-coupling hydrological model, Simultaneous Transfer of Energy, 
Mass, and Momentum in Unsaturated Soil (STEMMUS), to simulate soil hydrothermal processes and evapo-
transpiration dynamics in a dry farmland on the Tibetan Plateau (TP). The effect of airflow on the simulations 
was carefully assessed. Our results suggested that STEMMUS can reliably capture daily observations—the 
average values for the index of agreement (d) in the 20–100 cm soil profile were 0.94 for soil temperature, 0.83 
for soil moisture, 0.72 for soil evaporation and 0.83 for crop evapotranspiration, respectively, during the vali-
dation period. The impacts of considering airflow transport occurred when water inputs reached 22.8 mm, 
showing a positive relationship with increasing precipitation/irrigation. Incorporating airflow in the model 
showed minor differences but basically improved the modeling precision for soil moisture (reduction in root 
mean squared error (RMSE) values ranging from 0 to 95.9%), evapotranspiration (reduction in RMSE values 
ranging from 0 to 97.8%) and evaporation (reduction in RMSE values ranging from 0 to 99.3%) following 
rainfall/irrigation events. These findings provide sights into the role of airflow in the complex soil physical 
processes, and highlight that rainfall/irrigation inputs are a major factor affecting simulations when airflow is 
considered.   

1. Introduction 

The Tibetan Plateau (TP), also known as the third pole of the earth 
(Qiu, 2008), plays a principal role in Asian hydrological cycles (Pan 
et al., 2018; Ding et al., 2019). In past decades, the subsistence of TP 
inhabitants has largely relied on farming and animal husbandry. How-
ever, due to extensive grassland degradation reported on the TP (Harris, 
2010; Yao et al., 2016; Liu et al., 2018a; Liu et al., 2018b; Ren et al., 
2019), which was partly caused by overgrazing (Miehe et al., 2019), a 
need to promote alpine agriculture has been prioritized to enable 
development while avoiding ecological deterioration (Zhang et al., 

2013; d’Alpoim Guedes et al., 2013; d’Alpoim Guedes et al., 2015; 
d’Alpoim Guedes, 2018; Wang et al., 2020). Nevertheless, a major 
problem is that part of the agricultural land on the TP is located in arid 
and semiarid zones, where soil water availability and soil temperature 
are key variables controlling agricultural productivity (Wang et al., 
2020). Understanding spatiotemporal variation of these fundamental 
hydrothermal properties (i.e., soil moisture, soil temperature and 
evapotranspiration) plays an important role in ensuring local agricul-
tural productivity. 

Modeling can be a better choice over in situ observations for un-
derstanding soil hydrothermal dynamics in the TP agricultural regions, 
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considering the high costs of equipment transportation and labor and 
the high risk of decreased oxygen in the air. Models of relevant processes 
are generally established based on validated physical equations, such as 
Richards’ equation (de Rooij, 2010), which has been applied commonly 
to describe soil water flow transport (Massari et al., 2014; Weber et al., 
2017; Ahmad et al., 2018; Liu et al., 2018; Hu et al., 2019; Sadeghi et al., 
2019), and many models now popularly used are developed based on 
this equation, such as the HYDRUS model (Šimůnek and van Genuchten, 
2008) and Simultaneous Heat and Water (SHAW) model (Flerchinger 
and Saxton, 1989). So far, sophisticated characteristics have been 
incorporated into these models, for examples, crop water use, soil layer 
features, or surface coverage (Hou et al., 2018; Di Prima et al., 2019; 
Kacimov et al., 2019; Kader et al., 2019). However, although several 
studies had endeavored to explain the necessity of airflow in soil 
moisture modeling (Schrefler and Zhan, 1993; Parlange et al., 1998; 
Zeng et al., 2011a), little attention has been paid to the effect of soil dry 
airflow on modeling results. 

The impact of airflow induced by atmospheric pressure variation on 
soil - atmosphere gas exchange has been a topic of discussion since 
Buckingham (1904) described air movement in soil in response to at-
mospheric pressure. This might be particularly important in arid regions 
because soil gas fluxes (vapor/dry air) account for a relatively higher 
proportion of soil porosity than liquid water flow in the vadose (unsat-
urated) zone, and previous studies have suggested that soil vapor 
transport is partly driven by the soil - air pressure gradient (Olivella and 
Gens 2000; Zeng et al., 2011a). Numerous experiments have shown that 
vapor flow plays an important role in mass and energy transfers in dry 
soils (Milly, 1982; Scanlon and Milly, 1994; Cahill and Parlange, 1998; 
Grifoll et al., 2005; Saito et al., 2006; Bittelli et al., 2008; Zeng et al., 
2009, 2011a; Zeng et al., 2011b; Garcia Gonzalez et al., 2012; Zeng and 
Su, 2013), but the magnitude of vapor flow calculated by existing 
mechanisms is underestimated (Parlange et al., 1998; Zeng et al., 2011a; 
Zeng et al., 2011b). Considering the coupling of dry airflow may be the 
key to solving this problem (Schrefler and Zhan, 1993; Parlange et al., 
1998; Zeng et al., 2011a). Zeng et al. (2011a) conducted a short-term 
experiment in the Badain Jaran Desert to investigate the impact of soil 
dry airflow on soil evaporative flux; the results indicated the advective 
vapor transfer was weakened if the airflow was neglected, leading to an 
underestimation error of 33–53%, and the authors suggested more 
analysis should be conducted with a wider range of soil wetness, soil 
materials and weather conditions (Zeng et al., 2011b). However, the 
impact of soil dry airflow on modeling are not fully understood (i.e., its 
impact on soil heat or water movement), even though there are an 
increasing number of studies showing the possible need to account for 
the effects of airflow on soil water and heat transport (Touma and 
Vauclin, 1986; Schrefler and Zhan, 1993; Prunty and Bell, 2007; Wicky 
and Hauck, 2017; Yamasaki et al., 2017; Yu et al., 2018; Gao et al., 
2020). 

In most soil heat and mass balance modeling studies, airflow is 
implicitly treated as an inert gas. Nevertheless, this assumption is not 
always valid as soil air can cause convective heat transfer (Wicky and 
Hauck, 2017), and influence soil water flow in some cases; for instance, 
inducing liquid/vapor water flow accumulating to the freezing front in 
frozen soil (Yu et al., 2018). Besides, heavy rainfall or irrigation often 
entraps air in the soil, which retards infiltration (Linden and Dixon, 
1975) and therefore affects the wetting front (Wang et al., 1998; Zeng 
et al., 2011a; Yang et al., 2021). Thus, it is necessary to compare soil 
heat and mass transport modeling results considering the soil air flux 
transport mechanism. 

The Simultaneous Transfer of Energy, Mass and Momentum in Un-
saturated Soil (STEMMUS) model simulates one-dimensional unsatu-
rated soil hydrothermal transport and crop evapotranspiration dynamics 
using MATLAB code (Zeng et al., 2011a; Zeng et al., 2011b; Zeng and Su, 
2013; Yu et al., 2016); however, it is still in development so its appli-
cation remains limited. The advantage of STEMMUS is that it considers 
soil airflow transport mechanism and regards soil airflow as a single 

phase in soil water and heat transport. The STEMMUS model has not 
been tested in dry alpine agricultural lands. 

According to the census, the northeastern TP has the largest Lycium 
barbarum L. (also known as Tibetan or Himalayan goji, or Chinese 
wolfberry) planting area in China (45,000 hm2 in 2018). The Lycium 
barbarum L. industry is one of the most important ecological and in-
habitants’ livelihood projects, but its growth is limited by water 
shortage. To provide support for the local agricultural administration, 
we conducted a numerical simulation in a dry irrigated farmland of the 
Qaidam Basin, in soils with high gravel and sand contents (Wang et al., 
2020) and a thick vadose zone, which we expected to be suitable for 
adopting an airflow-coupled soil hydrothermal process simulation. The 
study aimed to: (i) evaluate the performance of the airflow-coupled 
model for simulating soil moisture, temperature, surface evaporation, 
and evapotranspiration in dry alpine agricultural land, and (ii) quantify 
the impacts of incorporating the airflow transport mechanism on soil 
moisture, temperature, surface evaporation, and evapotranspiration 
transport. 

2. Materials and methods 

2.1. Site description 

This study was conducted in the Huaitou Tala Irrigation Region 
(96◦44′ E, 37◦21′ N; 2869 m a. s. l.), a reclaimed area of the Gobi Desert 
in the northeast of the Qaidam Basin on the TP (Fig. 1). The duration of 
sunshine is approximately 10 h per day. The average annual precipita-
tion is about 200 mm, concentrated from June to September, and the 
average annual soil surface temperature (1981–2016) is 4.5 ◦C. The 
irrigation water comes from nearby reservoirs and wells, and the un-
derground water table exceeded 90 m when surveyed in 2019. The soil 
at the location is sandy gravel from 0 − 100 cm, comprising about 82% 
sand (particle diameter 0.02–2 mm), 10% silt (particle diameter 
0.002–0.02 mm), and 8% clay (particle diameter < 0.002 mm) 
(Table 1). Table 1 also shows other physical characteristics of undis-
turbed soil samples from 0 to 100 cm at this site. 

The common cultivation practice in this site is unmulched flat 
planting. In response to China’s poverty alleviation project, and to 
prevent wind and sand fixation, more than 2,900 ha of local area are 
planted to Lycium barbarum L. due to its property of drought and cold 
resistance. This species has become the main local cash crop. Hence this 
study chose the Lycium barbarum L. as the objective. At the start of the 
experiment, the plants were four years old, on average, with a mean 
height of 1 m. 

2.2. Observations 

This study was conducted from 28 May to 28 September 2018 and 
2019 in accordance with Lycium barbarum L. growth period. Before 
commencing the experiment, undisturbed soil samples were collected to 
determine soil physical properties. Soil dry bulk density was measured 
using the ring knife method (Bao, 2000), saturated water content was 
determined via the oven drying method after saturating the soil samples 
for 24 h, and saturated hydraulic conductivity was measured via the 
double-ring infiltration method (Bao, 2000). 

According to Zhang et al. (2016), the depth of the root zone of 
L. barbarum is about 60 cm. Thus, 5TM soil moisture and temperature 
sensors (Meter group, USA) were installed to record hourly root- zone 
soil volumetric water content and temperature at depths of 20, 40, 60, 
80, and 100 cm with three replications. The daily evaporation rate (E) 
was averaged from nine replications measured via micro-lysimeters (20 
cm long × 12 cm wide, PVC tubes) at 17:00 every day using a portable 
electronic balance (0.1 g resolution); changes in the weight of the ly-
simeters were taken as equivalent to the amount of water evaporated 
from the soil surface. Evapotranspiration (ET) was averaged from two 
replications via lysimeter weighting systems (60 cm long × 40 cm wide, 
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50 g resolution), located adjacent to the field. The variety and tree-age of 
L. barbarum transplanted into lysimeters were the same as the field 
plants, with a similar growth status. The taproot length at trans-
plantation was approximately 20 cm. During the growing period, ET was 
automatically monitored hourly and summed to daily values. The 
lysimeter system contained a weighing facility, filter layer (filled with 
stone), and outfall at the bottom of each lysimeter. During the two-year 
experiment, no seepage was recorded. Hourly air temperature, precipi-
tation, relative humidity, and wind speed at 2 m height were recorded 
with an automatic weather station (Meter group, USA) placed in the 
study area. 

For each growing season, plant height was measured with a tape 
measure and leaf area index (LAI) was measured using an LAI-2200C 
Plant Canopy Analyzer (Meter Group, USA). Stomatal conductance 
was measured monthly with an LI-6400 instrument (Meter Group, USA) 
between 9 and 11 am on sunny days. Daily LAI, plant height and sto-
matal conductance values were linearly interpolated from the observa-
tions and used to calculate crop evapotranspiration (Allen et al., 1998). 

Surface drip irrigation was applied six times a year—about 13.4 
(2018) and 25.8 mm (2019) on each occasion—with unitive fertilizer 
nutrients (content of total nitrogen, water-soluble phosphorus, water- 
soluble potassium ≥ 20%). No surface runoff occurred during the 
experiment. 

2.3. Model configuration 

2.3.1. Governing equations 
The governing equation for soil water flux in STEMMUS is based on 

the model by Milly (1982): 

∂
∂t
(ρLθL + ρV θv) = −

∂
∂z

(qL + qV) − S (1)  

where t is time (s), ρL and ρV are densities of liquid water and water 
vapor (kg m− 3), respectively; θL and θV are volumetric water content and 
water vapor content (m3 m− 3), respectively; z is the vertical space co-
ordinate, positive upwards (m); qL and qV are liquid and vapor fluxes, 
respectively (kg m− 2 s− 1); and S is a sink term representing water uptake 
by plant roots (kg m− 3 s− 1). In addition to the existing mechanisms 
included in Milly’s model, the effect of thermal liquid flux and the dry 
air phase (i.e., dispersive water vapor flux and water vapor flux as part of 
the bulk flow of dry air) are considered in STEMMUS (Zeng et al., 
2011a). 

Heat transport in unsaturated soil includes heat transfer of solids, 
liquids, vapor flux, and dry air flux, as well as integral heat wetting (De 
Vries, 1958). As such, the conservation of heat transfer is expressed as: 

∂
∂t
[(ρsθscs + ρLθLcL + ρdaθaca + ρvθV cv)(T − Tr)+ ρV L0θV ] − ρLW

∂θL

∂t 

= ∂
∂z

(

λeff
∂T
∂z

)

− ∂
∂z {qLcL(T − Tr)+qv[L0 + cv(T − Tr) ]+qaca(T − Tr) }

(2) where ρda and ρs are densities of soil dry air and solid (kg m− 3), 
respectively; θs and θa are volumetric contents of solid and gas in soil (m3 

m− 3), respectively; cs, cL, ca, and cv are specific heat capacities (J g− 1 

K− 1) of solids, liquids, air, and vapor, respectively; T is soil temperature 
(◦C); Tr is a reference temperature (℃); L0 is volumetric latent heat of 
vaporization of liquid water (J kg− 1); W is differential heat of wetting (J 
kg− 1); λeff is effective thermal conductivity (W m− 1 ℃–1); and qa is soil 
dry air flux (kg m− 2 s− 1). 

According to the theory of dry airflow proposed by Thomas and 
Sansom (1995), dry air flux includes both the bulk flow of dry air and air 
dissolved in liquid, expressed as: 

Fig. 1. Geographical location of the experimental site on the Tibetan Plateau.  

Table 1 
Soil properties in the 0–100 cm soil layer at the experimental site.  

Layer Sand Silt Clay Bulk density θs  Ks  cw  ca  cq  cc  co  

cm % % % g cm− 3 cm3 cm− 3 mm min− 1 J g− 1 K− 1 

0–100 82 10 8 1.52 0.41 0.83 4.18  1.01  0.80  0.90  1.92 

Note: cw, ca, cq, cc, co are specific heat capacities for water, air, quartz, clay and organic matter (De Vries, 1963). θs and Ks are saturated water content and saturated 
hydraulic conductivity, respectively. 
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∂
∂t
[ηρda(Sa + HcSL) ] =

∂
∂z

[

DV
∂ρda

∂z
+ ρda

Sakg

μa

∂Pg

∂z
+(θaDVg)

∂ρda

∂z
− Hcρda

qL

ρL

]

(3) 

where η is porosity, SL is degree of saturation of the soil,Sa is degree 
of air saturation of the soil, Hc is Henry’s constant (set to 0.02), DV is 
molecular diffusivity of water vapor in soil (m2 s− 1), kg is intrinsic air 
permeability (m2), μa is air viscosity (set to 1.846 × 105 kg m− 1 s− 1), Pg is 
pore-air pressure (Pa), and DVg is gas-phase longitudinal dispersion co-
efficient (m2 s− 1). On the right hand side of Eq. (3), the first and third 
items are expressions of the diffusive and dispersive components of dry 
air flux based on Fick’s law, respectively; the second item represents the 
advective flux of dry air calculated by Darcy’s law; and the fourth rep-
resents the amount of air that will dissolve in liquid at mechanical and 
chemical equilibrium (Henry’s law). 

The evapotranspiration rate is estimated using the revised Penman- 
Monteith (P-M) model (Yu et al., 2016): 

Tp =
Δ
(
Rc

n − G
)
+ ρacp

(es − ea)
rc

a

λ
(

Δ + γ
(

1 + rcmin
rc

a

)) (4)  

Es =
Δ
(
Rs

n − G
)
+ ρacp

(es − ea)
rs
a

λ
(

Δ + γ
(

1 + rs
rs

a

)) (5)  

where G is soil heat flux density (MJ m− 2 d–1); λ is latent heat of 
vaporization (MJ kg− 1); Δ is the slope of the vapor pressure curve (k Pa 
℃–1); γ is the psychrometric constant (k Pa ℃–1); ea and es are actual and 
saturation vapor pressures (kPa), respectively; Rc

n and Rs
n are net radia-

tion at the canopy surface and soil surface (MJ m− 2 d–1), respectively; cp 

is specific heat (J kg− 1 ℃–1) of air; ρa is air density (kg m− 3), rc
a and rs

a are 
aerodynamic resistances of the canopy surface and bare soil (s m− 1), 
respectively; rcmin is minimum canopy surface resistance (s m− 1); and rs 
is soil surface resistance (s m− 1). 

2.3.2. Constitutive equations 
The isothermal hydraulic conductivity KLh (m s− 1) is calculated using 

the van Genuchten-Mualem model (van Genuchten, 1980): 

KLh(h) = KSSl
e

[
1 −

(
1 − S1/m

e

)m
]2

(6)  

Se =
θ − θr

θs − θr
(7)  

where h is the pressure head (cm), KS is the saturated hydraulic con-
ductivity (m s− 1); θr and θs are the residual and saturated volumetric 
water contents (m3 m− 3), respectively; m is the empirical shape 
parameter (dimensionless); l is set to 0.5 (dimensionless); and Se is the 
relative saturation (dimensionless) . 

Specific heat capacities (J g− 1 K− 1) of relevant solids, liquid, air and 
vapor were obtained from De Vries (1963) (Table 1). Effective thermal 
conductivity and root water uptake were calculated using the models 
presented by Chung and Horton (1987) and Feddes et al. (1978), 
respectively (Table S1). The variable definitions in STEMMUS are shown 
in Table S2. 

2.3.3. Model domain 
Based on the conservation equations for moisture, energy, and dry 

air, three coupled partial differential equations were solved simulta-
neously using Galerkin’s finite element method for spatial discretization 
and a fully implicit backward difference approach for temporal dis-
cretization. The model domain was a 3.0 m deep profile, with instru-
mented observation nodes at 20, 40, 60, 80, and 100 cm depths. There 
were 38 discretization nodes in the model domain and the spatial dis-
cretization size was 1 cm for the top 0.1 m layer, 1.5 cm for the 0.1–0.2 

m layer, 5 cm for the 0.2–0.6 m layer, and 10 cm for the 0.6–1.0 m layer. 
The temporal step was set at 1 h. 

2.3.4. Initial and boundary conditions 
Soil moisture and temperature measured at the beginning of each 

simulation were taken as the initial conditions, and the initial soil air 
pressure was set as atmospheric pressure, expressed as: 

θ(z, t)|t=0 = θ0(z) (8)  

T(z, t)|t=0 = T0(z) (9)  

Pg(z, t)|t=0 = Pg0(z) (10)  

where t is time (s), z is the vertical space coordinate, θ(z, t)|t=0 and T(z,
t)|t=0 are the initially measured soil volumetric water content (cm3 

cm− 3) and temperature (◦C), respectively, Pg(z, t)|t=0 is the initial soil air 
pressure set as atmospheric pressure. 

The upper boundary for water transport was set by atmospheric 
forcing, compounded with soil evaporation, precipitation and irrigation, 
expressed as: 

(qL + qV)|z=0 = E − ρL(P+ I) (11)  

where E, P and I are actual evaporation flux (kg m− 2 s− 1), and precipi-
tation and irrigation rates (m s− 1), respectively. 

The bottom boundary for water transport was taken as free drainage. 
The measured upper and bottom soil temperatures were set as corre-
sponding boundary conditions for heat transport. For dry air transport, 
the measured atmospheric pressure was adopted as the surface upper 
condition, and the zero soil-air pressure gradient was set as the bottom 
condition. 

To achieve a reasonable tradeoff between computational effort and 
accuracy of the solution, the prescribed upper limits of independent 
variables were used to determine a new time step size automatically 
(Milly, 1982) in the form of: 

Δt = min

⎡

⎢
⎢
⎣

Xmax

maxi

(
dθi
dt

),
Tmax

maxi

(
dTi
dt

),
Pgmax

maxi

(
dPg i

dt

),
hmax

maxi

(
dhi
dt

)

⎤

⎥
⎥
⎦ (12)  

where maxi denotes maximization over all nodes i is the changes in state 
variables estimated from the most recent time step, and Xmax, Tmax, Pgmax 
and hmax are the upper limits of change for volumetric water content, 
temperature, atmospheric pressure, and matric potential, respectively. If 
the change exceeds the desired upper limits, the calculation of that time 
step is erroneous, and the time step will be repeated with a reduced time 
length. 

2.4. Model parameterization 

2.4.1. Soil hydraulic parameters 
The root zone soil profiles were uniformly divided into five layers to 

a depth of 1 m. Soil bulk density, saturated water content, and saturated 
hydraulic conductivity were measured for each of the five layers in the 
laboratory. The averaged soil bulk density was 1.52 g cm− 3 and the 
saturated hydraulic conductivity was 0.83 mm min− 1 (Table 1). The 
saturated water content was originally measured using the gravimetric 
method and then transformed to volumetric water content of 0.41 cm3 

cm− 3 by multiplying bulk density. Initial coefficients of the V-G model 
were obtained via the pedotransfer function (PTF) presented by Ugbaje 
and Reuter (2013), and equal to 1.654 (n), 0.034 (α), and 0.05 (θr), 
respectively. The clay fraction of soils was determined using a Master-
sizer 2000 Laser Particle Size Analyzer (Malvern, UK); the 0–100 cm 
average value was 0.08. 
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2.4.2. Crop parameters 
The initial light attenuation coefficient, parameters dependent on 

soil texture, were cited from Yu et al. (2016), setting to 0.39, 0.68 and 
2.0, respectively. Since we did not found the related L. barbarum 
evapotranspiration parameters before, we determined the crop coeffi-
cient at effective full ground cover according to Allen et al. (1998), and 
set it to 1.1 (for 1 m height fruit tree). 

The initial extinction coefficient was assumed at 0.6 according to Yu 
et al. (2016). While a previous study specifically discussed and derived 
the dynamic extinction coefficient from measured plant transpiration as 
a function of LAI (Tahiri et al., 2006), it is convenient to consider it as 
constant (Allen et al., 1998; Yu et al., 2016). A piecewise linear function, 
defined in Feddes et al. (1978), was used to describe the response of 
roots to the soil water pressure head. The input water stress parameters 
were − 10 cm (H1) for the water potential below which roots start to 
extract water; − 30 cm (H2) for the water potential below which roots 
extract water at the maximum possible rate; higher limit − 650 cm (H3H) 
and lower limit − 800 cm (H3L) for the limiting water potential values 
below which roots can no longer extract water at the maximum rate; 
− 5000 cm (H4) for the water potential below which root water uptake 
ceases. Minimum soil moisture for potential evaporation is used to 
calculate soil surface resistance (Van De Griend and Owe, 1994) and 
assumed to be 0.25 cm3 cm− 3 initially. 

2.5. Sensitivity test 

To identify influential parameters in the airflow - coupled soil 
moisture simulation, a series of sensitivity tests were executed before 
modeling by using one - factor - at - a - time (OAT) methodology 
(Arunrat et al., 2018), expressed as: 

Aswci =
|SWC1.1Xi − SWCXi | + |SWC0.9Xi − SWCXi |

0.2SWCXi

(13) 

where Aswci is the sensitivity coefficient of parameter Xi for soil water 
content; SWCXi is the simulated soil water content obtained by setting all 
parameters to default values; and SWC1.1Xi and SWC0.9Xi are simulated 
soil water contents obtained by setting parameter Xi to 110% and 90% of 
its default value, respectively, and all other parameters to default values. 
The sensitivity coefficient ranges from 0 (non-sensitivity) to 1 (extreme- 
sensitivity), with higher values representing higher sensitivity. 

2.6. Validation test 

Data collected in the first year (2018) was used to calibrate the model 
(Figs. S2, S3, S4), and data collected in the second year was used to 
assess model performance. The quality of model predictions was certi-
fied by calculating the root mean squared error (RMSE) and the index of 
agreement (d) was adopted as additional supporting information for a 
better understanding of RMSE. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(Mi − Pi)

2

√

(14)  

d = 1 −
∑n

i=1(Pi − Mi)
2

∑n
i=1(|Pi − M| + |Mi − M| )

2 (15)  

where Pi is a predicted value, Mi is the corresponding measured value, M 
is the mean measured values, i is the number of measurements, and n is 
the test dataset size. The d value ranges from 0 to 1. If the evaluated 
model accurately depicts the datasets, d should be close to 1, while low 
RMSE values indicate that most predictions are close to the observations. 

3. Results 

3.1. Meteorological variables 

The monitored 2 m height meteorological variables at the experi-
mental site are presented in Fig. 2. The experimental site is in a high 
altitude area, with a typical continental plateau climate, featuring low 
air oxygen concentration, low temperature, dry winds, and strong solar 
radiation. The average air temperature over the two years was 16 ℃, 
and average air pressure was 72 kPa. The highest daily solar radiation 
reached 8000 Wh m− 2 day− 1, while the recorded precipitation during 
crop growth period only attained 141 mm and 135 mm, respectively, in 
2018 and 2019, mainly concentrated in the vegetative growth stage. 
Potential evapotranspiration at the experimental site is very high, 
especially during vegetative growth, often reaching 6 mm d− 1. During 
crop growth, the vapor pressure deficit (VPD) waved unstably, as the 
calculated saturation vapor pressure was averaged to 2 kPa while actual 
local vapor pressure was approximately 0.9 kPa, resulting in strong 
potential evaporation. 

3.2. Sensitivity analysis 

We expected that parameters with Aswci values larger than 0.3 would 
impact simulations. The sensitivity tests showed that varying the pa-
rameters in the water flow module generated relatively large differences 
in modeling results, with four of the nine parameters with Aswci values 
greater than 0.3, while Ks attained this baseline. In contrast, only two of 
the 11 crop evapotranspiration module parameters had Aswci values 
slightly above 0.3 (Table 2). Most of the influential parameters were soil 
hydraulic parameters. The strongest influential parameter for soil 
moisture modeling was a V–G equation coefficient (n), with an Aswci 

value of 0.9. Aswci values for the identified influential parameters were 
ranked as follows: n > θs > α > η > θmin > H4 > Ks. 

3.3. Modeling performance 

3.3.1. Soil temperature and moisture 
Fig. S2 shows the calibration results of airflow - coupled soil tem-

perature at soil depths of 20, 40, 60, 80, and 100 cm. Due to unexpected 
destruction, several days’ soil temperature and moisture data were lost 
(Figs. S2 and S3), but soil temperature of different layers was simulated 
well in the whole crop growing period, The calculated index of agree-
ment (d) and RMSE ranged from 0.96 to 0.98 and 1.55 ℃ to 2.1 ℃ at 
20–100 cm soil profile, respectively. For the validation results (Fig. 3), 
during the growing season, observed soil temperature variations mainly 
occurred in shallow soil layers. STEMMUS satisfactorily captured the 
observations at the monitored depths. The calculated index of agree-
ment (d) and RMSE ranged from 0.93 to 0.95 and 0.77 ℃ to 1.04 ℃ at 
20–100 cm soil profile, respectively, with an averaged value of 0.94. 

The soil moisture simulations were acceptable for both calibration 
and validation stages (Figs. S3 and 4), with average values for d in the 
20–100 cm soil profile of 0.85 and 0.83, respectively. The moisture 
dynamics at 20–40 cm soil depths corresponding to rainfall/irrigation 
events were well - modeled, with values for d and RMSE for validation 
stage reaching 0.93 and 0.01 cm3 cm− 3 respectively. However, simula-
tions at 60 cm depth were not as good as in the shallow layers; apparent 
underestimation was observed under the calibration stage, while at the 
validation stage, the observations wavered slightly through the whole 
growing period due to limited water input whereas the simulated values 
exhibited the more intense responses to rainfall/irrigation and under-
estimated the observations. At 100 cm, the observations were portrayed 
well by the simulations, with d andRMSE values reaching 0.96 and 0.01 
cm3 cm− 3 respectively (Fig. 4). 

3.3.2. Evapotranspiration and soil evaporation 
The growth of Lycium barbarum L. begins in late May and ends at the 
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end of September, then enters dormancy. The simulations for daily crop 
evapotranspiration agreed acceptably with the observations during the 
whole growing period (Figs. S4 and 5). The d values attained 0.68 and 
0.83, and RMSE values attained 0.99 mm d–1 and 1.07 mm d–1 respec-
tively, for the calibration and validation stages. 

The simulations for daily soil evaporation were similar to the results 
of evapotranspiration. The variations in precipitation/irrigation were 
well portrayed, with only a few significant modeling errors were found 
across the entire growing season, with values for d and RMSE reaching 
0.72 and 0.53 mm d–1 respectively (Fig. 5). 

3.4. Impact of soil dry airflow 

Simulation differences when including the soil airflow mechanism 
occurred after rainfall or irrigation events, but not significantly (Fig. 6). 
Considering soil airflow transport immediately elevated the downward 
water vapor flux and liquid water flux after rainfall or surface irrigation, 
increasing the soil moisture modeling values and closing the observation 
gap. We therefore divided the simulated results throughout the whole 
growing season into periods of non-rainfall/irrigation (inter - rainfall) 
and rainfall/irrigation (intra - rainfall), and results indicated that irre-
spective of an inter - or intra - rainfall (or irrigation) period, considering 
soil airflow transport had little effects on the simulation of soil tem-
perature (Fig. 7). We used RMSE here as it showed clear differences for 
comparisons. The most apparent difference occurred at 60 cm, where 
considering soil dry airflow reduced RMSE by 1.1% during the intra- 
rainfall period. 

Incorporating airflow successfully improved soil moisture and 
evapotranspiration modeling precision when the water input from 
rainfall/irrigation reached 22.8 mm and beyond (Figs. 8 and 9). In 
comparison with the soil moisture simulations neglecting soil dry 

airflow, considering airflow reduced RMSE from 0.0% to 92.5% at 20 cm 
soil depth; beyond that depth, the improvements were less evident, with 
maximum reductions of 95.9%, 34.5%, 15.5%, and 6.7% at 40, 60, 80, 
and 100 cm, respectively. The airflow - coupled simulation reduced the 
evapotranspiration RMSE from 0.0% to 97.8% and evaporation RMSE 
from 0.0% to 99.3%. 

We thereafter integrated all the 35 rainfall/irrigation events during 
the validation period to compare the magnitude of water input on the 
airflow-coupled simulation (Fig. 10). For soil temperature, modeling 
values considering airflow presented the same but negligible increment 
as rainfall/irrigation amount; of which the increase was limited to 0.1 ◦C 
at most soil depths. The soil moisture modeling values when considering 
airflow at shallow soil layers also showed positive relationships with 
increasing water inputs—a 10 mm increase in rainfall/irrigation 
increased moisture modeling values by 0.2% at 20 cm soil depth, and the 
maximum increment reached 0.6%, while the obvious positive rela-
tionship between airflow and water inputs gradually weakened with 
depth. No clear distinctions were evident between the simulations with 
and without airflow at 100 cm soil depth. Airflow-coupled evapotrans-
piration and evaporation modeling values also had positive correlations 
with water inputs, with maximum values all approaching 0.2 mm d–1, 
when water inputs increased to 30 mm. 

4. Discussion 

Sensitivity analysis can be used to quickly identify sensitive param-
eters in modeling results and reduce the time required for calibrating 
parameters. Our sensitivity tests indicated that relatively influential 
parameters for airflow-coupled soil moisture prediction included soil 
hydraulic properties (Ks, θs, n, α, and η) and coefficients of the evapo-
transpiration equation (H4 and θmin) (Table 2). These results are 

Fig. 2. Two-year meteorological variables recorded at the experimental site during crop growth. Tmean is daily air temperature (℃), Rhmean is daily relative 
humidity (%), VPD is daily vapor pressure deficit (kPa) and ETp is daily potential evapotranspiration (mm d-1). 
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consistent with those of Ren et al. (2016), who also adopted the V-G and 
Feddes models to portray soil water dynamics. The most influential 
parameter was a coefficient of the V-G equation, confirming the 
importance of soil hydraulic functions in soil moisture modeling (Ver-
eecken et al., 2010; Luo et al., 2019). 

To our best knowledge, most simulation studies related to soil hy-
drothermal processes on the TP have focused on large-scale soil surface 
moisture retrieval (Bi et al., 2016; Wang et al., 2016; Yang et al., 2016; 
Zheng et al., 2018), streamflow simulation (Bai et al., 2016), or re-
sponses to climate change (Yang et al., 2011; Xue et al., 2014; Fan et al., 
2019; Zhang et al., 2019), or the soil freeze - thaw process (Hu et al., 
2015; Yu et al., 2018, 2020; Yang and Wang, 2019; Luo et al., 2020). 
There are no studies on root-zone soil hydrothermal dynamics simula-
tion during crop growth period in dry alpine agricultural regions. The 
harsh climatic environment of the alpine agricultural region and local 
coarse-textured soils have posed a challenge for data acquisition. Based 
on the calibrated parameters in the current study, STEMMUS portrayed 
soil temperature dynamics well within the vadose zone of alpine agri-
cultural fields under local traditional cultivation practice. The simulated 
soil temperatures were consistent with the observations (Fig. 3). 
Including airflow did not exert obvious effects on simulation accuracy 
but still increased modeling values slightly right after rainfall/irrigation 
events, which was aligned with a previous report (Zeng et al., 2011a). In 
addition to parameters (such as airflow equation’s or heat equation’s) or 
other possible uncertainties (such as the modeling result not converging) 
which could influence airflow coupled soil heat transfer as a previous 
study indicated (Martínez et al., 2016). A possible explanation for slight 
increment was the inclusion of effects of the air pressure gradient 
retarded water vapor transport which caused more water vapor to be 
condensed and consequently the release of latent heat, thus causing a 
temporary rise in the medium temperature (Zeng et al., 2011a). The high 
air velocity and open column actually provide a path for the air to 
escape, creating a condition for the air in the soil column to equilibrate 
quickly with the atmospheric pressure, which minifies the air pressure 
head gradients and leads to a small advective effect on soil vapor flow 

Table 2 
Sensitivity analysis for STEMMUS.  

No. Parameter Symbol Default 
value 

Calibrated 
value 

Aswci  

Crop evapotranspiration module     
1 Light attenuation 

coefficient (/) 
ζ 0.39 0.5  0.24 

2 Parameters dependent on 
soil texture (/) 

k 0.68 0.8  0.11 
3 m 2.0 2.3  0.23 
4 Crop coefficient at 

effective full ground cover 
(/) 

Kcbmax  1.10 1.25  0.11 

5 Extinction coefficient (/) τ 0.6 0.8  0.11 
6 Water stress function 

parameters (cm) 
H1  − 10 − 15  0.10 

7 H2  − 30 − 35  0.12 
8 H4  − 5000 − 6000  0.33 
9 H3L  − 800 − 600  0.24 
10 H3H  − 650 − 500  0.13 
11 Minimum soil moisture for 

potential evaporation (cm3 

cm− 3) 

θmin  0.3 0.25  0.35 

Water flow module     
1 Saturation hydraulic 

conductivity (mm min− 1) 
Ks  0.83 0.81  0.30 

2 Saturated water content 
(cm3 cm− 3) 

θs  0.41 0.38  0.45 

3 Residual water content 
(cm3 cm− 3) 

θr  0.05 0.04  0.18 

4 Coefficient in V-G model 
(/) 

n 1.654 1.702  0.90 

5 Coefficient in V-G model 
(/) 

α 0.034 0.004  0.44 

6 Soil porosity (/) η 0.43 0.45  0.39 
7 The fraction of clay (/) f 0.036 0.025  0.21 

Note: θs, Ks and η were measured in the laboratory. Other default parameters in 
the V-G model were obtained via the pedotransfer function (PTF) presented by 
Ugbaje and Reuter (2013) and the initial parameters of the Feddes equation were 
obtained from the HYDRUS database (Šimůnek and van Genuchten, 2008). 

Fig. 3. Comparison of simulated (pink dots) and observed (blue line) daily soil temperature at (top to bottom): 20, 40, 60, 80, and 100 cm soil depth during the 
growing period. Blue bars indicate the amount of precipitation and irrigation (P + I); pink bars indicate standard errors (n = 3). DOY is day of year. 
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(Zeng et al., 2011b), and therefore did not affect the two-phase flow 
(air–water flow) noteworthily. However, in other cases when the col-
umn was sealed (no air escape from the bottom) and the top of the 
column saturated or close to saturation (Zeng et al., 2011a), the air 
phase had a more apparent influence on the water phase flow. The 

relatively higher deviations between simulated and observed soil tem-
peratures at 100 cm depth may be partly attributed to measurement bias 
associated with the sensors or the coarse-textured soils at the experi-
mental site (Pan et al., 2015). This reflected the limited averaging of 
biases rather than a limitation of the models per se. Further study is 

Fig. 4. Comparison of simulated (gray dots) and observed (blue line) daily soil moisture at (top to bottom): 20, 40, 60, 80, and 100 cm soil depth during the growing 
period. Blue bars indicate the amount of precipitation and irrigation (P + I); gray bars indicate standard errors (n = 3). DOY is day of year. 

Fig. 5. Comparison of simulated (green dots) and observed (black line) daily crop evapotranspiration (ET) and soil evaporation rates (E) during the growing season. 
Blue bars indicate the amount of precipitation and irrigation (P + I); green bars indicate standard errors (n = 2 and 9 for ET and E, respectively). DOY is day of year. 
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needed to conduct multi-point modeling on the TP (i.e., central and 
western regions) to evaluate STEMMUS performance on alpine agri-
cultural lands. 

During crop growth, the soil moisture modeling results agreed 
reasonably well with the observations, and the water dynamics 

following precipitation/irrigation events were well captured (Fig. 4). 
However, there were clear discrepancies at 60 and 80 cm soil layers. We 
concluded three possible reasons: firstly, this may be due to the high 
gravel and sand contents of the experimental soils, which can cause 
deviations by using general hydraulic parameter estimations according 
to several previous studies (Cerda, 2001; Rücknagel et al., 2013; Gor-
dilloRivero et al., 2014; Zhao et al., 2018). Secondly, the poor simula-
tion results might be attributed to the assumption of soil profile texture 
uniformity in the model (Zeng et al., 2011a; Zeng et al., 2011b). As 
sensitivity analysis suggested (Table 2), modeling results were sensitive 
to the input soil hydraulic properties, thus neglecting the heterogeneity 
of the actual soil would inevitably lead to the reduction of simulation 
accuracy. A further step of model improvement is needed to consider 
different soil layer’s characteristics. Thirdly, the soil has high contents of 
gravel and sand, and holes and macro - pores formed by little reptiles 
and decaying root matter, which could contribute to preferential flow 
pathways (Geiger and Durnford, 2000), and sensors installed closely to 
such pathways could lead to observation errors (Ramos et al., 2012; Yu 
et al., 2016). Incorporating airflow slightly but successfully improved 
20–100 cm depth soil moisture modeling accuracy after precipitation or 
irrigation events happened (Fig. 8). This may be due to the consideration 
of airflow that retarded the water vapor transport right after precipita-
tion/irrigation events, causing more water vapor to be condensed, and 
thus indirectly raised the liquid flux, making simulations closer to 
measurements than neglecting airflow (Fig. 6). 

Crop evapotranspiration is the main method of water consumption in 
farmland, which binds to crop water use efficiency and yield (Wang 
et al., 2020). The P–M model is used worldwide to simulate crop 
evapotranspiration. Yu et al. (2016) embedded the P–M model into 
STEMMUS and successfully captured observed daily maize 

Fig. 6. Comparison of the airflow transport considering (red line) and neglecting (black line) soil moisture simulations at 20 cm soil layer after water input. HAM is 
the hour after starting the measurement, Ql is liquid water fluxes (10–6 g cm− 2 s− 1), Qv is water vapor fluxes (10–9 g cm− 2 s− 1), and Qa is soil dry air flux (10–9 g 
cm− 2 s− 1). 

Fig. 7. Comparison of RMSE values for soil temperature simulations during 
inter- and intra-rainfall (or irrigation) periods at the indicated depths. 
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evapotranspiration and soil evaporation rates. By calibrating soil and 
crop parameters, we also obtained the fitting modeling results for Lycium 
barbarum L. evapotranspiration and soil evaporation (Fig. 5). Errors in 
evaporation modeling may have been partly due to micro - lysimeter 
errors as previous studies indicated (Daamen et al., 1993; Kidron and 
Kronenfeld, 2017), which may arise from exclusion of roots from the 
lysimeters (Wei et al., 2015). Coupling soil dry airflow successfully 
improved the modeling precision of evapotranspiration and evaporation 
following precipitation or irrigation events (Fig. 9), which was attrib-
uted to the increase in modeling values, therefore reducing the 

discrepancies between simulated and observed values. 
Vapor flow, which is dependent on soil matric potential and tem-

perature, links soil water and heat transfer processes (Yu et al., 2020), 
can be significantly impacted by airflow in dry soil (Zeng et al., 2011a), 
and calls for a clear guidance model (Moldrup et al., 2013). In this study, 
however, airflow’s impacts on soil water flow was not apparent which 
was partly ascribed to our open soil column condition, but we found 
heavy rainfall or irrigation would trigger the modeling differences when 
we considered soil airflow transport. Simulations when considering 
airflow had a positive correlation with increasing water inputs (Fig. 10), 

Fig. 8. Comparison of soil moisture modeling precision with (black) and without (red) considering airflow at (top to bottom) 20, 40, 60, 80, and 100 cm soil depth 
under monitored precipitation/irrigation events (P + I, blue bars). Red and black bars indicate standard errors (n = 3). 

Fig. 9. Comparison of evapotranspiration/evaporation modeling precision with (black) and without (red) considering airflow under monitored precipitation/irri-
gation events (P + I, blue bars). Red and black bars indicate standard errors (n = 3). 
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which might be due to the strong variation in the soil matric potential 
gradient after significant precipitation/irrigation events, which subse-
quently affected the soil air pressure gradient at the surface, enhanced 
the magnitude of vapor flux by driving advective vapor transport (Zeng 
et al., 2011a), and indirectly increased total water flux. For soil moisture 
modeling (Fig. 10f - j), airflow behavior became weaker with increasing 
soil depth, which may be partially attributed to the limited precipitation 
and irrigation on the study site, which could only support minor water 
supplement when it came to deeper layers, weakened variations of soil 
matric potential and therefore airflow’s effects. For evapotranspiration 
simulations (Fig. 10k), the positive relationships between airflow- 
coupled modeling values and water input could be partially attributed 
to the same patterns in evaporation simulations, as it was obtained by 
summing transpiration and evaporation rates. The enhanced surface 
evaporative flux simulations after significant precipitation/irrigation 
events could be partly related to the unstable wind speed at the soil 
surface, or the increase in soil matric potential in the topsoil layer which 
changes the soil air pressure gradient at the surface, promotes advective 
vapor transfer which is an important portion of evaporation, and further 

enhances the magnitude of soil evaporation flux (Zeng et al., 2011b; 
2013). 

5. Conclusion 

This study demonstrated that STEMMUS can reliably describe the 
soil hydrothermal process and evapotranspiration dynamic in dry alpine 
agricultural land. Coupling soil dry airflow affected the soil hydrother-
mal process modeling, and the impact of considering airflow following 
rainfall/irrigation events was positively correlated with increasing 
water inputs. Considering airflow did not produce apparent differences 
but still successfully improved the modeling precision for soil moisture 
(reduction of RMSE values ranging from 0 to 95.9%), evapotranspiration 
(reduction of RMSE values ranging from 0 to 97.8%) and evaporation 
(reduction of RMSE values ranging from 0 to 99.3%) following rainfall/ 
irrigation events. Our findings offer insight into the role of airflow in the 
complex soil physical processes in arid agricultural land and highlight 
that rainfall/irrigation inputs are a major factor affecting simulations 
when airflow is considered. 

Fig. 10. Modeling discrepancy (simulation without considering airflow subtracted from simulation considering airflow) of (a–e) 20–100 cm soil temperature (℃), 
(f–j) soil moisture (%), (k) evapotranspiration (mm d–1), and (l) evaporation (mm d–1) under water input (rainfall/irrigation) gradient. 
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