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ABSTRACT

Alpine wetland is one of the typical underlying surfaces on the Qinghai–Tibet Plateau. It plays a crucial role in runoff
regulation.  Investigations  on  the  mechanisms  of  water  and  heat  exchanges  are  necessary  to  understand  the  land  surface
processes  over  the  alpine  wetland.  This  study  explores  the  characteristics  of  hydro-meteorological  factors  with  in  situ
observations  and  uses  the  Community  Land  Model  5  to  identify  the  main  factors  controlling  water  and  heat  exchanges.
Latent heat flux and thermal roughness length were found to be greater in the warm season (June–August) than in the cold
season (December–February), with a frozen depth of 20–40 cm over the alpine wetland. The transfers of heat fluxes were
mainly controlled by longwave radiation and air  temperature and affected by root  distribution.  Air  pressure and stomatal
conductance were also important to latent heat flux, and soil solid water content was important to sensible heat flux. Soil
temperature was dominated by longwave radiation and air temperature, with crucial surface parameters of initial soil liquid
water content and total water content. The atmospheric control factors transitioned to precipitation and air temperature for
soil  moisture,  especially  at  the  shallow  layer  (5  cm).  Meanwhile,  the  more  influential  surface  parameters  were  root
distribution and stomatal conductance in the warm season and initial soil liquid water content and total water content in the
cold season. This work contributes to the research on the land surface processes over the alpine wetland and is helpful to
wetland protection.
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Article Highlights:

•  The frozen depth of Zoige alpine wetland is between 20 cm and 40 cm.
•  Longwave  radiation  and  air  temperature  are  dominant  atmospheric  factors  controlling  land  surface  processes  over  the

alpine wetland.
•  Root distribution and liquid water content have greater influence on heat fluxes and water and heat transfers within the

soil, respectively.
 

 
 

 1.    Introduction

The  Qinghai–Tibet  Plateau  (QTP)  is  characterized  by

complex and diverse topographic features, and there are sig-
nificant  differences  in  water,  heat,  and  momentum  flux
exchange  under  different  underlying  surfaces  (Luo  et  al.,
2018; Sun et al.,  2020). To obtain a good understanding of
the land surface processes on the QTP, a series of atmospheric
science experiments have been carried out since the 1970s,
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such  as  the  Qinghai–Tibet  Plateau  meteorological  science
experiment and the third Tibetan Plateau atmosphere scien-
tific  experiment  (Zhao  et  al.,  2018).  The  water  and  heat
exchanges  between  the  land  and  atmosphere  are  generally
impactful on the QTP due to strong solar radiation and are fur-
ther considerably regulated by the complex terrain (Lu et al.,
2020).  In the pre-monsoon period,  sensible heat  flux is  the
major  energy  source  delivering  heat  to  the  atmosphere,
whereas latent heat flux is greater than sensible heat flux dur-
ing the monsoon season (Li et  al.,  2015).  Additionally,  the
transfers of water and heat in the soil reinforce the complexity
of  land–atmosphere  interactions  (Ma  et  al.,  2022).  Soil
water content changes surface albedo, heat capacity, and vege-
tation  growth  conditions,  and  soil  temperature  affects  soil
water movement and transformation processes, further affect-
ing the energy and water cycles (Chen et al., 2018).

As an important component of the QTP, alpine wetland
is one of the most climate-sensitive and ecologically vulnera-
ble  areas  (Chen  et  al.,  2020).  Its  responses  to  climate
changes have varied spatially and temporally due to different
geographic environments, variety of wetland formation, and
human disturbances (Wang et al., 2020). The water and heat
transfers over the alpine wetland have important ecological
functions, such as water supply (Elias et al., 2001) and climate
regulation (Wong et al., 2017). The wetland area decreased
overall  at  a  rate  of  0.23%  yr–1 on  the  QTP  during  1970–
2006 (Zhao et al., 2015), and the areas of freshwater marsh,
salt marsh, and wet meadow declined by 46.6%, 53.9%, and
15.6%,  respectively,  from  1970–2010s  (Xue  et  al.,  2018).
The  evapotranspiration  of  wetland  is  mainly  supported  by
the  soil  water  from  lateral  flow  from  the  melting  of
upstream  glaciers  and  snow  (Wang  et  al.,  2022),  although
the surface still becomes dry and the runoff has been decreas-
ing with continued climate warming (Zhang et al., 2016). Fur-
thermore, there are many studies on the classification, infor-
mation extraction, biodiversity, greenhouse gases, landscape
diversity, and degradation over the alpine wetland (Jiang et
al., 2017; Maucieri et al., 2017; Kaplan and Avdan, 2019; Ori-

moloye  et  al.,  2020).  However,  the  mechanisms  of  water
and heat exchanges among soil, alpine wetland surface, and
atmosphere, as well as the influences of atmospheric forcing
factors  and  surface  parameters  have  rarely  been  discussed
up to now due to the lack of the observations.

This  study  aims  to  investigate  the  characteristics  of
hydro-meteorological factors over the alpine wetlands in the
warm  season  (June–August)  and  cold  season  (December–
February)  with in situ observations from the Zoige Plateau
Wetland  Ecosystem  Research  Station  of  the  Chinese
Academy of Sciences.  Combined with the latest  version of
the Community Land Model (CLM) 5, the contributions of
atmospheric  factors  and  new  surface  parameters  in  the
CLM5 to the water and heat transfers among soil, alpine wet-
land  surface,  and  atmosphere  are  also  evaluated.  This
research will help advance our understanding of the land sur-
face  processes  over  the  alpine  wetland  on  the  QTP  and
holds great significance for the optimization of parameteriza-
tion schemes in the model.

 2.    Study area and data

The  Zoige  Alpine  wetland  (7080  km2)  is  the  largest
plateau marsh wetland in  the  world,  located  on the  eastern
margin  of  the  QTP,  with  an  average  elevation  of  approxi-
mately  3500  m  (Chen  et  al.,  2018).  It  belongs  to  the  sub-
humid  continental  monsoon  climate  zone,  and  the  mean
annual temperature and precipitation were 0.7°C and 645 mm,
respectively, during 1975–2011 (Li et al., 2014). The domi-
nant  plants  are  swamp  and  meadow  vegetation,  including
Trollius farreri, Caltha palustris, Carex mulienses, and Gen-
tiana formosa.

The Zoige Plateau Wetland Ecosystem Research Station
(Fig.  1)  of  the  Chinese  Academy  of  Sciences  (102°48'E,
33°54'N)  is  a  freshwater  site  in  the  Flower-lake  Natural
Reserve,  with  a  T-200B  precipitation  rain  gauge,  a  set  of
eddy-covariance  systems  (HMP155A,  CSAT3  ultrasonic
anemometer, and PTB210), and an ECH20 EC-TM produced

 

 

Fig.  1. The  geographic  location  and  observational  instruments  of  the  Zoige  Plateau  Wetland  Ecosystem
Research Station of the Chinese Academy of Sciences (upper right and lower right panels are in the thawing
period and frozen period, respectively).
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by Campbell Scientific in Utah, USA (Chen et al., 2018). A
CR5000 data acquisition unit was used to collect the observa-
tions  of  air  temperature,  relative  humidity,  wind  speed,  air
pressure, precipitation, downward and upward shortwave radi-
ation,  downward  and  upward  longwave  radiation,  friction
velocity, sensible heat, latent heat, and soil moisture and tem-
perature  at  five  depths  (5  cm,  10  cm,  20  cm,  40  cm,  and
80  cm)  at  a  frequency  of  30  min.  Datasets  from  2017–18
were divided into warm season (June–August) and cold sea-
son (December–February)  parts  after  quality  control  (Chen
et al., 2020), with an energy closure of 0.81.

 3.    Methodology

 3.1.    The calculation of roughness lengths

The  Monin–Obukhov  similarity  theory  was  used  to
describe flux–gradient relationships in a surface layer. Land
surfaces have diverse responses to airflow, which can be indi-
cated by the aerodynamic roughness length Z0m (m), which
refers to the height above the ground where the wind speed
is zero. The thermal roughness length Z0h (m) is the height
at which the temperature profile is epitaxial to the surface tem-
perature. Z0m and Z0h can be calculated with the logarithmic
wind profile method (Yang et al., 2008) 

lnZ0m = ln(Z)−ψm(ζ)− ku/u∗ , (1)
 

lnZ0h = ln(Z)−ψh(ζ)− k(Ta−T0)/PrT∗ , (2)
 

ζ = Z/L = ZkgT∗/Tau2
∗ , (3)

k
ζ

ζ >= 0 ζ < 0 u∗
T∗

ψm ψh

where Z (=2.5 m) is  the observation height,  (=0.4) is  the
von  Kármán  constant, u is  the  wind  speed  (m),  is  the
atmospheric  stability, L is  the  Obukhov  length  (m), g
(=9.81 m s–2) is the gravitational constant, Ta is the air temper-
ature (K), T0 is  the surface skin temperature (K), Pr (=1, if

 and 0.95, if ) is the Prandtl number,  is the fric-
tional velocity (m s–1),  is  the frictional temperature (K),
and  and  are  the  integrated stability  correction terms
for  wind  and  temperature  profiles,  respectively.  According
to the universal functions shown in Högström (1996), 

ψm(ζ )=
{

ln[(1+ x2)(1+ x)2/8]−2tan−1x+π/2 (ζ < 0)
−6ζ (ζ ⩾ 0)

,

(4)
 

ψh(ζ) =
{ 2ln((1+ y)/2) (ζ < 0)
−7.8ζ (ζ ⩾ 0) , (5)

 

x = (1−19.3ζ )1/4, y = 0.95(1−11.6ζ)1/2. (6)

T∗Following  the  Monin–Obukhov  similarity  theory, 
can  be  obtained  from  the  sensible  heat  flux  calculation
scheme as follows: 

T* = −H/(ρcpu∗) , (7)

ρ

cp

L ↑
L ↓

where H is the sensible heat flux (W m–2),  is the air density
(kg m–3), and  (=1004 J (kg K)–1) is the specific heat of air
at  constant  pressure. T0 is  converted  from  the  observed
upward  longwave  radiation  ( )  and  downward  longwave
radiation ( ): 

εσT 4
0 = L ↑ −(1−ε)L ↓ , (8)

ε σwhere  (=0.975)  is  the  spectral  radiance  and  [=5.67×
10–8 W (K4 m2)–1] is the Stefan–Boltzmann constant.

 3.2.    Numerical simulations

The CLM5 has been updated with notable improvements
in soil and plant hydrology, snow density, carbon and nitrogen
cycling  and  coupling,  river  modeling,  and  crop  modeling
(Lawrence et al.,  2019). It has been used in many previous
studies  for  the  simulations  of  heat  and  water  transfer  pro-
cesses. The forcing datasets for the CLM5 include air tempera-
ture,  relative  humidity,  wind  speed,  air  pressure,  precipita-
tion, and downward shortwave radiation and longwave radia-
tion at a frequency of 30 min. To check the main atmospheric
factors controlling the heat flux transfer between the atmo-
sphere  and  alpine  wetland  surface  and  the  changes  in  soil
moisture and soil temperature, a set of point sensitivity tests
(shown in Table 1) were carried out for air temperature, rela-
tive humidity, air pressure, precipitation, and downward short-
wave radiation and longwave radiation with two perturbations
(25% increase (IN) and 25% decrease (DE) of  default  val-
ues). In addition, the influences of two new surface parame-
ters [Medlynslop (Med) and Rootprof_beta (Root)] and the
initial  soil  water  states  [Initial  soil  solid  water  content
(Solid), Initial soil liquid water content (Liq), and Initial soil
water  content  (SW)]  were  also  evaluated  with  IN  and  DE
tests, and the results are summarized in Table 1. Medlynslop
and Rootprof_beta represent the influences of stomatal con-
ductance and root distribution, respectively. The CLM5 has
15 soil layers, ranging from 0.0071 m to 35.1776 m. Due to
different frozen characteristics of soil moisture and soil tem-
perature  over  the  alpine  wetland  (section  4.1),  the  5-cm

Table  1.   Sensitivity  tests  for  atmospheric  variables  and  surface
parameters.

Factors +25% −25%

Relative humidity IN_RH DE_RH
Longwave radiation IN_LR DE_LR

Air pressure IN_AP DE_AP
Precipitation IN_P DE_P

Air temperature IN_AT DE_AT
Shortwave radiation IN_SR DE_SR

Medlynslop IN_Med DE_Med
Rootprof_beta IN_Root DE_Root

Initial soil solid water content IN_Solid DE_Solid
Initial soil liquid water content IN_Liq DE_Liq

Initial soil water content IN_SW DE_SW
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depth (thickness is 4.55 cm) and 40-cm depth (thickness is
20.38 cm) were extracted to represent the shallow layer and
deep layer, respectively. Land use type was set as 100% wet-
land,  and  spin-up  (30  yr)  was  performed  before  the  model
reached a steady state.

 4.    Results

 4.1.    Characteristics of hydro-meteorological factors

Figure  2 shows  the  variations  in  heat  fluxes  in  the
warm season and cold season and the changes in soil moisture
and  soil  temperature.  The  diurnal  sensible  heat  flux  and
latent heat flux were unimodal in both the warm season and
cold  season,  with  peak  values  at  approximately  1400  LST
(Local  Standard  Time;  LST =  UTC +8  h).  The  fluctuation
of  sensible  heat  flux  was  greater  before  1600  LST  in  the
cold season and during 1600–2300 LST in the warm season,
respectively, while the latent heat flux was always greater in
the  warm  season  than  in  the  cold  season.  As  shown  in
Fig.  2c,  soil  moisture  was  greater  than  0.6  m3 m–3 in  the
alpine  wetland  during  the  thawing  period.  It  is  noteworthy
that  the  freeze  mainly  occurred  in  the  shallow  layers
(5  cm–20  cm),  and  soil  moisture  was  always  within
0.6 m3 m–3–0.8 m3 m–3 in the deep layers (40 cm and 80 cm)
during the cold season. This is supported by the observation
shown in Fig. 2d, in which the soil  temperature was above
0°C in the deep layers. Therefore, 5 cm–20 cm and 40 cm–
80  cm  were  regarded  as  shallow  layers  and  deep  layers,
respectively.  Soil  temperature  decreased from August  until
February in the shallow layers. It was hysteretic in the deep
layers.

On account of great differences in water and heat trans-

fers in the warm season and cold season, the characteristics
of  atmospheric  factors  and  land  surface  parameters  might
also  vary  with  season. Figure  3 shows  important  atmos-
pheric and land surface factors. The friction velocity was posi-
tively correlated with wind speed, and it had a greater increas-
ing rate in the cold season than in the warm season. Air tem-
perature  and  surface  temperature  were  below  0°C  at
1800–0800 LST,  and  during  this  time they  were  mostly  in
agreement in the warm season and cold season. The surface
temperature  was  higher  than  the  air  temperature  in  the
daytime.  The  crest  value  of  the  surface  temperature
occurred  at  1400  LST,  and  the  maximum  air  temperature
was delayed to approximately 1600 LST. Notably, the surface
temperature was higher in the cold season than in the warm
season in the afternoon (specifically from 1100–1800 LST).
This might be due to the great evaporation in the warm sea-
son. Figures 3c–d show the frequency distributions and slid-
ing averages of the aerodynamic roughness length (Z0m) and
thermal  roughness  length  (Z0h).  They  were  each  assigned
the results of their crest values. Z0m was greater in the cold
season than in the warm season, with values of 0.039 m and
0.064  m,  respectively.  However, Z0h was  greater  in  the
warm  season,  and Z0h was  an  order  of  magnitude  smaller
than Z0m in the cold season.

 4.2.    Atmospheric control factors

Water and heat interactions between land and atmosphere
are mainly controlled by radiation transfer and water vapor
transfer, corresponding to incident shortwave and longwave
radiation  and  relative  humidity  and  precipitation,  respec-
tively.  In  addition,  air  temperature  and  air  pressure  also
impact water and heat transfer as driving factors in the land
surface models. To check the influences of atmospheric fac-
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Fig. 2. The characteristics of water and heat budgets over the alpine wetland [(a) and (b) are diurnal variations of heat fluxes
in the warm season and cold season; (c) and (d) are soil moisture and soil temperature at five soil depths].
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tors on the transfers of sensible heat and latent heat flux in
the warm season and cold season, sensitivity tests were per-
formed and are shown in Fig. 4. The 5-cm depth and 40-cm
depth were selected to represent the shallow layer and deep
layer,  respectively,  for their  significant fluctuations in time
series. The energy was not conserved in IN_AT. Compared
to other factors, the changes in incident longwave radiation
had a greater influence on sensible heat flux at night in the

warm  season  with  an  average  deviation  of  37.0  W  m–2,
while the most controlling factor during the day was air tem-
perature, followed by incident longwave radiation, air pres-
sure,  and  incident  shortwave  radiation.  Similar  results  are
found for sensible heat in the cold season, but the influences
of longwave radiation and air temperature wane. Their aver-
age  deviations,  compared  with  the  control  test,  dropped  to
23.9 W m–1 and 27.7 W m–2,  respectively. Latent heat flux
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Fig. 3. The characteristics of atmospheric factors and land surface parameters over the alpine wetland [(a), (c), and (d) are
frequency  distributions  of  friction  velocity,  wind  speed,  aerodynamic  roughness,  and  thermal  roughness;  (b)  is  diurnal
variations of air temperature and surface temperature].
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Fig. 4. The sensitivity tests of atmospheric factors affecting heat fluxes in the warm and cold seasons (the first line and second line
are 25% increase and decrease of the control test, respectively).
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was primarily controlled by incident longwave radiation and
relative humidity at night in the warm season. The main influ-
encing  factors  in  the  daytime  were  air  temperature  and  air
pressure,  and  the  latent  heat  flux  mainly  decreased  in
DE_AT  with  an  average  deviation  of  15.5  W  m–2.  Latent
heat flux also changed with incident longwave radiation, rela-
tive  humidity,  and  air  temperature  in  the  cold  season,  but
the influences of  atmospheric  factors  were negligible  com-
pared with sensible heat flux.

Atmospheric factors also impact water and heat transfer

within the soil. Figures 5 and 6 show the changes in soil tem-
perature  and  soil  moisture  under  sensitivity  tests  in  the
warm season and cold season. The fluctuation was very signif-
icant  in  the  shallow layer.  Soil  temperature  was  dependent
on  incident  longwave  radiation  in  both  the  shallow  layer
and deep layer in the warm season and cold season. The air
temperature  was  also  influential  on  soil  temperature  in  the
shallow  layer  with  an  average  deviation  of  2.5°C.  On  all
accounts,  incident  longwave  radiation  and  air  temperature
were  control  factors  whose  influences  on  soil  temperature

 

 

Fig. 5. The sensitivity tests of atmospheric factors affecting soil temperature in the warm and cold seasons [the first line and second
line are 25% increase and decrease of the control test, respectively; smooth lines in (a–d) are corresponding nonlinear fittings with
correlation coefficients greater than 0.8].

 

6/1 6/15 6/30 7/15 7/31 8/15 8/31

Day

0

0.2

0.4

0.6

0.8

1.0

S
o
il 

m
o
is

tu
re

 a
t 
5
 c

m

in
 w

a
rm

 s
e
a
s
o
n
 (

m
3
/m

3
)

6/1 6/15 6/30 7/15 7/31 8/15 8/31

Day

0

0.2

0.4

0.6

0.8

1.0

S
o
il 

m
o
is

tu
re

 a
t 
5
 c

m

in
 w

a
rm

 s
e
a
s
o
n
 (

m
3
/m

3
)

12/112/1512/311/15 1/31 2/152/28

Day

0

0.2

0.4

0.6

0.8

1.0

S
o
il 

m
o
is

tu
re

 a
t 
5
 c

m

in
 c

o
ld

 s
e
a
s
o
n
 (

m
3
/m

3
)

12/112/1512/311/15 1/31 2/152/28

Day

0

0.2

0.4

0.6

0.8

1.0

S
o
il 

m
o
is

tu
re

 a
t 
5
 c

m

in
 c

o
ld

 s
e
a
s
o
n
 (

m
3
/m

3
)

6/1 6/15 6/30 7/15 7/31 8/15 8/31

Day

0

0.2

0.4

0.6

0.8

1.0

S
o
il 

m
o
is

tu
re

 a
t 
4
0
 c

m

in
 w

a
rm

 s
e
a
s
o
n
 (

m
3
/m

3
)

6/1 6/15 6/30 7/15 7/31 8/15 8/31

Day

0

0.2

0.4

0.6

0.8

1.0

S
o
il 

m
o
is

tu
re

 a
t 
4
0
 c

m

in
 w

a
rm

 s
e
a
s
o
n
 (

m
3
/m

3
)

12/112/1512/311/15 1/31 2/152/28

Day

0

0.2

0.4

0.6

0.8

1.0

S
o
il 

m
o
is

tu
re

 a
t 
4
0
 c

m

in
 c

o
ld

 s
e
a
s
o
n
 (

m
3
/m

3
)

IN_RH
IN_LW
IN_AP
IN_P
IN_AT
IN_SW
Control

12/112/1512/311/15 1/31 2/152/28

Day

0

0.2

0.4

0.6

0.8

1.0

S
o
il 

m
o
is

tu
re

 a
t 
4
0
 c

m

in
 c

o
ld

 s
e
a
s
o
n
 (

m
3
/m

3
)

DE_RH
DE_LW
DE_AP
DE_P
DE_AT
DE_SW
Control

(e)

(f)(d)

(c)

(b)

(a)

(h)

(g)

 

Fig. 6. The sensitivity tests of atmospheric factors affecting soil temperature in the shallow layer (a–d) and deep layer (e–h) in the
warm and cold seasons (the first line and second line are 25% increase and decrease of the control test, respectively).
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reached  the  40-cm  depth.  Soil  temperature  decreased  with
increasing air pressure and incident shortwave radiation and
decreasing incident longwave radiation and relative humid-
ity, especially in the warm season. Soil moisture fluctuated
at  a  depth  of  5  cm  in  the  warm  season.  It  decreased  with
increasing  incident  longwave  radiation  and  air  temperature
and decreasing precipitation, relative humidity, air pressure,
and  incident  shortwave  radiation.  The  control  factors  were
precipitation and air temperature in the warm season, with a
more significant  influence on the  shallow layer  (0.02 m3 m–3

and 0.01 m3 m–3,  respectively). However, the influences of
atmospheric  factors  were  greater  in  the  cold  season,  in
which incident longwave radiation and air temperature were
more important to soil moisture. In addition, the influences
of precipitation and relative humidity were also noteworthy
at the 5-cm depth, and air pressure was important to soil mois-
ture at the 40-cm depth.

 4.3.    Surface influential variables

Medlynslop and rootprof_beta are two new parameters
in  photosynthesis  and  the  plant  hydraulic  scheme,  respec-
tively.  A high Medlynslop indicates  high stomatal  conduc-
tance, and rootprof_beta nonlinearly affects vertical root distri-
bution in plant hydraulics (Lawrence et al.,  2019). In addi-
tion, the initial water states of the soil,  including the initial
soil solid water content, initial soil liquid water content, and
initial  soil  water  content,  are  also  important  to  water  and
heat  transfer  within  the  soil  and  between  the  land  surface
and atmosphere. Figure 7 shows the influences of those sur-
face parameters on the heat  fluxes in the warm season and
cold season. Sensible heat flux and latent heat flux were over-
estimated  and  underestimated  by  the  CLM5,  respectively.
Compared to simulations in the warm season, the differences
with observations were reduced in the cold season. Sensible
heat flux decreased with increasing rootprof_beta and initial

soil liquid water content during the day in the warm season,
and  the  most  influential  parameters  were  Medlynslop
(2.8  W m–2)  and  rootprof_beta  (4.5  W m–2).  However,  the
influences of surface parameters on sensible heat flux dimin-
ished  in  the  cold  season.  Latent  heat  flux  was  also  mainly
influenced  by  Medlynslop  and  rootprof_beta,  and  it
decreased with increasing rootprof_beta and decreasing Med-
lynslop in  the  warm season,  while  the  influence of  surface
parameters was negligible in the cold season.

Figures 8 and 9 show the influences of Medlynslop, root-
prof_beta,  and  initial  soil  water  content  on  water  and  heat
transfer in the shallow soil layer and deep soil layer. Com-
pared  to  other  surface  parameters,  the  initial  soil  liquid
water content and total  water content were dominant influ-
ences on soil temperature at the 5-cm depth in the warm sea-
son.  Soil  temperature  decreased  with  the  initial  soil  solid
water content in the shallow soil layer, but it was the opposite
in the deep soil layer. The most influential parameter to soil
temperature at the 40-cm depth in the warm season was the
initial soil liquid water content with an average deviation of
0.38°C, while the initial soil solid water content was as impor-
tant as the initial soil liquid water content with the opposite
effect in the cold season. Soil moisture increased with decreas-
ing initial soil liquid water content and increasing initial soil
solid  water  content  and  total  water  content.  It  was  mainly
affected by rootprof_beta and Medlynslop in both the shallow
layer  (0.004  m3 m–3 and  0.006  m3 m–3,  respectively)  and
deep layer (0.003 m3 m–3 and 0.004 m3 m–3, respectively) in
the warm season, while the surface control factors were initial
soil liquid water content (0.08 m3 m–3) and total water content
(0.07 m3 m–3)  in  the  shallow layer  in  the  cold  season.  The
influence  of  the  initial  soil  solid  water  content  was
improved to soil moisture in the deep layer.
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Fig. 7. The sensitivity tests of surface variables affecting sensible heat flux (a–b) and latent heat flux (c–d) in the warm and
cold seasons.
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 5.    Discussion

With the advancements of atmospheric boundary layer
experiments  and  in  situ  observations,  there  has  been  great
progress  on  understanding  the  land  surface  processes  over
the  alpine  wetlands  in  the  QTP.  Research  has  shown  that
alpine  wetland  has  significant  seasonal  variations  in
land–atmosphere  energy  exchanges  (Wang  et  al.,  2022).
This  study  investigated  the  observations  of  water  and  heat
exchanges over the Zoige alpine wetland and provided two
findings. One is the frozen depth of alpine wetland. The com-

bined results of soil moisture and soil temperature show that
the  frozen  depth  of  the  Zoige  alpine  wetland  is  between
20 cm and 40 cm. This information is not only important for
scientific understanding but also helpful for wetland conser-
vation and engineering operations. The other finding is that
the surface temperature was higher in the cold season than
in  the  warm  season  in  the  afternoon  (specifically  from
1100–1800 LST). This finding is unintuitive because wetland
is covered by water and vegetation in the warm season. On
one hand, heat from solar radiation can be quickly transferred

 

 

Fig. 8. The sensitivity tests of surface variables affecting soil temperature in the warm and cold seasons [the first line and second line
are  25%  increase  and  decrease  of  the  control  test,  respectively;  smooth  lines  in  (a–d)  are  corresponding  nonlinear  fittings  with
correlation coefficients greater than 0.8].
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Fig. 9. The sensitivity tests of surface variables affecting soil moisture in the warm and cold seasons (the first line and second line
are 25% increase and decrease of the control test, respectively).
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to deeper layers. On the other hand, evapotranspiration from
the underlying surface to the atmosphere is very strong (Cao
et  al.,  2020),  which  carries  a  lot  of  heat.  In  this  study,  we
also analyzed the controlling atmospheric factors and influen-
tial  surface  parameters  to  water  and  heat  transfers  over
alpine wetland and found that longwave radiation, air tempera-
ture, and precipitation are the atmospheric factors controlling
the land surface processes.  Additionally,  the importance of
surfaces  parameters  varies  between  daytime  and  nighttime
and  between  the  warm  season  and  cold  season.  Some
researchers  have  also  investigated  the  control  factors  and
influencing  parameters  for  water  and  heat  exchanges,  and
their  results  have  shown  that  controlling  factors  vary  with
underlying  surfaces.  You  et  al.  (2017)  compared  surface
water and heat exchanges between alpine meadows and bare
land and suggested that root turf, canopy, and soil moisture
are the main factors affecting energy partition in the hinter-
land. Soil carbon was found to be the dominant factor control-
ling  the  variability  of  diffusivity  in  the  high  latitude  per-
mafrost  when  compared  to  soil  texture,  bulk  density,  and
soil moisture (Zhu et al., 2019). It seems that controlling fac-
tors  vary  for  underlying  surfaces.  The  robustness  of  the
results is still constrained by the quality of observation data
and limitations of the model. Intensive observation, data qual-
ity improvement, and parameterization scheme optimization
will be helpful in future studies of the important mechanisms
to each of the different underlying surfaces on the QTP.

 6.    Conclusions

The alpine wetland is very sensitive to temperature and
precipitation. It plays an important role in runoff regulation.
This paper investigated the characteristics of water and heat
transfer within the soil and between alpine wetlands and the
atmosphere  and  explored  the  atmospheric  control  factors
and  surface  influential  variables  with  in  situ  observations
and the CLM5. The main results are as follows.

(1) Soil frozen depth is between 20 cm and 40 cm over
the alpine wetland. The sensible heat flux before 1600 LST
was  greater  in  the  cold  season  than  in  the  warm  season,
while the diurnal latent heat flux was always greater in the
warm  season.  Additionally,  the  aerodynamic  roughness
length  and  thermal  roughness  length  were  greater  in  the
cold season and warm season, respectively.

(2) Compared with other atmospheric factors, longwave
radiation had a greater influence on heat fluxes at night. Air
temperature and longwave radiation were both control factors
for  sensible  heat  flux  in  the  daytime.  Air  temperature  and
air pressure were control factors for latent heat flux, but atmo-
spheric influences were negligible in the cold season.

(3) Longwave radiation and air temperature were domi-
nant  atmospheric  factors  controlling  soil  temperature  all
year round and soil moisture in the cold season. Precipitation
and air temperature were more important to soil moisture in
the warm season, especially in the shallow layer.

(4)  The  surface  parameters  that  were  most  influential

on heat fluxes were Medlynslop and rootprof_beta. The initial
soil liquid water content was dominant for soil temperature
in the warm season, during which soil moisture was slightly
affected by rootprof_beta and Medlynslop. Initial soil liquid
water content and total water content were the most influential
parameters  for  soil  temperature  and  moisture  in  the  deep
layer and shallow layer, respectively, in the cold season.

Acknowledgements.      This  work  is  financially  supported  by
the  National  Natural  Science  Foundation  of  China  (Grant  Nos.
42005075  and  41975130),  Natural  Science  Foundation  of  Gansu
Province (Grant No. 21JR7RA047), Open Research Fund Program
of  Plateau  Atmosphere  and  Environment  Key  Laboratory  of
Sichuan  Province  (Grant  No.  PAEKL-2022-K03),  and  the  State
Key  Laboratory  of  Cryospheric  Science  (Grant  No.  SKLCS-ZZ-
2023  and  SKLCS-ZZ-2022).  Our  cordial  gratitude  should  be
extended to anonymous reviewers and the Editors for their profes-
sional and pertinent comments on this manuscript. 

REFERENCES
 

Cao, S.  K.,  G. C.  Cao,  G. Z.  Han,  F.  T.  Wu, and Y. Lan,  2020:
Comparison  of  evapotranspiration  between  two  alpine  type
wetland ecosystems in Qinghai  lake basin of  Qinghai-Tibet
Plateau. Ecohydrology & Hydrobiology, 20, 215−229, https://
doi.org/10.1016/j.ecohyd.2020.01.001. 

Chen, J. L., J. Wen, H. Tian, T. T. Zhang, X. Y. Yang, D. Y. Jia,
and X. Lai, 2018: A study of soil thermal and hydraulic prop-
erties and parameterizations for CLM in the SRYR. J. Geo-
phys.  Res., 123,  8487−8499, https://doi.org/10.1029/
2017JD028034. 

Chen, J. L., J. Wen, S. C. Kang, X. H. Meng, H. Tian, X. Ma, and
Y. Yuan, 2020: Assessments of the factors controlling latent
heat flux and the coupling degree between an alpine wetland
and the atmosphere on the Qinghai-Tibetan Plateau in sum-
mer. Atmospheric Research, 240, 104937, https://doi.org/10.
1016/j.atmosres.2020.104937. 

Elias, J. M., E. Salati Filho, and E. Salati, 2001: Performance of
constructed wetland system for public water supply. Water Sci-
ence  &  Technology, 44,  579−584, https://doi.org/10.2166/
wst.2001.0883. 

Högström, U., 1996: Review of some basic characteristics of the
atmospheric  surface  layer. Bound.-Layer  Meteorol., 78,
215−246, https://doi.org/10.1007/BF00120937. 

Jiang, W. G., J. X. Lv, C. C. Wang, Z. Chen, and Y. H. Liu, 2017:
Marsh wetland degradation risk assessment and change analy-
sis: A case study in the Zoige Plateau, China. Ecological Indi-
cators, 82,  316−326, https://doi.org/10.1016/j.ecolind.2017.
06.059. 

Kaplan, G., and U. Avdan, 2019: Evaluating the utilization of the
red edge and radar bands from sentinel  sensors for wetland
classification. CATENA, 178,  109−119, https://doi.org/10.
1016/j.catena.2019.03.011. 

Lawrence,  D.  M.,  and  Coauthors,  2019:  The  Community  Land
Model version 5: Description of new features, benchmarking,
and  impact  of  forcing  uncertainty. Journal  of  Advances  in
Modeling Earth Systems, 11,  4245−4287, https://doi.org/10.
1029/2018MS001583. 

Li, B. Q., Z. B. Yu, Z. M. Liang, K. C. Song, H. X. Li, Y. Wang,
W. J. Zhang, and K. Acharya, 2014: Effects of climate varia-

FEBRUARY 2023 CHEN ET AL. 209

 

  

https://doi.org/10.1016/j.ecohyd.2020.01.001
https://doi.org/10.1016/j.ecohyd.2020.01.001
https://doi.org/10.1029/2017JD028034
https://doi.org/10.1029/2017JD028034
https://doi.org/10.1016/j.atmosres.2020.104937
https://doi.org/10.1016/j.atmosres.2020.104937
https://doi.org/10.2166/wst.2001.0883
https://doi.org/10.2166/wst.2001.0883
https://doi.org/10.1007/BF00120937
https://doi.org/10.1016/j.ecolind.2017.06.059
https://doi.org/10.1016/j.ecolind.2017.06.059
https://doi.org/10.1016/j.catena.2019.03.011
https://doi.org/10.1016/j.catena.2019.03.011
https://doi.org/10.1029/2018MS001583
https://doi.org/10.1029/2018MS001583
https://doi.org/10.1016/j.ecohyd.2020.01.001
https://doi.org/10.1016/j.ecohyd.2020.01.001
https://doi.org/10.1029/2017JD028034
https://doi.org/10.1029/2017JD028034
https://doi.org/10.1016/j.atmosres.2020.104937
https://doi.org/10.1016/j.atmosres.2020.104937
https://doi.org/10.2166/wst.2001.0883
https://doi.org/10.2166/wst.2001.0883
https://doi.org/10.1007/BF00120937
https://doi.org/10.1016/j.ecolind.2017.06.059
https://doi.org/10.1016/j.ecolind.2017.06.059
https://doi.org/10.1016/j.catena.2019.03.011
https://doi.org/10.1016/j.catena.2019.03.011
https://doi.org/10.1029/2018MS001583
https://doi.org/10.1029/2018MS001583


tions and human activities on runoff in the Zoige alpine wet-
land  in  the  eastern  edge  of  the  Tibetan  Plateau. Journal  of
Hydrologic  Engineering, 19,  1026−1035, https://doi.org/10.
1061/(asce)he.1943-5584.0000868. 

Li, M. S., and Coauthors, 2015: A 3-year dataset of sensible and
latent  heat  fluxes  from  the  Tibetan  Plateau,  derived  using
eddy covariance measurements. Theor. Appl. Climatol., 122,
457−469, https://doi.org/10.1007/s00704-014-1302-0. 

Lu,  H.,  D.  H.  Zheng,  K.  Yang,  and F.  Yang,  2020:  Last-decade
progress in understanding and modeling the land surface pro-
cesses on the Tibetan Plateau. Hydrology and Earth System
Sciences, 24,  5745−5758, https://doi.org/10.5194/hess-24-
5745-2020. 

Luo, D. L., H. J. Jin, R. X. He, X. F. Wang, R. R. Muskett, S. S.
Marchenko,  and  V.  E.  Romanovsky,  2018:  Characteristics
of water-heat exchanges and inconsistent surface temperature
changes  at  an  elevational  permafrost  site  on  the  Qinghai-
Tibet Plateau. J. Geophys. Res., 123, 10 057−10 075, https://
doi.org/10.1029/2018JD028298. 

Ma,  Y.  M.,  L.  Zhong,  and  Z.  B.  Su,  2022:  Energy  and  water
cycles in the third pole. Water, 14,  1175, https://doi.org/10.
3390/w14071175. 

Maucieri, C., A. C. Barbera, J. Vymazal, and M. Borin, 2017: A
review on the main affecting factors of greenhouse gases emis-
sion in constructed wetlands. Agricultural and Forest Meteo-
rology, 236,  175−193, https://doi.org/10.1016/j.agrformet.
2017.01.006. 

Orimoloye,  I.  R.,  A.  M.  Kalumba,  S.  P.  Mazinyo,  and  W.  Nel,
2020:  Geospatial  analysis  of  wetland  dynamics:  Wetland
depletion and biodiversity conservation of Isimangaliso Wet-
land,  South  Africa. Journal  of  King  Saud  University  -  Sci-
ence, 32,  90−96, https://doi.org/10.1016/j.jksus.2018.03.
004. 

Sun,  G.  H.,  Z.  Y.  Hu,  Y.  M. Ma,  Z.  P.  Xie,  S.  Yang,  and J.  M.
Wang, 2020: Analysis of local land-atmosphere coupling in
rainy  season  over  a  typical  underlying  surface  in  Tibetan
Plateau based on field measurements and ERA5,. Atmospheric
Research, 243,  105025, https://doi.org/10.1016/j.atmosres.
2020.105025. 

Wang, K. X., N. Ma, Y. S. Zhang, Y. H. Qiang, and Y. H. Guo,
2022: Evapotranspiration and energy partitioning of a typical
alpine  wetland  in  the  central  Tibetan  Plateau. Atmospheric
Research, 267,  105931, https://doi.org/10.1016/j.atmosres.

2021.105931.
 

Wang, R., M. He, and Z. G. Niu, 2020: Responses of alpine wet-
lands  to  climate  changes  on  the  Qinghai-Tibetan  Plateau
based on remote sensing. Chinese Geographical Science, 30,
189−201, https://doi.org/10.1007/s11769-020-1107-2.

 

Wong, C. P., B. Jiang, T. J. Bohn, K. N. Lee, D. P. Lettenmaier,
D. C. Ma, and Z. Y. Ouyang, 2017: Lake and wetland ecosys-
tem services measuring water storage and local climate regula-
tion. Water Resour. Res., 53, 3197−3223, https://doi.org/10.
1002/2016WR019445.

 

Xue,  Z.  S.,  X.  G.  Lyu,  Z.  K.  Chen,  Z.  S.  Zhang,  M.  Jiang,  K.
Zhang,  and Y.  L.  Lyu,  2018:  Spatial  and temporal  changes
of wetlands on the Qinghai-Tibetan Plateau from the 1970s
to 2010s. Chinese Geographical Science, 28, 935−945, https://
doi.org/10.1007/s11769-018-1003-1.

 

Yang, K., and Coauthors, 2008: Turbulent flux transfer over bare-
soil  surfaces:  Characteristics  and  parameterization. J.  Appl.
Meteorol.  Climatol., 47,  276−290, https://doi.org/10.1175/
2007JAMC1547.1.

 

You, Q. G., X. Xue, F. Peng, S. Y. Dong, and Y. H. Gao, 2017:
Surface water and heat exchange comparison between alpine
meadow and bare land in a permafrost region of the Tibetan
Plateau. Agricultural  and  Forest  Meteorology, 232,  48−65,
https://doi.org/10.1016/j.agrformet.2016.08.004.

 

Zhang, W. J., Y. H. Yi, K. C. Song, J. S. Kimball, and Q. F. Lu,
2016:  Hydrological  response  of  alpine  wetlands  to  climate
warming in the eastern Tibetan Plateau. Remote Sensing, 8,
336, https://doi.org/10.3390/rs8040336.

 

Zhao, P., and Coauthors, 2018: The Third Atmospheric Scientific
Experiment for understanding the Earth-Atmosphere coupled
system over the Tibetan Plateau and its effects. Bull.  Amer.
Meteor.  Soc., 99,  757−776, https://doi.org/10.1175/BAMS-
D-16-0050.1.

 

Zhao, Z. L., Y. L. Zhang, L. S. Liu, F. G. Liu, and H. F. Zhang,
2015: Recent changes in wetlands on the Tibetan Plateau: A
review. Journal  of  Geographical  Sciences, 25,  879−896,
https://doi.org/10.1007/s11442-015-1208-5.

 

Zhu,  D.,  P.  Ciais,  G.  Krinner,  F.  Maignan,  A.  J.  Puig,  and  G.
Hugelius, 2019: Controls of soil organic matter on soil thermal
dynamics in the northern high latitudes. Nature Communica-
tions, 10,  3172, https://doi.org/10.1038/s41467-019-111
03-1.

210 LAND SURFACE PROCESSES OVER THE ALPINE WETLAND VOLUME 40

 

  

https://doi.org/10.1061/(asce)he.1943-5584.0000868
https://doi.org/10.1061/(asce)he.1943-5584.0000868
https://doi.org/10.1007/s00704-014-1302-0
https://doi.org/10.5194/hess-24-5745-2020
https://doi.org/10.5194/hess-24-5745-2020
http://dx.doi.org/10.1029/2018JD028298
http://dx.doi.org/10.1029/2018JD028298
https://doi.org/10.3390/w14071175
https://doi.org/10.3390/w14071175
https://doi.org/10.1016/j.agrformet.2017.01.006
https://doi.org/10.1016/j.agrformet.2017.01.006
https://doi.org/10.1016/j.jksus.2018.03.004
https://doi.org/10.1016/j.jksus.2018.03.004
https://doi.org/10.1016/j.atmosres.2020.105025
https://doi.org/10.1016/j.atmosres.2020.105025
https://doi.org/10.1016/j.atmosres.2021.105931
https://doi.org/10.1016/j.atmosres.2021.105931
https://doi.org/10.1007/s11769-020-1107-2
https://doi.org/10.1002/2016WR019445
https://doi.org/10.1002/2016WR019445
https://doi.org/10.1007/s11769-018-1003-1
https://doi.org/10.1007/s11769-018-1003-1
https://doi.org/10.1175/2007JAMC1547.1
https://doi.org/10.1175/2007JAMC1547.1
https://doi.org/10.1016/j.agrformet.2016.08.004
https://doi.org/10.3390/rs8040336
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1007/s11442-015-1208-5
https://doi.org/10.1038/s41467-019-11103-1
https://doi.org/10.1038/s41467-019-11103-1
https://doi.org/10.1061/(asce)he.1943-5584.0000868
https://doi.org/10.1061/(asce)he.1943-5584.0000868
https://doi.org/10.1007/s00704-014-1302-0
https://doi.org/10.5194/hess-24-5745-2020
https://doi.org/10.5194/hess-24-5745-2020
http://dx.doi.org/10.1029/2018JD028298
http://dx.doi.org/10.1029/2018JD028298
https://doi.org/10.3390/w14071175
https://doi.org/10.3390/w14071175
https://doi.org/10.1016/j.agrformet.2017.01.006
https://doi.org/10.1016/j.agrformet.2017.01.006
https://doi.org/10.1016/j.jksus.2018.03.004
https://doi.org/10.1016/j.jksus.2018.03.004
https://doi.org/10.1016/j.atmosres.2020.105025
https://doi.org/10.1016/j.atmosres.2020.105025
https://doi.org/10.1016/j.atmosres.2021.105931
https://doi.org/10.1016/j.atmosres.2021.105931
https://doi.org/10.1007/s11769-020-1107-2
https://doi.org/10.1002/2016WR019445
https://doi.org/10.1002/2016WR019445
https://doi.org/10.1007/s11769-018-1003-1
https://doi.org/10.1007/s11769-018-1003-1
https://doi.org/10.1175/2007JAMC1547.1
https://doi.org/10.1175/2007JAMC1547.1
https://doi.org/10.1016/j.agrformet.2016.08.004
https://doi.org/10.3390/rs8040336
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1007/s11442-015-1208-5
https://doi.org/10.1038/s41467-019-11103-1
https://doi.org/10.1038/s41467-019-11103-1
https://doi.org/10.1061/(asce)he.1943-5584.0000868
https://doi.org/10.1061/(asce)he.1943-5584.0000868
https://doi.org/10.1007/s00704-014-1302-0
https://doi.org/10.5194/hess-24-5745-2020
https://doi.org/10.5194/hess-24-5745-2020
http://dx.doi.org/10.1029/2018JD028298
http://dx.doi.org/10.1029/2018JD028298
https://doi.org/10.3390/w14071175
https://doi.org/10.3390/w14071175
https://doi.org/10.1016/j.agrformet.2017.01.006
https://doi.org/10.1016/j.agrformet.2017.01.006
https://doi.org/10.1016/j.jksus.2018.03.004
https://doi.org/10.1016/j.jksus.2018.03.004
https://doi.org/10.1016/j.atmosres.2020.105025
https://doi.org/10.1016/j.atmosres.2020.105025
https://doi.org/10.1016/j.atmosres.2021.105931
https://doi.org/10.1061/(asce)he.1943-5584.0000868
https://doi.org/10.1061/(asce)he.1943-5584.0000868
https://doi.org/10.1007/s00704-014-1302-0
https://doi.org/10.5194/hess-24-5745-2020
https://doi.org/10.5194/hess-24-5745-2020
http://dx.doi.org/10.1029/2018JD028298
http://dx.doi.org/10.1029/2018JD028298
https://doi.org/10.3390/w14071175
https://doi.org/10.3390/w14071175
https://doi.org/10.1016/j.agrformet.2017.01.006
https://doi.org/10.1016/j.agrformet.2017.01.006
https://doi.org/10.1016/j.jksus.2018.03.004
https://doi.org/10.1016/j.jksus.2018.03.004
https://doi.org/10.1016/j.atmosres.2020.105025
https://doi.org/10.1016/j.atmosres.2020.105025
https://doi.org/10.1016/j.atmosres.2021.105931
https://doi.org/10.1016/j.atmosres.2021.105931
https://doi.org/10.1007/s11769-020-1107-2
https://doi.org/10.1002/2016WR019445
https://doi.org/10.1002/2016WR019445
https://doi.org/10.1007/s11769-018-1003-1
https://doi.org/10.1007/s11769-018-1003-1
https://doi.org/10.1175/2007JAMC1547.1
https://doi.org/10.1175/2007JAMC1547.1
https://doi.org/10.1016/j.agrformet.2016.08.004
https://doi.org/10.3390/rs8040336
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1007/s11442-015-1208-5
https://doi.org/10.1038/s41467-019-11103-1
https://doi.org/10.1038/s41467-019-11103-1
https://doi.org/10.1016/j.atmosres.2021.105931
https://doi.org/10.1007/s11769-020-1107-2
https://doi.org/10.1002/2016WR019445
https://doi.org/10.1002/2016WR019445
https://doi.org/10.1007/s11769-018-1003-1
https://doi.org/10.1007/s11769-018-1003-1
https://doi.org/10.1175/2007JAMC1547.1
https://doi.org/10.1175/2007JAMC1547.1
https://doi.org/10.1016/j.agrformet.2016.08.004
https://doi.org/10.3390/rs8040336
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1175/BAMS-D-16-0050.1
https://doi.org/10.1007/s11442-015-1208-5
https://doi.org/10.1038/s41467-019-11103-1
https://doi.org/10.1038/s41467-019-11103-1

	1 Introduction
	2 Study area and data
	3 Methodology
	3.1 The calculation of roughness lengths
	3.2 Numerical simulations

	4 Results
	4.1 Characteristics of hydro-meteorological factors
	4.2 Atmospheric control factors
	4.3 Surface influential variables

	5 Discussion
	6 Conclusions
	References

