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Abstract: The water-heat transfer process between land and atmosphere in Haibei alpine
meadow area has been systematically observed. A multi-layer coupling model for land-
atmosphere interaction was presented with special attention paid to the moisture transfer in
leaf stomata under unsaturated condition . A profound investigation on the physical process of
turbulent transfer inside the vegetation has been performed with a revised formula of water
absorption for root system. The. present model facilitates the study of vertically distributed
physical variables in detail . Numerical simulation was conducted according to the transfer
process of Kinesia humility meadow in the area of Haibei Alpine Meadow Ecosystem Station,
CAS. The calculated results agree well with observation .
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Introduction

Rapid expansion of population, persistent damage of ecological environment, shortage in
food and crisis of energy are the main issues perplexing human beings nowadays. The damage of
ecological environment results in sharp reduction of biotic resources, deterioration of climate and
soil to such a degree that they have threatened mankind’s life. Take the degeneration of grassland
as an example, the grassland occupies 30% of total area of China, the abnormal and out-of-date
management gives rise to low economic efficiency, serious waste of resources and deterioration of
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ecological environment of grassland. It is reported that there exists degeneracy to varied degree in
1/3 of total grassland all over China. Another example, the percentage of forest coverage dropped
from 12.7% to 8.9% due to deforestation . Still another example is that desertification, i.e. the
total area of desert reaches 2.626 million km?, more than 27% of total area of China. The
majority of these environmental disasters are caused by the flow near the ground. Therefore, the,
study on terrestrial process model and observation may yield great social and economic benefit.

The characteristics of Qinghai-Tibet Plateau influence not only the distribution pattern of
vegetation in our country, but also that in Eurasia. They include high sea level elevation,
abundance of sunshine, intense radiation, low atmosphere temperature, large diurnal variation in
temperature, low air pressure. The generated “ Qinghai-Tibet High Pressure”. forces the
atmosphere to form west wind circulation and flow north and south respectively. Meanwhile,
Qinghai-Tibet Plateau is a sensitive zone to global change, a window to observe how mankind’s
activities affect the environmental change. The Alpine Meadow Station'!! lies at 101°19'E,
37°37'N, at the south foot of Lenglong Hill, east part of Qilian Mountains in the northeast of
Qinghai-Tibet Plateau, with mean altitude of 3 200 m. The station area has apparent plateau-
continental climate characteristics. There are no four clearly demarcated seasons but only, two of
them. One is called the cold season, long and chill; the other is the warm season, short and
mild. The mean annual temperature is — 2 T. The diurnal range of temperature is higher
(14.4 T), the annual range lower (24.2 T). The sunshine time is long and amounts to
2672.6 h annually. The solar radiation is intense, .and amounts to 5.86 x 10%~6.70 x
10° kJ/m? annually. Annual precipitation is 498 mm, unevenly distributed in seasons with 88 %
in warm season. It is windy all year round with annual mean wind velocity 2.6 m/s. The region
is covered with high mountain meadow soil, high mountain shrub meadow soil or marShy soil.
Relatively the first one spreads most widely. The vegetation is alpine meadow and alpine shrub
with Kinesia humility Meadow overwhelming there. The area, where fodder grass grows heavily,
is an ideal grazing region but endangered by over-grazing, low temperature and wind erosion.
The study of land-surface processes in the alpine meadow area is meaningful in understanding
global climate change. In addition, .an optimal utilization program suitable for alpine environment
can be worked out, enabling us to properly explore meadow resources, to protect them from
threat of low temperature and wind erosion to maintain the dynamic balance of meadow ecosystem
and to further promote the regional economic development.

Great improvement has been achieved in understanding land-atmosphere interaction and
parameterization scheme since 1970s, from defining the potential temperature of land surface to
the “bucket model”[?) by using the conservation law. Since 1980s, biophysical and physiological
processes of vegetation for water and heat cycling have been extensively studied. A few models
for Soil-Plant- Atmosphere Continuous SPAC system, such as Biosphere and Atmosphere Transfer
System BATS model (Dickinson'*) 1986) and Simple Biosphere SiB model ( Seller*! 1986) have
been proposed with results agreeing well with observation. However, BATS and SiB models
depend on .too many observational parameters. It is also too complicated to use in reality. At the
same time, the land-atmosphere interaction coupling model was developed with the aid of new
turbulence models. In 1989, Naot et al. 15] took advantage of 2-order turbulent closure model to
simulate the micro-climate environment over cotton and bare soil in Nahal-Oz and Gilgal, Israel.
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In 1990, the soil-atmosphere coupling model ( SALSA)!®! which reflects the water-heat exchange
of the bare soil and the lower atmosphere was established by Ten Berge et al.

The domestic research on land-atmosphere process started with field observation in Qinghai-
Tibet Plateau in 1980s. In 1994, Hu et al. ") carried out field experiment -on land-atmosphere
interaction in Heihe area. In 1999, Ji'®) made the experiment on energy input and output in
Qinghai-Tibet Plateau. However, there’s still little research on land-atmosphere in alpine
meadow. Yao De-liang et al.®! (1966) studied an interaction model to predict fodder grass
output in Qinghai-Tibet Plateau and showed how the soil water content and evapor-transpiration
affect grass growth. Yao De-liang et al. (101 (2002) developed a land biosphere model in alpine
meadow ecosystem and analyzed the influence of vegetation on soil water-heat transfer. Based on
the previous work!'' ~ 4] and focused on the land-atmosphere water-heat transfer process in Haibel
Alpine Meadow Ecosystem Station CAS, a multi-level land-atmosphere interaction coupling
model is presented in this paper. With special attention paid to the moisture transfer in leaf
stomata under unsaturated condition, a profound investigation is made on the physical process of
the turbulent transfer inside the vegetation. A revised water-absorption formula for root system is
utilized. The influence of the wilting and field moisture capacities is included. Meanwhile, we
introduce the condition of climate and field observation. Numerical simulation is conducted
according to the transfer process of Kinesia humility meadow in the area of Haibei Alpine Meadow
Ecosystem Station, CAS. The results agree well with the experiment. The model is proved to
successfully simulate the land-atmosphere interaction process and may serve as scientific
foundation for the optimal use of local water-heat resources.

1 Field Observation

In June 2001, we carried out the ovservations in Haibei Alpine Meadow Ecosystem Station,
CAS. The water and heat parameters of atmosphere, soil and vegetation pertaining to Kinesia
humility meadow were recorded. The following items were measured: atmosphere temperature,
humidity, wind speed, land surface temperature, soil temperature, soil moisture, soil heat flux,
net radiation. MAOS-I micro-climate automatic observation system was used, composing of
many kinds of meteorological radiation sensor, data-acquiring case, power unit case, notebook
computer, sensor support etc. The atmospheric humidity was measured through HTF-2 sensor.
The measurements were arranged at the height of 0.5,1,2,4 m. Taking into account that the
inter-plant wind speed in micro-climate system is small, VF-1, a tpye of magnetic-shaft-bearing
breeze sensor with small threshold was employed to capture as small wind speed as 0.2 m/s.
There were four sensors of this type in the system to measure wind speed at four different heights.
EC9-1B, a type of wind direction sensor with high dynamic response, was used to decrease the
dynamic error caused by ordinary sensor with low dynamic response. These sensors were installed
at the top of the system. Considering that the representation of the land surface temperature
measurement was poor, three land surface temperature sensors in this system were arranged at
different positions to obtain average value of land surface temperature in order to improve the
resolution. Seven platinum resistance temperature sensors were distributed at different soil layers
of depth 5, 10, 15, 20, 40, 60, 70 cm under the ground to measure the soil temperature. The
soil heat flux was measured by sensor of model HF-1 and net radiation by sensor of model
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TBB-1. In addition, the soil water content was measured through soil-sampling-drying- weighing
method. The sampling depths were 10, 20, 30, 40, 50, 60 cm. Three points at each depth were
measured to yield averaged ones.

2 Coupling Model

In this paper, we pay special attention to the effect on the land-atmosphere interaction of
atmosphere and vegetation. The vegetation layer is regarded as the location where distribute
sources or sinks of momentum, heat and moisture. The vegetation is also divided into multi-
layers. The equations and the couple process of atmosphere boundary layer (ABL), plant layer
and soil layer are discussed as follows.

2.1 Atmosphere turbulence movement in ABL

Generally speaking, the flows in ABL can be separated into two layers : the surface layer and
the Ekman layer, and their dynamic properties are not the same. In ABL, the momentum and
heat flux through the ground have intensive impacts on the atmosphere, and the meteorological
elements vary drastically as altitude changes, therefore the Coriolis force is ignored for small scale
movements there.

All the physical variables in the turbulent ABL including horizontal velocities u, v, pressure
p, potential temperature T and the specific humidity g can be divided into the summation of
mean value (indicated by “-” above the letters) and fluctuation (indicated by the superscript
“r”) . If the vertical pressure is almost fixed in the ABL, the horizontal pressure gradient can also
be represented by the geostrophic wind u, and v,. The governing equations for a horizontally
homogeneous flow are written as

_a_lj_ a ulwl

5, = S = 9) -5 — - CADu 1z, (1)
gﬂ;=—f(ﬁ—ug)—a§—CdA(z)17li7l, (2)
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where &, are the averaged velocities in x-, y-directions. T and g are the mean potential
temperature and specific humidity. T;, g, are the temperature and humidity at the leaf. ¢ stands
for time, z is the vertical coordinate. f = 2(2sin¢ is the Coriolis parameter. Q = 7.27 x 107%/s,
$ is the local latitude. A(z) is the leaf distribution density of vegetation. Eqgs.(1) ~ (4) are also
suitable for the situation of bare soil or over vegetation canopy if A(z) is taken to be zero. C, is
the drag coefficient. The last term in Egs.(3) and (4) are called heat source (sensible heat flux
into or out of leaves) and vapor source ( water transpired or condensed) , respectively. Inspired
by the single layer model, we assume that there exists a kind of resistance hindering heat from
fluxing into or out of the leaves and a kind of resistance hindering water from being transpired or
condensed in canopy. r,,r, are the leaf boundary layer resistance and stomata resistance to the
diffusion of water vapor, respectively.
The turbulent kinetic energy (TKE; ¢ = 0.5(u’'? + »'? + w'?) equation is writtten as
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where p is the density of atmosphere, C, is the heat capacity, g is the acceleration due to gravity,
Ky is the total transfer coefficient. The first, second and third term at the right hand side are
turbulent kinetic energy produced by shear and heat respectively. The fourth and fifth: terms are
the radiation of kinetic energy and dissipation. The last term indicates the effect of canopy effect.
If A(z) = 0, the turbulent kinetic energy equation is applied for the bare soil or over vegetation
canopy. Reynolds-average procedure results in Reynolds stresses—u'w’, v'w’, and sensible

heat—peC, T'w’ , latent heat— @}, ¢'w’ . For atmospheric turbulent flows, we prefer k& model to
[13]

close the equation system
The conditions at the upper boundary of the system are defined-as below

u'w = v'w' = w'TlT = w'q' = 09 (6)
de
=< )

2.2 Water and heat transfer in the soil
The one-dimensional equation for heat in the soil can be written as
%mﬁ_i“gq
dt - dz dz ’
where T'is the soil temperature, C is the soil heat capacity, A is the thermal conductivity .
The general moisture equation for- one-dimensional transport of liquid water in the soil is
written as

(8)

9 Ip(0,t) A
£1 It = az(K(H,T) Jz )—‘OlgazK(ayT)—S(z’t)9 (9)

where p, is the density of liquid water, 8 is the soil moisture, K is the hydraulic conductivity, p

is the pressure potential, g is the gravity acceleration.
{15]

The plant root water absorption function S(z,t) has different kinds of expressions''>'. In
the paper, the S(z,t) is written as
E L g
S(z.2) = cL(t) (z)f( )’ (10)
Lmuywmz
0 (0 = 8 < Hw)y
6(4 - 4,)
1 (01 < 0)7

where E_(¢) is the flux of transpiration, L(z) is the root distribution function, f(@) is-a function
related to water absorption resistance of root, 8, is the volumetric moisture content at the wilting
point, §; is the field capacity, L, is the maximum depth of the root. The model is applied to
alpine meadow, therefore, the parameters in the formula by measurement are chosen as

0, =0.179, 0; = 0.7713, L(z) = exp(3.30-3.60z) (Om< d <0.2m), (12)
6, =0.2232, 6, = 0.6 742, L(z) = exp(3.30 -3.60z) (0.2m < d < 0.6 m), (13)
where z = d/m. The root water absorption model implies that the plant root water absorption rate
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is proportional to the rate of transpiration and also related to volumetric moisture content. at the
wilting point and field capacity .
The conditions at the lower boundary of this system are assumed as follows:
d J
a_zT - f - 0. (14)
2.3 Energy-budget equation
The energy-budget equation within the vegetation layers is
R,(z) + H,(z) + E,(z) = 0. (15)
The evaluation of net radiation distribution function is based on Ref.[16]. The calculation
method of sensible and latent heat fluxes is referred to Ref.[13] and written as

H,(z) = - 20,CA(z)(T,(z) - T1(2))/r(2), (16)
r(z) = Cy(D/u(z))"?, a7
E,(E) = - 2p,LAI(z)(q(z) - q:(2))/(r(2) + r,(2)). (18)
In this paper, the model of canopy resistance r,(z) is defined as
r(z) = (ron/LAI) x (F) x F, x Fy x F,)7', (19)

where
Fi = (Fpin/Twax + )/(1+ 1), f=0.55Q/Q.,; x 2/LAI,
F, = (0-6,)/(8-6,), F; = 1 ~B(e,T, -¢,), (20)
F, =1-1.6(T, - T,)*/10°,
in which T,(z), T;(z), q,(z) are the mean temperature of atmosphere, the mean temperature of
the leaf surface and the mean humidity of the leaf surface, respectively. The present model may

account for unsaturated condition in leaf stomata. C, is set to be 200 (S"2/m), D is the average
diameter of the leaves, r;, and r,, are the minimal and maximum vapor resistance, respectively.
B = 0,06; LAI is the leaf area index of the whole canopy., T, is the reference leaf temperature
and set to be 298 K, T, is the temperature of atmosphere, ), is the solar short wave radiation that
reaches the top of the canopy, Q. is the critical radiation and set to be 100 W/ m?.

The. energy-budget equation of the soil surface is defined as

R,+H +E +6G=0, (21)

where R,, H,, E,, G are the net radiation, sensible, latent and soil heat flux, respectively. The
foregoing equation implies that the surface itself has no heat capacity, namely, no energy can be
stored there.

The index attenuation model is applicable to low and concentrated plant vegetation.
2.4 Numerical method

Equations (1) ~ (5), (8) ~ (9) are numerically integrated by a finite-difference scheme,
which are discretized in space by staggered grid control volume method with forward time step.
1 500-meter-high ABL is divided into 11 layers in which 2 layers are within vegetation layer, and
special cells are non-uniform with dense grid nearby the ground. 60-centimeter-deep soil is
divided into 12 layers. Nonlinear equations (15) and (21) are solved by the Newton iteration.
Initial profiles of mean: wind speed, mean air temperature and humidity, soil temperature and
moisture are given in advance.
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The mean wind speed, mean specific humidity, mean atmosphere temperature, soil
temperature, soil moisture and turbulence fluctuations are specified as the initial condition. Based
on the assumption that the production term and the dissipation term in Eq. (5) balance each other
at the befinning, the initial kinetic energy of turbulent fluctuations can be obtained.

3 Comparison Between Computational and Experimental Results

By the method mentioned above, we have performed the numerical simulation using water
and heat parameters of atmosphere, soil and vegetation pertaining to low grass meadow in Haibei
Alpine Meadow Ecosystem Station recorded from June 3rd to June 10th, 2001. The comparison
between simulations and experiment is shown in Fig. 1 to Fig. 6, where symbols stand for
experimental values and curves for simulations.

3.1 Characteristics of net radiation in plateau area

Figure 1 shows the numerical results of temporal variation of total and net radiations. It can
be seen that both the total and net radiation are high, which is attributed to the high sea level
elevation there. Haibei Alpine Meadow lies in the northeast of Qinghai-Tibet Plateau with mean
altitude of 3 200 m. For this reason, the atmosphere is rarefied with lower air density. The
transparency of atmosphere increases with decreasing of atmospheric impurity such as water
content and dust. As a result, the solar radiation is highly abundant and amount to 5.86 x 10° ~
6.70 x 10° kJ/m? annually. There are a lot of sunny days and sunshine time is long and amounts
to 2672.6 h annually. In growing season, mean daily sunshine time is 7.2 ~ 8.5 h, and sunshine
rate reaches 60% . The proportion of shortwave light (blue light and violet light) is high in favor
of the protein synthesis in plants, resulting in prolific nutritional ingredients in fodder grass.
Compared with the case in plain area, the solar radiation in plateau area differs: on the one hand
of input, scattered radiation decreases with increasing of sea level elevation, while the direct
radiation and the total radiation increase. On the other hand of output, reflective radiation is
greater than that in plain area, and increases as sea level elevation increases owing to much more
ice and snow in Qinghai-Tibet Plateau.

3.2 Budget of energy

Figure 2 shows the numerical result of diurnal variation of net radiation (R, ), sensible ( H),
latent heat ( E) and soil heat ( G) flux. The net radiation is the source of sensible, latent and soil
heat flux. The factors that influence the net radiation are solar altitude angle, transparency of
atmosphere, cloudiness, cloud shape, reﬂéctivity and temperature of the earth’s surface,
temperature and humidity of atmosphere etc.!'’ It is seen from the figure that there is clear
variation in the net radiation in sunny days: generally positive during days, negative during
nights, the maximum appears at noon, the minimum after the sunset. Take June 9th as example,
the maximum is 572 W/m?” at 14:00, the minimum is — 25 W/m? at 22:00. The latent heat is
the heat absorbed during evaporation or released during condensation. The transfer of latent heat
flux is determined by the moisture exchange process between the underlying surface and the
atmosphere. The sensible heat flux is mainly due to the turbulent transfer near the ground. The
soil heat flux is the heat transfer between the ground and soil, linked to the heat conductivity of
soil. From the figure, we may see that the sensible heat flux occupies the largest fraction, the
latent heat follows and the soil heat flux is the least.
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3.3 Diurnal variation of land surface temperature

Figure 3 shows the numerical result of diurnal variation of land surface temperature.
Comparisons are made with the measured data. The land surface temperature varies cyclically in
the period of a day. This is caused by the diurnal variation of the solar radiation reaching the land
surface and its effective radiation. The alpine meadow area locates in the hinterland of Eurasia,
far away from oceans. There is little oceanic influence on heat accumulation. The heat conducts
slowly, concentrates on the top layer of the land and results in intense increase in the land
temperature. During the night, the effective radiation of the land surface increases. Because of
atmospheric rareness, little cloud, small water content in atmosphere, the insulation of
atmosphere is weak. So the heat radiates quickly from the land surface, and in turn, the land
cools down quickly. As a consequence, the land temperature varies greatly in a diurnal cycle.
For instance, the maximum land temperature is 42.4 T at 14:00, the minimum is - 6.1 T at
6:00 on June 7th.
3.4 Soil moisture

Figure 4 depicts the profile of the soil moisture. From the figure, we may see that there is
good agreement between the numerical simulation and the measurement data. The soil moisture
decreases with depth. There are stones under the depth of 60 cm preventing the groundwater to
supplement upward, while there is fog and rain as supplement on the top layer. So, more moisture
stays on the top layer. From the figure, it is seen that the moisture on June 3rd is more than that
on June 8th since a light rain occurred on June 2nd.
3.5 Atmosphere specific humidity

Figure 5 shows the specific humidity of atmosphere at different heights, different time in
Kinesia humility area. The specific humidity ratio, the ratio between the mass of moisture m, and
the mass of moist air m, + m,'"”}, is another expression of atmosphere humidity. The condition
of atmosphere humidity is determined by a number of important weather factors such as cloud,
fog, precipitation. They are also the main factors influencing the evaporation of water in soil and
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the transpiration of plants. We may see in Fig.S that, the specific humidity near the land surface

is at its largest value at noon (14:00), larger at night (20:00), smallest in the morning (8:00)
in a diurnal cycle.
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3.6 Atmosphere turbulence

The variation of the turbulent kinetic energy (TKE) with altitude is described in Fig.6, in
which, TKE reaches its peak near the top of vegetation. Influenced by the vegetation, the
turbulent fluctuation is suppressed greatly near the land surface. The turbulent intensity increases
in daytime, reaches its maximum between 14:00 to 18:00, and then decreases. The numerical

result shows that TKE reaches the maximum at 16 :00 or 'so, becomes smaller at 10: 00 and
22:00,. and reaches the minimum at 8:00,
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4 Conclusions

1) Haibei Alpine Meadow lies in the northeast of Qinghai-Tibet Plateau with mean altitude
of 3200 m. As a result, the atmosphere is rarefied. Because of high visibility, plentiful sunny
days and long sunshine time, the solar radiation is highly abundant and totally amount to 5.86 x
10% ~ 6.70 x 10° kI/m? annually .

2) Based on the water-heat transfer process between land and atmosphere in the Kinesia
humility meadow field in the area of Haibei Alpine Meadow Ecosystem Station, CAS, A multi-
layer land-atmosphere interaction coupling model is presented in this paper. The present model,
dividing soil, plant and atmosphere into multi-layers with detailed studies of the physical
processes inside the vegetation, represents some facts in observations. As compared with the
measurement, the model is proved to be able to simulate the land-atmosphere interaction process
successfully and may serve as scientific foundation for the optimal use of local water-heat
resources .

3) To extend this model, some revision and improvement have been made. An in-depth
study on the physical process of turbulent transfer inside the vegetation is carried out with special
consideration paid to the moisture transfer in leaf stomata under unsaturated condition, and a
revised water-absorption formula for root system is utilized to enhance the forecasting capability of
the land-atmosphere interaction coupling model presented in this paper.
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