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Abstract Based on the basic principles of the micro-
meteorology of atmospheric boundary layers and vegeta-
tion canopy, a numerical model of the interaction between
forest ecosystems and atmospheric boundary layers was
developed. The model is used to simulate the diurnal var-
iations of heat balance in forest ecosystems, canopy temper-
atures, ground surface temperatures, as well as the profiles
of temporal and spatial distributions of potential tempera-
tures, wind speeds, specific humidity, and turbulence exchange
coefficients. Our study indicates that the model can be applied
to study the interaction between land surface processes and
atmospheric boundary layers over various underlying surfaces
and their regional climate effects. This paper will establish a
solid foundation to investigations on the coupling of climate
models and the biosphere.

Keywords forest ecosystem, atmospheric boundary layer,
numerical simulation

1 Introduction

The numerical simulation of matter and energy exchange in
the soil-vegetation—atmosphere-coupled system has signif-
icant scientific and practical value in the study of both re-
gional and global climate change. At the near surface layer,
two perpetual elementary exchange processes, a hydrolog-
ical cycle and thermal energy transmission, have a direct
effect on regional climate and ecological environment. Not
until we work out the hydrological and thermal balance
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within soil, vegetation, and atmosphere and obtain a pro-
found understanding of the physical characteristics of water
vapor and energy exchange on their interfaces can we ob-
tain a clear perception of the influence of vegetation on local
and regional climate. Forest vegetation plays an important
role in regulating the structure of the atmospheric boundary
layer and atmosphere circulation. After the land—atmosphere
interaction parameterization introduced by Deardorff [1] in
1978, Dickinson developed and modified a biosphere—
atmosphere transfer scheme (BATS) in 1984 and 1986
[2,3], and Seller et al. [4] put forward a simple biosphere
model (SiB) in 1986. These early studies have established
the foundation for building numerical models of material and
energy exchange within the soil-vegetation—atmosphere-
coupled system.

In 1982, Yamada [5] originally proposed a detailed model,
which was applied to a nonneutral atmosphere to study
atmospheric turbulence exchange by coupling canopy and
atmosphere. Except for some deficiencies, e.g., the lack of
parameterization of water transfer and inadequate accuracy
in dealing with turbulence, the model has proved to be highly
representative. Furthermore, Raoupach and Shaw [6], Li
etal. [7,8], and Naot and Mahrer [9] developed their models
about micrometeorological vegetation canopies, which em-
phasized the study of different aspects, such as the rules of
momentum and hydrologic and thermal transfer within
vegetation canopy layers. These studies are essential for fur-
ther research in canopy micrometeorology, dynamic and
thermal transfer, as well as in biochemical processes in land
ecosystems.

With the development of research in land surface pro-
cesses in recent years, coupled numerical models that treat
the soil-vegetation—atmosphere as a continuum have sur-
faced, and investigators have made some breakthrough in
evapotranspiration research, such as the work by Liu et al.
[10] on a one-dimensional soil-vegetation—atmosphere-
coupled numerical model. This has been used to study the
evapotranspiration processes of summer surface layers over
arid and semiarid areas with different kinds of vegetation
coverage in northwest China. The establishment of numerical
models for a soil-vegetation—atmosphere-coupled contin-
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uum requires a thorough knowledge of micrometeorology,
soil physics, and plant physiology and especially a compre-
hensive consideration in radiation characteristics and land
surface heat budgets, all of which can make those models
more competitive in credibly simulating real evaporation,
transpiration, evapotranspiration, and heat transfer processes
in surface layers.

In this paper, we developed a material and energy trans-
fer model of a soil-vegetation—atmosphere continuum by
coupling atmospheric boundary layer models and vegeta-
tion canopy micrometeorologic models, with due consid-
eration of the physical vegetation mechanism in radiation,
dynamic, and thermal transfer processes. This model is
applied to simulate the diurnal variation patterns of profiles
of each variable in the atmospheric boundary layer: temper-
ature of foliage and air of the vegetation canopy, heat flux
at foliage surface over the forest underlying surface, distri-
bution of turbulence, and temperature and wind field over
nonuniform underlying surfaces. Our results will be helpful
to supplement the deficiency of actual observations and
give us a more profound perspective on material and energy
transfer mechanisms within the vegetation canopy, as well
as their influence on regional climate.

2 Model presentation

To explore the impact of nonuniform underlying surfaces
upon air motion as well as material and energy exchange,
we applied an atmospheric model and vegetation distribu-
tion with two dimensions. For the sake of simplicity, we
assume longitudinal uniformity in our model.

2.1 Atmospheric dynamic equations

In the x—z two-dimensional coordinate system, basic atmos-
pheric dynamic equations are modified as follows:

ou au ou

E ax W§_08x+Fll+S7 (1)
00 o0 o0

—_— = —y—— F, 2
o . Wa + Fy + Su, 2
om g

—=_2, 3
0z 0 )
ou ow

—“1Z7 0 4
8x+8z ’ “)
and

oR oR oR

—=—u——w—+Fp+S, 5)

ot ox oz

where
v 0.286
0=T <—°> (6)
p
and
P 0.286
™= Cp (P> (7)
0

6 =potential temperature, w=the Exner Function, g is
gravitational acceleration, u and w are horizontal and
vertical wind velocities (m/s), respectively, R is specific
humidity (kg/kg), C»,=1,005 J/(K - kg) is the constant-
pressure specific heat of air, Po=1,000Apa and equals to the
pressure at sea level; F,, Fg, Fy =turbulent exchange terms
of momentum, water vapor, and heat, respectively, which
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and S, Sy, and S, represent the sources of momentum,
heat, and water vapor, which describe the transmission of
the three variables by vegetation at the lower atmospheric
layer. Their calculations will be discussed in the following
section.

®)

2.2 Turbulent exchange coefficient

There are many different kinds of models to calculate tur-
bulent exchange coefficients. We follow the method devel-
oped by Blackadar [11], according to which momentum
turbulence exchange coefficients are derived from the mixing
length /. Here, we calculate the wind shear term by

(@)

where £, denotes the height of vegetation cover. When
z>h, we compute the mixing length as follows:

)

ko(H-Zo)

B (10)

where ko =the Karman constant, which is equal to 0.4, and
zo=the degree of land surface roughness. For the following,
we define v, as a fractlon of the Vegetatlon cover; (i(z) as
leaf area density (m?*/m>), which is treated as constant for
simplification; 3 is a geostrophic parameter, which is equal
to (27x10°° Vo)/f. Here, fis the Coriolis parameter and
equals 2wcosp, w represents the earth rotation palstance,



and ¢ denotes degrees of latitude. Then, we can rewrite the
expression of mixing length [10] as

0.03
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where C), is a nondimensionalized parameter and K [12]
can be calculated as follows:

S, (1 4+ aRi) Ri<0
K = (12)

PS,(1 —aRi) Ri>0

where Ri denotes the Richardson number, which is calcu-
lated by

. g dfjoz
Ri = G (13)
We assume a=—3.
Finally, we compute all turbulent exchange coefficients
by establishing relations with K derived from Eq. (12):
K}nH:KmV:Ka KqH:KqV: apK, and KQH = KQV = OépK.
Subscripts m, ¢, and 6 represent momentum, water vapor,
and heat exchange coefficients, respectively, and H and V
denote horizontal and vertical direction, respectively.
a,=1.35, the reciprocal value of the Prandtl number.

2.3 Radiation energy fluxes
2.3.1 Shortwave radiation energy

We assume that vegetation coverage is V., and that leaf
reflectivity is a; and neglect the absorption caused by the
photosynthesis of plants. The direct shortwave radiation
flux used to produce thermal impact Sy among Sy, ab-
sorbed by the top layer of the vegetation is
Sf = Veg(1 - ah)Sdown- (14)
When the land surface albedo is a,, the shortwave radiation
flux of the land surface thermal impact S, is
Se=(1- Veg) (1 — ) Stowns (15)
where the thermal impact caused by the reflective short-
wave radiation of land surface and vegetation is ignored.
The direct shortwave radiation flux [13] absorbed by the
top layer of vegetation is
Siown = (t — a)Sycos Z (16)
where ¢ is an experience parameter given by Kondratyev
[13] after considering the diffuse reflection from the sky, a
is the absorption coefficient of the atmosphere to the solar
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spectrum [14], S, is the solar constant (1,367 W/m?), and Z
is the solar altitude angle.

2.3.2 Longwave radiation fluxes

The downward longwave radiation flux [13] of the atmo-
sphere is

L, = g,0T), (17)
where o is the Stefan—Boltzman constant and 0=5.68x10"® W/
(m?. K%, T, is the temperature of the referenced atmospheric
layer, and &, is the atmospheric longwave emitting coeffi-
cient [14]. The longwave radiation flux of vegetation is

Ly =2V - &,0T}, (18)
where T is the (average) temperature of the vegetation layer,
and since the vertical distribution of the vegetation temper-
ature has not been taken into account in this model, 7; is
merely a function of special position at x. £~0.95 is the
longwave coefficient of vegetation. Coefficient 2 represents
a situation including both the upward and downward radia-
tion of vegetation.

The longwave radiation flux of the land surface is
Ly = £40T,, (19)
where T, is the land surface temperature, and £,= 0.91 (for
purposes of this paper) is the longwave coefficient of the
land surface.

Making longwave absorption simple by assuming that
longwave radiation can be absorbed completely by vege-
tation and the land surface and ignoring the reflection of

langwave radiation, we can obtain the longwave absorption
of the vegetation layer (Lg,) and land surface (Ly;,) as

Lin = Veg - (La+ Lg) (20)
and

Loin = (1= Veg) Lo + %Lf. (@2
2.3.3 Total radiation energy fluxes

The total radiation flux of vegetation is

Ry =8¢ + Ljn — Ly, (22)
and the total radiation flux of the land surface is

Ryg = Sg + Lgin — Lg. (23)
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2.4 Subsystem of vegetation layer
2.4.1 Sensible heat flux of vegetation

The thermal flux transported to the atmosphere per unit
volume of vegetation is

H(x, 2, 1)

| Veg - 11(2)p,Cp(Ty(x) — Tulx, 2, 1)) /JRa z < h
= (24)

0 z > h.
where T is the temperature of plant canopy and a function
of the horizontal coordinate x. The thermal source in the
atmospheric dynamic equation is

Sy = Hyp, (25)
and the total thermal flux per unit area of canopy is
h
Hy(x,t) = / Hp(x, z, t)dz, (26)
0

where the suffix s denotes per unit area, the suffix v denotes
thermal flux per unit volume, p, is the density of the
atmosphere, and R, is the atmospheric dynamic resistance
of the leaf surface, which can be calculated by

R, =1/[Cru(x,z,1)], (27)

where Cris the momentum of the thermal and hydrologic
transportation coefficient of vegetation and is decided by

C; =0.01 (1 +(0%3>

u(x, z, t)

(28)

2.4.2 Latent heat flux of plant canopy

If we neglect the water intercepted by leaf surfaces, the
formula for calculating the total amount of transpiration of
the leaf surface [17] is

qsat(Ts) -

q
Ehv = Vegﬂ(z)pa R +R .

29)

qsa(T3) 1s the saturated water vapor pressure at temperature
T, q, is the water vapor pressure in the atmosphere, and R,
is the surface resistance of the vegetation system. The param-
eterization has been explained in detail in [12,14—17]. The
total amount of transpiration per unit area of vegetation is

h
Eps = / Epydz. (30)
0

The latent heat flux of vegetation can be written as AEj;,
where the vaporization heat of water A=2.5x10¢ J/kg.

2.4.3 Vegetation temperature equation

Given the expressions of sensible heat flux and latent heat
flux of the vegetation, we can write the equation of vegeta-
tion temperature as

o1y

where C, is the thermal capacity per unit area of vegetation,

C, = 0.02 LAI C,, 32)

where LAI is the leaf area index and C,, is the thermal
capacity of water.

2.4.4 Other fluxes transported to the atmosphere
from the vegetation

Similar to the description of thermal fluxes, the volumetric
density of vegetation momentum flux is written as

Sy = = Vegu(2)p,U(x, 2, 1) /Ry, (33)
and the volumetric density of hydrologic flux is
Sy = Epy. 34)

2.5 Soil subsystem

2.5.1 Physical quantity fluxes of soil
and their connecting conditions with the atmosphere

We will consider thermal and hydrologic transportation
from land surface to atmosphere alone and eliminate vege-
tation; thus, we cannot use the reference layer and the dy-
namic resistance scheme of the atmosphere to calculate
fluxes. Because the grid granularity of the bottom layer is
very small, we can consider that the thermal and hydrologic
fluxes in this thin layer of atmosphere are those of the land
surface. The temperature and humidity at the bottom of this
thin layer can only be decided on by the characteristics of
the soil surface, and their fluxes can be calculated using
temperature and water vapor gradient.

Thermal flux transported from the soil to the bottom of
the atmosphere can be derived from

oT,
0z

Hy = p,C,Kyy (35)

z=0



The boundary condition is 7,,(0) = Tg, |z _ o> Where T;(0)
and 7,,(0) represent soil temperature and atmosphere tem-
perature, respectively, at zero height, whose calculations
will be discussed later.

Similarly, the equations for energy and water vapor
fluxes are

90,
E,=p K,y— , 36
g Pa qV 9z o ( )
and the boundary condition is Q,(0) = huth(T gs) |z o

where Q,(0) is the atmospheric humidity of the land
surface at zero height, 4, is relative humidity at the land
surface [17], and Qy.(T;) is the saturated humidity when
the land surface temperature is 7;, which can be calculated
using the Teten equation [14]:

T, — 273.16
(T,) = 6.1 17269222 (4
1) =610 (172607228 (hp) )
and
0 (T):O622Lm(kg/kg) (38)
SATS T p —0.378¢,(T)) '

To deal with land surface momentum flux and wind
speed, we can claim that U(0)=0. As a result, at the soil
surface, the connecting conditions of temperature can be
written as

o,

C
0z |._q

— Ryg — Hy — \H,, (39)

where T, represents soil temperature.

2.5.2 Soil temperature equation

Since we largely study temperature and humidity at land
surface level, we can adopt a two-dimensional continuous
medium thermal conducting equation to calculate soil tem-

B Ry + KGV(l)CpTa(z)/(Z(z) —Z(0)) — 2E; + O‘Tg/(zg(

perature and neglect the latent heat flux in soil. If we assume
soil temperature to be Ty(x, z, ?), then

T, 9

o7, 0 o7,
—E__ (=2 —(Cc=£),
ot 8x< 8x>+82< Bz)

where C, and C represent the thermal capacity per unit
volume and thermal conducting efficiency of soil.

Cq (40)

Co = (1 + W) Ci + W,C,, (41)
where W, is the saturated water capacity of the soil, W, is
the water capacity of soil, and C; is the thermal capacity per

unit volume of dry soil. Their parameterizations are given
in [15].

2.5.3 Surface layer temperature of soil

The surface-layer temperature of soil can be decided on
implicitly by an energy balance equation. In this numerical
model, we assume that the bottom layer of the atmosphere
is assigned the value 0, the temperature of the layer assigned
by k is T,(k), and the energy turbulence exchange coeffi-
cient is Kyy (k) . Then, the difference expression is

oT,
0z

Koy (42)

K=1

For the part under the surface, we assume that the top
layer is also assigned the value 0. Then, the temperature of
the layer assigned by k is T,(k), with a vertical coordinate

Zg(k)’
0T,
0z

T%(0)

_ T,(1)
)= 2(0)

K:1/2_ Z(1) -

(43)

The boundary condition is 7,(0)=T4(0)=Tg,. Considering
that the thermal flux in the thin layer of the land surface
does not vary with height, we can put different expressions
of each quantity into the energy balance equation and ob-

tain the expression Ty:

) - :(0)),

1
@ Kor (DG, /(2(2) — 2(0)) + o/ (Z,(1) - 2,(0))

(44
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2.5.4 Soil water capacity equation

When dealing with water capacity, this model cuts soil into
two parts, i.e., the surface layer (0.01 m) and the layer below,
which consists of the root zone and the gravitational infil-
tration layer. Because of the evaporation of water in the
soil, the water capacity of the surface layer has an obvious
diurnal variation. The water capacity of the layer below is
correspondingly steady and can compensate for the loss of
water caused by the evaporation of the surface layer and the
pumping effect resulting from the transpiration of the vege-
tation, so that the water capacity of the forest soil remains
largely constant. For the sake of simplicity, we will take the
water capacity of the lower layer, despite different vegeta-
tion types, as a constant ¥, and that the water capacity of
the surface layer Wy (x,f) is a function of the x coordinate
and time 7. With precipitation neglected, the equation of the
surface layer water capacity [1,14,17,18] is

&)

W, C
;go — 1 (—Eg) — ? (Wg - Wgeq)o S Wg S Wsat,

o pudi
(45)

where p,, is the density of water, E, is the amount of
evaporation of soil water, and W, is the volume of water
capacity of the soil surface when gravity and capillary
tensility are balanced [18]:

w, \* w, \ %
Weeo = We —a £ ) (1 - g > Wia
gq 8 (W Wear '

In Eq. (45), d,=0.01 m is the thickness of the soil
surface layer. Coefficients C; and C, can be calculated by
the formulae below:

(46)

b
Wear\ >

Ci = Cryu [ =2 47

1 1,<Wg) @7)
and

W,

Co=Copep|[———— ), 48

g 2f<Wsa,—W2+Wﬂ> %)

where W;=0.05 is a small constant that makes a reasonable
compromise in the equation when the soil is saturated. The
constant Ci4,;=0.375 and Cy.r=0.3.

3 Difference formats, boundaries, and initial conditions

The area simulated by this model is a two-dimensional
space with a length of 60 km, a width of 4 km, and a depth
of 40 cm. We constructed a system of grids for this area to
be able to do numerical calculations. The horizontal orien-
tation is divided into 60 equal grids, while the vertical

orientation is divided into 155 grids. The vertical orienta-
tion of the soil is divided into ten equal grids, while that of
the atmosphere is unevenly divided into 145 grids: the first
layer is divided into 50 grids, with a height extension of
0-82 m, containing a vegetation area of 25 m; the second
layer is divided into 45 grids, with a height extension of
82-500 m; the third layer is divided into 25 grids, with a
height extension of 500-1,500 m; the fourth layer is
divided into 25 grids, with a height extension of 1,500—
4,000 m.

The area simulated is larger than the actual area studied.
The wind speed, potential temperature, humidity, and soil
temperature of the windward boundary are taken as the aver-
age values of three neighboring grids. Similarly, the values
of the leeward boundary are also taken as the average val-
ues of three neighboring grids. We assume that the physical
quantities at the top boundary and their fluxes are con-
stants; that is, the values of the two layers at the top bound-
ary are invariable. The soil temperature of a certain depth at
the bottom boundary is also constant. Since the model
simulates the variation of all values within 24 h, the initial
conditions should accord with the results of simulation after
24 h; that is, these can sequentially become the initial con-
ditions of the next 24 h. As a result of this consideration, for
the sake of gaining reasonable initial conditions, we first
prescribe a set of initial conditions based on practical expe-
rience to make the model run for 24 h. The final results that
we obtain should be more suitable to become the initial con-
ditions (this is because ecosystems have a rather powerful
stability and a steady semiperiodic state has a certain kind
of magnetic attraction on neighboring orbits that have some
warp and will make them eventually converge to a steady
semiperiodic state). The model will simulate values contin-
uously for some days, negate the values of the first 24 h,
and just study the simulation results after the first 24 h. The
initial wind speed (m/s) profile is

u(l,K) = 4.5(:Z5)"" Z < 1.500m
’ Ul 721, 500m 1,500m < Z < 4,000m;
(49)

the initial potential temperature (k) profile is

287.5 0 <Z <500m
298.0 500m < Z < 1,000m
1.5(Z—1,000
6(1,k)=<298.0 +%1,000m <Z <1,500m
0.5(Z—1,500
305.5 + %I,SOOm < Z <4,000m;
(50)
and the initial humidity (kg/kg) profile is
O(I,K) =0.006 — 1077, (51)



where leaf surface temperature is

Ty (I) =290.0.

The initial soil water capacity (m*/m?) is
we(I) = 0.4, wy, = 0.4,

and soil temperature is

Ty (1) = T,(I) = 290.

The time step of simulation is 1 s, and a rhombic skipping
scheme is adopted as a difference format, which is always
steady.

4 Results and analysis

The environment simulated is a middle-latitude area in
early summer and is located at 45.6°N latitude; the starting
time is the 200th day of a year, i.e., July 19th. The charac-
teristics of vegetation and soil are listed in Table 1. The data
are selected from Forest Meteorology by Wang et al. [19].

Solar shortwave radiation is the primary energy source
influencing the heat budget of the vegetation ecosystem.
And sensible heat, as well as latent heat, transfer are the
main factors of heat budget variation. Fig. 1 shows diurnal
variation characters of heat flux in the vegetation ecosys-
tem. Net radiation flux at the vegetation surface remains
positive in the daytime and reaches its peak value at about
1300 hours local time (LT), while it falls to negative values
during its nocturnal period because of longwave radiation.
Sensible heat flux denotes the temperature correlation be-
tween vegetation and canopy. Thus, it would be positive
while the vegetation is heating the canopy air and negative
otherwise. We can see from Fig. 1 that net radiation flux stays
at about —40 W/m?. In this condition, vegetation transpira-
tion is suspended and even replaced by condensation be-
cause the vegetation temperature is lower than that of the
canopy air. After sunrise, the vegetation will experience
a quick increase in its temperature and begin to heat the

Table 1 Feature parameters of vegetation and soil

Vegetation fraction 0.8
Vegetation height 25 m
Leaf area index 0.4 m%/m?>

Albedo of leaf 0.2

Resistance of leaf transpiration 40-5,000 s/m
Best temperature of stomata open 298 K
Specific heat capacity of dry soil 321 Jikg - K)
Density of dry soil 200 kg/m?
Saturation soil moisture content 0.472 kg/kg
Plant withered moisture content 0.015 kg/kg
Field soil moisture capacity 0.409 kg/kg
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Fig. 1 Diurnal variation features of heat flux of a vegetation
ecosystem

canopy air. Meanwhile, sensible heat flux rises rapidly and
arrives at its maximum value at about 12:00 LT. Subse-
quently, sensible heat flux begins to fall because of
vegetation transpiration and weakened solar radiation
and reaches zero at 18:00 LT, which indicates that the
vegetation temperature is the same as the canopy air tem-
perature. Then, the value of the vegetation temperature con-
tinuously declines until it meets its stable nocturnal value
when vegetation transpiration stops at about 20:00 LT. It is
evident from Fig. 1 that during the period after sunrise,
latent heat flux increases slower than does sensible heat
flux, and the former achieves its peak later than the latter
does, because sensible heat flux results from heat accu-
mulation, while latent heat flux is the composite result of
energy transfer from heat to surface evaporation and vege-
tation transpiration. Solar elevation angle, shortwave radia-
tion flux, and vegetation heat accumulation reach their peak
value at about noon; thus, latent heat flux is maximized at
15:00 LT. Nocturnal longwave radiation makes vegetation
temperatures reduce gradually until it is equal to or is even
less than the canopy air temperature. Water vapor will
condensate on foliage if its temperature falls below the dew
point. Under this condition, vegetation transpiration ceases;
this is why latent heat flux remains zero nearly all night
long.

We can see from Fig. 2 that the vegetation canopy di-
rectly absorbs solar radiation and stores heat, and this results
in a rapid temperature increase after sunrise, reaching its
maximum value at 12:00 LT, coincident with the regular
pattern of diurnal variance of radiant flux. However,
because of heat storage in the vegetation canopy, its tem-
perature value declines less rapidly after noon than before,
and the diurnal variance curve of vegetation temperatures is
unlike that of solar radiation, which is close to the normal
distribution curve. Turbulence exchange becomes weak
within a vegetation canopy layer; thus, the diurnal variance
of the canopy air and soil surface temperature partly coin-
cide. Fig. 2 shows that in a vegetation ecosystem, solar
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Fig. 2 Diurnal variation features of temperature in a vegetation
ecosystem

radiation heats the foliage at first and then the vegetation
canopy air as well as the soil; thus, foliage temperature
rises more quickly than the latter two after sunrise and
reaches its peak earlier. Foliage temperature and canopy air
temperature become equal at 18:00 LT, which is called the
vegetation-canopy-air equal thermal point, and sensible
heat flux of vegetation is zero here.

Figs. 3 and 4 show the spatial and temporal distributions
of potential temperatures. In Fig. 3, potential temperatures
of the near surface forest layer varied considerably at
10:00 LT, which is coincident with the variation of heat
flux and temperature as shown in Figs. 1 and 2, and it
comes into a super-adiabatic state from 12:00 to 1:800
LT below 500 m. It is evident in Fig. 4 that because of heat
storage in the daytime, the vegetation canopy keeps
adiabatic conditions at diurnal time and a strong temper-
ature inversion zone exists in the subaerial layer above
the vegetation canopy; this will diminish and vanish after
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Fig. 3 Spatial and temporal distributions of potential temperature
(contour K)
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Fig. 4 Diurnal variation features of potential temperature profiles

sunrise. Around noon, a temperature inversion zone
appears inside the vegetation canopy layer, which stores
heat in the canopy and forms a super-adiabatic zone in the
subaerial layer above. The effects of the vegetation ecosys-
tem on the atmospheric thermal process can also be seen in
Figs. 3 and 4. Temperature varies most intensively within
the first 500 m above the surface. This is the height within
which the vegetation ecosystem imposes its main effects on
the atmospheric boundary layer. This effect may be felt up
to 800 m. Forest ecosystems also have important relation-
ships with fluxes, temperature distribution, and character-
istics of turbulence within the atmospheric boundary layer.
Figs. 5 and 6 the show spatial and temporal distributions of
turbulent exchange coefficients. At 12:00 LT, the tur-
bulence exchange coefficient begins to increase at a
height of 200 m, and its peak value appears at 16:00 LT at
200 to 400 m above the ground. The turbulence exchange
coefficient has a distinct daily variation, and after 18:00 LT,
it begins to decline due to weakened solar radiation. Also,
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Fig. 5 Spatial and temporal distributions of turbulence momentum
exchange coefficients [contour (m?/s)]
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Fig. 6 Diurnal variation of the profiles of turbulence momentum
exchange coefficients

we can see in Figs. 5 and 6 that the forest ecosystem can
influence atmospheric boundary layers up to about 800 m,
which coincides with what we have concluded from
Figs. 3 and 4.

Fig. 8 displays the daily variation of wind velocity pro-
files, and Fig. 9 gives us its details over the surface layer.
Due to the heat accumulation and dynamic function of the
underlying vegetation ecosystem, wind velocity at the
surface layer begins to increase at 08:00 LT; this effect
moves upward gradually, and the wind velocity at a height
of 600 m receives this signal at 16:00 LT. From Fig. 7, it is
obvious that the effect of the vegetation ecosystem on
wind velocity distribution in the atmospheric boundary
layer can reach up to 800 m, and this also coincides with our
foregoing simulation of potential temperature and turbu-
lence exchange coefficient. After 18:00 LT, solar radiation
and turbulence exchange becomes weak, and wind velocity
in the boundary layer diminishes. From Fig. 8, we can see
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Fig. 7 Spatial and temporal distributions of wind speed [contour
(m/s)]
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Fig. 8 Diurnal variation of wind speed profiles

the diurnal change of wind profile in the atmospheric
boundary layer with the underlying surface of the vegeta-
tion ecosystem. Wind velocity is below 1.0 m/s in the
vegetation canopy layer (z<25 m), and there is no evident
diurnal change. But above the vegetation canopy
(z<100 m), wind velocity increases sharply with height,
and then a strong shear layer forms because the large-
scale vortices are broken due to obstruction by the
vegetation. To get a clearer picture, the wind profile of
the surface layer above the vegetation canopy is shown in
Fig. 9. In Figs. 8 and 9, we can see that the typical ‘S’
figure of the wind profile in the atmospheric boundary
layer does not occur in our simulation. The reason for this is
that we assumed that the parameterization of the turbulence
exchange coefficient and the vegetation leaf area index
within the forest canopy layer varies linearly with the height
of the vegetation. However, Fig. 9 still shows the distinct
wind shear transformation character both within and above
the vegetation canopy. The variable trend of the wind
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Fig. 9 Features of wind speed profile over the surface layer
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Fig. 10 Spatial and temporal distributions of air moisture content
[contour (kg/kg)]

profile in our simulation is very similar to its actual value.
Therefore, to a certain extent, these simulation results can
guide the research of interaction between the underlying
forest surface and atmospheric boundary layer.

The impacts of heat budget, dynamic, as well as the
thermal processes and turbulence exchange of the forest
ecosystem are felt not only on the turbulence exchange coef-
ficient, the temporal and spatial distribution of wind ve-
locity, temperature, and the diurnal change of wind profiles
but also on the distribution of humidity and the diurnal
change of the humidity profile. Figs. 10 and 11 show
temporal and spatial distribution and diurnal variation of
humidity, respectively.

Fig. 10 shows that water evaporation and transpiration in
the forest ecosystem increase after 08:00 LT due to solar
radiation. Subsequently, the humidity of the surface layer
atmosphere increases, and then the heat energy and
temperature of the forest ecosystem increase with a strength-
ening of solar radiation and reinforces turbulence exchange;
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Fig. 11 Diurnal variation of air moisture content profiles

as a consequence, evapotranspiration of the forest ecosys-
tem intensifies even more. After 18:00 LT, solar radiation
and turbulence exchange diminish gradually and the
elevation of the constant-humidity line is reduced.
Fig. 11 shows the diurnal variation of the humidity pro-
file with height. Evapotranspiration in the forest canopy
layer is under the direct influence of solar radiation, while
this process is limited to humidity at the surface layer.
Accordingly, diurnal variation of humidity within the forest
canopy layer (z<25 m) is somewhat severe, and the mois-
ture content rather high above the forest canopy (z<100 m)
from dusk to dawn because of the condensation on the
forest canopy. Fig. 11 shows that the vertical range of
influence on the forest ecosystem is up to 800 m, and this
agrees with all our foregoing simulations.

5 Discussion

In this paper, we have applied the basic principles of micro-
meteorology to atmospheric boundary layers and plant
canopy and have developed a numerical model simulating
the interaction between forest ecosystems and atmospheric
boundary layers. In this model, we started from basic phys-
ical principles and tried to use the first quality principle
perform the simulation. On the one hand, this model has
a fairly good integrity, while on the other hand, it gives
prominence to important details, such as mass and thermal
exchange processes in the canopy. In calculating turbu-
lence exchange coefficients in the canopy, we have only
considered the vegetation leaf area index; thus, this model
suits forest areas, which have high vegetation coverage.

The simulation results of this model agree fairly well with
practical observations concerning principles and trends;
thus, their rationality and credibility are rather high. Our
simulation results cover the thermal balance of the vegeta-
tion surface layer, diurnal variation of atmospheric temper-
atures in plant canopies, foliage temperatures, and land
surface temperatures. Also obtained are time and spatial
distributions, together with the variation in the diurnal pro-
file of the character of potential temperatures, wind speed,
humidity, and turbulence exchange coefficients of the cano-
py, surface layer, and atmospheric boundary layer. These
results have confirmed the effects of plant canopy on mass
and energy transport processes in the atmospheric bound-
ary layer. As a result, this model can be applied to estimate
ecosystems and study the interaction between ecosystems
and atmospheric boundary layers.

The model developed has simplified some variations
in physical processes, and the choice of parameters also
allows for large adjustments. We take the distribution of the
vegetation leaf area index as a very simple function of plant
height and assume that the vegetation temperature is the
same at every level in the vegetation. As well, we have not
taken the distribution of radiation intensity in the vegeta-
tion into account, but only simply considered that radiation
energy disperses equally at every level of the canopy. The
expressions of these simplifications show great differences
with reality and require theoretical improvement using fur-



ther practical observations. For instance, we should develop
more reasonable formulae for leaf area index distributions
and radiation index distributions in the vegetation to enable
the model to simulate more accurately mass and energy
exchange processes in the soil-vegetation—atmosphere con-
tinuum as well as the mechanism of interactions between
forest ecosystems and atmospheric boundary layers.
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