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ABSTRACT

Fundamental equations of the atmosphere-land surface interactions are
presented. Based upon those equations, we have developed the atmospheric
and land-surface models at Purdue University. The numerical results show
the models are capable of reproducing the major features of observations.
Models also help us to understand the physical processes involved in
atmosphere, soil and vegetation. However, it is obvious that more
observational data should be collected and more scientists in different
disciplines should work together to study the mechanisms at and near the land
surface, which is crucial before a comprehensive model can be developed to

predict the change of climate, water resources, and ecology accurately.

Key words: Basic equations, Potential temperature, Mixing ratio, Richards’
equation, Darcy-buckingham equation, Matric potential,
Hydraulic conductivity, Resistance, Minimum stomatal resistance,
Height of canopy, Leaf area index (LAI), PBL, Canopy coverage,
Wilting point, Field capacity, Surface energy budget, Surface
moisture budget, Stand alone model, Soil texture, Soil moisture.

1. INTRODUCTION radiation, and soil moisture. Soil moisture is

controlled by precipitation, runoff, and the
It is well know that the growth of surface moisture flux, which includes

vegetation strongly depends upon temperature,  evaporation from bare ground and vegetation.
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On the other hand, vegetation and soil
moisture also influence the surface heat and
moisture fluxes as well as the local and
regional climate and hydrology. Meanwhile,
vegetation can prevent soil erosion and reduce
air pollution, and the occurrence of drought
and flood. Therefore, the interactions among
the atmosphere, soil, and vegetation are

crucial to agriculture, weather, climate, air

and water

pollution  control, resources

(Manabe 1969; Bhumralkar 1975; Dickinson
1984). Figure 1 (Dickinson et al., 1993) is a
schematic diagram of the atmosphere-land
surface interaction. It requires scientists in
many areas, such as soil science, atmospheric
sciences, hydrology, agriculture, biosphere to
work together to solve this important
problems. Unfortunately, this area has been

ignored in many countries, including Taiwan.

GROUNOWATER RUNOFF

Fig. 1 (after Dickinson et al., 1993)
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The soil temperature, evaporation rate,
humidity, the property and distribution of
soil and vegetation are not included in the
They

have been collected only by a few special

routine meteorological observations.

field experiments around the world. But the
surface moisture and heat fluxes are required
in a numerical weather -prediction model.
Therefore, scientists (Philip, 1957; Deardorff,
1977, 1978; Clapp and Hornberger, 1978;
Beljaars et al., 1996, Wu and Sun, 1990a, b;
Bosilovich and Sun, 1995; and others) have
developed various mathematical models to

study the physical mechanisms and predict

Wen-Yih Sun

the fluxes at surface based on the
conservations of momentum, energy, and
water substances. Hence, my students and I
have been working on the land-surface
of the
3-dimensional Purdue Regional Model (PRM;
Sun and Chern, 1993, 1994; Chern, 1994,

Haines et al., 1997, etc).

package, as a component

The basic equations and model set up
will be discussed in the next section. The
modeled results and observation, as well as
of

vegetation will be discussed in Section 3.

sensitivity test soil wetness and

2. ONE-DIMENSIONAL BASIC EQUATIONS

The model includes equations of the
motion in the atmosphere, the equations at
the

atmosphere-vegetation-soil interface,

and the equation of heat and water

substances inside the soil.

2a: Equations in the atmospheric boundary layer

The equations in the one-dimensional atmospheric model are

ou ouw
—=f(V-V)——
=T~ )=—

oV ovw
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a - 10U

(a.1)

(a.2)

(a-3)
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where (U, V, W) and (u, v, w) are mean and
fluctuating velocity vectors in x(eastward),
y(northward), z(vertical) directions. ®. and
8. are the mean and fluctuating equivalent

L O
potential temperature (@, =@ +——0).

Cp
Q. and gy are the mean and fluctuating
water substance, where Q, =Q+Q, and

Q is mixing ratio and Q. is cloud water
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The eddy coefficients «, and

ky (n’s™), transport term [W(E+ By,

2b: Equations of Land-Surface
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(a. 4)

content. U, and V, are geostrophic wind
along x and y components, respectively. Ry
is the net radiative flux. In order to solve
(1)-(4), Wu and Sun (1990a, b) and Sun
(1993a, combine the

(TKE)

b) proposed to

turbulent kinetic energy

( E=0.5u?+v?*+w?) ) equation and

K-theory to calculate the turbulence fields:

g —
= wh-¢ . 5)
o, i

(a.6)
(a.T)

(a.8)

(a.9)

and dissipation & are parameterized

according to Sun (1989, 1993a, b).

The one-dimensional conservation equations for temperature and soil moisture are

or__12Q 5

ot C, 0z C,
ow _ 0Q,

ot 0z

= +8,, (Richards’ equation)

(b. 1)

(b.2)
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where T is soil temperature,

C, is
volumetric soil heat capacity, w is

volumetric soil water content, and S; and

where K; is thermal conductivity.

z

0, = K[l 7

In the absence of any pressure head,
the effects of gravity on viscous vertical
flow of water are represented by hydraulic
conductivity K . The present of any
pressure head, or suction, is presented by
the moisture or matrix potential , ,
Basically, y, equals the work required to

ow_2o (K 6‘Pw] oK

o oz oz

;/"’J (Darcy-Buckingham equation)

S, are sink terms. The vertical heat flux

Qp obeys

(b. 3)

The vertical soil water flux Q, obeys

(b.4)

extract water from the soil against capillary
(surface tension) and absorption forces.
When the soil is saturated y, has a
minimum value, but not all air space will be
filled with water. (here z is positive above
the surface, but z is positive beneath surface

in hydrology. Hence, we obtain

(b.5)

Following Clapp-Hornberger (1978), soil hydraulic property functions can be defined

1
= WS[W_WJ
Wy

342/
K_[(w

S

The subscript s denotes the values at
saturation, and A is a constant, which

depends on the texture of the soil. For many
Sro =R, —Hg —Hy,

where R is net radiation, H_, is sensible

heat flux and H;, is latent heat. The

SW0=PT—HLO/L:PT-—E0

(b.6)

soils, w_ has the value of 0.4 m®> m?

1992). The

source/sink Sy, is

(Garratt, surface heat

(b. 7)

surface water source/sink S, obeys

(b. 8)
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where P is precipitation rate, E; is evaporation or sublimation.
evaporation rate, L is latent heat of The heat fluxes are given by
Hy,=(1-0,)H,+0,H, (b. 9)

Eyo =(1-0¢)E, +o¢E;

The subscript g denote over the bare components of sensible and latent heat
ground and subscript f for foliage. ©;is the fluxes can be expressed by

percent of the area covered by plants. The

H, = -pc,u0,. = pc,Cy|V, (@, — O, )= pe, (@, —©, )11, (b.10)

H¢ = -pc, u.;. = pcpCHVa‘((ﬂ)f -0,)= pcp((af —0, )1 (b. 11)
E, = —pCylsqys = pcpCh|Va\(Qg —Q0)= p(Qg —QO)/ T, (b.12)

Ef =—pc uqe. = PCpCh|Va \(Qf - Qo): P(Qf - QO)/(rb +r) (b.13)

The drag coefficient C, can be is the surface resistance due to the
calculated by the similarity equation unsaturated ground. ®, and Q, are the
average potential temperature and mixing

(Businger er al., 1971) if (E-)g, ®;, and }
ratio of the values for air, ground, and

®, are given. 1, is the resistance vegetation, as shown in Fig. 2 (Garratt,
between the ground and atmosphere, and 1 1992). The surface resistance is calculated
is between canopy and atmosphere, and T by

I, = Iy minFi 2 Fay (b. 14)

F| = the effect of photosynthetically active radiation
F, = the effect of soil moisture . )
F; = the effect of vapor pressure deficit '

F, = the effect of air temperature
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Fig. 8.9 Schematic representation of the main elements of a non-isothermal or two-
component canopy model. Linked to the atmosphere (via resistances rq, rp and r,), to
the soil or undergrowth (via resistance rq) and the deep soil (via evapotranspiration), the
canopy and upper scil layer are at temperatures Ty and T,. P, is the precipitation

reaching the soil surface.

In a numerical model, evaporation over

the unsaturated bare ground is usually

E,= p(ocQs(Tg )— Q, )‘r’rb (alpha method), or

= B( S(Tg )—Qa )/ 1, (beta method), or

E, = min(E ., ) threshold method (i.e.,sup ply and demand mehtod)

where

potential evaporation E,,

i (Q5 (TK )—Qa )/rb: and

calculated by one the following three
methods:
(b. 16)
(b.17)
(b.18)

Ec is the sup ply of the moisture flux trhough the layer benath.

where E, is the supply of moisture from the
layer beneath the surface, which can be
calculated by (b.4)or following Eq. (33) of

oT;
Cr _8t =Rpr —Hor —Hy ¢
oT, oQ
g _ T
Yo T og e e
More detailed descriptions can be

found in Noilhan and Planton (1989),
Garratt (1992) and LAPS model (Mihailovic

Dickinson et al. (1993)
The vegetation and ground temperature
are expressed by

(b.19)

(b. 20)

et al., 1992), Bosilovich and Sun (1995,
1998) and Shao et al. (1999).
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In addition to heat and moisture fluxes
in the vertical direction, a model should
also consider the surface and underground
runoffs, which

can be wvery important

especially over mountains.

3. RESULTS

Three different simulations will be
discussed to show: (a) interaction between
atmosphere and land surface, (b) the
response of land surface to atmospheric
forcing, and (c) sensitivity test of

soil-vegetation property.

3a: Interaction between atmosphere and
land surface

Figure 3 shows the time sequence of
two-day vertical profiles (from surface up to
2 km) of observed and modeled virtual
potential temperature (K), mixing ratio (g
kg™), westerly wind U, and southerly wind
V (m s™') at Wangara, Australia (Sun, 1993a,
b). The Wangara Experiment (Clarke et al.,
1971) provided

excellent two months

observational data of the atmospheric

planetary boundary layer (PBL) from
surface up to 2 km and has been used to
verify the model simulations (Deardorff,
1974; Sun and Ogura, 1980; and others).
But it did not provide the property of

vegetation and soil.

Figure 3a shows the vertical
contributions of the TKE from buoyancy,
transport, and dissipation according to (a.5).
A well mixed layer with a uniformed
potential temperature, mixing ratio, and
wind field developed in the afternoon. But
a strong temperature

gradient  (i.e.,

nocturnal inversion) and low-level jet
developed at nighttime are well reproduced
by the model. Figure 3b shows the
(b.7).

Figures 3c-d reveal observed and simulated

contribution of surface energy
potential temperatures and mixing ratios at
and near the surface (z=0.01, 2.5, and 10 m).
Overall over the model reproduces the

observed features quite well.

3b: Response of soil and vegetation to
atmospheric forcing

Bosilovich and Sun (1998) applied the

one-dimensional  Land-surface  surface
model to simulate the surface variables
during the First ISLSCP Field Experiment
(FIFE) (Sellers et al., 1988; Strebel et al.,
1994) in 25 June-25 July 1987. The
forcing from the atmosphere near the
surface is shown in Fig. 5. The parameters
and the set up of simulations are presented

in Table 1.
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Fig. 3. (after Sun, 1993a)
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Tasls 1. Boandary conditsns and model consiazls. The sl type
15 used to specafly several comstants refuted to the soil lextare: 7, 4
the roaghness bangth of bare sl ¢, is the emissvaly of the sl
sarfage, u, 15 the fraction of vegetation cover, h, is the canoy hetgh,
LAl 15 the leaf area mdex, R 1 the minimum stomata) resistance
of the camopy. and « 15 the emissivity of the vegetation canopy.

% LA Ry,
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Sifty cloy loam 005 698 080 630 LM 12800 0%
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TagsLe 2 Bl model structure and initslocanon for the Bosidovick
anad Sun £ L9ES | anosdel withooighe and Bve Tyess and the FRM surface
und bukk layess: Z w2 the midpoimt depth ol the layer, AZ s the
thickness of the soil Rver, w s the it} volumsetnic seif water cone

temit, 71x the anatant saal temperature. A is the 10i] thermal conductivity,
uind ¢, s U roet fisction, Note thal for the FRM 2 and AF aze for
the soil mobsture prediction eguation, the soil empersture sguabias
use varmble thicknesses.

ke w r &
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2 1.0 24 ARG XHR2 02 [

Tasrz 3 Descriplin and differances for cach model simelation
presented in this paper. Al simalasions wse e vepetation modst and
bebe method, wless noted stherwae,

Takle 4, Rims error and bias CGin parestieses) of model surface and

Saem sk tempernture, Mobs thal shsevvid surfsce lemperatans is

Casga |3Emp!mn ved by ar eter ad Flegms sl tempernture 15 s point
chzervation. Linats are kedvin,

P Eight soif layars, Bets mosstore availability P 3 - :

I Frve sl fmyees, Beta mowstare avackabibity = et e m =

3 ight suil tayars, Alphn misture avaslallity : ey f:gi‘";; o] ;‘_’;‘g‘g »

da  Force-Resiore Method, Deardortt {1978) €, and €, 3 164 (102 O.2% D19y

db Fuoroo-Restore Method, Hraad of al, {19935 O, and € E™ 1.04 (D.93) 054 (D78

S5 Fight wil layers, no vegetation modat ‘:E‘ CL5MF (063 Gl fc‘--‘l)

S FRM Deandorif (1978, no vegetation madel P o W72 (170,

S FRM Browd ot al. [1993], oo vegetation model So 1.2 62) L%2 (D891

Table 1. (after Bosilovich and Sun, 1998)

The observed and simulated surface

and 50-cm soil temperature are shown in

Figs. 6 and 7. We can see that the
observed temperature and moisture at
surface and inside the soil are well

reproduced; we can also see that the
magnitude of Er is comparable to E, in Fig.

7. It is also noted that there is larger soil

water content and less evaporation for the
alpha method (b.16) compared to the beta
method (b.17) when the soil moisture is less
than field capacity, which will be discussed
The

calculated based on beta method with eight

later. results shown here are

More detailed discussion is

referred to Bosilovich and Sun (1998).

soil layers.
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Fig. 5. (after Bosilovich and Sun, 1998)
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Fig. 6. (after Bosilovich and Sun, 1998)
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3c: Sensitivity test of soil-vegetation
property

Sun and Bosilovich (1996) applied the
one-dimensional atmospheric model (Sun,
1993a, b) and land-surface package to study
the response of turbulence fluxes and
atmospheric profiles to the variation of
minimum  stomatal

vegetation  cover,

resistance, canopy height, initial soil

moisture, and soil type. The model set up
and parameters are shown in Tables 2. The
leave area index (LAI)=5.5 and simulation
is from 00Z to 12Z). We will present the
results due to the variation of soil moisture,
minimum stomatal resistance and vegetation

coverage, and soil type.

Table I
Soil model initial conditions and grid spacing. Az is the thickness
of the soil layer. The initial soil temperature for layers 2—5 was
derived for the observational data set. Soil moisture was initialized
from a ‘stand alone’ simulation (Bosilovich and Sun, 1995). The
root distribution is used to compute root zone soil moisture, and
determines the percentage of transpiration that is removed from a

layer
Layer Az (cm) T X) W m® m™3) Root Dist. (%)
1 1 291.00 0.195 5
2 2 291.00 0.195 10
3 10 292.75 0.210 30
4 14 293.25 0.215 30
5 26 294.00 0.225 25
] 47 294.00 0.235 (0]
Table I

Table of variables used in the semsitivity study. Boldface indicates the sensitivity
variable and its range in the simulations. o} is the percentage of leaf area to ground
area, 100% implies complete coverage of the ground. rumin is the minimum stomatal
resistance. hcum is the height of the canopy. Wy and Wy, are the initial soil moistures
of the upper three and lower three soil layers respectively, in units of volumetric soil

water

Experiment o) (%)  famin (SMmT')  kcm (M) Wy, WL Soil type
1a 0-100 SO 0.50 0.13,0.19 Loam

1b* 0-100 50 0.50 0.13,0.19  Loam

2a 70 25-525 0.50 0.13,0.19  Loam

2b 0-100 500 0.50 0.13,0.19 Loam

3 75 50 0.01-2.0"* 0.13,0.19 Loam

4a o = 0.50 0.04-0.24" Loam

4b 75 50 0.50 0.04-0.24" Loam

5a 0 - 0.50 0.18,0.22  Sand-Clay
sb 75 50 0.50 0.18,0.22  Sand—Clay
Sc 0 — 0.50 1 Sand—Clay
5d 75 50 0.50 1 Sand—Clay

*Experiment 1b is identical to 1a, except that the Force Restore Method is used.
** The canopy height is varied logarithmically.

The range of upper soil layers is provided, the lower soil layers range is 0.09-0.29.
Soil moisture also varies for this experiment (see text).

Table 2. (after Sun and Bosilovich, 1996)
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Experiment of vegetation

Evapotranspiration is strongly affected
by the stomatal resistance, according to

(b.13)-(b.15).  The

which, when open, are the main conduits for

stomata are pores

transpired water. Hence, the net resistance
I, to water passing from the inside to the
outside of the leaf depends largely on the
size, distribution, and degree of opening of
those stomata. The value of minimum
stomatal resistance is from 30-40 s m
(crops and grassland) to 200-300 s m™' for
citrus according to Garratt (1992; Table 5-1);
the values are from 25 to 300 s m™' for crops
and grasses and 500-2000 s m™ for trees

according to Monteith (1976); the range is

120-200 s m™ according to Dickinson et
al.(1993, Table 2). Hence, the values are
uncertain.

The vertical profiles of virtual potential
temperature, mixing ratio, -and TKE as
function of minimum stomatal resistance are
shown in Fig. 8 (Experiment 2a). The higher
(lower) the resistance, the less (more) water
substance is permitted to the leave the plant.
Hence, the depth of the PBL is higher and
PBL is drier for a smaller value of resistance.
However, when the minimum resistance is
very high (here is 500), Figure 9 shows the
vegetation under a stressed condition can
become an effective barrier for surface

moisture flux. (Experiment 2b).
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Figure 6. Sensitivity Experiment 2a. 0000 Z vertical profiles of (a) virtual potential te:
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rature (1

K interval), (b) specific humidity (0.5 x 102 Kg/Kg interval), and (c) TKE (0.05 m? s_g interval).
Minimum stomatal resistance is the sensitivity variable.

Fig. 8 (after Sun and Bosilovich, 1996)
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Figure 7. As in Figure 6, except for Sensitivity Experiment 2b, where the sensitivity variable is the
vegetation cover. The contour intervals are identical to Figure 6.
Fig. 9. (after Sun and Bosilovich 1996)
capacity and wilting point, they are

dependent on soil texture, as shown in Fig.

The important factors to determine 12:

evaporation rate from bare soil are field

Field Capeacity and Wilting Points
Field Capscity
— ——— Wilting Point

—— - — Average Initial Soil Water (Exp 5a & b)
------ Average Initial Soil Water (Exp Sc & d)

Volumetric Soil Moisture

1
scL

1
cL

1
Sc

i
8C

1
ScL.

c
Soil Texture

Figure 13. Comparison of the wilting points and field capacities for given soil textures to the initial
soil water content used in BExperiment 5. Soil textures are abbreviated by the following: S = sand(y),
s = silt(y), L = Loam(y), and ¢ = clay. Example: ScL = Sandy clay loam.

Fig. 10. (after Sun and Bosilovich, 1996)

The evaporation occurs at potential
rate (moisture availability is 100%) when
moisture

soil is greater than the field

capacity, but evaporation shots down when

soil moisture is less than wilting point.
11a-b
sensible and latent heat fluxes as function of*

upper

Figures show the surface

initial soil moisture and time.
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Figures 1lc-e show the vertical profiles of

potential temperature, mixing ratio, and

TKE as function of upper layer soil

moisture without vegetation. Over a wet soil,

ang Mu = Sepo. Hout
T Ty e

the PBL is cooler and more moist, and the
depth of PBL is lower depth compared with

that developed over a dry land.
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Figure 10. As in Figure 4, except for Sensitivity Experiment 4a, where the initial soil water con-
tent is the sensitivity variable. The contour intervals are identical to Figure 4 for all, except TKE

(0.25 m?s™2).

Fig. 11. For bare ground (after Sun and Bosilovich, 1996)

Figures 12a-b show ground surface
temperature and vegetation temperature for
Experiment 4b. The vertical profiles of
potential temperature, mixing ratio, and

TKE as function of upper layer soil

moisture are shown in Fig. 12c-e (with 75%
vegetation cover and r,=50 s m’'). The
variation for small value of soil moisture is
quite large, but variation becomes small for

soil moisture > 0.14, when it is greater than
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field capacity. The moisture can free be
transported through the atmosphere by both
bare ground and vegetation. It is also

noted that vegetation with small resistance
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can effectively transfer the soil moisture

from root zone into the atmosphere under

normal condition.
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Figure I1/. Sensitivity Experiment 4b, same as Experiment 4a except vegetation is included. (a)

Ground surface temperature and (b) vegetation surface temperature, both at a contour interval of 1 K.

Comparison of 0000 Z vertical profiles of (c) virtual potential temperature (1 K interval), (d) specific

humidity (0.5 x 10™? Kg/Kg interval), and (e) turbulent kinetic energy (0.10 m? s~ interval). Initial
the

soil water is

itivity variable.

Fig. 12. With 75% vegetation coverage(after Sun and Bosilovich, 1996)

4. Summary

The equations and numerical results of
atmosphere-vegetation-soil interaction are
briefly presented here. Observational data
are very limited, numerical model becomes
The models

presented here seem be able to reproduce

the major tool in this area.

many major features of observations. The
models also provide plausible explanation
of mechanisms involved. However, more
observations are required to verify both
equations and the parameters involved. It
also different

disciplines to work together to study the

requires  scientists in

complex processes at and near the ground
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surface, where the human beings depend on.
After we have a better understanding of
those processes, we may be able to develop
a better planning of the land usage as well
as to predict the change of regional climate,

water resources, and ecological system.
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m =

WER ~ THEBEMEERFTHAESL > RAEEEARRE—F "28 - L8R
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BRERE  EAAR « B1E;8E « JBEA X - Richards’ equation ~ Darcy-buckingham equation -
MEBE  KNEERE MBS REFAMAN -EESE - FERESH PBL
HEEE  RAEY - AMAKE - - REKETEHE - REKSITEHE - Stand alone
model ~ TIFHERE ~ LIBKH -



