
ABSTRACT

The numerical simulation of wind and ozone (O3)
transport in mountainous regions was performed
with a computational fluid dynamics technique. A
dry deposition model for O3 was designed to estimate
O3 deposition in complex terrain, and the qualitative
validity of the predicted O3 concentration field was
confirmed by comparison with observed data collect-
ed with passive samplers. The simulation revealed
that wind velocity increases around ridge lines and
peaks of mountains. The areas with strong wind
corresponded well with the sites of tree decline at
high altitudes, suggesting that it is an important
factor in the localization of tree/forest decline. On
the other hand, there is no direct relationship bet-
ween forest decline and O3 concentration. The O3

concentration, however, tends to increase as wind
velocity becomes higher, thus the O3 concentration
itself may be a potential secondary factor in the lo-
calized decline phenomena. While the diffusion flux
of O3 is not related to localized tree decline, the pat-
tern of advection flux is related to those of high wind
velocity and localized tree decline. These results sug-
gest that strong wind with large advection flux of O3

may play a key role in the promotion of tree/forest
decline at high mountain ridges and peaks.

Key words: Tree decline, Strong wind, Ozone, De-
position model, Computational fluid dynamics

1. INTRODUCTION

The development and distribution of tree/forest
decline have been associated with multiple stress fac-
tors, such as air pollutants and natural stress factors
(Kohno, 2004; UN/ECE and EC, 1999; Kohno et al.,
1998). For instance, recent air-quality monitoring data
and an open-top chamber O3 exposure study in beech
seedlings suggested that the effects of O3 may be asso-
ciated with the tree/forest declines (Takeda and Aiha-
ra, 2005; Aso and Nakashima, 2004), while most of

the tree/forest decline in remote and high mountains
is confined to specific areas and may possibly be link-
ed with meteorological factors (Koshiji et al., 1996).
In many cases, high mountain sites record higher O3

concentration and significant wind speed than those
at foothill sites, thus these two factors may possibly
have significant empirical effect, singly and/or in
combination, on tree/forest decline. There are many
models for evaluating the long-distance transport and
deposition of air pollutants (see, for example, Byun
and Ching, 1999; Draxler and Hess, 1998). However,
they are usually based on meteorological models with
simple non-hydrostatic approximations occasionally
optimized for coarse grid resolution, and thus may
not have sufficient accuracy for the evaluation of com-
plex terrain such as mountainous areas.

In this research, a dry deposition model combined
with the computational fluid dynamics (CFD) techni-
que is designed for evaluating O3 deposition on com-
plex terrains and is verified by comparison with ob-
served data collected with passive O3 samplers. Spa-
tial distributions of predicted wind and O3 are com-
pared with the locations of ascertained sites of tree/
forest decline to discuss their individual and combined
effects on the declining phenomena. 

2. METHOD

2. 1  Computational Region
The Tanzawa Mountains of Japan was chosen for

the computational region (Fig. 1(a)), because here,
localized tree/forest decline is observed and O3 con-
centrations are relatively high depending on elevation.
In the Tanzawa Mountains located in the western part
of Kanagawa Prefecture, declined Japanese beech trees
(Fagus crenata) are conspicuous in the southern to
southwestern slopes along the ridges and at high peaks.
Recent study (Takeda and Aihara, 2005; Aso and Na-
kashima, 2004) suggested that O3 may be associated
with those declines as previously described.

To take the influence of the wind direction into ac-
count and to prepare time-averaged distribution maps
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of wind and O3 concentration, six main wind directions
are chosen using data (Ebina, 2002-2004) obtained by
AMeDAS (Automated Meteorological Data Acquisi-
tion System) from the Japan Meteorological Agency
(Fig. 1(a)). Rectangular computational domains set for
each main wind direction are shown in Fig. 1(b). 

2. 2  Computational Method
In this study, we assume atmospheric conditions of

incompressible dry air under neutral stratification.
Wind and O3 transport above a forest canopy layer are
simulated, and those in a canopy layer are not directly
solved since they are modeled under the ground bound-

ary condition. In order to accurately predict local wind
in complex terrains, the continuity, Navier-Stokes and
concentration transport equations described in bound-
ary-fitted coordinates are used as basic equations:

∂Uc
k

mmm==0, (1)
∂ξ k

∂Ui Uc
k ∂Ui 1 ∂ξk ∂P 1  ∂ ∂Ui

mmm mm mmm==-m mmm mmm++m mmm·vthklmm‚, (2)
∂t    J ∂ξ k ρ ∂xi  ∂ξk J  ∂ξk ∂ξl

∂C Uc
k ∂C 1   ∂ ∂C

mm++mm mmm==m mmm·Dthklmm‚, (3)
∂t J ∂ξk J  ∂ξk ∂ξ l
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where

xi ==(x, y, z) : Cartesian coordinates (x : main wind direc-
tion, y : horizontal direction perpendicular
to x, z : vertical direction) [m],

ξ k==(ξ, η, ζ) : boundary-fitted coordinates [m],
Ui==(U, V, W) : velocity components in (x, y, z) direc-

tion [m/s],
Uc

k==(Uc, Vc, Wc) : contravariant velocity components
in (ξ, η, ζ) direction [m/s],

C : O3 concentration [kg/m3],
t : time [s], 
ρ : density of atmosphere [kg/m3],

∂ξ k   ∂ξ l

hkl==mmm mmm : fundamental tensor, 
∂xm  ∂xm

J : Jacobian,
νt : eddy kinetic viscosity [m2/s], 
Dt : eddy diffusivity of ozone [m2/s].

In this simulation, the standard k-ε model is used in
order to deduce the eddy kinetic viscosity, and the
turbulent Schmidt number is set to 1. Photochemical
reactions are omitted since the time scale of the reac-
tion is larger than that of wind flow, and advection
must be dominant in the narrow regions of about 10
km×10 km considered here. The third-order upwind
finite difference is applied to the advection terms and
the second-order central finite difference is applied to
the diffusion terms for the discretization of basic equa-
tions. The Crank-Nicholson method is used for time
development. On the inlet boundary, the logarithmic
profiles are given to both the velocity and the concen-
tration on the basis of the analogy between momentum
and mass transfer, and the concentration at the ground
level is set at 80 percent of the upper air concentration
by referring to observation data (Aso and Nakashima,
2004). The convection condition is applied at the out-
let boundary, and the free-slip condition of velocity
and the zero-flux condition of concentration are im-
posed on the upper and side boundaries, respectively.
On the ground boundary, we apply the logarithmic law
of velocity and the equilibrium condition of the con-
centration diffusion flux and the deposition flux above
a canopy layer,

∂C
Dtmmm==VdC, (4)

∂z

where Vd is deposition velocity. To take account of
the wind velocity dependence of Vd, it is divided into
the aerodynamic resistance ra, the quasi-laminar layer
resistance rb and the surface resistance rc. Then, ra

and rb are directly calculated from the wind simula-
tion and rc is set to be 200 s/m on the basis of existing
literatures (Matsuda et al., 2005). This ground bound-
ary condition for O3 deposition is fundamentally valid
for a flat terrain, and the effect of a complex terrain
on deposition is elucidated through eddy diffusivity
Dt and concentration C, which are spatially varied by
local wind. The validity of this model is discussed in
section 3.1.

Computational conditions are shown in Table 1.
Subscripts ‘0’ and ‘a’ in the table indicate the ground
surface (a ground height of 0 m) and the height of the
upper wind level (350 m), respectively. Assuming the
background O3 originates from the stratosphere or
distant urban centers, the inlet O3 concentration exhi-
bits a logarithmic profile which has positive gradients
in the vertical direction. Grid points are allocated at
even intervals in the horizontal (x, y) plane and dense-
ly near the ground in the vertical direction.

3. RESULTS AND DISCUSSION

3. 1  Evaluation of Deposition Model
The validity of this wind simulation has already

been confirmed, by comparisons of the simulation
results with the results of wind tunnel experiments
and wind observations, to show high performance
(Hattori et al., 2003), while the validity of the dry de-
position model and the computational method for O3

transport have not yet been examined. Thus, the O3

concentration obtained by the simulation was com-
pared with that observed in the Tanzawa Mountains
(Aso and Nakashima, 2004).

The observational measurement by Aso and Naka-
shima (2004) was conducted using an Ogawa passive
sampling system from May to September in 2004.
The ground height of diffusion samplers was approxi-
mately 1.5 m. The exposure time was two weeks. The
trapping part (filter paper) of the samplers was impreg-
nated with 50 μg of 1 percent NaNO2 solution. While
the samplers were exposed, NaNO3 was formed in pro-
portion to O3 concentration by the reaction ‘NaNO2
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Table 1. Computational condition.

Computational Main wind Inlet concentration, Grid points Δx [m] Δy [m] Δz [m]
region direction C0/Ca Nx, Ny, Nz (max) (min, max)

Tanzawa Mountains SE, S, SSW, 
SW, NW, N 0.8 301×241×30 50 50 10, 2380



++O3→ NaNO3++O2’. After they were removed and
NO3

- was analyzed using ion chromatography, O3

concentration was deduced using the correlation func-
tion between O3 concentration and the rates of NO3

-

conversion.
Since the observation data were time-averaged con-

centrations in the period, corresponding averaged val-
ues were calculated from the numerical results of the
six main wind directions by the time-averaging meth-
od described in section 3.2. The locations of eight
observation points (O1-O8) are shown in Fig. 2, and
numerical results and observation results at those eight
points are compared in Fig. 3. The horizontal axis in

Fig. 3 is the observation point number arranged in the
order of altitude, and the vertical axis is the O3 con-
centration, which is normalized by the concentration
at point O1 (an altitude of 175 m) and point O8 (an
altitude of 1,672 m) in the figure (C**==(C-CO1)/(CO8

-CO1)) to verify the relative magnitude between the
points. The numerical results agree well with the ob-
servation results on the points O1-O4 and O6-O8,
while the difference between the two results is com-
paratively large at point O5. This might be caused by
an inappropriate inlet boundary condition of O3 con-
centration, because point O5 is near the inlet bound-
ary in the case of a S or SSW wind direction with a
high occurrence frequency. Although the validation
of the computational method for O3 transport is insuf-
ficient and there is room for improvement of the
model and inlet boundary conditions, the results sug-
gested that this simulation could predict the qualitative
tendency of the O3 concentration field. In the follow-
ing sections, we proceed with the discussion on the
relationship between wind, O3 and localized tree de-
cline.

3. 2  Spatial Distributions of Wind and O3

To investigate the influence of wind and O3 on trees,
attention is paid mainly to wind and O3 concentration
at a ground height of 10 m, which corresponds to the
height of trees. Figs. 4, 5 show wind velocity, turbu-
lent energy and O3 concentration for each of S and N
main wind directions with high occurrence frequency,
respectively. The presentation of the results of the
other main wind directions are omitted, since similar
tendencies were found in the examination, as describ-
ed below. The contours in the figures are normalized
by the values at the inlet boundary. Small arrows and
black and white lines in these figures show local wind
directions, altitude contours and the rough locations
of distinctive U-shaped ridges, respectively. Wind
velocity increases on the upwind slopes of the U-shap-
ed ridge and its branch lines, while wind weakens on
the downwind slopes and valleys. As observed in Fig.
6 showing the amplitude of wind velocity in a verti-
cal section (y==2 km in Fig. 4(a)), such wind variations
near the ground are closely related to the variation in
the thickness of the atmospheric boundary layer caused
by the ground slope and to the separation of high-vel-
ocity flow behind mountains. Moreover, turbulent
energy increases in the areas with high wind velocity,
supporting the fact that the increase in wind velocity
on the upwind slopes is caused by enhanced atmos-
pheric shear, which is directly related to turbulent in-
tensity. 

The O3 concentration also show an increasing ten-
dency on the upwind slopes of ridges at high altitude,
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since the O3 transport from the upper air to the ground
is here promoted by the increase in turbulence (Fig.
7). As a result, the distribution of O3 concentration is
essentially similar to those of wind velocity and tur-
bulent energy, though the spatial variation of the con-
centration is smaller than that of wind field.

Among the results in the cases of S and N main wind
directions, the locations with high wind velocity and
high O3 concentration are naturally different. However,

they take maximum values near ridge lines in both
cases, suggesting that such areas should be potentially
affected by strong wind and high O3 concentration.

3. 3  Advection Flux and Diffusion Flux
Localized tree/forest decline phenomena may be re-

lated to the finding that wind velocity and O3 concen-
tration vary near the ground surface in the complex
terrains, as described in the previous section. In this
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section, attention is paid to the advection flux FC==UpC,
which shows the amount of a substance transported
parallel to the ground surface, and the diffusion flux
FD==-Dt∂C/∂n, which is usually used for the evalua-
tion of the amount of deposition, where ‘p’ and ‘n’
denote the ground-parallel and ground-vertical com-
ponents of wind velocity. The correlation component
of velocity fluctuation and concentration fluctuation
in FC is omitted since it is comparatively small. 

Figs. 8 and 9 show the distributions of normalized
advection flux and diffusion flux near the ground in

the case of S main wind direction. The contour of
advection flux is highly similar to that of wind veloc-
ity. This is caused by the larger variation of wind veloc-
ity than that of O3 concentration, showing that the
wind field substantially dominates the advective trans-
port of O3. On the other hand, the spatial variation of
diffusion flux is quite small. 

3. 4  Time-averaged Distributions and
Localized Tree Decline

Since trees/forests should declined owing to the
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cumulative influence of strong wind and O3 for exam-
ple, time-averaged values of wind velocity, concen-
tration, advection flux and diffusion flux of O3 are
calculated using the following equation so as to eval-
uate the numerical results in cumulative time:

φmean==∑(RWD∙φ(WD)), φ==UH, C, FA, FD. (5)
WD

Here, UH, WD and RWD are the velocity of strong wind,
the direction of strong wind and the occurrence fre-
quency of WD, respectively. ‘Strong wind’ is here
defined as wind with higher velocity than ‘mean wind
velocity’++‘standard deviation of fluctuating wind’ in
the observation data. RWD is deduced from observa-
tion data. Figs. 10-13 show the time-averaged distri-
butions of wind velocity, O3 concentration and both
the fluxes near the ground, respectively. The ellipses
in these figures indicate rough locations of the ascer-
tained tree declined areas (D1-D3) where trees visual-

ly recognized to be obviously dead or reduced vitality.
Wind velocity and O3 concentration vary according to
the ups and downs of the ground surface and show
maximum values near ridge lines and peaks of moun-
tains. Such a variation near the ground surface has a
close connection with the variation of the thickness
of the velocity boundary layer and the flow separation
behind mountains, as mentioned in the section 3.2.
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Fig. 6. Vertical distribution of wind velocity at Y==2 km (S
main wind direction).
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The ascertained tree decline areas correspond well
with high-wind-velocity areas near ridge line and
peaks, suggesting that the localization of tree/forest
decline is strongly influenced by local wind proper-
ties, which probably also are related to the evapora-
tion of moisture from trees. On the other hand, the
spatial variation of O3 concentration is much smaller
than that of wind velocity, and no clear relationship
between the distribution of O3 concentration and tree
decline is found. The similarity in the velocity field
and O3 concentration field, however, suggests that the
concentration itself has the possibility of being a sec-
ondary factor in the localized decline phenomena in a
region with high O3 concentration.

Advection flux, which is greatly affected by wind,
shows good correspondence with the tree decline areas,
while the distribution of diffusion flux is nearly con-
stant and does not show a clear correspondence. When
considering the impact of ozone on trees/forest, the
advection flux should be regarded as a combined influ-
ence of wind and O3, and it seems to have a closer

connection with the localized tree/forest decline than
the O3 concentration itself. However, it is not valid if
wind and ozone have compound effects (as on the flux),
and further ecophysiological observations, particular-
ly of factors such as stomatal conductance, evapotran-
spiration, and water conditions, are required to evalu-
ate these numerical results.

4. CONCLUSIONS

The numerical simulation of wind and O3 transport
in mountains was conducted by the CFD technique.
By comparing the location of tree decline areas with
wind, O3 concentration, O3 advection flux and O3 dif-
fusion flux, their influence on the decline was examin-
ed. Conclusions are summarized as below.

(1) The numerical data, compared with observed
data, successfully predict the qualitative tendency of
the O3 concentration field. On the other hand, further
validation of the computational method is needed for
the quantitive evaluation of the O3 concentration.
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(2) Wind velocity near the ground increases around
ridge lines or peaks of mountains. The areas of strong
wind correspond well with the tree decline areas, sug-
gesting wind to be one of the important factors in lo-
calized tree decline.

(3) There is no direct relationship between forest
decline and O3 concentration. However, the concentra-
tion tends to increase as wind velocity becomes high,
thus the concentration itself may be a secondary fac-
tor in the localized decline phenomena in the region
with high O3 concentration.

(4) While the diffusion flux was not related to local-
ized tree decline, the pattern of advection flux of O3

was related to those of high wind velocity and local-
ized tree decline. Strong wind with a large advection
flux of O3 may play a key role in the promotion of
tree/forest decline at the high mountain ridges and
peaks.
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