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"Institut für Physik der Atmosphäre, Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany

Received 13 March 1998; received in revised form 16 October 1998; accepted 16 October 1998

Abstract

A one-dimensional radiation fog model is presented. It is coupled with a second model to include the effects of tall
vegetation. The fog model describes in detail the dynamics, thermodynamics, and microphysical structure of a fog, as well
as the interactions with the atmospheric radiative transfer. A two-dimensional joint size distribution for the aerosol
particles and activated fog droplets is used, the activation of aerosol particles is explicitly modeled.

The implications of the presence of tall vegetation on the state of the atmosphere and on the evolution of radiation fog
are stated. It is shown that the existence of tall vegetation impedes the evolution of radiation fog. The life cycle of
radiation fog is discussed. The input of fog water and associated aerosol particles onto the vegetation surfaces via fog
water interception processes is assessed. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The description of the interaction between the atmo-
sphere and the earth’s surface covered with vegetation is
of interest for several reasons. From the modelers point
of view, the earth’s surface presents a lower boundary for
a model of the atmospheric boundary layer. The presence
of vegetation changes the fluxes of momentum, heat,
moisture, and radiation to a great extent. It is therefore
desirable to include a vegetation submodel into a bound-
ary layer model so that these effects can be accounted for.
From the ecologist’s or hydrologist’s point of view in-
formation about the import of water and associated solid
or soluted particles is important to assess the cycle of
water, nutrients, and pollutants in the vegetation.

The deposition of atmospheric particles onto vegeta-
tion has three major pathways: (i) wet deposition, the
deposition of rain or snow and affiliated solid or soluted
particles or gases, (ii) dry deposition, the gravitational
settlement of aerosols or gas, (iii) moist deposition, the
direct interception of cloud or fog droplets. Intercepted
cloud water may lead to a subsequent flux of water which
drips from the vegetation elements to the ground. In this
paper, only moist deposition is regarded.

Great attention has been paid so far to the moist
deposition in sea coast or high elevation forests or eco-
systems. These studies cover the development of numer-
ical models to simulate the deposition of cloud water
(Lovett et al., 1982; Lovett, 1984; Lovett and Reiners,
1986; Mueller, 1991; Pahl, 1996; Walmsley et al., 1996), as
well as experimental work (Marloth, 1906; Linke, 1916;
Azevedo and Morgan, 1974; Lovett, 1984; Mueller and
Imhoff, 1989; Joslin et al., 1990; Fowler et al., 1990;
Mueller et al., 1991; Weathers et al., 1995) including

1352-2310/99/$— see front matter ( 1999 Elsevier Science Ltd. All rights reserved.
PII: S 1 3 5 2 - 2 3 1 0 ( 9 8 ) 0 0 3 7 2 - 0



chemical analysis of the deposited cloud water (Saxena
et al., 1989; Lovett and Kinsman, 1990; Schemenauer
et al., 1995; Pahl, 1996).

The cited papers show the importance of cloud water
deposition for high elevation ecosystems, measured
values range between 0.1 and 0.69 mmh~1 (Lovett, 1984;
Mueller et al., 1991; Walmsley et al., 1996).

Low elevation advection or radiation fog has so far
received only little attention in the literature (Vermeulen
et al., 1997). Although the fog density and deposition
fluxes are usually not as high as in clouds advected to
high elevation ecosystems, water and trace substance
input associated with fog may be important, especially
for regions with a less pronounced orography. Previously
dry deposited acid substances can be dissolved, leading
to potentially acid conditions on the leaf surface. Also,
the effectivity of vegetation as a sink for atmospheric
gases and aerosols is increased when the vegetation is
wetted (Wisniewski, 1982; Burkhardt and Eiden, 1994).

In this paper a numerical study of the interaction of
low elevation radiation fog with tall vegetation is pre-
sented. We define tall vegetation as vegetation that has
a height of the order of meters to dekameters (e.g. forest)
in contrast to short vegetation with a height of the order
of centimeters to meters (e.g. grass). Consequently we
parametrize tall vegetation in several model layers. We
are focussing on the detailed description of turbulence,
radiation transport, fog microphysics, and the intercep-
tion of droplets by a multilayered vegetation.

The numerical model which has been used in this study
is outlined in Section 2. In Section 3 sensitivity studies
and further results in relation to experimental findings
are presented, while a conclusion is given in Section 4.

2. Methods

The numerical one-dimensional boundary layer model
MIFOG (microphysical fog model) of Bott et al. (1990)
has been established to simulate the dynamics, thermo-
dynamics, radiation transport, and detailed microphysics
of a radiation fog. This model has been developed further
and was also used to simulate stratus clouds in the
marine boundary layer (Bott et al., 1996). MIFOG was
also extended to consider subgrid scale vegetation
(Siebert et al., 1992a, b). On the basis of this vegetation
model a parametrization for tall vegetation has been
added. A derivation of the model equations can be found
in Siebert et al. (1992b) and in von Glasow (1997). This
vegetation submodel calculates the fluxes of heat and
moisture between the vegetation and the atmosphere,
and the influence of the vegetation on the radiation field.
A soil submodel is included. These models are combined
with a routine based on the ideas of Shuttleworth (1977)
which simulates the droplet—vegetation interaction to
give the model MIFOG-V (V for vegetation).

Fig. 1 gives a schematic overview over the processes
included in MIFOG-V.

2.1. Dynamics and thermodynamics

The dynamic and thermodynamic prognostic equa-
tions of MIFOG-V for the components of the horizontal
wind field u, v, the specific humidity q, and the potential
temperature # are the following:
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The notation is standard except for the shielding factor
p
&
, which describes the coverage of the soil with vegeta-

tion. E
/
is the net radiation flux density, u

'
and v

'
are the

components of the geostrophic wind. ¸ is the latent heat
of evaporation and C the condensation rate, calculated
by the microphysical submodel. The turbulent fluxes

(L/Lz)W@w@ are calculated according to Mellor and
Yamada (1982) (see below). The aerodynamic resistance
of the vegetation has to be considered in the momentum
equation. It is treated as outlined by Wilson and Shaw
(1977) with the form drag:
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c
$
is the dynamic resistance of the vegetation and b (z) the

one sided leaf area density in units of m2 per m3 air.
Above the vegetation b (z)"0, so all vegetation related
terms are zero too.

The terms Q) and Q2 in Eqs. (3) and (4) are calculated
according to suggestions of Deardorff (1978). They ac-
count for the heat and moisture transport between the
vegetation and the surrounding air. See Appendix A for
details.

A prognostic equation for the water mass ¼ on the
leaf surface is solved, which includes precipitation and
condensation processes. Overflow to lower vegetation
layers and the soil surface is considered.

2.2. Turbulence

Turbulence is treated with the level 2.5 model of
Mellor and Yamada (1982). The turbulent fluxes are
parametrized with the help of exchange coefficients. For
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Fig. 1. Interactions between the vegetation and the atmosphere, the radiation field, and the soil, schematically.

the turbulent kinetic energy a prognostic equation is
solved, which includes the production of turbulence by
the vegetation (von Glasow, 1997).

Above the vegetation layers the mixing length l,
which has to be specified for the calculation of the turbu-
lence variables, is determined after Mellor and Yamada
(1982) including a zero displacement height d and the
roughness of the vegetation z

0
: l"i(z#z

0
!d) (1#(i/l

0
)

(z#z
0
!d ))~1.

According to Thom (1975) d has been chosen as
d"0.75h with the vegetation height h, z

0
has been esti-

mated to z
0
"0.833h. These values have to be deter-

mined for a specific stock of trees.
In the interior of the stand the suggestions for the

determination of the mixing length of Watanabe and
Kondo (1990) and Watanabe (1993) have been used. This
formulation takes into account that the vertical extent of
turbulent motions within the vegetation is limited due to
the existence of vegetation. The mixing length within the
canopy is supposed to be constant in time.

2.3. Soil

The soil model used has been described in some detail
by Siebert et al. (1992b), only the main features are
repeated here. The soil surface is regarded as infini-

tesimally thin layer incapable of storing heat or moisture,
so two budget equations can be formulated. The budget
equation for heat includes the total atmospheric radi-
ation reaching the ground, infrared emission of the
ground, the soil heat flux, and latent heat fluxes. The
budget equation for moisture considers the atmospheric
and soil moisture fluxes, and the flux due to sedimenting
particles. A coupled set of two prognostic equations for
soil moisture content and soil temperature is solved, the
diffusion fluxes of water vapor and dry air in the soil are
considered. In the root layer the water flux into the roots
which is determined by the transpiration is taken into
account.

2.4. Microphysics

The microphysical submodel has been presented by
Bott et al. (1990). For the description of the microphysi-
cal particle spectrum a joint two-dimensional distribu-
tion function f (a, r) is used, where a and r stand for the
aerosol and total radius of the particle, respectively. The
dry number of classes, as well as the radius range are
adjustable. In the runs presented here, 40 aerosol and 50
droplet size classes have been used, the aerosol radius
range was 0.025 lm)a)0.5 lm, while the droplet
radius range was a)r)50 lm. In each of these 2000
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Fig. 2. Schematic description of the redistribution of the sedi-
mentation flux in the vegetation. Shown is a 2D view of 5 atmo-
spheric layers, of which 3 are covered with vegetation (shaded).
The sedimentation flux leaving each layer is symbolized with five
arrows. For more details see text.

particle classes a prognostic equation for the number
density is solved:
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The first term on the right describes the time rate of
change of the particle number density due to the turbu-
lent vertical mixing of particles, the second due to gravi-
tational settling of the particles with the terminal velocity
w
5
, and the third due to diffusional particle growth.

Terms four and five are non-zero only within the vegeta-
tion and are explained below. The particle growth includ-
ing aerosol activation, depending on relative humidity
and solubility of the aerosol particles, is calculated ex-
plicitly. Effects of radiation on droplet growth are ac-
counted for. More details on this treatment can be found
in Bott et al. (1990).

Two mechanisms of interaction between fog droplets
and the vegetation are assumed: (i) Impaction, i.e. the
interception of fog droplets which are driven horizontally
by the wind against the vegetation and collide with
vegetation elements. It is presumed, that they do not
bounce off. In Eq. (6) this process is symbolized by the
fourth term. (ii) Sedimentation, i.e. the interception of fog
droplets due to gravitational settlement of the droplets
onto the vegetation, which is symbolized by the fifth term
in Eq. (6).

The determination of the time rate of change of the
particle size distribution function f due to direct impac-
tion of droplets on vegetation elements is based on ideas
of Shuttleworth (1977). We assume that the vegetation
consists of ntyp number of types of vegetation elements
(needles, twigs, etc). The probability of a collision
between a droplet and a vegetation element i of the
vegetation type j determines the flux of droplets on the
vegetation. It depends on the effective cross-sectional
area of the element A*

i, j
(a, r), the mean droplet density

D(a, r) (kg
8!5%3

kg~1
!*3

) in the vicinity of the element i, the
density of air o and the absolute value of the wind speed

Ju2#v2. According to the argumentation of Shuttle-
worth (1977) the droplet flux onto vegetation element i of
vegetation type j is given by:

F*
i,j

(a, r)"!oJu2#v2A*
i,j

(a, r)D(a, r). (7)

F*
i,j

(a, r) refers to the flux onto a single vegetation ele-
ment. For practical purposes the flux onto all vegetation
elements of all vegetation types in a specified volume is
needed. By dividing the sum of the fluxes F*

i, j
(a, r) of all

elements i in a volume v
6
by this volume, a flux density is

yielded.

Introducing the shielding factor p
&
to account for par-

tial vegetation coverage the droplet flux density onto all
vegetation elements of all considered vegetation types is:
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where ne is the number of vegetation elements i of vegeta-
tion type j. A

j
(a, r) :"v~1

u
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i, j
(a, r) is the total effec-

tive cross-sectional area density of vegetation type j in
a particular height.

The unit of F(a, r) is kg m~3 s~1, while the particle size
distribution f is given in m~3. In order to get the time rate
of change of the ‘‘number flux’’, Eq. (8) is divided by the
droplet mass m(a, r):

Lf (a, r)

Lt
D
I.1

"

F(a, r)

m
w
(a, r)

"!f (a, r)Ju2#v2 p
&

/5:1
+
j/1

A
j
(a, r). (9)

A determination of A
j
(a, r) is given in Appendix B.

Sedimentation onto the vegetation is symbolized in
Eq. (6) by the last term. We now have to consider the
second and last term in Eq. (6) together, because sedi-
mentation onto vegetation is only a redistribution of the
gravitational settling flux w

5
f (a, r) .

The microphysical submodel of MISTRA-V calculates
the settling flux at the bottom of each model layer.
Looking at this problem two dimensionally as in Fig. 2,
where the settling flux of each layer is symbolized by five
arrows, this flux is split into three parts: The settling
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droplets in the fraction of the grid box that is covered
with vegetation (shaded area) are assumed to be inter-
cepted by vegetation elements (horizontal arrows in layer
2—4 of Fig. 2; 20—60% of the flux, respectively, is inter-
cepted depending on the vegetation coverage of
20—60%). The flux in the fraction of the grid box that is
not covered with vegetation is assumed to be directed
into the air of the grid box below if there is no ‘‘overlay’’
of vegetation (see Fig. 2, layer 4), or onto the vegetation
of the grid box below and into the air of the grid box
below (see Fig. 2, layers 1, 2).

In order to transform this two-dimensional picture of
the sedimentation process into a one-dimensional one, an
equivalent of the vegetation coverage of each layer has to
be found. This is done by introducing the factor e"p

&
b(i)

b~1
.!9

, where b
.!9

is the maximum leaf area density in the
vegetation, therefore e is restricted to values between
0 and p

&
.

Therefore the gravitational settling flux w
5
f (a, r) is split

into three parts. First, sedimentation on the vegetation of
the actual layer, ew

5
f (a, r) , second, sedimentation on the

layer below if the partial vegetation cover is greater than
in the above layer, p
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with d"1 for b(i!1)'b (i), otherwise d"0.
The water captured by the vegetation has to be con-

sidered in the water residing on the needles. Inserting
Eqs. (9) and (10) into Eq. (6) yields
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2.5. Radiation

The calculations of the atmospheric radiation field are
done with the d-two stream model of Zdunkowski et al.
(1982). The optical properties of aerosols and droplets

have been calculated in great detail (Bott et al., 1990).
Recently, the radiation model has been updated (Lough-
lin et al., 1997).

The influence of the vegetation on the radiation field is
implemented in MIFOG-V (von Glasow, 1997). The op-
tical thickness *q, the single scattering albedo u, and the
backscattering coefficients for diffuse b

0
and parallel

b(k
0
) radiation are changed in the vegetation. The ther-

mal radiation of the vegetation is considered.

2.6. Numerical aspects

In MIFOG-V the atmospheric grid is variable, we
chose 150 grid layers. The complete set of prognostic
equations as described above is solved in the lower 100
equidistant grid layers. Here the layer thickness was set
to 2 m. In the uppermost 50 logarithmically spaced grid
layers only the dynamic, thermodynamic, and radi-
ational subset is solved. This model part is situated be-
tween 200 and 2200 m. To calculate the radiation fluxes
additional layers up to infinity are used in the radiation
model. The vegetation height was set to 22 m, which
means that in the lowest 11 grid layers vegetation was
present. The soil grid is variable, we used 24 logarithmi-
cally spaced layers between 0 and 1.5 m. The grid of the
microphysical particle spectrum has already been stated.

For each physical process the time step is chosen
seperately using the time splitting integration technique
to find a compromise between accuracy and numerical
effort.

The diffusion equations are integrated with a fully
implicit solution method (Roache, 1982). Advection
terms in the prognostic equation for the particle spec-
trum f are treated with a positive definite advection
scheme (Bott, 1989a, b).

3. Results

3.1. Sensitivity studies

In many model runs the model MIFOG-V has been
tested on its numerical sensitivity. In this section some of
these runs are discussed. The model runs were conducted
under the following conditions as long as the model’s
sensitivity was not tested to the respective quantity. The
geographical latitude was 50°, the declination of the sun
!14° (end of October), the shielding factor was p

&
"0.9,

the geostrophical wind u
'
"3 m s~1, v

'
"0, the charac-

teristic stomatal resistance r
#
"250 sm~1. The relative

humidity was set to 90% in the lowest 200 m of the
atmosphere, between 200 and 400 to 80%, between 400
and 800 m to 70%, and to 40% above 800 m. The
temperature in the lowest 200 m was 9°C, then decreas-
ing with a rate of 0.003Km~1 up to 800 m and then with

R. von Glasow, A. Bott / Atmospheric Environment 33 (1999) 1333—1346 1337



Fig. 3. Contour plot of liquid water content (in gm~3) as
a function of height and time, for the standard run.

a rate of 0.005Km~1. The initial volumetric moisture
content in the soil was set to g

*/*5
"0.14, the temperature

of the soil is the same as that of the surface. The initial
aerosol spectrum is the rural aerosol from Jaenicke
(1988). The chosen latitude and declination of the sun
imply sunrise at 6.46 h and sunset at 16.40 h. Model
calculations start at 9.00 h. In the following the run with
exactly this initialization is referred to as ‘‘standard run’’.

Fig. 3 shows a contour plot of the liquid water content
as a function of height and time for the standard run. For
the standard run a short characterization follows: The
fog forms at 18.03 h and is dispersed completely at 9.50 h.
Maximum fog height is 80 m, the maximum of the liquid
water content LWC

.!9
"0.089 gm~3 is reached be-

tween 20 and 22 m at 7.00 h. The maximum vertically
integrated liquid water content per unit surface area, the
so called maximum liquid water path, is lwp

.!9
"

2.699 gm~2 at 8.00 h. During the fog event a total of
23.1 g fog water per unit surface layer has been impacted
on the vegetation, while 57.4 gm~2 of fog water
sedimented on the vegetation giving a total of 80.5 gm~2

or 0.005 mmh~1. In addition to this, 6.0 gm~2 of fog
water sedimented directly on the ground.

In the model runs the fog develops in four stages. The
first stage is the initialization stage. With the setting sun
relative humidities are increasing due to radiative cool-
ing. Some aerosol particles become activated and grow in
size. Between 30 and 180 min after sunset, depending on
atmospheric conditions, fog starts to form in the densest
vegetation layers, where the radiative cooling of the veg-
etation and therefore through heat fluxes also the cooling
of the air is largest. This is the beginning of the second
stage. Within five to fifteen minutes the fog can be found
in all vegetation layers. Until about 1.00 h in the morning
fog is present only in the vegetation. The third stage
starts with the growth of fog above the vegetation. Now

droplet growth starts above the vegetation yielding en-
hanced radiative cooling there. As soon as the radiative
cooling of the droplets above the vegetation is efficient
enough, the fog grows continually. Sunrise marks the end
of the third stage. With beginning of solar heating, moist-
ure and heat fluxes from the vegetation lead to turbulen-
ces which result in a quick lift of the fog and fog dispersal
first in the vegetation. After about two hours the fog has
disappeared completely. In Fig. 3 these four stages can
clearly be distinguished.

The fog in the vegetation shows a distinct vertical
profile of the liquid water content with highest values in
the layers where radiative cooling is greatest, i.e. in the
layers with greatest leaf area density. In the stem area,
only 70% at 19.00 h and 29% at 7.00 h of the liquid water
content of the top layers is found, because smaller super-
saturations are present here. The fog thinning in lower
vegetation layers before sunrise is due to an efficient
removal of liquid water through impaction and sedi-
mentation in the higher vegetation layers and to a re-
moval of aerosols by nucleation scavenging in the stem
area and subsequent sedimentation. As shown below,
turbulent fluxes of aerosols from higher layers are too
small to replenish the activatable aerosol reservoir in the
stem area.

The most important results of the sensitivity runs are
summarized in Table 1. The conditions for the different
runs are explained in the following subsections.

3.1.1. Shielding factor
The shielding factor specifies the coverage of the soil

with vegetation. We chose the values p
&
"0, no vegeta-

tion, p
&
"0.5, partly covered with vegetation, and

p
&
"0.9 nearly completely covered.
The fog development strongly depends on the particu-

lar choice of p
&
. In the run without vegetation fog forms

at sunset and grows vertically very quickly. After a few
hours the fog grows out of the chosen model area (not
shown). The initial conditions have been chosen so that
reasonable results in the presence of vegetation can be
obtained. Fig. 4 shows the situation for p

&
"0.5. The first

three fog development stages can be distinguished,
growth conditions are also very good, so that a dense fog
with liquid water contents of approximately LWC"

0.2 gm~3 forms. In this run oscillations of the liquid
water content evolve, the reasons for these oscillations
are explained in Bott et al. (1990). In the standard run
with p

&
"0.9 (Fig. 3) the fog is not dense enough to show

oscillations in the liquid water content.
The reason for these great differences in fog develop-

ment lay in the different vertical extent of the boundary
layer (see Fig. 5). During the day for p

&
"0.9 the mixed

layer is more than two times as high as in the model run
with p

&
"0 and 30% higher than in the case of p

&
"0.5.

Heat- and moisture fluxes from the vegetation favor the
growth of the mixing layer (Gro{, 1993). For p

&
"0 the
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Table 1
Summary of some results of the sensitivity runs

Name of run Fog duration Fog height
(m)

lwp
.!9

(g m~2)
Tot. Imp.!
(g m~2)

Tot. Sed.!
(g m~2)

Standard 18.03—9.50 79 2.699 23.14 57.36
‘‘sparse’’ 18.35—9.56 75 2.164 17.27 51.94
‘‘const’’ 17.31—9.18 71 2.295 8.2 71.52
Dry 18.09—9.14 63 1.799 17.68 48.09
Moist 18.03—10.32 111 3.175 25.69 63.31
r
4
"1.6 r

4, 45!/$!3$
18.54—8.40 33 0.675 9.37 31.65

r
4
"2.4 r

4, 45!/$!3$
19.42—8.32 29 0.578 6.02 23.09

Maritime 18.14—9.02 63 1.440 16.00 41.19
Urban (until 9.00 h) 17.33— 111 11.45 58.67 100.4

!Total impaction and sedimentation, respectively, refer to the total amount of fog water intercepted by the respective process in all
vegetation layers during the fog event.

Fig. 4. As Fig. 3 but for a run with shielding factor p
&
"0.5. Fig. 5. Comparison of vertical profiles of specific humidity (in

gkg~1) for three runs with different shielding factors, at 15.00 h.
At this time the boundary layer growth has reached its max-
imum height. In the initialization the water content of the
atmosphere was concentrated in the lowest 400 m where it still
can be found in the run without vegetation, whereas in the runs
with vegetation large amounts of water have been mixed up in
the atmosphere through turbulent motions (solid line: standard
run (p

&
"0.9), dashed line: p

&
"0.5, dash-dotted line: p

&
"0).

surface temperature is ¹
4
"12.8°C at 13.00 h but the leaf

temperature of the uppermost vegetation layer is
¹

7
"18.8°C for p

&
"0.5 and ¹

7
"19.9°C for p

&
"0.9.

The leaf temperature is up to 6.5K warmer than the
surrounding air, leading to enhanced heat fluxes from the
vegetation to the air.

The ratio of impacted to sedimented fog water is ap-
proximately 1 : 2.5 in the standard run, but 1.1 : 1 in the
run with p

&
"0.5. Impaction is very sensitive to changes

in wind speed which is about 0.17 m s~1 in the standard
run and 0.23 m s~1 in the run with p"0.5 in the top
vegetation layer.

3.1.2. Leaf area density
Fig. 6 shows a comparison of the three profiles of the

leaf area density which are used to assess the influence of
the vegetation density. The profile for the standard run
has been estimated after Fritschen (1985). This profile is

called ‘‘dense’’. A ‘‘sparse’’ profile is defined having half
the respective densities of ‘‘dense’’. To see the effect of
a height dependent profile a run with a constant leaf area
density profile has also been made (‘‘const’’).

The qualitative fog development in the ‘‘sparse’’ case is
similar to the development in the ‘‘dense’’ case, but fog
formation is delayed by 30 min and the fog is slightly less
thick and high in case ‘‘sparse’’ (not shown). In the case
with a constant leaf area profile fog forms 30 min earlier
than in ‘‘dense’’, but in the lowest vegetation layers no fog
develops (not shown).
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Fig. 6. Comparison of the three different leaf area density pro-
files. Leaf area density in m2 m~3 (solid line: standard run
(dense), dashed line: sparse, dash-dotted line: constant).

Fig. 7. Contour plot of relative humidity (in %) in the vegeta-
tion on the second model day, for a run with constant leaf area
profile.

Fig. 8. Same as Fig. 7, but for sparse leaf area profile.

Fig. 9. Comparison of vertical profiles of air temperature for
three runs with different leaf area density profiles, at 15.00 h
(solid line: standard run (dense), dashed line: sparse, dash-dotted
line: constant).

The turbulent transport of moisture, heat, fog particles,
and momentum too is strongly affected by the profile of
the leaf area density. Dense vegetation is an obstacle for
turbulent transport. Figs. 7 and 8 show contour plots of
the relative humidity in the vegetation on the second
model day as a function of time and height for the runs
‘‘const’’ and ‘‘sparse’’. It is seen that the relative humidity
is changing only little with time in the run ‘‘const’’ in
deeper vegetation layers. The development for the run
‘‘dense’’ is not shown, but it is similar to that of run
‘‘const’’. Below about 12 m height the relative moisture
never decreases below 94% in the runs with dense vegeta-
tion. In the run with sparse vegetation moisture transport
even from the lowest levels into the atmosphere is pos-
sible. The turbulent exchange coefficients vary by one
order of magnitude.

This effect can be seen in the temperature profile as
well, see Fig. 9. During the day, when solar radiation is
shielded efficiently by the vegetation layers above, the
temperatures within the vegetation are 1—2.5°C colder
than the air above the vegetation. In the run with the
‘‘dense’’ profile a sharp difference between the temper-
ature gradients above and below the maximum of the leaf
area density can be noticed, whereas the gradient is
nearly uniform throughout the vegetation in the run with
the constant leaf area profile. In the run with sparse
vegetation the temperature variation within the vegeta-
tion is very small. During night a dense vegetation slows
down the cooling within the vegetation.

The leaf temperatures show similar features. At day-
time the solar radiation can penetrate a sparse vegetation
better than a dense one, so that the leafs of deeper
vegetation layers are warmer in sparse than in dense
vegetation.

The above-mentioned dissimilarities in fog evolution
lead to different rates of fog water interception. The total
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Fig. 10. Comparison of vertical profiles of relative humidity (in
%) for three runs with different initial atmospheric moisture
contents, at 1.00 h (solid line: standard run, dashed line: moist,
dash-dotted line: dry).

leaf surface in ‘‘sparse’’ is smaller than in the two other
runs, so only 75% of the impaction and 90% of the
sedimentation values of ‘‘dense’’ are reached. As the
liquid water content in the vegetation was lower in
‘‘const’’ almost all the time, impaction sums up to only
35% of the value in ‘‘dense’’, sedimentation, on the other
hand, is 25% higher in ‘‘const’’ than in ‘‘dense’’.

3.1.3. Initialization humidity
An alteration in the initial relative humidity of the

lowest 200 m of the atmosphere between 80 and 98% has
a significant effect on fog development. The time of fog
formation differs only by six minutes, but the maximum
height and liquid water path between 63 and 111 m and
1.8 and 3.2 gm~2, respectively. Also the quantities of
deposited fog water vary.

Throughout the day the air temperatures vary only by
tens of degree centigrade and the relative humidities also
only by a few percent. This is shown in Fig. 10 depicting
vertical profiles of the relative humidity for the three runs
at 1.00 h, about the time when the fog starts to grow
above the vegetation. Comparing this finding with the
great dissimilarities in fog height and liquid water con-
tent shows, how sensitive the atmospheric system is to
changes in the relative humidity which is the important
variable to determine whether or not an aerosol particle
becomes activated and if the droplet can grow or not.
This is a very good example to stress the importance of
a detailed description of the microphysics, in particular
the activation of the aerosol particles.

3.1.4. Stomatal resistance
Water transport from the interior of a leaf to the

surrounding air to cool the leaf with the consumed latent

heat of vaporization is called transpiration. This trans-
port is regulated by the stomatal restistance r

4
.

A very low soil moisture can restrict transpiration with
rising leaf temperatures as a consequence. The maximum
of the stomatal resistance is characteristic for each plant.
A higher resistance implies a smaller moisture flux from
the plant.

Values of 1.6 and 2.4 times the maximum stomatal
resistance of the standard run have been used to demon-
strate the influence of a reduced moisture flux from the
vegetation into the atmosphere. Fog formation is delayed
by 50 and 100 min, respectively, the maximum height of
the fog is only 33 and 29 m. There is almost no fog present
above the vegetation and in the vegetation it is very thin.

The influence of the moisture fluxes from the vegeta-
tion is that high, that the discrepancies in the vertical
profiles of temperature and relative humidity are even
greater here than in the comparison of runs with different
initial atmospheric moisture contents. At 18.00 h the
relative humidities of the standard run and the run with
2.4 times the maximum stomatal resistance of the stan-
dard run are 64 and 72%, respectively, and at 1.00 h 88
and 94.5% in a height of 50 m. This again is due to
a different height of the mixed layer, which is 50 and
100 m higher than in the standard run. Thus it is con-
cluded that the fog development is strongly affected by
the vegetation type.

3.1.5. Aerosol type
The activation of aerosol particles strongly depends on

the characteristics of the aerosol, e.g. water solubility or
size. Using an aerosol classification with an urban, rural,
and maritime aerosol, not only different values of these
characteristics, but also of the number density are implied.
As already stated, all previous runs have been made with
the rural aerosol model after Jaenicke (1988). We also
used the urban aerosol spectrum after Jaenicke (1988)
and the maritime aerosol model after Hoppel et al. (1990).

The aerosol spectrum influences not only fog develop-
ment, but also radiative transfer, so that the atmospheric
conditions in the runs vary also during the day. The
extinction of solar radiation is greater for the urban
aerosol than for the other aerosol types. In the complete
boundary layer, temperatures in the urban run are about
0.5K lower than in the other two runs. Also, in the urban
run the top of the boundary layer is about 50 m lower
than in the other model runs.

Figs. 11 and 12 show the fog development for the
urban and maritime case, they are obviously different
(please note the different scales on the y-axis). In the
maritime run only few aerosol particles are present, the
fog forms at about the same time as in the standard run,
but is very thin, maximum LWC is about 0.054 gm~3.
Due to effective nucleation scavenging, after about 4 h
the fog disperses in the vegetation layers. Start of the
third fog stage is approximately at the same time as in the
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Fig. 11. As Fig. 3 but for a run with urban aerosol.

Fig. 12. As Fig. 3 but for a run with maritime aerosol.

Fig. 13. Contour plot of the particle mass (gm~3d log a~1d
log r~1) of the two-dimensional particle size distribution for the
standard run, 2nd model day, in 21 m height, at 0.00 h.

Fig. 14. As Fig. 13, but in 51 m height, at 7.00 h.

standard run. Compared with the great discrepancies
with the standard run in fog LWC, those are quite small
in fog height, which is 64 m. The fog dispersal stage does
not show a pronounced quick lift of the fog.

In the urban run the fog is thicker, the aerosol number
concentration is about 4 orders of magnitude higher than
in the maritime run and 10 times higher than in the rural
run. As in the run with p

&
"0.5 growth conditions for the

fog for the chosen initialization are that good, that the
fog grows out of the used model grid. In this run slight
oscillations of the LWC again can be noticed. The max-
imum LWC is about 0.22 gm~3, the vertical growth of
the fog is very quick.

3.2. Microphysics

In MIFOG-V great importance is attached to the
calculation of the fog microphysics. To show the com-
plexity of the two-dimensional particle distribution,

contour plots of the liquid water mass are shown, where
both axis and the contour lines are spaced logarithmi-
cally. In the top vegetation layers maximum supersatura-
tions are about 0.1% so even small aerosol particles
become activated. Fig. 13 shows for the standard run
a contour plot of liquid water mass in 21 m height (top
vegetation layer) at 24.00 h. Aerosol particles as small as
a"0.05 lm became activated, a maximum of liquid
water mass is at aerosol radii around 0.08 lm and water
radii around 8 lm. Water radius refers to the radius
which a pure phase water droplet with the same water
mass would have. Fig. 14 shows the same plot for 51 m
height at 7.00 h. Here the air is slightly subsaturated, but
has been supersaturated up to about 0.025% previously,
the maximum of liquid water mass now is at aerosol radii
around 0.1 lm and water radii around 10 lm.

Fig. 15 shows the spectrum of the standard run at 21 m
height (top vegetation layer) at 7.00 h. It resembles an
overlay of the spectra of Figs. 13 and 14. Now two
maxima have evolved: one for aerosol radii of about
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Fig. 15. As Fig. 13, but at 7.00 h.

Table 2
Vertical profile of the accumulated interception of fogwater and aerosolmass onto the vegetation (aerosol in mg m~2, water in g m~2)

Sedimentation Impaction Total

Layer Aerosol Water Aerosol Water Aerosol Water

20—22 m 0.079 12.90 0.060 10.13 0.139 23.03
18—20 m 0.087 11.40 0.032 5.54 0.119 16.94
16—18 m 0.106 11.85 0.015 2.73 0.121 14.58
14—16 m 0.093 9.12 0.011 1.84 0.104 10.96
12—14 m 0.064 6.10 0.008 1.33 0.072 7.43
10—12 m 0.036 3.45 0.005 0.82 0.041 4.27
8—10 m 0.018 1.71 0.003 0.45 0.021 2.16
6—8 m 0.002 0.23 0.000 0.07 0.002 0.30

Total 0.492 57.37 0.137 23.14 0.629 80.51

0.65 lm and one for aerosol radii of about 0.15 lm. The
first maximum is due to activation at vegetation top, but
the second is due to sedimentation of particles from higher
fog layers, where only larger aerosols became activated.

3.3. Fog water interception

The interception of fog water on the vegetation shows
a pronounced vertical profile. Table 2 shows the accumu-
lated masses of aerosol and water deposited in each
vegetation layer per unit surface area during the fog event
for the standard run. Only in the uppermost vegetation
layers in which wind speeds are at least around 0.1 m s~1

impaction is significant. The profile of the sedimentation
is not as sharp, because sedimentation is not dependent
on wind speed and the leaf area density is increasing from
the top to lower vegetation layers (see Fig. 6), so that
a certain amount of sedimenting water can reach lower
layers. As a consequence of these profiles, 82% of the
total intercepted fog water is catched in the highest 6 m of
the vegetation.

The amount of water intercepted on the vegetation
does never exceed the assumed maximum water mass per
leaf area of 0.2 kgm~2

-%!&
, so no fog drip occurs. This is in

agreement with observations of Pahl (1996) that the
interception loss, the amount of water which is needed to
wet the twigs before fog drips starts, numbers about
0.6—4 mm. These values are not reached during our
simulated fog events.

In the model water residing on the needles is assumed
to be homogeneously spaced but in reality big droplets
form on the needles, which can accumulate at the base of
a twig and lead to fog drip even if the maximum storage
capacity of the leaf is not exceeded. More details to water
storage on leaves and fog drip from leaves can be found
in Rutter (1975).

Fog water interception rates for the standard run are
about 1.47 gm~2h~1 for impaction and 3.63 gm~2h~1

for sedimentation giving a total of 5.1 gm~2h~1. The
interception rates for aerosol are 0.009 mgm~2h~1 for
impaction and 0.031 mgm~2h~1 for sedimentation lead-
ing to a total of 0.04 mgm~2 h~1.

These data do not sum up to the amount of water
stored on the vegetation, because the interception rates
are calculated separately from the condensation and
evaporation processes.

3.4. Experimental verification

Verification with experimental data is quite difficult,
because most field campaigns cover interception of ad-
vective clouds in hillside environments (e.g. Lovett, 1984;
Mueller et al., 1991; Joslin et al., 1990; Walmsley et al.,
1996). To the authors knowledge there has only been one
campaign for low elevation fog. Vermeulen et al. (1997)
investigated two cases of advection fog in a 20 m high fir
stand in the Netherlands. The first fog event was charac-
terized by quite high liquid water contents of
0.15—0.3 gm~3, the second by liquid water contents of
0.075—0.125 gm~3 which about matches our LWC. The
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estimated mean turbulent deposition fluxes were 5.29 and
6.34 gm~2h~1, respectively, while the mean sedimenta-
tion fluxes were 7.09 and 0.94 gm~2h~1, respectively.
The differences between the two fog events where ex-
plained by different wind speeds and droplet spectra.

A detailed comparison between our model results and
the measurements of Vermeulen et al. (1997) is unfortu-
nately not possible, because the physics of an advection
and a radiation fog are quite different and because it is
not possible to simulate advection fog with a one-dimen-
sional model without introducing great insecurities and
errors.

Nevertheless the magnitude of the measured and cal-
culated depositions rates are in good agreement.

4. Summary and outlook

The interaction of radiation fog and tall vegetation has
been examined with the help of a numerical model. The
presence of vegetation changes the structure and physical
properties of the boundary layer, e.g. the height, to
a great extent. Vegetation is characterized by many
quantities, e.g. vegetation height, leaf area density profile,
or stomatal resistance, which are seldom precisely known
and which vary to a great extent within a certain stand.
The model runs showed the differences which arise for
different stands.

The development of radiation fog is very sensitive to
alterations in relative humidity. The life cycle of a radi-
ation fog can be partitioned into four stages, which start
with the initializations stage. In the second stage, fog is
present only in the vegetation. The fog is detectable first
in the layer with the highest leaf area densities, within the
vegetation the liquid water content shows a pronounced
vertical profile. In the third stage, which begins roughly
seven hours after first fog formation, fog grows above the
vegetation. The fourth stage is the fog dispersal stage,
which starts with sunrise.

Fog water is deposited on the vegetation via sedi-
mentation and impaction, the fluxes range in 1.8—4.5 and
0.5—1.5 gm~2h~1, respectively. This is in agreement with
observations. At the low wind speeds that are typical for
radiation fog sedimentation is the dominant process for
fog water interception, at higher wind speeds interception
prevails.

In future studies, the chemical composition of the fog
water will be considered, to yield a better understanding
of the chemistry of the so called ‘‘acid fog’’.
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Appendix A. Determination of Qh and Qq

The heat flux Q) is parametrized as
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with the atmospheric resistance r
!
"(c

f,c
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)~1, where

c
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is an empirically determined heat transfer coefficient
(Deardorff, 1978) and u
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the wind speed within the cano-

py. The foliage temperature is labelled ¹
&
, the air temper-

ature within the canopy ¹
!,&

. The factor a
c
was chosen as

in Deardorff (1978) as 1.1 to account for twigs that
exchange sensible heat but do not transpire. The moist-
ure flux Q2 includes evaporation and transpiration:
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The specific humidity of the air within the canopy is q
!&
,

the saturation specific humidity on the leaf surface is
q
4
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). The parameter rA is defined as:
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In case of condensation on the leaf surface, d
c
"0, other-

wise d
c
"1. Transpiration is only possible on not wetted

surfaces and when q
!&
)q

4
(¹

&
). ¼ and ¼
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are the

actual and maximum water mass on the leaf surface, so
the expression in brackets is the normalized wetted sur-
face. The stomatal resistance r

4
is defined after Pielke

(1984):
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It is dependent on the vegetation type dependent charac-
teristic stomatal resistance r

#
, the actual and maximum

solar radiation S
$

and S
$,.!9

, respectively, an emperical
constant P and the soil moisture (see Siebert et al.
(1992b). for details on g

8*-5@3005
).

For more details on the vegetation submodel see
Siebert et al. (1992b) and von Glasow (1997).

Appendix B. Determination of Aj(a, r)

Shuttleworth determines A
j
(a, r) as the product of the

total area density of the regarded vegetation type, a geo-
metric factor k, and the capture efficiency E. The factor
k is the quotient of cross-sectional surface and total
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surface area, where only cylindrical vegetation elements
(needles, twigs) are accounted for:

k"
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l
v
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v
l
v

"

1

n
, (B.1)

with the diameter d
v
and length l

v
of the element. Here,

E is calculated with an experimentally derived expression
of Thorne et al. (1982) who performed wind tunnel ex-
periments. The capture efficiency is expressed as a func-
tion of the Stokes number:
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The droplet diameter is labeled d, the target diameter d
v
,

the density of the air, o
!

and the density of droplet, o
$
.

The empirical expression for the capture efficiency is
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!0.11(ln N
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) 2

!0.035(ln N
St
)3). (B.3)

This is verified experimentally only for Stokes numbers
between N

St
"0.06 and N

St
"60. Beyond these values

the capture efficiency is set to zero, because droplets with
smaller Stokes numbers are assumed to follow the air
stream and for droplets with greater Stokes numbers it
can be expected that sedimentation is the dominating
process rather than impaction. The randomly distributed
orientation of needles and twigs was accounted for dur-
ing the measurements, so no orientation factor as in
Shuttleworth (1977) has to be introduced. Therefore,
A

j
(a, r) can be expressed as
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where b@
j
is the one-sided leaf area density of vegetation

type j.
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