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ABSTRACT

Based on the dynamic framework of WRF and Morrison 2-moment explicit cloud scheme, a salt-seeding scheme was
developed and used to simulate the dissipation of a warm fog event during 6–7 November 2009 in the Beijing and Tianjin
area. The seeding effect and its physical mechanism were studied. The results indicate that when seeding fog with salt
particles sized 80 μm and at a quantity of 6 g m−2 at the fog top, the seeding effect near the ground surface layer is negative
in the beginning period, and then a positive seeding effect begins to appear at 18 min, with the best effect appearing at 21 min
after seeding operation. The positive effect can last about 35 min. The microphysical mechanism of the warm fog dissipation
is because of the evaporation due to the water vapor condensation on the salt particles and coalescence with salt particles.
The process of fog water coalescence with salt particles contributed mostly to this warm fog dissipation. Furthermore, two
series of sensitivity experiments were performed to study the seeding effect under different seeding amounts and salt particles
sizes. The results show that seeding fog with salt particles sized of 80 μm can have the best seeding effect, and the seeding
effect is negative when the salt particle size is less than 10 μm. For salt particles sized 80 μm, the best seeding effect, with
corresponding visibility of 380 m, can be achieved when the seeding amount is 30 g m−2.
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1. Introduction

Fog is a boundary layer weather phenomenon with abun-
dant droplets and crystals that reduces visibility to less than 1
km (WMO, 1992). Heavy fog has significant impacts on avia-
tion, traffic and other human activities, and such impacts have
become increasingly notable in recent years. Meanwhile, fog
also intensifies atmospheric pollution and can harm human
health. Reducing fog damage to improve air quality is a seri-
ous concern of governments and society.

Artificial fog dissipation refers to artificially dissipating
some or all of the fog droplets in the local range, so as to
improve visibility. It is an important part of weather mod-
ification. Artificial fog dissipation has been studied exten-
sively from different points of view with various methods,
such as using hygroscopic particle seeding to dissipate fog
droplets, and helicopters to dissipate fog—based on the the-
ory of the turbulent mixing of dry air into the fog layer by the
helicopter’s downwash, and so on (Gultepe et al., 2007).

In terms of field experiments on fog dissipation, different
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technologies have been utilized for the dissipation of cold and
warm fog worldwide. To date, artificial cold fog dissipation
has achieved good effects in many countries. America, Eng-
land, France, Russia and other countries have carried out cold
fog dissipation experiments with many refrigeration catalysts
at many airports. The technique has been applied commer-
cially for some airports and highways. Compared with cold
fog dissipation, artificial warm fog dissipation is much more
difficult. An important method of warm fog dissipation is to
seed it with hygroscopic particles (e.g., salt, urea). The fea-
sibility of dissipating warm fog by seeding hygroscopic par-
ticles was firstly proposed by Houghton and Radford (1938).
They carried out some experiments on dissipating warm fog
by seeding hygroscopic particles using a theoretical calcula-
tion, and found that the visibility improved evidently. Since
then, some scientists have studied warm fog seeding with
hygroscopic particles from the perspectives of field exper-
iments, laboratory experiments, and numerical simulations,
and concluded that visibility in the fog could be obviously
improved by seeding with a certain amount and certain sized
hygroscopic particles; however, the amount and location of
the seeding and the required size of the hygroscopic particles
are crucial factors that are difficult to determine.
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For the simulation of seeding for fog dissipation, Korn-
feld (1970) designed the growth process of hygroscopic par-
ticles in a one-dimensional air mass model. He carried out
a fog dissipation experiment by seeding hygroscopic parti-
cles on account of fog conditions, and concluded that the
hygroscopic particle size must be selected according to the
corresponding fog droplet spectrum distribution for the warm
fog dissipation. Silverman and Kunkel (1970) studied the ef-
fect of hygroscopic particles on fog dissipation with a one-
dimensional fog model and concluded that the particle size
of the hygroscopic particles for efficient dissipation of fog
was about 10 μm, and the seeding amount was proportional
to the fog water content (FWC) and inversely proportional to
the size of fog droplets. Zhao (1989) conducted a numerical
simulation of warm fog dissipation with a two-dimensional
fog model by coupling the growth equation of hygroscopic
particles developed by Hu et al. (1983). The result showed
that it was entirely possible to dissipate the warm fog locally
with salt particles, and that larger salt particles and seed-
ing amounts can improve the seeding effect. Huang (1988)
studied warm fog dissipation by salt particle seeding in a
one-dimensional fog model, and concluded that the effect
of fog dissipation by salt particles sized 20–30 μm with a
seeding rate of 0.54–0.91 g m−3 was more notable. Guo and
Zhang (1991) simulated the effect of heating on fog via the
changing of air temperature in a one-dimensional fog model,
and showed that with an increase in temperature the num-
ber concentration of fog droplets decreased, while the size of
fog droplets firstly increased and then decreased. He et al.
(2011) introduced the interacting process of liquid nitrogen
and cloud in the Reisner2 scheme (Reisner et al., 1998) of
the mesoscale numerical model MM5, and carried out a nu-
merical simulation of cold fog dissipation in the Beijing area
on 26 December 2007 with the seeding scheme. The results
showed that by seeding for 10 minutes at 1–2 km on the up-
wind side of the target area at a seeding rate of 5 g s−1, the
target area started to show the seeding effect at 9 minutes and
the best effect appeared at 24 minutes after the operation. The
seeding effect can last about 20 min, and the most significant
seeding effect is achieved by seeding at the rate of 15 g s−1

and at 5–6 km on the upwind side of the target area.
At present, simulation studies of warm fog dissipation are

mainly conducted in fog models, and fog models are designed
mainly for local fog without consideration of the influences
of the orographic and environment fields on fog evolution,
which may significantly differ from natural fogs. Fog dissi-
pation simulation with a fog model has a certain limitation
for analyzing and studying fog dissipation and understanding
the underlying microphysical mechanisms. Mesoscale mod-
els can fully make use of actual atmospheric data and simu-
late the weather process closer to reality by considering the
orographic and environment fields and their effect.

In this work, a salt-seeding scheme was developed based
on the dynamic framework of WRF and Morrison 2-moment
explicit cloud scheme (Morrison et al., 2005). The WRF
model, coupled with the new salt-seeding scheme, was used
to simulate warm fog dissipation for a warm fog event dur-

ing 6–7 November 2009 in the Beijing and Tianjin area.
The seeding effect and its physical mechanism were stud-
ied. Furthermore, two series of sensitivity experiments were
performed to study the seeding effect under different seeding
amounts and salt particle sizes. The weather patterns are de-
scribed in section 2, and then the model configurations and
the new seeding scheme are described in section 3. Model
validation is given in section 4. Fog dissipation seeding sim-
ulation and its physical mechanism are discussed in sections
5 and 6. Results from the sensitivity experiments using dif-
ferent salt particles sizes and seeding amounts are discussed
in section 7. And, finally, section 8 summarizes the study’s
key findings.

2. Weather patterns

Before the fog formed, the Beijing–Tianjin region was in
a uniform pressure field due to a weak cold high-pressure sys-
tem, so the wind near the ground surface layer was relatively
weak. At 850 hPa, a small trough was located in the west of
the Hetao Plateau, transporting humid and warm air to North
China. At 500 hPa, the air current was relatively longitudi-
nal, and the latitudinal dimension of the trough and ridge was
not big. In general, the latitudinal direction of the high-level
layer was small, and the low-level layer was relatively stable,
located in the weak uniform pressure system with sufficient
supply of water vapor. This synoptic pattern has been shown
to be conducive to fog formation (Ge et al., 1998). These
conditions caused the heavy fog in North China during 6–7
November. On 8 November, the fog in the Beijing–Tianjin
region gradually dissipated due to the invasion of severely
cold air.

The blue line in Fig. 1a is the temporal variation of the
visibility observed at Wuqing Station, Tianjin, from 0000
LST 6 November to 0600 LST 8 November. It can be seen
that the fog mainly appeared in two periods, 0300–1100 LST
6 November and 2000 LST 6 November to 0500 LST 8
November, and the visibility in these two periods was below
100 m. The visibility after 0600 LST 8 November became
gradually better.

3. Salt-seeding scheme and model configura-

tion

3.1. Salt-seeding scheme
The WRF mesoscale modeling system and the Morrison

2-moment explicit cloud scheme were chosen as the dynamic
and microphysical platform for the salt seeding scheme. The
WRF model is a next-generation mesoscale forecast and as-
similation system designed to serve both operational forecast-
ing and atmospheric research needs; it is a fully compressible,
nonhydrostatic model (Skamarock et al., 2008). The Morri-
son 2-momentum microphysical scheme predicts the number
concentration and mass mixing ratios of cloud water, cloud
ice, snow, rain, and graupel/hail. The salt-seeding scheme has
been introduced into the Morrison 2-moment explicit cloud
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Fig. 1. Temporal variation of observed and simulated (a) visibility, (b) FWC, and (c) wind
speed, near the ground surface layer.

scheme. In the salt-seeding scheme, the mass concentration
Qn and number concentration Nn of salt particles are pre-
dicted, where n represents salt particles. The conservation
equation of Qn and Nn is considered as

∂Qn

∂ t
= −VVV ∇Qn +DQn +

(
∂Qn

∂ t

)
sed

+
(

∂Qn

∂ t

)
cond/evap

+
(

∂Qn

∂ t

)
coal

, (1)

∂Nn

∂ t
= −VVV ∇Nn +DNn +

(
∂Nn

∂ t

)
sed

, (2)

where VVV (Vx,Vy,Vz) is the 3D wind vector, D is the turbulent
diffusion. The third term on the right-hand side of Eq. (1) and
Eq. (2) represent the effects of the sedimentation.

The remaining terms on the right-hand side of Eq. (1) de-
note the microphysical processes of condensation/evapora-
tion growth and coalescence growth of salt particles with fog
droplets, respectively. In addition, the salt-seeding scheme

also includes the evaporation/condensation process of cloud
droplets due to the condensation/evaporation process of salt
particles.

The sedimentation process equation of salt particles is as
follows: (

∂Qn

∂ t

)
sed

=
1
ρ

∂ (ρusQn)
∂ z

, (3)
(

∂Nn

∂ t

)
sed

=
1
ρ

∂ (ρusNn)
∂ z

, (4)

where us is the salt particles’ terminal velocity and ρ is the
air density. According to the salt particles’ radii (rs), their fall
velocity is set as follows (Hu et al., 1983):

us =

⎧⎪⎪⎨
⎪⎪⎩

1.19×10−4r2
s rs �20

5×10−4r1.6
s 20<rs �100

−0.166+0.98×10−2rs−0.36× rs >100
10−5r2

s +0.44×10−9r3
s

. (5)

The reaction of salt particles and fog droplets mainly in-
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cludes the following processes: calculating the condensation
growth of salt particles; adjusting the vapor pressure of am-
bient air; calculating the evaporation process of fog droplets;
calculating the coalescence growth of salt particles with fog
droplets; and adjusting the mass concentration of fog droplets
and the mass concentration and number concentration of salt
particles (Silverman and Kunkel, 1970).

3.1.1. Condensation/evaporation process of salt particles

Referring to the condensation/evaporation process equa-
tion of a single cloud droplet (Mason, 1971), the condensa-
tion/evaporation process equation of salt particles is as fol-
lows:

(
∂Qn

∂ t

)
cond/evap

=
4πrw

(
S− Cr

rw
+ Cnr3

d
r3
w−r3

d

)

Lv
κα T

(
Lv

RvT −1
)

+ RvT ρw
Dves(T )

, (6)

where κα is the thermal conductivity of air; es(T ) is the sat-
uration vapor pressure at temperature T ; S is the value of the
supersaturation with respect to water; Lv is the latent heat of
condensation, rw is the wet particle radius; rd is the dry salt
particle radius; the curvature term is Cr = 2σ/ρwRvT , where
σ(= 75.6× 10−3 N m−1) represents the free energy of the
water unit surface area (namely, the surface tension coeffi-
cient), Rv(= 461.5 J kg−1 k−1) is the specific gas constant
of water vapor; and the solution term is Cn = iρnMw/Ms,
where i(= 2) is the number of ions for each salt molecule,
ρn(= 2165 kg m−3) is the density of the salt particles, and
Ms and Mw are the molecular masses of the salt particles and
water, respectively; ρw(= 1000 kg m−3) is the mass density
of water; and Dv represents the diffusivity of water vapor
molecules in the atmosphere. The latter is a function of tem-
perature and pressure, with the expression of

Dv = 0.211
P0

P

(
T
T0

)1.94

,

where T0 = 273.15 K, P0 = 1013.25 hPa, P is the air pressure,
and this equation is valid when −40◦C < T < 40◦C.

3.1.2. Evaporation/condensation of fog droplets due to the
condensation/evaporation process of salt particles

Referring to the conversion equation from vapor into
cloud water (Reisner et al., 1998), the evaporation (conden-
sation) process of fog droplets equation due to the conden-
sation (evaporation) of salt particles seeded in the fog is as
follows:

When (∂Qn/∂ t)cond/evapNn > 0, it would cause the evap-
oration of fog droplets:

Sf,evap/cond =−min

⎛
⎜⎝−

h1

(
∂Qn
∂ t

)
cond/evap

Nn

Dt
,

FWC
Dt

⎞
⎟⎠ . (7)

Where FWC is the fog water content in units of g kg−1, When
(∂Qn/∂ t)cond/evapNn < 0, it would cause the condensation of

fog droplets:

Sf,evap/cond = −
h1

(
∂Qn
∂ t

)
cond/evap

Nn

Dt
. (8)

where Sf,evap/cond is the evaporation/condensation process of
fog droplets,

h1 =
1

1+ L2
v qvsw

RvcpT 2

.

qvsw is the saturated mixing ratio at temperature T (units: K),
cp is the specific heat of air at constant pressure and Dt is the
time step used in the simulation.

3.1.3. Coalescence growth of salt particles with fog droplets

The coalescence growth equation of a single salt particle
with a fog droplet Csc is as follows:

Csc = πr2
s QfE[|us −uf|] , (9)

where Qf is the water content of the fog droplet, uf is the fall
velocity of the fog droplet, rs is the salt particle radius, and
E is the coalescence coefficient of the salt particle and fog
droplet, which is according to the different salt particle sizes
developed by Mason (1971).

Therefore, the total mass content of fog droplets coa-
lesced with salt particles is:(

∂Qn

∂ t

)
coal

= CscNn , (10)

where Nn is the number concentration of salt particles. Fi-
nally, the water content of the fog droplet (Qf) reduces due to
the condensation and coalescence growth of salt particles:

dQf

dt
= Sf,evap/cond −

(
∂Qn

∂ t

)
coal

. (11)

3.2. Model configuration
The WRF model, developed jointly by NCAR/NCEP and

the Forecast Systems Laboratory/NOAA (Grell et al., 2005),
was employed for simulation of this fog event. Two-way
nesting with four domains having horizontal resolutions of
27, 9, 3 and 1 km, respectively, was selected. The domains
were centered at (40◦N, 115◦E) and consisted of 51× 151,
184×142, 202×175 and 100×103 grids, respectively. Since
model performance in fog simulation is highly sensitive to
its vertical resolution (Kong, 2002; Tardif, 2007), the tropo-
sphere from the ground to 50 hPa was divided into 33 sigma
layers in the vertical direction, with 14 layers within the low-
est 1000 m to capture the turbulent processes in the bound-
ary layer. Since fog is closely related to land use, terrain
height, and other static terrain data, the experiment adopted
the terrain data of the WRF’s highest resolution (∼0.9 km).
The main physical options used for this simulation was the
Kain cumulus convection parameterization scheme, the Mor-
rison 2-moment microphysics explicit cloud scheme, the
RRTM longwave radiation calculation scheme, the Dudhia
shortwave radiation calculation scheme, and Quasi-Normal
Scale Elimination (QNSE) boundary layer scheme. The Kain
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cumulus convection parameterization scheme and Morrison
2-moment microphysics explicit cloud scheme were both
adopted in the domains with horizontal resolutions of 27 and
9 km, while the Morrison 2-moment microphysics explicit
cloud scheme only was adopted in the domains with hori-
zontal resolutions of 3 and 1 km. The initial and boundary
conditions were derived from the NCEP FNL (final opera-
tional global analysis) data, with a 1◦ × 1◦ spatial resolution
and six-hour temporal resolution. Meanwhile, FNL data were
applied to the Newton grid point nudging four-dimensional
assimilation process of WRF, so that the meteorological field
was updated continuously and the system deviation caused
by the long time integral was reduced. The simulation period
was set from 0800 LST 5 November to 0800 LST 7 Novem-
ber 2009.

4. Model evaluation

Figure 1a shows the temporal variation of observed and
simulated visibility from 0000 LST 6 November to 0600 LST
8 November at Wuqing Station, Tianjin. The simulated visi-
bility was calculated according to the equation developed by
Kunkel (1984):

Vis =
−1000ln0.02

144.7FWC0.88ρ0.88
, (12)

Where Vis is the visibility in units of m. As seen in Fig. 1a,
the two visibilities are quite close in their magnitude and tem-
poral trends: the visibility rapidly reduced from about 1000 m
at 0000 LST to below 100 m at 0300–0400 LST 6 November.
The visibility rose above 900 m at about 1100 LST 6 Novem-
ber, but rapidly reduced to below 100 m again at about 1800
LST 6 November; and this low visibility did not improve un-
til about 0600 LST 8 November.

Figure 1b shows the temporal variation of FWC near the
ground surface layer observed with an FM-100 fog monitor
and simulated from 2300 LST 6 November to 0700 LST 8
November at Wuqing Station, Tianjin. The observation and
simulation both show that the FWC began to rise after 2300
LST 6 November and reached a large value at 0300–0800
LST 7 November, with a maximum of about 0.8 g kg−1. Af-
ter that, the FWC near the ground surface layer, observed and
simulated, began to reduce, to a minimum at 1200–1600 LST
7 November, while the simulated FWC was obviously larger
than observed. The observed FWC began to rise after 1600
LST and reached a secondary peak with a value of about 0.7
g kg−1 at about 2300 LST 7 November. Meanwhile, the sim-
ulated FWC did not rise after 1600 LST 7 November, and
only fluctuated around the value of 0.4 g kg−1. The simu-
lated and observed fog water both dissipated thoroughly after
0700 LST 8 November.

Figure 1c is the temporal variation of observed and sim-
ulated wind speed near the ground surface layer from 0000
LST 6 November to 0600 LST 8 November at Wuqing Sta-
tion, Tianjin. It can be seen that the temporal evolution trend
of observed and simulated wind speed is relatively consistent,

both of them with low values from 0600 LST 6 November to
0600 LST 7 November, increasing after 0600 LST 7 Novem-
ber with values exceeding 2 m s−1, and reducing after 1500
LST. Meanwhile, at this time, the simulated wind speed was
obviously larger than observed. The observed and simulated
wind speed both increased rapidly as the cold air invaded at
0000 LST 8 November; the corresponding visibility also in-
creased and the fog dissipated.

According to Cotton and Anthes (1993), the range of the
FWC should be 0.05–0.2 g kg−1, but varies with different ge-
ographical features and fog formation conditions. This work
takes the FWC of 0.05 g kg−1 as the lower critical value of
the fog region, with no limit to the upper critical value.

The simulated spatial distribution of the FWC was com-
pared using the satellite-derived fog areas at 1012 LST
6 November and 0946 LST 7 November 2009. The re-
sults, presented in Fig. 2, show that the simulated fog ar-
eas were consistent with observations in the Beijing–Tianjin
region.

Figure 3 presents the time–height cross section of ob-
served and simulated temperature at the observation site from
1730 LST 6 November to 1300 LST 8 November at Wuqing
Station, Tianjin, with the blue line in Fig. 3 representing the
inversion height. As can be seen from Fig. 3a, from 1730
LST 6 November to 0230 LST 8 November, the observed
temperature inversion appeared at about 800 m and increased
to 1400 m between 0230 LST and 1430 LST 7 November.
After then, the inversion height gradually reduced to 800 m
at 1430 LST 7 November, 400 m at 0000 LST, and 200 m
at 0230 LST 8 November. Compared with the observation,
the simulated temperature showed similar features: At first,
the temperature inversion appeared at 800–1000 m above the
ground, and then increased to 1200 m at 0700 LST 7 Novem-
ber. After then, the inversion layer showed a gradually reduc-
ing trend. However, the simulated inversion height was not
consistent with the observed.

Through the above comparisons and analyses, we con-
clude that, despite some small differences, WRF can ade-
quately reproduce this dense fog event.

5. Setup of the seeding experiments

The salt particle seeding was carried out at 0331 LST
7 November. Figure 4 shows the simulated FWC distribu-
tion near the ground surface layer at this moment. Nine grid
points shown in Fig. 4 represent seeding points, with the cen-
ter of the nine gird points being Wuqing Station, Tianjin, and
the initial height of seeding near the fog top. In the control
seeding experiment, the salt particle size was 80 μm and the
seeding rate 0.020 g m−2 s−1. The seeding operation lasted
for 5 min, so the total seeding amount was 6 g m−2. The
salt particles’ size and seeding amount in the control exper-
iment were similar to previous studies, such as Zhao (1989)
and Huang (1988). To study the effect of different sized salt
particles and different seeding amounts on the fog dissipa-
tion, two series of sensitivity seeding experiments were also
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Fig. 2. Polar orbit meteorological satellite fog image (a, c) and the simulated FWC image (b, d) at ground level at
1012 LST 6 (a, b) and 0944 LST 7 (c, d) November 2009. units: g kg−1.

Fig. 3. Time–height cross section of (a) observed and (b) simulated temperature at the
observation site from 1730 LST 6 November to 1300 LST 8 November (units: K; blue
line represents inversion height).
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Wuqing sta�on, Tianjin 

0.2     0.3       0.4      0.5       0.6       0.7      0.8      0.9      1.0

Fig. 4. Fog water distribution near the ground surface layer at
0331 LST 7 November (the nine black points represent the seed-
ing points, and their center is Wuqing Station, Tianjin; units:
g kg−1).

conducted. The seeding locations and times were all the same
as in the control experiment. Detailed information regarding
the seeding experiments is provided in Table 1.

Table 1. Details of the seeding experiments.

Case Particle size (μm) Seeding amount (g m−2)

Control 80 6
S1-2 2 6
S1-5 5 6

S1-10 10 6
S1-20 20 6
S1-40 40 6
S1-60 60 6

S1-100 100 6
S1-150 150 6
S1-200 200 6
S2-12 80 12
S2-24 80 24
S2-30 80 30
S2-36 80 36

6. Results

Figure 5 shows the time–height cross section of the mass
content, number concentration and salt particles’ size at the
center of the seeding area in the control seeding experiment.
As can be seen, with time, the salt particles gradually fall
from the fog top to bottom after being seeded at the fog
top, and the salt particles can fall to the ground completely
in about 20 min. Since salt particles experience condensa-
tion and coalescence growth during their descent, their parti-
cle size will gradually increase. When falling to the ground,
the particle size increased from the initial 80 μm to a final
size of about 300 μm. Since salt particles diffuse during the
falling process, and the condensation and coalescence growth
of salt particles has no impact on the number concentration,
the number concentration of salt particles was at a maximum
at the end of the seeding operation (5 min), and then grad-
ually reduced because of their diffusion process. As for the
mass content of salt particles, they gradually increased due to
experiencing the condensation and coalescence growth pro-
cess.

Figure 6 shows the longitude–height cross section of un-
seeded and seeded FWC, salt particle mass content, and wind
field (Vx,100Vz) at the center of the seeding area at 1 min,
6 min, 9 min and 15 min after the seeding operation, sepa-
rately. It can be seen that, compared to the unseeded result,
the seeded FWC corresponding to the position of salt par-
ticles obviously reduced. Meanwhile, for the salt particles
seeded at the fog top, the seeded FWC also gradually reduced
from the fog top to bottom as the salt particles fell. In addi-
tion, because of a weak updraft air current near 116.96◦E, a
plume above the fog top was formed there.

Figure 7 shows the temporal variation of unseeded and
seeded visibility near the ground surface layer at the center
of the seeding area; the visibility was calculated according to
Eq. (12). In this study, the influence of seeded salt particles
on visibility was also considered and their extinction coeffi-
cient was assumed to be equal to that of fog water in the same
mass content. It can be seen that it took a certain time for the
salt particles to fall from the fog top to bottom. Therefore, the

Fig. 5. Time–height cross section of (a) salt mass content (units: g kg−1), (b) salt number concentration (units: L−1) and (c) its
diameter (units: μm) at the center of the seeding area.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

0.1     0.2      0.3    0.4     0.5      0.6     0.7     0.8     0.9 0.0005    0.01          0.1        0.25         0.4

Fig. 6. Longitude–height cross section of the unseeded FWC (a, d, g, j), seeded FWC (b, e, h, k), salt mass content (c, f, i, l),
and wind field (U , 100 W ) at 1 min (a–c), 6 min (d–f), 9 min (g–i) and 15 min (j–l) after the seeding operation at the center of
the seeding area (units: g kg−1).
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Fig. 7. Temporal variation of unseeded and seeded visibility
near the ground surface layer at the center of the seeding area.

seeded visibility near the ground surface layer at the initial
stage showed no difference to that without seeding operation.
Six minutes after the seeding operation, the seeded visibil-
ity near the ground surface layer was worse than that without
seeding operation as the salt particles fell to the low layer, and
the visibility was the worst at 15 minutes after the seeding
operation. At about 18 minutes after the seeding operation,
the seeding operation began to induce positive effects and the
seeded visibility improved compared with the unseeded oper-
ation. The best effect appeared at about 21 minutes after the
seeding operation, and the positive seeding effect was able to
last for about 35 minutes.

7. Fog dissipation mechanism via seeding salt

particles

Figure 8 shows the time–height cross section of the un-
seeded and seeded supersaturation, the microphysical conver-
sion rate of water vapor condensed on the salt particles, fog
droplet evaporation, fog water coalesced with the salt parti-
cles, and the difference of the fall velocity between the salt
particles and fog droplets at the center of the seeding area.

It can be seen that, because of the supersaturation in the
fog area, the salt particles consumed a lot of water vapor
through condensation growth. This process will cause the
supersaturation to reduce to subsaturation, and thus lead to
the evaporation of the fog droplets. As for the salt particles,
the dry salt particle radius was 40 μm, the mean radius of
wet salt particles was about 70 μm, and the temperature was
about 288 K. According to Eq. (6), it can be calculated that to
ensure the condensation growth of the wet salt particles, the
value of supersaturation with respect to water only needed to
be greater than −0.3. As can be seen from Fig. 8b, the sub-

saturation caused by the salt particle seeding was larger than
−0.3, so it would have caused fog droplet evaporation and
salt particle condensation. It can be seen from Eq. (9) that the
mass content of fog droplets coalesced with salt particles is
proportional to the size of the salt particles; during the falling
process of a salt particle, the process of salt particles coa-
lescing with fog droplets gradually strengthened as the size
of salt particles gradually increased. Therefore, it mainly oc-
curs in the lower part of the fog region. As seen from Eq. (6),
the condensation growth of salt particles is mainly propor-
tional to the supersaturation in the fog. The supersaturation
in the fog will reduce somewhat with the condensation and
coalescence growth during the falling process of salt parti-
cles. Therefore, the evaporation of fog droplets due to the
condensation of salt particles mainly occurs in the upper part
of the fog region. It can be seen from Fig. 8d that the fall ve-
locity of salt particles seeded in the fog was obviously larger
than that of fog droplets. The salt particles consumed a lot
of fog water through condensation and coalescence growth,
and then fell to the ground rapidly, causing the visibility in
the fog to improve.

Additionally, as can be seen in the seeding simulation of
this case, compared to the evaporation of fog droplets caused
by salt condensation, the process of fog droplets coalescing
with salt particles mainly contributed to the fog dissipation;
in particular, the fog dissipation near the ground surface layer
was basically caused by the process of salt particles coalesc-
ing with fog droplets.

Figure 9a is the time–height cross section of the salt mass
content affected by its sedimentation process. It can be seen
that the salt particles fell from the high layer to low layer due
to gravity, thus causing the mass content of salt particles in
the upper layer to reduce and the mass content of salt par-
ticles in the low layer to increase. Most of the salt particles
were already in the low layer at about 15 min after the seeding
operation, so the particles that fell to the ground were greater
in number than those that fell to this layer from the upper
layer, which caused the mass content of the salt particles in
the whole fog region to reduce.

Figure 9b is the time–height cross section of the differ-
ence in the fog water mass content added on the salt particles’
mass content and the unseeded fog water mass content at the
center of the seeding area. It is known from Eq. (12) that this
quantity decides the variation in visibility. When its value is
above 0, the visibility will worsen, and when its value is be-
low 0, the visibility will improve. It can be seen from Fig. 9b
that, at the initial stage of the seeding operation, the reduction
in fog water mass content caused by the salt particles was less
than the mass content of the seeded salt particles themselves.
So, the seeding operation caused the visibility to worsen at
this stage. With the sedimentation process of salt particles
from the upper layer to the lower layer, the visibility in the
upper layer started to improve and the visibility in the lower
part continued to worsen. At about 20 minutes after the seed-
ing operation, the visibility in the whole fog region could be
improved, as the salt particles have fallen to the ground due
to the effect of gravity.
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(a) (b)

(c)
(d)

(e) (f )

Fig. 8. Time–height cross section of the (a) unseeded and (b) seeded supersaturation, the microphysical conversion rate
of water vapor condensed on the salt particle (c) (units: g kg−1 s−1), the fog droplet evaporation (d) (units: g kg−1 s−1),
the fog water coalesced with the salt particle (e) (units: g kg−1 s−1), and the difference in the fall velocity between the
salt particle and fog droplet (f) (units: cm s−1) at the center of seeding area.
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(a) (b)

Fig. 9. Time–height cross section of the salt mass content affected by sedimentation (a) (units: g kg−1 s−1) and the
difference between the seeded FWC added on the salt mass content and the unseeded FWC (b) (units: g kg−1) at the
center of the seeding area.

8. Sensitivity experiment

8.1. Salt particles of different sizes

In order to study the effect of salt particles of different
sizes on the fog dissipation, S1 group sensitivity experiments
were conducted where the initial size of the salt particles were
2, 5, 10, 20, 40, 60, 100, 150 and 200 μm, separately. The
seeding locations and times were the same as in the control
experiment.

Figure 10a shows the temporal variation in visibility near
the ground surface layer after seeding with different salt sizes
at the center of the seeding area. It can be seen that, for the
salt sizes larger than 10 μm, the visibility near the ground
surface layer worsens in the initial stage of the operation as
the salt particles fall to the low layer; therefore, in this period,
the operation shows a negative effect. With time, the visibil-
ity will gradually improve. Since salt particles of larger size
fall faster, their effect on horizontal visibility in the low layer
is also faster, i.e., the visibility near the ground layer worsens
earlier and also improves faster.

When the seeding amount is 6 g m−2, the seeding effect
of salt particles sized 80 μm is the best. However, for salt
particles sized less than 10 μm, the seeding effect is mainly
negative; and the smaller the particle size, the worse the seed-
ing effect.

First, we discuss why the seeding effect of salt particles
sized 80 μm is the best at the seeding amount of 6 g m−2.
According to section 6, the fog dissipation process near the
ground surface layer is mainly caused by the coalescence pro-
cess with salt particles. Therefore, we compared the mass
content of fog droplets coalesced with salt particles sized 80
μm with those sized 40 μm and 150 μm, separately. It can be
seen from Eq. (10) that the total mass content (∂Qn/∂ t)coal
of salt particles coalescing with fog droplets depends on the
number concentration N of salt particles and the fog droplet
mass content Csc that a single salt particle can coalesce. Fig-

ure 11 shows the ratios of particles sized 80 μm to particles
sized 40 and 150 μm, separately, for the number concentra-
tion of salt particles, the fog droplet mass content that a sin-
gle salt particle can coalesce near the ground surface, and the
fog droplet mass content that total salt particles can coalesce
near the ground surface layer. That is: N80/N40, N80/N40,
Csc,80/Csc,40, Csc,80/Csc,150, (∂Qn/∂ t)coal,80/(∂Qn/∂ t)coal,40
and (∂Qn/∂ t)coal,80/(∂Qn/∂ t)coal,150. Three moments for
different salt particle sizes when maximum salt particle co-
alescence with fog droplets occurred were selected for com-
parison. That is: 15, 18 and 21 min for 80 μm; 24, 27 and
30 min for 40 μm; and 9, 12 and 15 min for 150 μm. As
seen from Fig. 11, compared with salt particles of size 40
μm, the number concentration of salt particles of size 80 μm
is decreased. However, each 80 μm salt particle can coalesce
more fog water mass content. The increment due to coales-
cence with fog water is higher than that of the decrement due
to the number concentration. Thus, the total FWC coalesced
with salt particles of 80 μm is increased.

As for 150-μm salt particles, the number concentration of
salt particles of size 80 μm is increased. However, each 80
μm salt particle coalesces less FWC. The decrement due to
coalescence with fog water is lower than that of the increment
due to the number concentration. Thus, the FWC coalesced
is increased compared with the salt particles of size 150 μm.
It can be seen from the analysis above that the size of salt
particles is inversely proportional to the number concentra-
tion and proportional to the FWC that a single salt particle
can coalesce when the total seeding quantity is fixed. There
is a threshold value of particle size at which the total value of
salt coalescing with FWC reaches a maximum.

Next, we analyze why the seeding effect of salt with par-
ticles sized less than 10 μm is negative; and the smaller the
particle size, the worse the seeding effect. Figure 12 shows
the time–height cross section of salt particle size and the dif-
ference between the fall velocities of salt particles and fog
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(a) (b)

Fig. 10. Temporal variation of the visibility near the ground surface layer at the center of the seeding area seeded with
(a) different salt particle sizes and (b) different seeding amounts.

(a) (b)

Fig. 11. Ratios of particles sized 80 μm to (a) 40 μm and (b) 150 μm for the number concentration of salt particles, the
fog droplet mass content that a single salt particle can coalesce, and the fog droplet mass content that total salt particles
can coalesce, near the ground surface layer at the center of seeding area.

droplets, separately, at the center of the seeding area after
seeding the salt particles with a size of 2 μm. It can be seen
that, compared to the salt particles with a size of 80 μm, 2-μm
salt particles float longer in the air, their growth is relatively
slow, and their final size is only about 8 μm as they fall to the
low layer. And, in the overall process of salt particles falling
from the fog top to bottom, the fall velocity is smaller than
that of fog droplets in the corresponding region. It is because
the particle sizes are so small that they cannot coalesce with
fog droplets. The growth of salt particle size is slow, and
the fall velocity of salt particles is smaller than that of fog
droplets, thus causing the visibility to worsen.

8.2. Salt particles at different seeding amounts
In order to study the effect of salt particles at different

seeding amounts on fog dissipation, S2 sensitivity experi-
ments with seeding amounts of 12, 24, 30 and 36 g m−2

were also conducted, on the basis of the control experiment’s
seeding amount of 6 g m−2 for particles sized 80 μm. The
seeding locations and times were the same as in the control
experiment.

Figure 10b shows the temporal variation in visibility af-
ter the seeding operation with different seeding amounts at
the center of the seeding area. It can be seen that, the larger
the seeding amount, the worse the seeding effect in the ini-
tial stage, and the later the seeding effect begins to improve,
while the better the seeding effect in the later stage. There is
an optimal value of seeding amount at which the maximum
enhancement of visibility will be achieved. For salt particles
sized 80 μm, the corresponding best visibility is 380 m and
the optimal seeding amount value is 30 g m−2.

In the initial stage, since the mass content of seeded salt
itself is more than that of the reduced fog water caused by
salt seeding, the visibility in the fog can only be improved as
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(a) (b)

Fig. 12. Time–height cross section of salt particle size (a) (units: μm) and the difference between the fall velocity of
salt particles and fog droplets (b) (units: cm s−1) at the center of the seeding area after seeding with salt particles sized
2 μm.

the salt particles fall to the ground continuously through con-
densation and coalescence growth. So, the larger the seed-
ing amount, the worse the seeding effect in the initial stage.
Meanwhile, the FWC is definite; as the number concentration
of salt particles increases, the FWC coalesced by a single salt
particle will reduce, which causes the final size that salt par-
ticles can grow to reduce, meaning the settling velocity will
also be reduced. Therefore, the larger the seeding amount,
the later the seeding effect begins to improve. Meanwhile, in
the later stage, with the same particle size, the larger seed-
ing amount means a larger number concentration of salt par-
ticles, and the condensation and coalescence growth of salt
particles will be greater. Therefore, more fog water will be
consumed as the salt particles fall to the ground gradually
through the sufficient condensation and coalescence growth.
Hence, the larger seeding amount, the better the seeding ef-
fect in the later stage.

Meanwhile, since the FWC is certain, salt particles with
optimal number concentration for a certain particle size can
fully reduce FWC through condensation and coalescence
growth processes. And, when the number concentration of
salt particles exceeds the optimal value, the amount that FWC
can further reduce is less than the salt particles’ own incre-
ment, thus causing the best visibility seeded to reduce some-
what. Therefore, for salt particles with a certain size, there is
an optimal value of seeding amount in cases of certain FWC.

9. Conclusion

A salt-seeding scheme was developed based on the dy-
namic framework of the mesoscale WRF model and Morrison
2-moment explicit cloud scheme. The salt-seeding scheme
was used to simulate warm fog dissipation by seeding salt
particles in a warm fog event that occurred on 6 and 7 Novem-
ber 2009. The fog evolution characteristics and its dissipa-

tion mechanism were studied. Furthermore, sensitivity ex-
periments were performed to study the seeding effect under
different seeding amounts and salt particles sizes. The main
conclusions can be summarized as follows:

(1) After seeding the salt particles from the fog top, the
FWC will also gradually weaken from the fog top to bottom
with the settling of salt particles.

(2) After seeding the salt particles sized 80 μm for 5 min
at a seeding rate of 0.020 g m−2 s−1 (total seeding amount
of 6 g m−2), near the ground surface layer, a negative ef-
fect appears in the initial stage of operation, and the ground
visibility worsens. At 18 min after the seeding operation, a
positive seeding effect begins to appear, the visibility will be
improved, and the best effect appears at about 21 min after
the operation. The positive seeding effect can last for about
35 min.

(3) The mechanism of fog dissipation by salt seeding is
that the FWC is reduced due to the coalescence process by
salt particles and evaporation caused by condensation growth
of salt particles. As the salt particles fall to the ground, the
visibility will be improved. The evaporation of fog droplets
due to the condensation growth of salt particles mainly oc-
curs in the upper part of the fog area, and the process of fog
droplets coalesced by salt particles mainly occurs in the lower
part of the fog area. In this case, the fog droplets consumed
by the salt particle coalescence process is the main process of
fog dissipation.

(4) When the seeding amount is 6 g m−2, sensitivity ex-
periments with different salt particles sizes showed that the
seeding effect of salt with particles sized 80 μm is the best.
Whereas, for salt with particles sized less than 10 μm, the
seeding mainly takes on a negative effect; and the smaller the
particle size, the worse the seeding effect.

(5) The larger the seeding amount, the worse the seed-
ing effect in the initial stage, and the better the seeding ef-
fect in the later stage. There is an optimal value of seeding
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amount, and the best visibility would be achieved at this seed-
ing amount. For salt with a particle size of 80 μm, the best
corresponding visibility is 380 m when the seeding amount is
30 g m−2.
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