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ABSTRACT

In this paper, the microphysical relationships of 8 dense fog events collected from a comprehensive fog
observation campaign carried out at Pancheng (32.2°N, 118.7°E) in the Nanjing area, China in the winter
of 2007 are investigated. Positive correlations are found among key microphysical properties (cloud droplet
number concentration, droplet size, spectral standard deviation, and liquid water content) in each case,
suggesting that the dominant processes in these fog events are likely droplet nucleation with subsequent
condensational growth and/or droplet deactivation via complete evaporation of some droplets. The abrupt
broadening of the fog droplet spectra indicates the occurrence of the collision-coalescence processes as well,
although not dominating. The combined effects of the dominant processes and collision-coalescence on
microphysical relationships are further analyzed by dividing the dataset according to visibility or autocon-
version threshold in each case. The result shows that the specific relationships of number concentration to
volume-mean radius and spectral standard deviation depend on the competition between the compensation
of small droplets due to nucleation-condensation and the loss of small droplets due to collision-coalescence.
Generally, positive correlations are found for different visibility or autoconversion threshold ranges in most
cases, although negative correlations sometimes appear with lower visibility or larger autoconversion thresh-
old. Therefore, the compensation of small droplets is generally stronger than the loss, which is likely related
to the sufficient fog condensation nuclei in this polluted area.
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1. Introduction

Fog is a severe environmental hazard that greatly
influences traffic, human health, and agricultural
products, resulting in heavy economic losses (Gultepe
et al., 2007; Tardif and Rasmussen, 2007; Haeffelin et
al., 2010; Niu et al., 2010a; Zhang, 2012). To reduce
the losses, accurate fog forecast is necessary, and nu-
merical forecast/simulation of fog events has attracted
great efforts among researchers (Kong, 2002; Fu et
al., 2006, 2008; Bergot et al., 2007; Gao et al., 2007;
Roquelaure and Bergot, 2008; Rémy and Bergot, 2010;
Shi et al., 2010, 2012; Yang et al., 2010; Zhou and Du,
2010; Kim, 2011; Porson et al., 2011; Jia and Guo,
2012; Li et al., 2012; Stolaki et al., 2012; Thoma et
al., 2012; Zhou et al., 2012). Whether the numeri-
cal forecast is accurate or not depends greatly on the
parameterization of complicated physical processes in
fog events (Croft et al., 1997; Li et al., 1997; Gultepe
et al., 2007). To explore the macro and micro physical
processes, it is important to detect fog/cloud micro-
physical properties because different macro and micro
processes affect fog/cloud size distributions and hence
key microphysical properties (Li et al., 1994, 1999;
Liu et al., 2008). Furthermore, microphysical prop-
erties affect visibility, an important factor in fog fore-
cast. Many researchers related visibility to liquid wa-
ter content (LWC) (e.g., Eldridge, 1971; Tomasi and
Tampieri, 1976; Pinnick et al., 1978; Kunkel, 1984;
Bergot and Guedalia, 1994; Stoelinga and Warner,
1999); more recently, Gultepe et al. (2006) extended
the parameterization and related visibility to both
LWC and droplet number concentration (N). Achte-
meier (2008) also discussed the relationship of visibil-
ity to fog microphysics. Therefore, studying of fog
microphysics is necessary and important to improve-
ment of fog forecast and reduction of losses due to fog
disasters.

In the past several decades, great efforts have
been devoted to in situ observational studies on fog mi-
crophysics (Pilié et al., 1975; Roach et al., 1976; Meyer
et al., 1986; Gerber, 1991; Fuzzi et al., 1992; Wendisch
et al., 1998; Gultepe et al., 2006; Lu and Niu, 2008;
Haeffelin et al., 2010; Niu et al., 2010c; Price, 2011;
Yue et al., 2012, 2013; Zhang et al., 2013). In most
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fog cases, LWC is lower than 0.5 g m~3 (e.g., Wo-
brock et al., 1992; Niu et al., 2010b); N is from a few
tens to several hundreds per cubic centimetre (Garcia-
Garcia and Montanez, 1991; Klemm and Wrzesinsky,
2007; Gultepe et al., 2009; Liu et al., 2011; Zhao
et al., 2013; Zhou et al., 2013), but N larger than
1000 cm ™3 is also found in some polluted areas (Li,
2001; He et al., 2003; Niu et al., 2010b); both uni-
modal (Garcia-Garcia and Montafiez, 1991; Li, 2001;
Niu et al., 2010c; Gonser et al., 2012) and bimodal
(Hong and Huang, 1965; Pilié et al., 1975; Roach et
al., 1976; Meyer et al., 1980; Gerber, 1991; Wendisch
et al., 1998; Huang et al., 2000; Gultepe et al., 2009;
Niu et al., 2012) size distributions have been observed
in different fog cases. Furthermore, during individ-
ual fog events, remarkable spatial and temporal varia-
tions of microphysical properties have been widely re-
ported. Spatially, similar to inhomogeneity in clouds
(e.g., Baumgardner et al., 1993; Burnet and Bren-
guier, 2007; Haman et al., 2007), Garcia-Garcia et al.
(2002) found inhomogeneous fog microphysical struc-
tures on a fine scale (less than 1 m). Temporally, in
addition to evident lifecycle variation, quasi-periodic
oscillations of the microphysical properties and other
related meteorological elements (e.g., temperature and
wind speed) have been observed and simulated; dif-
ferent mechanisms for the quasi-periodic oscillations
were proposed by different scholars, such as a cycle
of fog dissipation and redevelopment processes asso-
ciated with radiative cooling and turbulence (Welch
et al., 1986), interaction between radiation-induced
droplet growth and subsequent depletion of droplets
due to gravitational settling (Bott et al., 1990; Huang
et al., 2000), advection of fog inhomogeneous spatial
structure (Roach et al., 1976), and effect of gravity
wave (Roach, 1976; Duynkerke, 1991). Fog droplet
size distributions also have significant variability due
to the effects of different processes, such as activation,
diffusional growth of droplets, turbulent mixing, grav-
itational settling (Niu et al., 2010b), etc. For example,
explosive broadening of droplet size distributions have
been found in observations (Pu et al., 2008; Lu et al.,
2010a; Niu et al., 2012), which is directly related
to microphysical processes, and is further related to
macro conditions, such as cooling due to invasion of
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weak cold air, cooling due to long wave radiation, and
water vapor advection.

Although the importance of fog microphysics and
related processes has been recognized and considerable
progress has been made, much remains elusive. For ex-
ample, it is still unclear what processes are the main
processes in determining fog droplet size distributions.
To fill this gap, 8 fog events observed at Pancheng
(32°12'N, 118°42'E), Nanjing, China in 2007 are stud-
ied to examine the microphysical relationships and
main and minor physical processes. The results will
be helpful to improve theoretical understanding of fog
physics and parameterization of fog/cloud physics in
models.

In addition, past fog observations in China were
largely based on gelatin-slide impactor systems with
a low sampling rate (Niu et al., 2010b). A droplet
spectrometer (FM-100; Droplet Measurement Tech-
nologies, Colorado, USA) with a sampling rate of 1 Hz
was deployed at Pancheng in 2007. The data collection
from this spectrometer provides a great opportunity to
examine fog microphysics and the corresponding phys-
ical processes. Furthermore, Nanjing is a megacity in
the Yangtze River Delta of China with high popula-
tion density and a well-developed economy; urbaniza-
tion has brought great stress to the local environment
and emissions of pollutants (SO3, NOy, and NHjs) are
one or two orders of magnitude higher than in Europe
and South America (Lu et al., 2010b). Fog occurring
in such a polluted environment is expected to show
unique microphysical characteristics, compared with
fogs in clean areas.

The rest of the paper is organized as follows. Sec-
tion 2 briefly describes the observation site, the key
instruments, and the data. Section 3 presents the
main results, including the general features of key mi-
crophysical properties and their mutual relationships
under different conditions, and the discussion on the
main and minor microphysical processes. Concluding

remarks are presented in Section 4.
2. Observation site and data

The sampling site is located at Pancheng
(32°12'N, 118°42’E; 22 m above sea level) in Nanjing.
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This area is unique from several perspectives (Fig. 1).
It is located to the north of the Yangtze River and ad-
jacent to the Jiajiang River, which is a tributary of the
Yangtze River. Furthermore, it is close to heavy pol-
lution sources such as petrochemical factories, a steel
plant, a thermal power station, a nitrogenous fertilizer
plant, and highways. Further details can be found
(2010b). The data used in this study
were collected from 15 November through 29 Decem-
ber 2007.

Similar to the observations at the same site in
2006 (Liu et al., 2010; Niu et al., 2010c), visibility
was automatically measured and recorded every 15
s by a visibility meter (ZQZ-DN; the Radio Scien-
tific Research Institute, Wuxi, Jiangsu, China); sur-
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face meteorological quantities (surface air tempera-
ture, relative humidity, wind speed, and wind direc-
tion) were observed with an automatic weather sta-
tion (EnviroStation™, ICT International Pty Ltd,
Armidale, New South Wales, Australia); the size dis-
tributions of fog droplets were measured with a droplet
spectrometer (FM-100) (Eugster et al., 2006; Gultepe
et al., 2009). It measures fog droplets of 0.5-25 um in
radius at a sampling rate of 1 Hz, but the data from
the bin 0.5-1.0 um are thought to be noisy, which are
not included in the calculations of microphysical prop-
erties such as N, volume-mean radius (r,), standard
deviation (¢), and LWC. The dataset is averaged to 1

min for this study.

Observation site Thermal power st:
* *

Fig. 1. Map of the observation site Pancheng and its

vicinity.
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3. Results

3.1 General microphysical characteristics

A total of 8 typical dense fog episodes were ob-
served during the campaign in 2007. The eight cases
shared some common features of synoptic weather
background. At 500 hPa, Nanjing was often located at
the front of an aerological weak trough or in straight
northwest wind. At mid and low levels, Nanjing was
often controlled by local vortex shear and southwest-
erly wind. On the surface maps, Nanjing was basically
in a uniform-pressure region in front of a high pressure
system or influenced by a high pressure system moving
into the sea. Table 1 shows the duration, the surface
air temperature, and the microphysical properties in
these cases. The durations of these cases are in the
range of 4.3-25.3 h, and all the cases except case 7
have severe fog periods which are defined in light of
visibility (vis) < 50 m (China Meteorological Adminis-
tration, 2007). According to the review of fog research
by Gultepe et al. (2007), Petterssen (1956) suggested
that fog can be divided into three subsections: lig-
uid fog (temperature > —10°C), mixed phase fog (-30
°C< temperature < —10°C), and ice fog (temperature
< =30°C); it follows that the events observed in our
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experiments are all liquid fogs with average tempera-
ture above 0°C.

In each case, N, LWC, r,, and ¢ have large stan-
dard deviations due to both the spatial inhomogeneous
structure (Garcfa-Garcia et al., 2002) of the fog and
the temporal evolution at different stages in each fog
event. Peak radius (r,) is unique, always at 1.4 pm;
this peak is not a real peak because it is at the first
bin, but we still call it “peak” for convenience; similar
spectral shape (peak at 1.4 um) was also observed
by Garcia-Garcia and Montafiez (1991) and Gonser et
al. (2012); more discussion about the formation of
the peak will be given later. Because of the peak at
the first bin, the average values of r, are smaller than
the results observed in Sierra Madre Oriental, Mex-
ico (Garcia-Garcia and Montanez, 1991) and in Pico
del Este, Puerto Rico (Eugster et al., 2006). Although
the average N is generally comparable with the results
reported by Gultepe et al. (2009), the maximum N
(around 800 cm~3) is much higher, caused by the high
pollution level at this site (Lu et al., 2010b; Yang et al.,
2012). Generally, the average LWC is comparable with
that in the fogs in Pico del Este, Puerto Rico (Eugster
et al., 2006) and Fichtelgebirge, Germany (Thalmann
et al., 2002). Compared with the fog at the same

Table 1. The duration, surface air temperature, and key microphysical properties in the eight fog cases

Case Formation Dissipation Duration Duration of Temperature Concentration water

Peak

-mean Maximum standard radius

Liquid Volume Spectral

time time (h) visibility (°C) N (em™3)  content radius 7y (um) deviation rp
(LST) (LST) < 50 m (h) LWC rv o (pm) (pm)
(gm~3) (um)
1 12/10/2007 12/11/2007 14.0 2.0 3.8 64.2 0.022 2.4 5.3 0.9 1.4
22:31 12:30 (1.4) (139.9)  (0.061) (0.9) 0.6) (0
2 12/13/2007 12/14/2007 13.5 4.3 0.6 172.6 0.074 2.6 6.1 1.0 1.4
21:55 11:20 (1.2) (248.0)  (0.127) (1.5) (1.0)  (0)
3 12/14/2007 12/15/2007  15.2 0.8 2.2 21.6 0.001 2.0 3.6 0.7 1.4
20:48 12:02 (1.7) (71.3) (0.004)  (0.2) (02)  (0)
4 12/18/2007 12/18/2007 8.7 1.8 4.0 81.7 0.021 2.3 5.2 0.8 1.4
02:28 11:11 (0.8) (127.5)  (0.046) (1.0) 0.7) (0
5 12/18/2007 12/19/2007  20.4 6.5 3.8 128.9 0041 26 5.9 1.0 1.4
16:07 12:28 (2.1) (185.4)  (0.084) (1.2) 0.8) (0
6 12/19/2007 12/20/2007  23.6 13.0 4.6 138.7 0.037 2.8 6.7 1.1 1.4
16:37 16:11 (1.3) (145.5)  (0.068) (1.3) 0.9) (0
7 12/20/2007 12/21/2007  25.3 0.0 7.7 39.5 0.003 2.0 3.9 0.6 1.4
17:48 19:06 (0.7) (60.8) (0.009)  (0.4) 02 (0
8 12/23/2007 12/23/2007 4.3 1.3 5.6 140.5 0040 35 5.8 1.6 1.4
01:16 05:30 (0.5) (127.1)  (0.048) (1.2) 0.8)  (0)

The figures in the parenthesis are the values of standard deviations of the corresponding properties.
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site in 2006 (Niu et al., 2010c), the cases in this study
have the same 7, smaller N, LWC, r,, and 0. It is
noteworthy that the same droplet spectrometer (FM-
100) was used in the above observations, except the ob-
servation in Sierra Madre Oriental, Mexico, where For-
ward Scattering Spectrometer Probe (FSSP) (Garcia-
Garcia and Montanez, 1991) was used; however, FSSP
is similar to FM-100. The similar or same instruments

assure more reliable comparisons.
3.2 The dominant microphysical processes

As mentioned above, fog/cloud droplet size dis-
tributions and hence the key microphysical properties
(N, LWC, ry, and o) are determined by different phys-
ical mechanisms; different relationships among these
microphysical properties are expected in response to
different physical mechanisms (Liu et al., 2008; Liu et
al., 2011). Therefore, to examine the physical mech-
anisms, microphysical relationships among N, LWC,
ry, and o are analyzed. Table 2 shows that these rela-
tionships are all positive in the 8 cases. Figure 2 shows
case 6 as an example. The reason for choosing case 6
is that generally speaking, the values of microphysical
properties (Table 1) and correlation coefficients (Ta-~
ble 2) for this case are in the middle of the 8 cases.
The positive correlation between r, and N is opposite
to some previous fog observations (e.g., Huang et al.,
2000; Niu et al., 2010b; Li et al., 2011) or cloud obser-
vations (e.g., Wang et al., 2009). Collision-coalescence
is not likely to be responsible for such a phenomenon,
because if dominantly affected by collision-coalescence,
droplet size (e.g., ry) would be expected to be neg-
atively correlated with N. The dominant processes
seem to be droplet activation with subsequent conden-
sational growth and/or droplet deactivation via some

complete droplet evaporation. Similar conclusion was

Table 2. Correlation coefficients of the relationships
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also drawn in the fog case in 2006 (Niu et al., 2010c).
In addition, the fog in situ observation at Wugqing
(39°24'N, 117°03'E) between Beijing and Tianjin in
China, also shows positive correlations between lig-
uid water content, droplet number concentration, and
droplet size in three polluted fog cases (Quan et al.,
2011).

To further discern the factors affecting micro-
physical relationships, the dataset is divided into two
groups for each case based on visibility: mature stage
(0 m < vis < 500 m) and formation stage (500 m <
vis < 1000 m). In the mature stage in each case, the
relationships among the key microphysical properties
are all positive; whereas in the formation stage, the
relationships are complicated: 7y vs. N and o vs. N
are negatively correlated, and o vs. 7, and LWC vs.
N are positively correlated in each case; the relation-
LWC and LWC vs.

from case to case, negatively, positively, or not corre-

ships of o vs. ry are different
lated. As an example, Fig. 2 shows the microphysical
relationships for these two visibility groups in case 6.
Compared with that in the mature stages and in the
whole fog dataset (Table 2), the different behaviors
of microphysical relationships in the formation stages
are likely related to the low and almost constant LWC.
The LWC is a measure of available water vapor in air,
which can be condensed into liquid water under certain
environmental conditions, such as appropriate water
vapor mixing ratio, air temperature, and air pressure.
In the 8 cases, temperature gradually decreases and
relative humidity is 100% at the formation stage with
500 m < vis < 1000 m; fog forms but LWC increases
slowly, close to 0. The competition for the limited
LWC is expected to be remarkable because fog con-
densation nuclei are considered as sufficient due to the

pollutant emission from the nearby industrial park (Lu

among the key microphysical properties of the eight fog cases

Case rv—IN o—N o-Ty o-LWC LWC-N LWC-ry
1 0.83 0.82 1.00 0.85 0.93 0.86
2 0.90 0.89 1.00 0.93 0.88 0.94
3 0.27 0.19 0.98 0.23 0.96 0.31
4 0.87 0.86 1.00 0.91 0.87 0.91
5 0.83 0.81 1.00 0.82 0.83 0.83
6 0.71 0.70 1.00 0.78 0.70 0.79
7 0.69 0.65 0.99 0.71 0.86 0.74
8 0.34 0.33 1.00 0.72 0.64 0.73
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Fig. 2. Relationships (a) between the volume-mean radius (rv) and the droplet number concentration (N), (b) between
the standard deviation (o) and N, (c) between ¢ and ry, (d) between o and LWC, (e) between LWC and N, and

(f) between LWC and r, for two visibility (vis) ranges in case 6.

et al., 2010b) and the high water-soluble fraction of
aerosol in this area (Wang et al., 2002, 2003). As a
result, most droplets are small droplets and concen-
trated in the first bin (Fig. 3), decreasing r, and o
with an increase in N. The complicated relationship
of LWC to other properties is also probably related to
the nearly constant LWC. In the mature stages, LWC

is positively correlated to N, o, and r, (Fig. 2), indi-
cating that the available water vapor is sufficient and
the competition for water vapor is weak. Therefore,
LWC is an important factor affecting the effect of the
dominant processes, such as droplet activation with
subsequent condensational growth and/or droplet de-

activation via some complete droplet evaporation, on
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microphysical relationships. Zhang et al. (2011) also
found that the value of LWC greatly affects the nu-
cleation of aerosol, cloud number concentration, and

droplet size.

3.3 The combined effect of the dominant pro-

cesses and collision-coalescence

The dominance of droplet nucleation with sub-
sequent condensational growth and/or droplet deacti-
vation via some complete droplet evaporation cannot
rule out the roles of other mechanisms. Fog explo-
sive development is a frequent phenomenon (Pu et
al., 2008; Lu et al., 2010a; Niu et al., 2012) with a
sharp decrease in visibility to below 50 m during a
short period of time (e.g., 30 min). An example dur-
ing a period in case 5 is shown in Figs. 4 and 5. The
LWC, N, ry, o, and maximum radius (rpyax) remark-
ably increase during 0140-0150 local standard time
(LST); correspondingly, the size distributions broaden
quickly. It is noteworthy that it takes only 4 min
to produce the droplets with rp.y around 15 pm (at
0144 LST) from the droplets with ryax around 7 um
(at 0140 LST). Similar explosive developments were
also observed in previous fog experiments (Wobrock
et al., 1992). Furthermore, some 7, values are even
larger than 20 pum (Fig. 4f) and Fig. 3 shows that
the average size distributions in the mature stage have
Tmax il the range of 24-25 pm. It is not likely that
condensation is the only mechanism responsible for
the formation of big droplets because condensational
growth rate of droplet size is negatively correlated with
the droplet size itself (e.g., Rogers and Yau, 1989)
and supersaturation in fog is often low (e.g., Hud-
son, 1980); collision-coalescence is likely to be impor-
It is often thought

that gravitational collision-coalescence could not pro-

tant, although not dominating.

ceed until the radius of droplets exceeds 20 pm (e.g.,
Jonas, 1996; Yum, 1998). The appearance of larger
droplets (> 20 pm) shows the possibility of the occur-
rence of gravitational collision-coalescence.

To further explore the effect of gravitational
collision-coalescence intensity on the microphysical
relationships, autoconversion threshold function (7T)
proposed by Liu et al. (2005, 2006) is calculated for all
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the cases (see the Appendix for details). A larger value
of T indicates a stronger collision-coalescence process,
ranging from no action (7" = 0) to full action (7" = 1).
The result shows that 5 out of 8 cases have T' values

smaller than 0.2, i.e., gravitational collision-coalesce-
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Fig. 3. Average size distributions for two visibility (vis)

ranges in case 6.
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LST in case 5.



NO.6
100 | — — 0140 LST |
+* 0142 LST
~ — - — 0144 LST
'= —— 0146 LST
= -- 0148 LST
TE 0O 0150 LST
o100t i
o
g
®
B
=
8
=]
3
O 1072+ J

0 10 20 30 40 50
Diameter (um)

Fig. 5. One minute average size distributions during the

fog explosive development in case 5.

nce is weak for most cases; but still, for cases 2, 5, and
6, the maximum values of T" are 0.57, 0.47, and 0.80,
respectively, showing the importance of gravitational
collision-coalescence in the three cases. In addition to
gravitational collision-coalescence, Xue et al. (2008)
and Ghosh et al. (2005) pointed out that turbulence
could significantly enhance the collision rate for cloud
droplets (> 10 pm in radius). Therefore, in addition
to the dominant mechanisms, the collision-coalescence,
especially that enhanced by turbulence, may be impor-
tant in these fog cases as well.

To address the combined effects of the dominant
processes and collision-coalescence in detail, the ma-
ture stages (0 m < vis < 500 m) are further di-
vided into three groups based on visibility: 0-50, 50—
200, and 200-500 m. Generally, the microphysical re-
lationships are kept positive for the three visibility
groups in all the cases except cases 2 and 8. As an
example, Fig. 6 shows the relationships for the four
visibility groups in case 6. Figure 7 further shows that
the size distributions broaden in case 6 with a decrease
in visibility. Thus, we assume collision-coalescence be-
comes more and more vigorous with decreasing visi-
bility. During collision-coalescence, the formation of
big droplets consumes small ones, tending to cause in-
creases in 1, and o, and a decrease in N. However, the
relationships of ry vs. N and o vs. N are not negative;
we argue that this is likely due to the reproduction of

small droplets, which can compensate the loss of small
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droplets during collision-coalescence and result in syn-
chronous increases in N, ry, and o. The reproduction
can be caused by the growth of droplets (< 1 pm in
radius). As mentioned above, the droplets (0.5-1 um
in radius) can be measured by the spectrometer, but
not included in the calculations of microphysical prop-
erties because the data in this bin are thought to be
noisy. However, they can still give some hints; the
number concentration in this bin is always larger than
the value at the current peak at 1.4 pm in radius, so it
is important that the reproduction of small droplets is
through the growth of droplets (0.5-1 pym in radius).
Furthermore, the high concentration of droplets (0.5-1
pm in radius) always exists, which could be caused by
the nucleation of sufficient fog condensation nuclei and
subsequent condensation. The positive correlations of
LWC to o, N, and r, (Figs. 6d, 6e, and 6f) indicate
that there is sufficient LWC that could enhance the nu-
cleation of aerosol (Zhang et al., 2011). The reproduc-
tion of small droplets confirms the dominant processes
identified above and causes the stable peak radius at
1.4 um. Therefore, the sufficient fog condensation nu-
clei in the polluted area, along with the higher LWC,
is important for the positive correlations of r, vs. N
and ¢ vs. N. Similar phenomena were also presented
by Hudson and Svensson (1995), they analyzed the
cloud microphysical properties off the southern Cali-
fornia coast and found that in three cases which had
larger cloud condensation nuclei due to the effect of
ship exhaust plumes, r, and N showed positive cor-
relations, whereas for other cases, the correlation was
negative. Furthermore, Wang et al. (2009) examined
the marine clouds observed off the coast of Monterey
and Point Reyes, northern California with data reflect-
ing ship exhaust plumes deleted, and found a negative
correlation between r, and IV; the average size distri-
butions along different flight horizontal levels showed
small number concentration of small droplets, indica-
tive of insufficient reproduction of small droplets by
nucleation after cloud formation.

However, negative correlations of r, vs. N and
o vs. N are found for 0 m < vis < 50 m in case 2
(figure omitted) and in case 8 (Fig. 8). In the above

discussion, the negative correlations for 500 m < vis
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Fig. 6. As in Fig. 2, but for four visibility (vis) ranges in case 6.

< 1000 m are due to the competition for nearly con-
stant LWC and sufficient fog condensation nuclei. But
here LWC is not close to a constant as indicated by the
positive correlations of o vs. LWC, LWC vs. N, and
LWC vs. r, (Figs. 8d, 8e, and 8f).
coalescence could be an important reason for the neg-

Thus, collision-

ative correlations. Furthermore, with a decrease in

visibility, the relationships of r, vs. N and o vs. N
change from positive (200 m < vis < 500 m) to ir-
relevant (50 m < vis < 200 m), and then to negative
correlations (0 m < vis < 50 m). Similar conclusion
can be drawn for case 2. In other cases, there is a sim-
ilar trend. For example, in case 6 (Fig. 6), the slope
of ry vs. N decreases from 0.00740 (200 m < vis <
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500 m) to 0.00237 (50 m < vis < 200 m), and then to
0.00159 (0 m < vis < 50 m). Therefore, in all the cases
analyzed, the slopes of r, vs. N and o vs. N decrease
with increasing visibility, consistent with the assump-
tion that collision-coalescence becomes stronger. We
argue that whether r, vs. N and ¢ vs. N are pos-
itively, negatively, or not correlated in all the eight
cases depends on the competition between the loss
of small droplets due to collision-coalescence and the
compensation of small droplets due to nucleation and
condensation; generally, compensation is larger than
the loss because six cases have positive correlations
for lower visibility, and only two cases have negative
correlations.

In the above discussion, turbulent and gravita-
tional collision-coalescence processes are assumed to
be stronger for a lower visibility. Based on T, the
effect of gravitational collision-coalescence can be fur-
ther studied. The data in cases 2, 5, and 6, which
have T larger than 0.2, are divided based on the same
T ranges in Niuet al. (2010c¢) (0< 7' <0.2,02<T <
0.6, and 0.6 < T < 1.0). Cases 2 and 5 have the first
two T ranges. Case 6 has three T ranges but the data
points for 0.6 < T < 1.0 are rare; so 0.2 < T < 0.6
and 0.6 < T < 1.0 are combined to be 0.2 < T <
1.0 for case 6. Figure 9 shows case 6 as an exam-
ple. The negative correlations of r, vs. N and o vs.
N for higher T' show that the loss of small droplets

due to gravitational collision-coalescence is expected

LU Chunsong, LIU Yangang, NIU Shengjie, et al. 841

to be higher than the compensation. Similar phenom-
ena are found in cases 2 and 5. Furthermore, it is
interesting to find that r, vs. N and o vs. N are
negative for 0.2 < 7' < 1.0 (Figs. 9a and 9b) but
positive for 0 m < vis < 50 m (Figs. 6a and 6b) in
case 6. Comparison of the two figures indicates that
the data points with 0 m < vis < 50 m are much
more than those with 0.2 < T < 1.0. Therefore, only
a few size distributions are affected by gravitational
collision-coalescence; most droplet spectral broadening
is likely related to turbulent collision-coalescence. The
reproduction of small droplets can compensate the loss
of small droplets due to turbulent collision-coalescence
but not gravitational collision-coalescence.

It is interesting to find that cases 2, 5, 6, and 8
have negative correlations for a large 7" or a low vis-
ibility. These cases have larger mean LWC, mean 7y,
and maximum 7, than the other cases (Table 1). An
important reason is that there was precipitation be-
fore the fog events and evaporation of water in the soil

provided plenty of water vapor.
4. Concluding remarks

Warm fog microphysics is examined using the
in situ observations conducted at Pancheng in 2007.
Through analysis of the different microphysical rela-
tionships in the eight fog cases, the microphysical pro-
cesses and key factors affecting fog microphysics are
explored.

It is shown that the key microphysical properties
such as droplet number concentration (N), volume-
mean radius (ry), spectral standard deviation (o), and
liquid water content (LWC) in the eight cases all ex-
hibit positive correlations with one another, indicating
that the dominant microphysical process is likely to
be droplet activation with subsequent condensational
growth and/or droplet deactivation via some complete
droplet evaporation. The LWC is a key factor affecting
the effect of the dominant processes on microphysical
relationships. In the formation stages (500 m < vis <
1000 m), o vs. N and r, vs. N are negatively corre-
lated due to the competition of sufficient fog conden-
sation nuclei for nearly constant LWC; in the mature
stages (0 m < vis < 500 m), the LWC is not close to a
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Fig. 8. As in Fig.

constant, but positively correlated to N, o, and ry, as
a result, the competition for LWC is not remarkable
and o vs. N and 7, vs. N are positively correlated.
Besides the dominant mechanism, the explosive
development along with abrupt broadening of fog
droplet size distributions indicates that turbulent and
gravitational collision-coalescence processes are also
important. The mature stages (0 m < vis < 500 m)
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6, but for case 8.

are further divided into three groups (0 m < vis < 50
m, 50 m < vis < 200 m, and 200 m < vis < 500 m).
Positive correlations among LWC, N, 7y, and ¢ hold
in the three visibility ranges for six cases; in the other
two cases (cases 2 and 8), LWC vs. N, LWC vs. ry, o
vs. LWC, and o vs. r, are positive, but the correla-
tions of r, vs. N and o vs. N are found from positive
to irrelevant, and to negative correlations with the
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Fig. 9. As in Fig. 2, but for two autoconversion threshold function (7") ranges in case 6.

decreasing visibility, indicating increasingly stronger
collision-coalescence. We argue that the complicated
relationships of 7, vs. N and o vs. N are closely re-
lated to the competition between the loss of small
droplets due to collision-coalescence and the compen-
sation of small droplets due to nucleation and conden-

sation. Generally, the compensation is larger than the

loss because of the large concentration of fog conden-
sation nuclei in this polluted area.

To further explore the effect of gravitational
collision-coalescence, autoconversion threshold func-
tion (T) is calculated. Among the 8 cases, cases 2,
5, and 6 have T larger than 0.2 and the dataset is di-

vided based on T values. Negative correlations of
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vs. N and o vs. N are found for a large T. Further-
more, with the increasing T, correlation coefficients of
0 VS. 1y, o vs. LWC, LWC vs. N, and LWC vs. r, be-
come less positive or even negative. The gravitational
collision-coalescence tends to weaken the positive cor-
relations among key microphysical properties caused
by the dominant processes.

Two points are noteworthy. First, numerical
models are also useful to study fog lifecycle and related
microphysical processes, but main-stream fog models
do not consider the effect of turbulence well, such
as turbulent collision-coalescence (e.g., Bergot and
Guedalia, 1994; Shi et al., 1996; Hu et al., 2006). Di-
rect numerical simulation is another tool for studying
microphysical processes in fogs, especially quantitative
description of the influence of turbulence on condensa-
tional growth and turbulent collision-coalescence. Sec-
ond, this study focuses on the fog microphysics; it is
known that macro conditions for the fog formation,
duration, and dissipation are also important to under-
standing of the microphysical processes (e.g., Huang
et al., 2011). For example, as mentioned above, the
LWC is greatly affected by some environmental con-
ditions (such as water vapor mixing ratio, air temper-
ature, and air pressure), which are further related to
radiation, turbulence, etc. (Zhou and Ferrier, 2008;
Yuan and Huang, 2011). Therefore, detailed analysis
on the macro mechanisms responsible for fog forma-

tion is necessary in future studies.

Appendix

Autoconversion Threshold Function

According to Liu et al. (2005, 2006), all the au-
toconversion parameterizations that have been deve-

loped so far can be generically written as:

P =Py, (A1)

where P is the autoconversion rate, Py is the rate
function describing the conversion rate after the on-
set of the autoconversion process, and T is the thresh-
old function describing the threshold behavior of the

autoconversion process. The size truncation function
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employed to quantify the effect of truncating the cloud
droplet size distribution on the autoconversion rate
can be used as a threshold function to represent the
threshold behavior associated with the autoconversion
process, providing a physical basis for the threshold
function. The expression of T can be generally de-

scribed by:

P
T _
B

Trﬁn(r)dr l 7r3n(r)dr

3 ] , (A2
{ ron(r)dr

o0

[ r3n(r)dr
0

where r is the droplet radius, n(r) is the cloud/fog
droplet size distribution, and r. is the critical radius
for autoconversion. Liu et al. (2004) derived an ana-
lytical expression for predicting r. in the autoconver-

sion parameterization:

Nl/G
re ~ 4.09 x 107432/6

con W? (Ag)

where Beon= 1.15x10%3 is an empirical coefficient.
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