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ABSTRACT: Dense fogs, comparable o historical fogs in England, have been implicated in nuimerous roadway accidents
in the southern United States. Many of the fogs have occurred in association with presaibed burning. Direct measurements
of superfog (fog reducing visibility to less than 3 m} were taken during burning of forest litter oy 22 March 2003, Visibility
was measured at .1 m implying an extinction coefficient of 39120 km™!. The number of condensation suclei required
for fog to produce the observed visibility was about 1% of the number of particles released in wood smoke as reported
in the literature. A recursive non-gradient mixing model shows (1} maximum excess lignid water (LWC) released was
approximately 7.0 g kg™, 23 times the LWC in nawral fog, (2} superfog can form at the site of combustion then continue
to form as it drifts downwind, and (3) superfog can modify air mass stability near the ground and persist for hours until
dispersed by changing wind conditions or by solar heating after sunrise. Published in 2008 by John Wiley & Sons Lid.
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1. Introduction

Dense smogs reducing visibility to a few metres or less
have been documented for hundreds of years in England
(Urbinato, 1994). Many of these smogs were linked to
the use of sea-coal —a copious smoke producer when
burned — to heat homes in crowded urban areas. Among
the most notorious of Londen smogs was the Great
Smog of 5-9 December 1952, According to the UK
Meteorological Office, the visibility in central London
remained below 500 m continuously for 114 h and below
50 m continuously for 48 h from the morning of 6
December. At Heathrow Airport the visibility remained
below 10 m for aimost 48 h. The death tol] was estimated
at approximately 4000 (Urbinato, 1994). Bell and Davis
{2007) suggest that about 12000 excess deaths linked o
the fog occurred between December 1952 and February
1953.

Kunkel (1984) and Kokkola er al. {2003} have shown
that heavily polluted conditions can favour the formation
of dense radiation fogs consisting of large numbers of
relatively small droplets. Pollutants act in two ways to
decrease visibility: {1} increasing the number of particles
which increases the extinction coefficient for a given Hg-
vid water content (1.WC), and, {2) decreasing droplet size
which decreases mean terminal velocity thus mimimizing
the fallout of liguid water. These fogs can initiate when
relative humidities are slightly less than 100%.
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In sections of the USA and parts of Canada (Pagowski
et al., 2004), dense fogs reducing visibility to a few
metres have been implicated as a causal factor of muliiple
vehicle accidents. An additional factor contributing to the
frequency of extreme fog events is the combination of fog
with smoke from prescribed burning (Achtemeier er af..
1998). Holle (1970) and Eagan er al. (1973) estimated
that approximately 6 x 10'® cloud condensation nuclei
{CCN} are produced for each gram of wood consumed
in a fire. Eagan er al., measured concentrations of CCN
to 5000 cm™? about 38 km downwind from a 4 ha
prescribed fire. Most of the CCN are in the size range
of approximately 0.10 um  (Reid and Hobbs, 1998).
The presence of huge concentrations of CCN shifts
fog droplet size distributions towards the lower end of
the droplet size spectrum and increases the extinction
coefficient.

Land managers in the southern United States (shaded
area in Figure 1) use prescribed fire to treat 6—8 miliion
acres {2-3 million ha) of forest and agricultural lands
each year (Wade ez al,, 2000). Although the vast majority
of prescribed burns are carried out without incident, there
are occasions when weather conditions combine with
residual smoke to compromise visibility. Maltiple-vehicle
pileups, numerous physical injuries, extensive property
damage, and fatalities have been associated with visibility
reductions due to smoke or smoke and fog on roadways
(Mobley, 1989). Most serious accidents occur during
the npight or near suarise when smoke trapped within
local drainage flows in sirearmn valleys and basins (where
ambient relative humidity may locally approach iOO%)
drifts across roadways.
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Figure 1. Map of the United States showing the region of extensive prescribed fire use during the winter/spring season.

Maost prescribed burns are conducted during periods of
high dispersion during the dormant season (January 1o
April) after leaf/needle fall and before the emergence of
new vegetation in the spring. This burn period coincides
with the winter wet season and much burning is done
when dry surface fuels overlay wet fuels so that not all
of the available fuel will be consumed. Therefore, smoke
could coniain moisture released as part of the chemistry
of combustion, moisture boiled off from wet fuels that
subsequently ignite, and moisture released from heated
soil and underlying fuels that do not ignite.

An analysis of temperature and relative humidity
measurements from 29 ‘smokes’ {defined as a tiny
plume of smoke less than 30 cm across rising above a
patch of smouldering fuel) during 2002 and 2003 by
Achtemeier (2006} showed that moisture excesses from
smoke have no impact on ambient relative humidity
during daytime high dispersion conditions. However, at
mght, during low dispersion conditions, bulk moisture
impacts {rom residual smoke spread over large burned
tracts of land can be large enough to increase the ambient
relative humidity to 100%. Therefore, smoke moistare
may be & contributing factor to the location, timing and
augmentation of fog.

However, there remained the question of how much
smoke moisture could additionally reduce visibility in
fog. Visibilities at some accident sites have been esti-
mated to range from | to 3 m. {In this paper fogs reducing
visthilities to less than 3 m are defined as ‘superfog.’)
In addition, descriptions of smokeffogs by witnesses
(*Couldn’t se¢ my hand in front of my face’; ‘couldn’t
sce the ground at my feet’) match descriptions given by
observers of the famous London fogs (UK Meteorological
Office).

Achtemeter (2008) re-examined the smoke data as indi-
vidual smokes with a two step radiation/mixing model to

determine whether non-gradient mixing (Gerber, 1991} in
the presence of huge concentrations of CCN could sup-
port superfog. At the times of observation, the smokes
were not saturated. However, 1T it was assumed that the
smokes persisted through the might when ambient rela-
tive humidities ranged from 51 to 88%, the study found
smoke TWC in the range from 1.0t0 5.1 gm™ —up to
17 times greater than LWC for natural fog. These smoke
LWC were sufficient to support superfog for fog droplet
size distributions reported in the literafure in the range of
from I to 3 pm. Therefore, non- gradient mixing provides
a fog-forming mechanism in addition to heavily polluted
conditions.

Smokes measured by Achterneier (2006, 2008) were
not saturated. On 22 March 2003 the measurements were
made for forest litter under aunbient conditions more
favourable for fog formation. Direct measurements of
superfog were obtained. The data collection is described
in the next section. Results and discussion of the mechan-
ics of superfog formation and persistence follow.

2. Materials and methods

The experiment was done at North High Sheals, GA, on
22 March 2003. Leaf litter, consisting of a mixture of
leaves fallen from hardwoods (imostly oak) and needles
blown in from a nearby stand of loblolly pine (Finus
taeda L.) were raked into a shallow pile roughly 3 m
in diameter. The moisture content of the leaves was not
measured. However, with the presence of pine needies,
there was concern that the leaves might not be sufficiently
moist to retard rapid ‘re-flaming’ of the pile — which did
oceur.

The pile was ignited at 1851 h focal time (2351 UTC),
10 min after sunset. Winds were light and the protec-
tion offered by the surrounding woodland and a nearby
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nome further sheltered the burn. A temperature and rel-
ative humidity probe (Vaisala HMP45C, Vaisala, Inc.)
mounted at the end of a 3 m pole was mserted into
the smoke approximately 0.1 m above the litter pile to
gain a comtinuwous record of wemperature and relative
humidity. The operational temperature range was —40
o +60°C. The response time for the refative humid-
ity sensor was rated at 13 5. The response tme for the
temperature probe was estimated at from 3 to 5 min
{slow-response) and difficulties with the use of this sensor
for smoke measurements were described by Achtemeier
{2006). Therefore, a 36-gaunge type T Tefion-coated ther-
maocouple (omega.com/temperature/Z/pd(/2223 pdf) was
attached to the semsor. This instrument has an opera-
tional temperature range from —200 o +350°C and an
estimated sub-second response time {fast-response). Data
from the Vaisala instrument and the thermocouple were
recorded at 5 s imtervals on a data recorder (CR23X Data
Logger, Campbell Scientific, Inc.) attached to the oppo-
site end of the pole supporting the instrument (Figure 2),

Once combustion was well established, the flames were
smothered by raking unburned litter over the iop of
the flaming fuels. Re-flaming interrupted measurements
at 3, 4, 12, and 15 min after the beginning of the
measurements. Once the flames were smothered, dense
white smoke was produced. The image in Figure 2
reveals a faint shadow of the probe extending into the
plume. Given that none of the identifying marking was
distinguishable, the visibility could have ranged from a
few centimetres to approximately 0.1 m. A maximum
visibility of 0.1 m has been assigned.

Figure 2 shows part of the fate of the superfog after
it rose above the probe. The plume rose lazily to from
3 1o 5 m above ground then levelled off and slowly
settled to just above the ground. The period of time
from superfog initiation to setiling to the ground and the
fate of the superfog thereafter were not observed as the
measurements were being taken on the upwind side of the
plume, Furthermore, atieilion was given to keeping the
probe in the plume and watching for re-flaming. Finally,
the experiment ended after dark.
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Figure 2. Upper inset - the Vaisala temperature and refative humidity
probe attached to an extendable rod. The distance between the two
arrows is 0.05 m. The distance from the attaching tape (arrow) to the
tp of the probe s 0.12 m. Below — the probe inserded into a piume
of superfog approximately 0.3 m wide. The arrow is the same as the
upper left arrow in the inset. None of the remaining black strip, the
white strip, the second black strip (second arrow), nor any of the probe
are distinguishable in the image.

3. Resulis

Figure 3 shows the temperature and relative humid-
ity records for the burn. The thin jagged line is the
temperature trace for the Tast-response thermocouple.
The instrument was inserted into the smoke after flames
were smothered - at 3,4, 6—12, 1417, and 22—26 min.
Smoke temperatures were mostly in the range 40-60°C
with a few temperatures exceeding 70°C between 6 and
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Figure 3. Fast-response temperature (thin jagged line). slow-response temperature (thin smooth line), and relative humidity {thick ling) traces
for the superfog experiment on 22 March 2003. Fast-response temperatures decreased to ambient temperature each time the instrument was
withdrawn on flameup.
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7 min and again between 24 and 26 min. Temperatures
measured by slow-response sensor are shown by the thin
smooth iine.

The relative humidity plot {thick line} confirms that
the white smoke was polluted fog. The ambient relative
humidity was 58%. Each time the instrument was mnserted
into the smoke, the relative humidity jumped 10 100%.
Achtemeier (2006} showed that the temperature/relative
humidity probe overestimated relative humidity when
mseried nto a warm smoke plume because of the
connection between the moisture sensor and the slow-
response lemperature sensor. However, the slow-response
temperature reached values measured by the fast-response
thermocouple from 8 to 12 min and again from 24 to
26 min with no observed decline in the relative humidity.

Furthermore, Achtemeier (2006) showed that the sen-
sor should have underestimated relative humidity when
the instrument was withdrawn from a warm smoke
plume. However, the relative humidity did not drop below
the ambient relative humidity when the instrument was
withdrawn but remained at saturation during 12-14 min
between sample period 3 and 4. The behaviour of the
relative humidity when the instrument was withdrawn
from the plume for longer pertods of time: {17--22 min
and 27-32 min) was that of relative humidity stowly
declining from 1009 after having been removed from
the smoke for at Jeast 2 min. This behaviour would be
expected if the instrument was wet and hot and water
was slowly evaporating from the sensor,

The calculations of mixing ratio (defined as the mass
of water vapour present to the mass of dry air con-
taining the vapour — Hess, 1939} from temperature and
relative humidity were done recognizing the following
uncertainties. First, mixing ratios calculated using tem-
perature data from the slow-response sensor were likely
o be erroncously low because, with few exceptions, the
temperatore readings were too cool, Second, 1f the mix-
ing ratios were calculated using temperatures measured
with the high-response thermocouple, there was no cer-
tainty that relative humidities would have been 100% af
these temperatures. However, that the fast-response tem-
perature was the correct femperature within the plume
is a reasonable assumption. Furthermore, given the pres-
ence of the dense white cloud during the measurements,
and given the behaviour of the relative humidity sensor
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described above, it is reasonable to suppose that the cloud
was saturated at the fast-response temperatures.

Therelore, Figure 4 gives calculated mixing ratios with
both the slow- and fast-response temperatures. Slow-
response mixing ratios may be  fairly accurate estimales
of actual moisture from 8 to 12 min and 2426 min
when slow-regponse temperatizres were roughly equiv-
alent to fast-response temperatures (Figure 3). Mixing
ratios ranged from 4010 30 g kg™! and $55-60 g kg™
respectively. Fast-response mixing ratios ranged from 40
to 80 g ke~ and 6080 gkg™ ! respectively for the same
periods with spikes as high as 200 g kg™

Smoke reieased in smouldering fuels mixes with ambi-
ent air. Let my, Tj, and wy represent the mass {g),
absolute temperature (K), and mixing ratio of water (g
kg™!) of the smoke, respectively, and let m,, 7, and
w, represent the mass, absolute temperature, and mixing
ratio of water of the ambient air, respectively. The final
state, upon mixing at constant pressure, is given by the
weighted means,

mT = my T,

Frome by
my = My

= i’.'l]'[l)} o gty {})
1 +ma

The saturation mixing ratio for the mixed air, w,,
defined as the mass of waler contained in a mass of
humid air for which the relative humidity is 100%,
cannot be represented by the weighted mean of the
saturation muxing ratios for the smoke and ambient air.
The saturation mixing ratio for the mixture is calculated
from the Clauvsius-Clapeyron equation (Petterssen, 1956).

Data points representing the range of minimum and
maximum slow-response lemperatures and mixing ratios
for the observation periods from 8 to 12 min and from
24 to 26 min were selected for the mixing pan of
this study. Other data points giving the range of fast-
response iemperatures and mixing ratios were selected as
represeniative of the same observation periods. High and
low spikes were omilted. These points are summarized in
Table T along with the ambient temperature and mixing
ratio.

Table II lists the outcomes when equal masses of
smoke and ambient air are mixed. For the slow-response
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Figure 4. Mixiag ratios caleulated from the Veisala HMP45C temperatare and relative humidity probe ~ slow-response sensor (thick lne) and
from the relative humidity probe and temperatures measured hy the fast-response thermocouple (thin line).
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Table I Ranges of slow- and fast-response wemperatures and mixing ratios selected for mixing with ambient air.

Period Siow-response Fagt-response
mHn
Temperaturc Mixing ratic Temperature Mixing ratio
© gke” « g ke
8§12 4.8 34,69 403 46.70
421 51.9¢ 54.1 93.90
2426 412 472G 45.8 60.16
464 61.63 625 134.34
Ambient 15.6 6.20

Table 11. Ranges of slow- and fast-response final temperatures, mixing ratios, saturation mixing ratios, and excess liguid water
afier mixing with equal masses of ambient air.

Period Siow-response Fast-response
min
Temperature Mixing Saturation LwWC Temperature Mixing Saturation LWC
¢ ratio M. ratio gm™? “«C ralio M. ratio gm?
g ke g kg™ gke™! g kg
812 24.9 20.43 19.21 1.24 277 26.45 22.59 3.86
28.6 29.09 2381 5.28 34.6 50.05 3345 16.60
2426 28.1 26,76 2319 3.51 304 33.15 2648 6.67
30.7 33.03 26.94 6.99 38.8 70.27 42.08 28.19

observaiion periods, mixing produced the ranges of tem-
peratures and mixing ratios shown in the first two
columns, Saturation mixing ratios were calcuiated from
the Clapsius-Clapeyron equation. Differences between
the mixing ratios and the saturation mixing ratios are
given as excess liquid water content {L.WC), The ranges
of, respectively, 1.24-525 and 3.51-6.99 g m™? are
water available to be converted into fog. The right side
of Table 11 lists the results for the fast-response tem-
peratures. The ranges of excess LWC are, respectively,
3.86-16.60 and 6.67-28.19 g m™* are water available to
be converted into fog.

4. Theoretical analysis and discussion

Liquid water contents for natural fog typically range
between 0.001 and 030 g m™3 (May, 1961; Roach,
1976; Hudson, 1980; Meyver et al., 1980; Kunkel, 1984,
Cotton and Athens, 1989; Duynkerke, 1991; Fuzzi er al.,
1992; Teixeira, 1999; and Guedalia and Bergot, 1994).
Achtemetier (2008) modelled LWC from the smoke
temperature and moisture measurements in the range
from 0.07 to 5.1 g m™ —up to 17 times larger than
LWC found in fogs formiing under natural conditions.
Depending on the temperature sensor used, the range
of LWC found in this study is from 1.24 10 28.19 ¢
m™? — almost 100 times larger than LWC found in natural
fogs.

The relationship between visibility and fog density is
{(Kunkel, 1984):

1 3
VIS = — 2)
where B is the extinction coefficient given by,
N
B o= Z Qeniry. (3)

=1

Here n is the threshold of contrast (normally equal
to 0.02), Q. is the normalized extinction cross section,
and #; is the number density for droplets of radius #;.
If the droplet size distibution is not known., then an
empirical formula must be used to relate LWC w 8.
Kunkel calculated extinction coefficients that ranged from
0.15 to 80.0 km™' using data on natural fogs. Because
the visibility was observed during the present study,
the extinction coefficient can be calculated directly from
Equation (2). On substituting 0.10 m for the visibility,
the extinction coefficient is 39 120 km ™, far outside the
range of extinction coefficients reported in the literature
(Eldridge, 1971; Pinnick ef af., 1978; Kunkel, 1984).

Additional factors that impact visibility are the age and
history of fog. Many of the fogs reported in the literature
had been active for hours giving time for microphysical
processes o0 grow the droplets and create broad drop
size distributions. For example, Fuzzi et al. (1992) found
a bimodal droplet size distribution with the dominant



220

volume mode around 20 wm and a much smaller mode at
510 pm. Garcia-Garcla er al. (2002 found droplet size
distribwtion peaks at 4. 10, and 20 ym with the dominant
peak at 4 gm. Kupkel found mean diameters ranging
from 7 to 10 pum. Matveev (1965) published dominan
peaks in the range of 5-7 pm with a spectrum ranging
from 2 to 16 um.

The age of the superfog in this study was less than
3 s at the location of measurement. Thus it should be
expected that the droplet size disiribution would be con-
strained 10 a parrow range and the dominant droplet size
would be found at the smatl droplet end of the droplet
distribution permissible by the sizes of the cloud conden-
sation nuclel (CCN) released in smoke. Smoke particles
have been measured using sophisticated instruments rang-
ing from the Differential Mobility Particie Sizer (DMPS)
to methods for sizing particles based on their aerody-
namic properties (Ward, 2001). A very pronounced num-
ber concentralion peak was found in the size range of
approximately (.10-0.13 um (Reid and Hobbs, 1998).

Matveev (1965) equations permit caiculations of
extinction coefficients and LWC for droplet size distri-
butions near the lower end of the drop size spectrum.
The extinction coefficient is:

B = 2mnry (4)
where » is the nomber of droplets and r, is the root-
mean-square (rms) radius for the size of the droplets.
The LWC is calculated from:

4
LWC = Emlr;,o“. (5}

where p,, is the density of water (g cm™). Combin-
ing Equation (4) with {8) and substituting visibility for
extinction coefficient through Equation (2} yields:

LWC = {6)

when r,, 18 given in um, VIS is given in km, and LWC
is given in g m™?,

Figure 5 shows LWC needed 10 maintain five levels
of visibility in superfog. For droplet size of 0.1 ym,
an LWC of only 2.61 g m™3 is required to maintain a
visibility of 0.1 m. The required LWC doubles if the
droplet size is increased to 0.2 um. These LWC fall
within the ranges of LWC caiculated for both slow-
response and fast-response temperatures and for both
sampling periods (Table I1). Figure 5 also shows that the
LEWC for all visibilities equal to or greater than 0.1 m and
for all droplet sizes in the sub-micron range 0.1 -1.0 pum
fall within the range calculated for the 24-26 min period
using the fast-response temperature.

An additional issue regarding the efficacy of these
calculations in describing the superfog observed on 22
March 2003 is whether there existed a sufficient number
of CCN available for superfog to form. Holle (1970;
and Fagan eral. (1973) esumated that approximately
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Figure 5. Liquid water content neecled to maintain the following

ievels of visibility in superfog for the sub-micron range 0.1 1.0 pm:

0.05 m (circles), 0.1 m (sgaares), 0.5 mn {miangles), 1.0 m (crosses),
and 3.0 m (asterisks).

6 % 10 cloud condensation nuclei are produced for
each gram of wood consumed in a fire. Substitution of
Fguation (2} into (4) yields an expression {or the number
of CCN of radius r, required to maintain an observed
visibility:
_ —In()
ZJTI‘i VIis

{1

The nomber of droplets of size of 0.1 um required to
maintain a visibility of 0.1 m is n = 6.22 x 10® cm 3 ~
approximately 1% of the Holle (1970) and Eagan et al.
(1973) estimate. If these particies make their way to the
surface of the overlying vegetation without deposition
at the rate of 0.0I m s~!, then the rate of combus-
tion for the smouldering forest litter would have been
0.01 g s7! — for each square ¢ of burning litter — a not
unreasonable rate of combustion given that the smoulder-
ing litter may have been several centimetres deep.

The resulis from theary have expanded on the obser-
vations to show the excess L.WC and number of CCN
required to produce superfog with visibility of 0.1 m. The
LWC of 2.61 g m™ is enormous when compared with the
LEWC of natural fog yet it is relatively small when com-
pared with excess LWC calculated using fast-response
temperatures (Table II). Conceivably, the large TWC
could have been consumed in maintaining 0.1 m visihil-
ily as fog droplets grew rapidly from (.1 to 1.0 um (see
the curve for VIS = 0.1 m (squares) in Figure 5). Alter-
natively, the LWC could have been expended through
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mixing with ambient air as the superfog LW was main-
tained near 261 g m 7

The fate of the excess LWC needs further explanation.
The ranges of excess LWC in Table 11 were calculated
from Equation (1) and the Clagsius-Clapeyron equation
and show the excess LWC that could have been available
for superfog. However, Achtemeier (2008) suggested
that mixing of ambicnt air with smokes occurs through
surface mixing of undiluted cores ipitially. Thus ope-
to-one mixing may not accurately model the mixing
between ambient air and the superfog on 22 March 2003.
Furthermore, mixing vig Equation {1) ignosed the impact
of latent heat relesse on the temperature of the mixed air
Mass.

Therefore the calculations for excess LWC were redone
using a recarsive model with the following steps.

1. Specified volumes of smoke and ambient air with the
range of temperatures and moistures given in Table 1
were mixed vie Equation {1) to give an initial estimate
of the temperature and mixing ratio for the mixture.

. The saturation muxing ratio was calculated from the
temperature of the mixture via the Clavsius-Clapeyron
equation and subtracted from the mixtare mixing ratio
to yield the excess LWC.

3, Small increments of excess LWC were converted to
iiguid water with the resulting release of latent heat
warming the mixed air mass shghtly. The equation
for air mass warming through latent heat release at
constant pressure (Hess, 1959) s

]

AT = 2497w, {8}
when the saturation mixing ratio is given in g m™ ",

4. Sweps (2) and (3) were repeated until the temperature

" bad increased until the mixture was just saturated.

5. The LWC required to complete step (4) was tallied as
LW available for conversion inlo fog.

6. Additional masses m, were added to the existing mass
of mixed air, m; (m; = m;_) + my}, and the procedure
repeated until all available LWC had been released
into fog.

At the end of Step (6) there resulted a mixed air mass,
just saturated, with all excess LWC converted to liquid
waler, and with temperature, Ty, greater than the ambient
temperature, 1.

Any further mixing of the superfog with ambient
air must involve evaporation of Hquid water to bring
upsaturated ambiest air to safuration. The recursive
maodel was continued with additional mixing; Hquid water
was removed from the fog and temperature was cooled
through evaporation until ro more liguid water remained
{fog had dissipated) and the mixture was just saturated.

In doing the calculations with the recursive moedel, it
was found that the results were dependent on the relative
sizes of my and my,. { m, = m initially, the LWC tended
to be approximately 15% higher afier the first five mixes
and the final LWC tended to be approximately 15% jower
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than if m, = 0.25 m; initially . Additional runs with other
& lendency for the sohiions 1o converge to near the
mig = 0.25 my solution. Thus  the results o follow were
done with m, = 0.25 pry initially.

Finally. the mixtures, mixtuire temperatuzes, and LWC
were converted Lo rates of change of vertical velocity via:

mf'W;q T}n - Ta :
W, = — -+ T wC
f Hi; iy ¢ ( 7. 8 : o (9)

The first term of Equation (9) reduces the vertical
velocity in proportion to the mass of ambient air of
W, == 0 added to the existing mixture. The second term
(Hess, 1959} adds the contribution to buovancy by the
termperature excess of the mixture decreased by the
weight of liquid water per wnit mass of air. Here Ar
is a ‘mixture time scale’ set to Ar = (0.075 s tw yield
fog plume ascent heights comparable with the 3-5m
observed during the 22 March 2003 experiment.

The calculations were done for the fast-response (FR)
temperatures and mixing ratios shown in Table I An
isothermal lapse rate with amibient temperature of 15°C
was used to facilitate the calculations and 10 show the
impact of superfog on air mass temperatures. The calcu-
lations were stopped when (1) the fog LWC decreased 1o
zero, or (2) the fog descended to spread out just above the
ground. Figures 6 and 7 show the fast-response resulis for
TR 8~12a (top row of Table 1) and FR 24-26b (bottom
row of Table 1}. These are representative of the range of
fates of moist hot smoke injectled into moist and cooler
ambient air.

Centributions of temperature excess and weight of
LWC 1o buoyancy are shown in Figure 6{a). The tem-
perature excess term {dashed 1ine) dominates the solution
{solid line). The centribution of the weight of liguid
water {dotted line) to the solution was insignificant. Cal-
culations terminated al 2.5 s while the buoyancy was
still positive, Vertical velocity (Figure 6(b)) increased to
0.3 m s™! then levelled off after 1.7 s. Buoyancy was
still positive but was balanced by addition of ambient air
with zero vertical velocity into the mixture (first term of
Equation (9)). Figore 6(c) shows the fate of the LWC as
a fanction of height. LWC increased rapidly from 0 to
1.25 ¢ m™ in 0.4 s when the plume had risen to about
0.05 m above ground at 0.2 m s~! (Figure 6(b)). Con-
tinued mixing with ambient air decreased plume LWC
1o zero in 2.5 s when the plume had risen to only 0.6 m
above ground. Thus the calculations for FR 8—12a reveal
a rising plume of smoke that flashed immediately into
superfog which then thinned and dissipated a short dis-
tance sbove ground leaving a warm buoyant plume of
smoke to rise and disperse.

Figure 7 shows the results for FR 24-26b. Tempera-
ture excess (dashed line) dorninates the buoyancy term
(Figure 7(a)) for the first 3 s. The iemperalure excess
was then balanced by the weight of suspended liquid
water (dotted line) as buoyancy dropped to zero by 7 s.
Temperature excess fell below zero after 10 s meaning
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Figure 6. From Equation (9} for FR 8-12a: (a) Contributions to
buoyancy (solid line} by temperature anomaly {dashed line) and weight
of liquid water per unit mass of air {dotted line} for the 2.5 s duration of
superfog. (b} Vertical velocity from buoyancy and non-gradient mixing.
(c) Growtir of LWC along the plume centre Hae from 010 1.25 gm™ in
the first 0.4 5 of the solution followed by depletion through evaporation
as the plume ascended to .6 m. This figure i available in colour online
at www.interscience.wiley.com/ma

the temperature of the mixiure had cooled below the
ambient temperature. Vertical velocity (Figure 7(b)) had
increased to 0.6 m s~ by 3 s then levelled off as the
mixing term of Equation (%) balanced buoyancy. Verti-
cal velocity decreased steadily thereafter o —0.8 m s~/
when the plume descended to spread out just above the
ground after 24 s.

Figure 7(c) shows the behaviour of LWC during the
24-s period, LWC increased t0 7.34 g m~* during the 2 s
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Figure 7. From Equation {9) for FR 24-26b: (a) Contributions to
buoyancy (solid line) by temperature anomaly (dashed line) and weigh:
of hquid water per unit mass of air (dotied line) for the 24 s duration of
superfog. (b) Vertical velocity from buoyancy and nor-gradient mixing
showing sign reversal afier 13 5. (¢) Growth of LWC along the plume
centre line from 0 to 7.34 gm~ in the first 2 s as the plume ascended to
0.9 m. The plume ascended 1o 5.1 m while cooling through evaporation
and then descended t0 spread out above the ground by 24 s.

that lapsed as the plume rose to 0.9 m above the ground
at 0.59 m s~ (Figure 7(b)). Thus, superfog continued to
form and thicken as the plume drifted away from the
emission source. LWC decreased through mixing and
evaporation to 5.25 g m™® as the plume ascended to
its maximum height of 5.1 m above ground at 135
{vertical velocity had decreased to zero). LWC then
decreased 1o 4.25 g m™ as the combination of negative
buoyancy and weight of liqguid water dragged the plume
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down to spread out just above the ground after 24 s
Thus the caleulations for FR 24--200 reveal a rising
ptume of smoke that flashed immediately into superiog
capable of reducing visibility to the 0.1 m cbserved
during the experiment. The plume remained superfog as
the excess LWC declined through mixing and evaporation
as the plume rose 5 m above ground. On turther mixing,
evaporation cooled the plume as it descended. Figure 5
shows that LWC of 4.25 g m™" was capable of reducing
visihility to less than 1.0 m for the full sub-micron range
of fog droplet sizes.

The impact of the negative ifemperature anomaly
{Figure 7(a)) needs {urther explanation. Cooling by evap-
oration of the superfog lowered mixture temperature
below ambient temperatare. Figure 8 shows that the
superfog cooled 1o 12.7°C creating a ‘fog-gencrated’
temperature inversion of 2.3°C. This stable condition
would inhibit further mixing,

The question remains as to what extent these resulis
are transferable o superfog-producing smouldering in the
aftermath of prescribed burning. Prescribed fire, particu-
tarly the many smaller burns, typically involves raking
of litter similar 1o that in this stody, to create fire breaks
and to pile fuels as an aid to ignition. Smouldering ocours
when oxygen-starved conditions slow rates of combustion
to where gases cool to below ignition temperatures. Fire
burning down inte deep layers of fuel can be smoth-
ered by overlying burned fuel and ash. Furthermore,
the energy required to evaporate water from surround-
ing moist fuels comes at the expense of combustion.
Thus, given a wide range of possible fuel/moisture con-
figurations in the field, there is no reason to suppose the
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Figure 8. Temperature of the fast-response mixture FR 24-26b as the

plome cooled vig nos-gradient mixing from 62.5 o 12.7°C -2.3°C

Selow the ambient temperature of 15°C (horizontal line). This figure
is available in colour online at www interscience wiley com/ma
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methods used in this stady produced uniguely different
physical processes of smouldering.

What was the fate of the superfog afier settling near
the ground? The observatornis of 22 March 2003 pro-
vide no answer as efforts wezre focused on gaining the
superfog measurements just above the Liter. Further-
more, measurements were taken on the upwind side of
the plume and thug downwind behaviour of the superfog
was obscured by the plume. Finally, the experiment was
completed after dark.

Extending the solations from Egquaiion (9) beyond
those shown in Fgure 7 1s speculative because no
provisions are made for fog droplet growth. However,
Equation (9) can give qualitative estimates for the fate of
the superfog. The sclution for FR 24-26b was extended
to 365 s when fog evaporated .

The first row of Table III 1ists the times elapsed from
the start of the simulation. The second row shows LWC
in decreasing order as the fog mixed away. Thus, the
superfog settled to the ground afier 24 s (Figure 7),
LWC declined to 40 g m™3 after 28 s and 1.0 g m™>
after 178 s, and all fog dissipated by 365 s. The third
row shows the maximum droplet size (um) allowable
to maintain minimal soperfog of 3 m visibility. Had the
LWC remained constant al 4.0 g m™>, then fog droplets
couild have grown to 3.9 um in superfog,

Equation (9) modelled additional plume characteris-
tics. The fourth row of Table IH shows the distance the
plume would have travelled from its sowce assuming an
average speed of 0.5 ms™! — a reasonable wind for forest
drainages during weather conditions that favour smoke
entrapment {Achtemeier, 19933, If, after 178 s (when the
IWC had declined to 1.0 g 1m™?), the droplet size was
less than 1.3 um, a wind of 0.5 m s~ would have carried
superfog almost 90 m from its source. In addition, a unit
plume volume would have grown almost 600 times from
the mixing of ambient air into the plome. If the initial
plume diameter was 0.3 m (Achtemeier, 2006), then the
plume after 178 s (assuming a rectangvlar-shaped plume
3 m deep) would have been 14 m wide (bottom row of
Table IIT). Thus, it is suggestexd that superfog from a sin-
gle smoke could cause serious visibility hazards aver
roadways adjacent to the burn.

Finally, it can be supposed that visibility-obstructing
superfog occurring 1-2 km downwind from a prescribed
burn has as its source more than one superfog-producing
smouldering smoke. Achtemeijer (2006) showed that the
net effect of many smokes spread over a landscape is
to increase the moisture of the ambient air. However,

Table III. Growth characteristics required to maintain minimal superfog (visibility of 3 m) for a single plume as modelied from
Eguation (9).

Time elapsed ¢s) 28.0 31.0 93.0
LWC (g m™) 4.0 3.0 2.0
Droplet size (um} 310 3.0 2.2
Distance travelled (m) 14.0 25.0 46,0
Volume growth ratio 93.0 170.0 320
Plame width (m) 2.0 4.0 7.0

178.0 250.0 3380 365.0
1.0 0.5 0.1 0.00
1.3 6.6 0.1 -

89.0 125.0 169.0 182.0

3950 8440 11350 1220.0

14.0 20.0 27.0 28.0
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not all smouldering smokes produce temperature and
moisture in the range required for the initiation of
superfog {Achtemeier, 2008). This may explain partly
why superfog events are relatively rare given the large
aumber of prescribed burns carried out annually within
the southeastern United States.

5. Cenclusions

Non-gradient mixing of warm, moist smoke with cool,
moist ambient air can release LWC in amounts sufficient
to aid the formation of superfog. This moisture, in
the presence of an enormous number of CCN particles
released during combustion, can flash into fog droplets at
the small end of the droplet size spectrurn. The smalier
droplets, in comparison with larger droplets, are more
efficient scatterers of light and thus are more efficient
reducers of visibility. Thus the combination of both
particulate matter and moisture provides the mechanism
for superfog formation from smoke released during
smouldering combustion in the aftermath of prescribed
bums,

The fate of superfog is critically dependent on moisture
in both the smoke and the ambient atmosphere. When
smoke mixes with ambient air, a range of outcomes are
possible. (1) The mixture may be unsaturated and the
smoke disperses. (2} The mixture may be saturated with
excess LWC large enough to support superfog initially.
Continued mixing quickly dissipates the superfog and the
smoke disperses. (3) The mixture may be saturated with
excess LWC large enough to support superfog initially.
Additional mixing evaporates the liquid water but not
before the mixture temperatore has been cooled to below
the temperature for ambient air. The plume descends
to some equilibrium height as fog evaporates leaving
a shallow layer of smoke entrapped above the ground.
{4) The mixture may be saturated with excess LWC large
enough to support superfog initially. Additional mixing
cvaporaies some of the liquid water of the superfog and
cools the mixture temperature to below the temperature
for ambieni air. The mixture sinks to spread out just
above the ground as either fog or superfog depending
on the residual LWC. The increased stabilization traps
the superfog just above the ground and mhibits further
mixing. Thas, superfog can persist indefinitely until
dissipated by strong solar insolation or by wrbulent
mixing in strong winds,

These scenarios may explain in part the formation and
persistence of dense urban fogs such as the histeric Lon-
don fogs including the Great Smog of 1952, The urban
sitzation is complicated by the presence of multipie ele-
vated sources (chimneys) spread over farge areas. Smoke
temperature and moisture may not be as extreme as those
observed on 22 March 2003 (for example, FR 24-26b).
However, a lack of extreme emission temperature and
moisture can be compensated by modification of stagnant
air masses over time by multiple sources. Evaporation of
superfog would steadily moisten and cool the ambient
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air mass o which subsequent plumes of superfog rise
and mix. The outcome could have been a progression
through the superfog scenarios clescribed above. Fvent-
ally an elevated layer of dense fog formed a few tens to
hundreds of metres above the ground. This layer eventu-
ally descended to just above the ground as fog or superfog
depending on the available LW,

Finally, superfog may not be all that vncommon.
Non-gradient mixing creaies @ potential for superfog
formation whenever warm, moist polluted effluents mix
with relatively cool, moist ambient air. These conditions
are met by effluents from coal-fired furnaces {especially
in winter) through chimneys and stacks of houses and
factories (such as those of old London), stcam vented
at indusirial sites, power plant cooling towers, and the
burning of piles of leaves.
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