ADMLC/2010/2

Review of atmospheric dispersion and deposition in
fog or ‘haar’ events and its impact on human health

This document is not complete to the satisfaction of the
Atmospheric Dispersion Modelling Liaison Committee as
a result of the study being suspended due to the
contractors’ company ceasing to exist. However the
Committee recognise the value of the work performed to
date and therefore have opted to publish the work in
draft form. The Committee remain open to offers to
complete this study.

1. Factors affecting the development and growth of
fog and its significance in natural and urban
environments and contractors response to ADMLC
comments
2. Comparison of the principal ions present in fog
water and its ecotoxicological significance in
natural environments
3. Draft review of modelling and research studies
4. Draft review of pollution effects on health during
fog episodes
A report prepared for ADMLC by Westlakes Scientific
Consulting

This study was funded by the UK Atmospheric Dispersion Modelling Liaison Committee.
The views expressed in this report are those of the authors, and do not necessarily represent the views of ADMLC
or of any of the organisations represented on it
©

Michael Wilkinson
Stefan Pudenz
Alistair Arnott
Richard Hill

CONTRACT REPORT FOR ADMLC

iv

EXECUTIVE SUMMARY (WORK IN PROGRESS)
Fog can have a profound effect on human activity and the physical environment.
On national, local and regional scales, its occurrence can have a significant
impact on the environment, economics and public safety.
The World Meteorological Organisation (WMO) defines fog as water droplets
suspended in the air, reducing visibility at the Earth’s surface to less than 1000 m.
Here we describe five different types of fog and the environmental conditions
that lead to their occurrence. The five fog types described are:


Radiation fogs including valley fog;



Advection fogs including sea fogs;



Upslope or hill fog;



Steam fog; and



Frontal or precipitation fog.

The time of day that fog occurs and its optical density are functions of several
environmental variables, and are also affected by the physicochemical properties
of the particles on which the fog droplets develop and grow. We discuss here the
effect of particle size (the Kelvin effect) and chemistry (Raoult’s law) on the
formation of fog water droplets and discuss how the Köhler theory combines the
Kelvin Effect and Raoult’s Law to describe the processes by which fog forms.
Fog water can in many regions represent a significant component of the
hydrological cycle, and its significance to communities in arid regions as well as
its ecological significance in less arid regions is discussed. Much of the
environmental burden of sulphates, nitrates, ammonium and hydrogen ions
resides in the atmosphere in liquid or solid aerosols and can be accumulated and
removed in fog water. To illustrate this we draw attention to the major ions
found in fog water downwind of industrial regions and discuss the
ecotoxicological significance of fog in natural and urban environments.
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1

FACTORS AFFECTING THE DEVELOPMENT AND
GROWTH OF FOG AND ITS SIGNIFICANCE IN
NATURAL AND URBAN ENVIRONMENTS
1.1

Introduction

Fog and mist form when water vapour in the air condenses onto particles, cloud
condensation nuclei (CCN), to such an extent that visibility becomes affected.
The World Meteorological Organisation (WMO) defines fog as:
“A suspension of very small, usually microscopic water droplets suspended in the
air, reducing visibility at the Earth’s surface to less than 1000 m” (WMO, 1992).
Mist is defined as affecting visibility between 1000 and 2000 m. Haze differs from
mist and fog in that it consists of unactivated particles in the atmosphere that
affects visibility at greater distances. Cloud condensation nuclei are activated
when the equilibrium vapour pressure of the moisture condensing on their
surface is lower than the ambient, favouring droplet growth.
The occurrence of fog can have a profound effect on human activity and the
physical environment. On national, local and regional scales, its occurrence can
have a significant impact on the environment, economics and public safety, and
timely and accurate forecasts are necessary for road safety and air traffic
management as well as protecting members of the public who belong to critical
groups that are acutely affected by adverse air quality. However, due to the
complex physical interactions that lead to the formation of fog, predicting its
spatial and temporal occurrence is extremely difficult using conventional
meteorological instruments.

1.2

Types of Fog

Byers (1959) produced a detailed classification of 11 types of fog according to
the processes that lead to their formation, and highlighted that many fog
episodes are the product of complex interactions between one or more of the
processes described below.
All fogs can be broadly divided into two categories: condensation fog - fogs that
form as a result of the condensation of warm, moist air above a cool body; and
evaporation fog - fogs that form as consequence of the addition of moisture to
air at the Earth’s surface. Within these two categories, five different types of fog
are usually classified. These are:


Radiation fogs including valley fog and freezing (condensation fog);



Advection fogs including sea fogs (condensation fog);



Upslope or hill fog (condensation fog);
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Steam fog (evaporation fog); and



Frontal or precipitation fog (evaporation fog).

1.2.1

Radiation Fogs

Radiation fog forms under stable atmospheric conditions over land that is moist,
and usually occurs shortly after dusk on long, cool, clear nights. Under such
conditions the troposphere is usually characterised by a low, stable boundary
layer with light winds (typically 1-5 kmph), which reduces atmospheric mixing.
As a result, radiation fogs are most common during late autumn through spring.
Under these conditions the infra-red radiation absorbed at the Earth’s surface
during the day is radiated back into space, and as the Earth’s surface cools, it
causes the temperature of the overlying air to decrease generating a
temperature inversion. Initially, the temperature inversion may be only several
centimetres deep, but can deepen throughout the night. Figure 1 shows the
results of a vertical sounding of the atmosphere during a radiation fog event.
Note the low wind speeds, the temperature inversion and the convergence of the
dew point temperature and air temperature in the lower troposphere.

Figure 1
Vertical sounding through the atmosphere during a radiation fog episode.
Dashed line is the dew point temperature and the solid line is air temperature. Symbols
on the right axis denote wind speed and direction (reproduced from Underwood et al.,
2004).

Shallow radiation fogs are often localised and confined to low ground and troughs
in undulating surfaces. These light radiation fogs generally “burn off” the
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following morning when incoming solar radiation warms the Earth’s surface. This
warming generates mixing in the stable layer next to the Earth’s surface, which
weakens the temperature inversion as a consequence of turbulent lofting of the
warming surface air. Also, as the surface air temperature warms, the air
temperature and dew point temperatures diverge and moisture on the surface of
CCN enters the vapour phase as a result of increases in the vapour pressure of
the fog water. However, in mid-winter, at high latitudes where the sun remains
low in the sky, radiation fogs may persist for several days, particularly when
cooling is sufficiently fast and prolonged to allow a temperature inversion to
develop that may be many tens of metres deep. These persistent fogs are often
characterised by a very low optical density fog with high liquid water content
(LWC) per metre cubed of air. The high LWC of persistent radiation fogs can
shield the surface from incoming solar radiation and offer some insulation at the
surface and reduce the cooling rate of the surface layers. These fogs tend to
persist primarily as a consequence of radiative cooling of the fog top, which in
turn sets up gentle convection currents that mixes the sinking cold air
throughout the body of the fog. Under these conditions, the troposphere
becomes extremely stable and vertical mixing and wind shear are reduced due to
a decrease in the flux of heat and moisture from the surface to the overlying air.
Any pollutants emitted into this stable layer of air will increase in concentration
as a result of a reduction in the height of the boundary layer, reduced advection
and a decrease in turbulent mixing. If the air temperature falls below freezing, a
freezing fog may result. Freezing fogs occur when fog water becomes
supercooled (i.e. remains liquid even though the temperature is below freezingpoint). When the supercooled fog droplets deposit to surfaces, a rime (feathery
ice crystals) can form. Figure 2 shows a schematic of the formation of radiation
fog.

Figure 2

Schematic of the formation of radiation fog.
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1.2.2
Valley fog
Valley fogs form when air along the hilltops and valley sides cools after sunset
and drains to the valley floor (Figure 3). As the cold air drains down the valley
sides the relative humidity in the valley bottom increases and when the dew
point temperature and air temperature converge, moisture condenses on CCN.
On its own, the temperature of the cold sinking air may not be enough to initiate
fog droplet growth. However, on cold clear nights, the temperature of the air
mass in the bottom of the valley may continue to fall due to radiative cooling,
causing the air to saturate and water vapour to condense on CCN. As the air
drains down the valley sides, it can generate gentle katabatic winds that help to
stir the fog and increase its optical density by mixing more moisture and CCN in
the cold air mass. However, if the air in the valley bottom is chilled below the
temperature of the descending air as a result of further radiative cooling, and if
the descending air undergoes adiabatic warming, a layer of extremely stable air
in the valley bottom may form and persist due to the warmer descending air
settling over the cold air mass below. Because valley fogs tend to settle in dips
and troughs in the valley floor, they can become very patchy and optically dense,
making conditions extremely hazardous for transportation. Moore et al. (1987)
described the time of day at which a low level temperature inversion occurs in
the bottom of a valley, local wind patterns within the valley, and the rate of fog
growth as important factors in the development of fog and its persistence in
mountain valley systems. Valley fogs may also persist for several days as
occurred in the Meuse Valley fog in Belgium in 1930 (Nemery et al., 2001). Here
the low wind shear and the presence of a temperature inversion increased the
viscosity of the stable boundary layer and allowed the concentration of
atmospheric pollutants emitted by local industries to increase to acutely toxic
levels which resulted in an increase in mortality of susceptible members of the
local community.

Figure 3

Schematic of the formation of valley fog.

CONTRACT REPORT FOR ADMLC

4

1.2.3
Advection fogs
As the name suggests, advection fog is caused by the horizontal movement of
nearly saturated air over cold land or water and can form in cloudy conditions
and at wind speeds that would cause radiation fog to dissipate (Figure 4).
1.2.4
Coastal fogs and sea fog
In the mid-latitudes during autumn, winter and spring, weak slow moving
synoptic scale weather systems often draw warm moist air from lower latitudes
over land where the surface temperature is much cooler than the sea. If the
warm air is already near saturation, and the land surface is cold enough, it will
quickly cool the warm air to its dew point and fog will form that may be several
tens of metres thick. However, the formation of advection fog over land can
often be a consequence of both advection and radiative processes (McIlveen,
1992). If the land temperature is not sufficiently low enough to decrease the air
temperature to its dew point, fog droplet growth will be suppressed and fog will
not form. If warm moist air is advected inland under clear skies, radiative cooling
of the land surface below the warmer air aloft may be enough to reduce the air
temperature to its dew point and initiate fog droplet growth.
In the UK, coastal advection fogs are most frequent in, but not limited to, spring
and early summer. At this time of year, the prevailing wind direction tends to be
from the northeast, as opposed to south-westerly winds which prevail across the
UK during late summer, autumn and winter (Lapworth and MacGregor, 2008).
The north-easterly wind brings moist air off the North Atlantic Ocean and North
Sea across cooler coastal waters and cold saturated ground. As the moist air
passes over the cold surface, it is cooled to its dew point temperature,
encouraging fog formation. In the UK coastal fogs may also occur during the
summer months, particularly along the North Sea coastline, when warm moist air
from equatorial currents is also carried to cooler more northern coastal waters,
which chill the moist air to its dew point temperature. The offshore fog may be
carried inland on sea breezes when the land surface warms during the day.

Figure 4
Schematic showing the formation of advection fog when warm moist air
moves over a cold land surface.

Sea fogs may also arise as a consequence of the gradual cooling of a warm moist
mass of air moving across a large fetch of gradually cooling water. These fogs
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can be widespread and are characterised by low wind speeds and calm seas. The
boundaries of these fog regions are often misty, caused by the condensation of
moisture on extremely hygroscopic maritime CCN at relative humidity below
saturation.
Sea fogs also occur at the boundaries between ocean currents of different
temperature (Figure 5), as occurs along the Grand Banks off the coast of
Newfoundland, Canada. The Grand Banks are one of the foggiest regions on the
planet and experiences over 200 foggy days per year. Here fog forms as a
consequence of warm moist air flowing northward from tropical waters along the
Gulf Stream converging with the much colder Labrador Current flowing south
from arctic waters. At the interface between these two waters, the cold air mixes
with the warm air and the dew point temperature and air temperatures
converge, encouraging the condensation of moisture on the surface of marine
CCN. The resulting sea fogs can persist for many days.

Figure 5

Schematic of the formation of sea fog.

1.2.5
Upslope or hill fog
Upslope fog or hill fog is also formed as a consequence of advection. It forms
when mild, moist air undergoes orographic uplift (Figure 6). As air is forced to
ascend the windward side of a mountain range or protracted slope, it undergoes
adiabatic expansion. As the air expands, it may cool to its dew point temperature
causing an increase in the liquid water content of the air nearest the ground.
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Figure 6

Schematic of the formation of upslope or hill fog.

1.2.6

Sea smoke and steam fog

As a consequence of the heat capacity of water, sea surface temperatures may
be higher than the overlying air temperature. If cold air moves across warm
water, the lowest layer of air is warmed slightly and mild convective currents are
established that mix the air (Figure 7). As the warmer air rises, it gets chilled to
saturation by the overlying cold air giving the impression of steam rising from
the water surface. Sea smoke is most common at high latitudes and off the coast
of cold land masses such as Antarctica, where a high proportion of fog events
recorded by the British Antarctic Survey at Halley Research Station are attributed
to weak convective air currents being established above open water when strong
katabatic winds drive freezing air off the frozen land and ice shelves (Anderson,
1993).

Figure 7

Schematic of the formation of steam fog.
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1.2.7
Frontal fog or precipitation fog
Frontal fog (sometimes called precipitation fog) tends to occur in low and mid
latitudes and forms when light rain falls through a layer of cool dry surface air.
As the rain falls through this layer, it evaporates and increases the humidity of
the surface air. If the air saturates, fog will form (Figure 8). As the rain
evaporates, the air temperature cools and the dew point temperature and air
temperatures converge, favouring the condensation of moisture on CCN and an
increase in the liquid water content of the lowest layers of the troposphere.
Frontal fog is likely if the air near the ground is near saturation, as evaporation
of rain water from surfaces quickly saturates the layer of air closest to the
ground.

Figure 8

Schematic of the formation of frontal fog.

1.3. FACTORS AFFECTING FOG DEVELOPMENT, GROWTH
AND DISSIPATION
1.3.1

The Kelvin effect

When relative humidity is at saturation and water condenses on a flat surface,
evaporation and condensation are in equilibrium, with equal amounts of moisture
entering as leaving the liquid phase. The water molecules in the condensate are
bound to each other through electrostatic forces that establish a surface tension
across the surface of the liquid. However, CCN are not flat, and as a
consequence of the radii of the smallest CCN, each water molecule at the surface
of the particle is less tightly bound because it has a lower number of attracting
neighbouring water molecules than on a larger sphere. As a result, water on the
surface of a particle of small radius has a higher vapour pressure than water on
the surface of particles of large radius. Consequently, on small particles,
competition between evaporation and condensation proceeds in favour of
evaporation and higher degrees of saturation are required to maintain water in
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the liquid phase. This is known as the Kelvin Effect, (named after Thomson, Lord
Kelvin), which relates surface tension and aerosol growth (Equation 1):

(Equation 1)

where:
p is the vapour pressure of the particle; peq is the equilibrium
saturation vapour pressure; γ is the surface tension; Vm is the molar volume; r is
the particle radius; R is the universal gas constant; and T is the absolute
temperature.
It can be seen from Equation 1 that as a particle radius decreases to a finite size,
constrained by the size of gas molecules, increasing values of supersaturation
will be required to initiate fog droplet growth. When considering water vapour in
the atmosphere, its transition to the liquid phase in the absence of CCN would
not occur until the ratio of p/peq approached 4 (i.e. 400% relative humidity)
(McIllveen 1992). This is much larger than the supersaturation (relative humidity
greater than 100%) values encountered in the atmosphere (at most 1% to 2%
above saturation) and illustrates the importance of aerosol surfaces for
condensation in the formation of fog water droplets.

1.3.2

Raoult’s law

The Kelvin effect describes the effect of particle size on droplet formation, but
doesn’t take account of the chemical properties of particles in the atmosphere,
which can be grouped according to their hygroscopic nature. For example:
extremely hydrophobic aerosol will not activate to form water droplets in the
atmosphere, even under extreme supersaturation values; other aerosol may be
water insoluble but contain some hydrophilic sites that allow water to condense
on the surface at supersaturation; and some aerosol may be extremely
hydrophilic and have been reported to grow as a result of water uptake at
relative humidity as low as 70% (Martikainen, 2005). Therefore, the chemical
composition of CCN has considerable effect on fog formation and the
effectiveness of an aerosol particle to act as CCN depends not only on its size but
on its chemistry (Figure 9a). Raoult’s Law states that:
“the vapour pressure of an ideal solution is dependent on the vapour pressure of
each chemical component multiplied by the mole fraction of the component
present in the solution”.
Consequently, the presence of one or more solutes reduces the vapour pressure
of an aerosol, which can have a profound effect on fog droplet growth. This was
demonstrated by Mattila et al. (2000) who showed how, in an atmosphere of
high nitric acid concentration, aerosol growth can occur even though relative
humidity was below 100% (Figure 9b). This implies that in polluted
environments, fogs may occur which contain CCN that start to develop into fog
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droplets at relative humidities below saturation, resulting in optically dense fogs
that initiate earlier, occur to a greater depth and persist longer than would
otherwise occur in clean air. Similar concentration effects are also observed in
marine environments where hygroscopic particles dominate CCN spectrum.
However, marine aerosol tends to be dominated by large CCN, which have short
atmospheric residence times due to gravitational settling.

1.3.3

The Köhler theory

The Köhler theory combines the Kelvin Effect and Raoult’s Law to describe the
process by which water vapour condenses on, or evaporates from curved
surfaces of different chemistry, and can be used to describe fog droplet
formation. The Köhler theory is based on thermodynamic equilibrium and
describes the activation of fog droplets at different humidities for aerosols of
different chemical composition and is calculated using the Köhler equation
(Equation 2).

(Equation 2)
where:
Dp is the droplet diameter, p is the droplet vapour pressure, peq is
the saturation vapour pressure, Mw is the molecular weight of water, бw is the
droplet surface tension, ρw is the density of water, ns is moles of solute, R is the
universal gas constant and T is the absolute temperature.
Equation 2 shows how the size and chemical composition of aerosol (a function
of their source) can have a profound effect on the ability of CCN to form fog
water droplets.
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Figure 9
Plots of (a) the equilibrium saturation ratio over droplets of given size and
solute content and (b) Köhler curves for ammonium sulfate particles with dry diameter
of 0.1 μm. The dashed line is the normal Köhler curve. The solid line shows how the
Köhler curve is depressed and droplet growth starts at lower relative humidity due to
gaseous nitric acid pollution.
(Panel a from www.ems.psu.edu/~lno/Meteo437/Figures437.html; Panel b from Mattila
et al., 2000).

1.3.4

The effects of CCN on fog formation and density

Aitken (1888) used a cloud chamber to make the first measurements of aerosol
concentrations and surmised that without particles in the atmosphere there
would be no clouds and no precipitation. Generally, all fog occurs when the
temperature of the air and its dew point become nearly identical, which results in
saturation and the condensation of moisture on CCN. However, in extreme
circumstances and as a result of the physicochemical properties of cloud
condensation nuclei, fog formation can also occur at relative humidities
considerably lower than saturation.
The rate at which fog develops and its intensity is controlled to a large extent by
the availability of CCN. In atmospheres with low concentrations of CCN, fog
onset is often delayed relative to regions of high concentration, which tend to
encounter fogs that are not only denser (i.e have a higher LWC per unit volume)
but also occur to a higher vertical extent (Bott, 1991). Conversely, areas that
have low CCN concentrations exhibit fog layer formation of low optical density
that forms later in the night (Figure 10).
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Figure 10
Time after dusk at which a liquid water content of 0.05 gm-3 first appeared
during simulations of aerosol growth performed with maritime, rural and urban aerosols
(adapted from Bott, 1991).

1.3.5

Dissipation of fog

Fog dissipation generally results from multiple processes that occur
simultaneously as a result of a wide range of factors that feed back on each
other. The processes discussed above in Sections 2 and 3 that govern the
formation of fog (thermodynamical, radiative, and microphysical) are equally
important for fog dissipation.
Fog can dissipate as a result of many physical and environmental processes that
cause the air temperature and dew point temperatures to diverge. For example,
advection fogs will dissipate when the fog moves from a cold surface to a
warmer one. Also, hill fogs can dissipate as a result of adiabatic warming of the
air mass as it descends the leeward side of a slope. In marine environments, fog
can lift from the surface so that it forms a stratus deck when it comes into
contact with a cold front. As the fog rises above the surface it may break up to
form stratocumulus clouds.
As discussed above, radiation fogs and valley fogs usually occur in the evening
and can persist through the night as a result of continued radiative cooling of the
Earth’s surface and as a result of radiative cooling of the fog top. However,
during the day, incoming solar radiation may decrease the density of the fog top
and penetrate it, warming the Earth’s surface and the fog layer in contact with it.
As the surface warms, convective currents become established that mix the fog
layer with the overlying unsaturated air, and as the air temperature increases,
the dewpoint temperature and air temperatures diverge, resulting in a shift in
the equilibrium vapour pressure of the fog droplets in favour of the vapour
phase. Also, as the air above the fog layer warms, large scale eddies may
become established that help to generate wind shear that mix the fog layer with
the overlying unsaturated air.

CONTRACT REPORT FOR ADMLC

12

1.4. SOURCES OF CCN IN THE TROPOSPHERE
CCN may be emitted directly to the atmosphere (primary particles) as a result of
natural activity (e.g. crustal dust, volcanic activity, biological material, sea spray,
etc.) or as a result of anthropogenic activity (burning fossil fuels, biomass
burning, etc.). Secondary particles are formed in the atmosphere as a result of
physicochemical transformations of primary emissions (e.g. gas to particle
conversions). Aerosols exhibit considerable variability in their size and
composition with particle diameters (Dp) ranging between several nanometres
(nm = 1x10-9 m) to several micrometers (µm = 1x10-6 m), and are usually
classified into two size ranges: the coarse mode (Dp >1µm), and the fine aerosol
fraction commonly known as the accumulation mode (Dp < 1µm). Table 1 shows
estimated global emissions of major aerosol classes.
Aerosols tend to have the majority of their mass in the coarse mode, except in
polluted urban areas where a greater mass of accumulation mode particles are
emitted to the lower troposphere (Figure 11a). However, due to gravitational
settling, the atmospheric lifetime of the coarse mode is comparatively short
resulting in the number concentration of primary aerosol with Dp > 1 µm
typically measured in the tens per cm3 (Figure 11b). In contrast, the number
concentration of primary aerosol with Dp < 1 µm typically measures several
10,000s per cm3 (Figure 11b). Consequently, despite most of the mass of
primary aerosol in natural environments being associated with the coarse mode,
most of their number density is in the accumulation mode.
The mass of coarse and accumulation mode aerosol also changes on temporal
and spatial scales depending on physicochemical properties and ambient
conditions. For example, if the aerosol is composed of a large fraction of
hygroscopic material and relative humidity increases, the mass of aerosol as well
as its size distribution will increase. Also, if the number concentration of primary
particles increases, the peak diameter of the accumulation mode will tend to shift
to larger sizes as a consequence of coagulation (Porter and Clarke, 1997), and
favour gravitational settling.
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Table 1
Estimated global emissions of major aerosol classes in the 1980’s
(reproduced from Seinfeld and Pandis, 1998).

Source
Natural
Primary
Soil dust (mineral aerosol)
Sea salt
Volcanic dust
Biological debris
Secondary
Sulphates from biogenic gases
Sulphates from volcanic SO2
Organic matter from biogenic VOC
Nitrates from Nox
Total natural
Anthropogenic
Primary
Industrial dust etc. (except soot)
Soot
Secondary
Sulphates from SO2
Biomass burning
Nitrates from Nox
Organics from anthropogenic VOC
Total anthropogenic
Total

Estimated Flux
(Tg yr-1 dry mass)
Low
High Best

Particle size categorya

1000
1000
4
26

3000
10000
10000
80

1500
1300
30
50

Mainly coarse
Coarse
Coarse
Coarse

80
5
40
15
2170

150
60
200
50
23540

130
20
60
30
3120

Fine
Fine
Fine
Fine and coarse

40
5

130
20

100
10

Fine and coarse
Mainly fine

170
60
25
5
305
2475

250
150
65
25
640
24180

190
90
50
10
450
3570

Fine
Fine
Mainly coarse
Fine

a
Coarse and fine size categories refers to mean particle diameter above and below 1µm, respectively
Sulphates and nitrates are assumed to occur as ammonia salts
Original source: Keihl and Rodhe (1995)

Secondary aerosol is formed when atmospheric gases enter the liquid or solid
phase as a result of changes in ambient temperature, or as a result of gas phase
reaction products having a lower vapour pressure than the reactants. For
example, volatile organic trace gases contribute significant mass to the global
secondary aerosol budget (Table 1) and can be extremely reactive in the
atmosphere having atmospheric residence times of several hours to several days
(Atkinson, 2000). These emissions may be anthropogenic or biogenic in origin
and react with photochemical oxidants to produce particles of lower vapour
pressure. These newly formed microscopic particles (Aitken mode or nucleation
mode particles) may be too small to allow water to condense on their surfaces
under normal environmental conditions but may coalesce due to Brownian
diffusion, electrostatic attraction or phoretic effects to form particles of larger Dp.
Particle growth as a result of coalescing is enhanced during turbulent mixing
which induces faster particle motion and a greater probability of particle
collisions.
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Figure 11
Modelled mass distributions (panel a) and particle number concentrations
(panel b) for urban, rural and ocean environments. The upper and lower curves in each
panel for the three environmental scenarios represent number concentrations and mass
distributions before and after the onset of fog (from Bott, 1990).

1.5. LOCAL ENVIRONMENTAL VARIABLES
If a stable temperature profile is established above the surface, turbulent
diffusion in the overlying air mass is weak and the temperature difference
between the surface and the air leads to direct radiative cooling of the lower
layer of the atmosphere of about 2 K h-1 (Turton and Brown, 1987). The
presence of vegetation at the surface can influence surface temperature profiles
by decreasing surface wind speed and further limiting turbulent mixing between
the ground and the overlying air. Duynkerke (1991), measured surface radiation
fluxes before, during and after fog formation and recorded that at night-time,
surface vegetation temperatures were as much as 10 K lower than the upper soil
temperature. Thus vegetation can play an important role in determining the
onset of fog formation by helping to establish a sharp temperature gradient
between the ground and the overlying layer of air.
The spatio-temporal heterogeneity of fog is not only a product of the difference
in heat fluxes between the atmosphere and the surface, but may be regulated to
a large extent by the flux of water between the atmosphere and the surface.
When the wind speed is zero and the ground is dry, fog onset may be delayed as
water vapour within the low level temperature inversion is depleted due to
condensation on surfaces when dew forms (or hoar frost when the surface
temperature is below -0.5oC). However, in the presence of a light breeze,
turbulent mixing can replenish moisture in this layer, and when the air
temperature at the surface layer converges with the dew point temperature,
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water vapour condenses on CCN forming a shallow layer of radiation fog that
may enhance the laminar appearance of the boundary layer. Radiation fogs may
increase in optical density throughout the night but may also dissipate and
redevelop during the same nocturnal period (Welch and Cox, 1986) as a
consequence of the depletion in the liquid water content of the fog in its lower
layers due to gravitational settling of fog water droplets, and its later
replenishment with moist air. When considering advection fogs, moisture can
also be lost from the atmosphere to dry surfaces. However, because of the
higher wind speeds associated with advection fogs, turbulent mixing in the
moving air mass more readily replenishes lost moisture.
If the land surface is already moist and the vapour pressure of the air is lower
than the vapour pressure of the moisture at the wet surface, some of the ground
moisture will evaporate into the overlying air, increasing its humidity. Turbulent
mixing, nocturnal cooling, or orographic lifting may complete the saturation
process and allow moisture to condense on the surfaces of CCN when the dew
point temperature and air temperature converge.
Gravitational settling of fog droplets can reduce the lifetime of fog and increase
visibility. At the start of fog episodes, the liquid water content of the troposphere
can be high and the number of fog water droplets per unit volume large, due to
relatively high concentrations of CCN. As more and more CCN become activated
and grow due to the condensation of moisture on their surface and due to
droplets coalescing in the atmosphere as a result of turbulent mixing and
Brownian motion, the droplet size distribution increases and they fall through the
boundary layer and deposit at surfaces. As more and more droplets are
deposited from the troposphere the liquid water content of the air may decrease.
The LWC of fog can also be reduced due to impaction of fog water droplets on
surfaces. Impaction occurs when particles moving in the atmosphere fail to
follow their streamline trajectory when they approach an obstacle. If the particle
has sufficient inertia, it will leave its streamline and impact on the surface so
long as it is able to penetrate the surface boundary layer of the object. Similarly,
if the object is of sufficiently small cross sectional area in relation to the droplet
diameter, deviations in the trajectory of the air as it passes the object will be
small resulting in high impaction efficiency for that object. Impaction is
important for the deposition of fog water to vegetation, particularly to conifer
needles, where the relatively small cross sectional area of a needle helps to
increase the occult deposition of moisture (i.e. deposition of fog and mist by
direct contact with surfaces). The effect of gravitational settling and impaction of
fog water droplets on local air quality can be observed following fog events when
the air is scrubbed clean of pollutants and visibility and air quality is improved.

1.6. ENVIRONMENTAL SIGNIFICANCE OF FOG
1.6.1

Hydrological cycle

Fog water can in many regions represent a significant component of the
hydrological cycle, and collecting fog water as an alternative source of water may
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be a viable option for many fog prone rural communities that don’t have access
to municipal water supplies. For example, villagers in the dry hillside community
of Belavista, Peru, receive approximately 1.5 cm of rainfall per year (National
Geographic, July 2009), and the region receives most of its moisture from fog
water. The fog in this region forms when warm moist air flowing inland from the
pacific encounters the hilly terrain and is forced to ascend (orographic uplift). As
it rises, it cools adiabatically and the moisture it carries condenses, forming the
hill fog that regularly enshrouds the region. Historically, the people of Belavista
relied on expensive water for domestic use being transported to them from the
Peruvian capital, Lima, but are now harvesting hundreds of litres of fog water per
day during the fog season. The fog water is collected using fog collectors that
use the principles of impaction. The fog collectors are simple, flat, rectangular
nylon nets that are supported by posts at either end. The nets are arranged
perpendicular to the direction of the prevailing wind and the fog water settles out
of suspension onto the fine mesh nets and is collected in troughs or drums. The
use of fog collectors by fog prone rural communities is becoming more common
and several investigations have taken place to determine its viability. On the
island of Tenerife, research was carried out in Teno National Park to investigate
the use of fog water for domestic and agricultural use (Jaén, 2002). Results
indicated that during fog events and at the highest altitudes in the park, it is
possible to collect 4 l m-2 day-1 using fog collectors, with the highest amount
water collected in a single day recorded at 51 l m-2. Similarly, Shanyengana et
al. (2002) explored the possibility of rural communities in Namibia collecting fog
water. They concluded that harvested fog water could be used to dilute saline
bore water, making it potable. It can be seen from these and other examples
(e.g. Estrela et al., 2009; Olivier and de Rautenbach, 2002; Pandy et al., 2007;
Sabah et al., 2007) that fog water can represent a significant component of the
hydrological cycle and its collection can have a positive impact on human
activity. However, the concentration of pollutants in fog water can be significant,
especially downwind of industrialised regions (discussed below), and care needs
to be taken when using fog water for domestic or agricultural activities.

1.6.2

Ecological importance of fog water

As well as a source of water for isolated communities in arid regions, fog water
can have considerable ecological significance. In a modelling exercise to
determine the importance of fog water to forests in semi arid regions, Katata et
al. (2010) draws attention to the effects of fog water not only on moisture inputs
to soil from gravitational settling, leaf drip and stemflow, but also as a
consequence of the direct cooling effects of the evaporation of fog water from
the surfaces of heat stressed leaves. Fog water can also be of considerable
importance to ecosystem function in less arid regions. For example, Dawson
(1998) investigated water inputs into the redwood forests of northern California
using hydrogen and oxygen isotopic signatures in fog water to trace its use. He
showed that the largest of the redwood trees (Sequoia sempervirens) use
approximately 20% of the fog water that they intercept (i.e. for transpiration),
with the smaller redwood trees using larger volumes. Dawson (1998) also
showed that the fog water intercepted by the trees is critical to the maintenance
of the redwood forest ecosystem, with intercepted fog water accounting for twothirds of the water used by many understorey species.
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Following its interception by vegetation, the chemistry of fog water can change
considerably and may represent an important pathway for the addition of
nutrients and pollutants to the soil environment (Norden, 1991). Once
intercepted, the fog water can become enriched in nutrients by several processes
as discussed by Fisk et al. (2006), including:


The dissolution of absorbed gaseous chemicals on vegetation being washed
from above ground surfaces to the soil;



The dissolution of solid metabolites on vegetation being washed from above
ground surfaces to the soil; and



Ion exchange or leaching of metabolites from leaves and deposition to the
soil.

1.6.3

Ecotoxicological significance of fog

Fog water can bring nutrients and pollutants to fragile ecosystem and research
shows that all methods of deposition (dry, wet and occult) need to be accounted
for when examining chemical inputs into watersheds as each may dominate over
different spatial and temporal scales.
Much of the environmental burden of sulphates, nitrates, ammonium and
hydrogen ions resides in the atmosphere in liquid or solid aerosols and can be
accumulated and removed in fog water (Pandis and Seinfeld, 1998). The
ecotoxicological significance of occult deposition of fog water lies in the elevated
concentration of chemical species found in fog droplets in many regions (Table
2).
Nitrogen, and to a lesser extent sulphur, are essential plant nutrients and are
deposited to land in fog water. However, their over application can lead to the
eutrophication of ground water, its acidification and direct damage to plants and
surfaces. Also, essential soil cations such as Mg2+ and Ca2+ can be leached from
the soil matrix and replaced with acidifying H+ ions. Therefore, the deposition of
nitrogen and sulphur are important factors within the concept of critical loads,
and because of their elevated concentrations in fog water, occult deposition is
particularly important in natural ecosystems which tend to have smaller critical
loads than less sensitive agrosystems. The effect of acid fogs and acid rain on
ecosystem function has been the cause of much debate surrounding forest
decline in Europe, USA and Asia and its effects have been investigated by many
researchers (e.g. Bussotti and Ferretti, 1998; Cape, J. N. 1993; Reddy et al.,
1991; Longhurst et al., 1993; Larssen et al., 1999).

Table 2
Comparison of the weighted means of pH and ionic concentrations in rain
and fog water collected downwind of an industrial location (from Thalmann et al., 2002).
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The concentration of trace minerals and dissolved gasses in fog water
experienced at a particular location is controlled by the origin of the air mass;
with air that has passed over industrial regions having a greater concentration of
dissolved chemical species than air that originates from cleaner environments.
Figure 12 shows the results of an investigation of ion fluxes in fog water and rain
water at two sites in Europe: Kerzersmoos, an arable site in Switzerland; and
Waldstein in Germany, a rural site located close to the border with industrial
regions in the Czech Republic. Both locations experience fogs with Kerzersmoos
prone to radiation fogs, and Waldstein experiencing advection fogs with air
masses originating over the Czech Republic being forced to ascend hilly terrain.
Figure 12 clearly shows that pollutant concentrations in fog water deposited at
these sites are affected by the origin of the air mass.
The flux of chemical species delivered to a specific location is not only a function
of their atmospheric concentration, but is also affected by the site elevation. As
such, occult deposition fluxes can be important in many upland regions and can
vary temporally and spatially, with the greatest fluxes of pollutants tending to
occur downwind of source and at elevated sites due to the higher frequency of
foggy days experienced at such locations (Zimmermann and Zimmermann et al.,
2002)(Figure 13).

Figure 12.
Comparison of daily average wet and occult deposition of SO42--sulphur,
NO3 -nitrogen and NH4+-nitrogen (in mg m-2 day-1) at a) Kerzersmoos in Switzerland and
b) Waldstein in Germany (from Thalmann et al., 2002)

Figure 13
Altitudinal dependence of fog frequency in Erzgebirge, Germany (from
Zimmermann and Zimmermann, 2002)
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The increase in fog frequency at elevation is the result of adiabatic increases in
the liquid water content of air as it rises along the windward side of hills, and
needs to be considered when calculating the flux of pollutants from the
atmosphere at elevated locations. Reynolds et al. (1997) investigated the
importance of occult deposition of sulphur and nitrogen species to exposed
moorland in Wales, and reported that occult deposition accounted for
approximately 20% of the wet deposition of sulphur and 10% of the wet
deposition of nitrogen. Similar results were observed by Dollard (1983) on Great
Dunn Fell in Cumbria. However, Reynolds et al. (1997) and other researchers
(e.g. Unsworth and Wilshaw, 1989; Vermuelen et al., 1997; Herckes et al.,
2002) have also reported increased deposition of fog water for upland forested
sites, due to the efficiency of fog water deposition to upland vegetation.
Therefore, occult deposition to moorland and upland forests is a potentially
important mechanism for the deposition of pollutants and can have potentially
adverse effects on ecosystem function, particularly in the UK where many upland
regions are enshrouded in cloud and fog for a considerable fraction of the year.

1.7. FOG IN URBAN ENVIRONMENTS
Brimblecombe (1981) examined the frequency of fog in London, UK, using
several hundred years of historical observations. He reported that in the 17th
Century there was a relatively high frequency of Fog episodes in London (twenty
per year), likely due to the climatic conditions of the “Little Ice Age”. Fog
frequency then decreased during the 18th Century and early 19th Century before
increasing to approximately 70 episodes per year during the late 19th Century.
This increase in fog frequency was attributed to the distribution and strength of
London’s air pollution sources. Since the late 19th Century, fog episodes in
London have been decreasing; however several notable fog episodes have
occurred in London in the 20th Century. For example, January 1924 and
December 1925 witnessed two fog events that effectively paralysed the city due
to extremely low visibilities, and in November 1948, fog is reported to have
contributed to the deaths of between 700 and 800 people. These deaths were
caused by the interaction of smoke and fog, giving rise to the term “smog”.
Smog forms when emissions from burning fossil fuels mix with water droplets in
the fog generating a highly concentrated cocktail of pernicious compounds that
when inhaled results in severe respiratory problems. The effect of smog on
human health is probably best illustrated during what has been termed the
“Great Fog” in London in 1952. Medical records for the week ending the 13th
December 1952 suggest that 4,000 excess deaths occurred as a result of this
fog, with a further 8,000 excess deaths over the next two and a half months.
Medical records also suggest that a further 10,000 people may have suffered
adverse health effects (Bell et al., 2003). The intensity of the smog that was
generated in London due to its already poor air quality were so severe that the
Great Fog led to the introduction of the Clean Air Act (1956), which introduced
measures to reduce air pollution in urban areas. Nevertheless, since the
introduction of the Clean Air Act (1956), there have still been several notable
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smog episodes in the UK. For example, in a newspaper article titled “More smog
deaths: rise in Leeds pollution” (Guardian, 7th December, 1962), it was reported
that 30 acute respiratory cases had been admitted to hospital in Leeds, where
sulphur dioxide concentrations were reported to be an order of magnitude
greater than expected due to a widespread temperature inversion that occurred
across much of the UK. This nationwide fog episode is also reported to have
contributed to: 67 sudden deaths in London; a trebling of pneumonia cases in
Glasgow over a four-day period; and three times higher pollution in Manchester
relative to December of the previous year. The effects of this fog in the UK in
1962 were widespread as attested by vehicle breakdown recovery services, who
reported that severe driving conditions with considerable ice on roads and a
reduction in visibility from zero to 50 m were widespread.
A record of the cost of weather related phenomena in the United States is kept
by the National Weather Service (NWS), and provides statistical summaries of
fatalities, injuries and damages caused directly by weather related hazards
including fog (http://www.nws.noaa.gov/om/hazstats.shtml). During the period
1995 – 2005, the NWS attribute 59 deaths, 822 injuries and financial costs of
$14.2 million USD directly to fog. However, the NWS records do not include
indirect costs (e.g. premature deaths for at risk members of society affected by
adverse air quality), which will likely underestimate the true social and economic
impact of fog to the American public. For example, in a study of 4018 weather
related aviation fatalities, Pearson (2002) summarised a five year dataset
between 1995 and 2000 for the USA and concluded that in 63% of cases, poor
visibility including fog, was a contributing factor. Such indirect effects associated
with adverse weather are not included in the NWS records.

1.8. SUMMARY
Generally the formation and dissipation of fog can be reduced to three principle
processes: cooling of air and surfaces, moistening of surfaces and the mixing of
air parcels of different temperature and humidity. However, this is an
oversimplification of what is an extremely complex phenomenon, borne out by
the difficulties facing meteorologists when attempting to forecast fog episodes.
This was highlighted by Pagowski et al. (2004) who pointed out the highly
variable nature of fog due to the complex interactions between physical
processes occurring during a fog episode. Indeed, the occurrence of “clouds” at
ground level where CCN concentrations are high and surface characteristics are
diverse, suggests that complex interactions exist between heat, water, and
chemical fluxes during the development, growth and dissipation of fog
(Rangognio et al., 2009).
The development, growth and dissipation of fog can have a profound effect on
our environment and its occurrence is not only a product of the micro-physical
properties of CCN and synoptic scale meteorology, but is also heavily influenced
by local environmental factors. As a result, the spatial and temporal
heterogeneity of factors that contribute to fog formation make forecasting its
occurrence, depth and optical density extremely difficult. For example, nightCONTRACT REPORT FOR ADMLC
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time radiation fogs form when the ground emits more longwave radiation than it
receives from the atmosphere, which may be balanced temporarily, by the
upward movement of heat through the soil to the surface. Also, the deposition of
dew on surfaces can delay the onset of fog by reducing relative humidity in the
lowest regions of the troposphere.
The extent to which visibility at the Earth’s surface is affected as a consequence
of moisture condensing on CCN depends on many factors including, but not
limited to:


Cooling of warm moist air;



Vertical mixing;



Surface type;



Advection and convection process;



Heat and moisture transport in soil;



Topography;



Longwave radiative cooling at the fog top;



Deposition;



Shortwave radiation; and



CCN size distribution and their physicochemical properties.
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2

COMPARISON OF THE PRINCIPAL IONS PRESENT IN
FOG WATER AND ITS ECOTOXICOLOGICAL
SIGNIFICANCE IN NATURAL ENVIRONMENTS
Introduction
As a consequence of the small radius of fog water droplets and their occurrence
at the Earth’s surface where the atmospheric concentration of pollutants is high,
the concentration of ions in fog water can be significant and is usually higher
than in rainwater (Sigg et al., 1987; Burkard et al., 2003). As a result of the
scavenging efficiency of fog water, the rate of removal of pollutants from the
atmosphere on foggy days has been estimated to occur 5 to 20 times faster than
on non-foggy days (Waldman and Hoffmann 1987). Occult deposition can
therefore contribute significantly to pollutant deposition at the Earth’s surface in
areas prone to high incidence of fog (Weathers et al., 1986; Hameed et al.,
2000; Wrzesinsky and Klemm, 2000; Thalmann et al., 2002). As the fog water
droplets coalesce in the atmosphere, they combine the chemistry of their waters
and reactions occur in the liquid phase (Dentener and Crutzen, 1993). Also, the
chemical constituents of fog water may combine to form agglomerates
(Schumann, 1991) that may undergo repeated cycling through several fog
events where they undergo heterogeneous (liquid and solid phase) reactions or
coalesce leading to CCN of mixed chemical composition that shift the aerosol size
distribution to the coarse mode and increase deposition rates. Factors that affect
the chemical composition of fog water include: the history of the air mass;
homogeneous (gas phase) nucleation; surface condensation reactions;
coagulation; and scavenging of atmospheric aerosol. According to Raoult’s law,
particles of increasing solute concentration can act as CCN at lower water vapour
saturation than the original aerosol.
Many researchers have described a strong inverse relationship between the ionic
strength of fog water droplets and the liquid water content of the fog (e.g.
Waldman et al., 1982; Munger et al., 1983; Führer, 1986; Fuzzi, 1986; Gervat et
al., 1988; Capel et al., 1990; Elbert et al., 2000 and others), which was
described by Junge (1963) using:

B'(mB) = ε Ca L-1

(Equation 3)

where B'(mB) is the molality of a chemical in fog water, ε is the scavenging
efficiency, Ca is the concentration of the chemical in air (liquid or gaseous) and L
is the liquid water content of the fog. The term molality describes the number of
moles of solute per kilogram of solvent and is often used when describing the
concentration of ions in solution as it is independent of physical conditions.
Figure 14 shows the sum of the molalities of the anions in fog water samples
collected in orographic cloud at a maritime and continental site plotted against
liquid water content. This relationship between liquid water content of the fog
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water and its ionic strength explains why solute concentrations are sometimes
high at the beginning of a fog event when the fog liquid water content is low and
decreases as the fog increases in intensity. As the fog begins to dissipate the
solute concentration increases again as liquid water enters the vapour phase.

a

b

Figure 14
Sum of the molalities for anions (Cl-, NO3- and SO42-) collected at: a) a
marine site in the Azores; and b) a continental site in Germany and plotted as a function
of liquid water content (from Elbert et al., 2000).

Composition of fog water
Given that pollutants are accumulated in fog water and that many regions are
subject to high fog frequency, an understanding of the chemistry of fog water is
of paramount importance when considering the ecotoxicology of fog in different
environments. In marine environments, the chemical composition of fog water
generally reflects that of the oceans but can vary considerably as a result of a
number of different processes including: long range transportation of continental
air; aerosol production as a result of bursting whitecap wave bubbles; and
particle removal by deposition and precipitation (Fitzgerald, 1991). Biological
activity in the ocean can also affect the chemistry of marine fog water. For
example, marine fogs above plankton rich waters are likely to be high in SO42relative to less productive regions as a result of dimethylsulphide (DMS)
emissions and its subsequent oxidation. The chemical composition of sea fog
recorded over the north Pacific is provided in Figure 15 and shows that marine
fog water chemistry is dominated by sodium (Na+) and chloride (Cl-) ions, but
that the concentration of the various chemicals present in the fog water can vary
spatially and temporally. Also worthy of note is the contribution of anthropogenic
emissions (i.e. non-sea salt sulphate, termed nss-SO42-; nitrate, NO3-; and
ammonium, NH4+) in the fog water samples (Sasakawa and Uematsu, 2005).
Similar results have been reported by other researchers (e.g. Sasakawa et al.,
2003; Narita et al., 2007)
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Figure 15
Mean chemical composition of fog water collected over different years at
different locations in the North Pacific (north-western North Pacific, NNP_1998 to 2001;
Sea of Okhotsk, 1998 and 2000; Sea of Japan, SJ_1998, Bering Sea, BS_1999; and northeastern North Pacific, ENP_1999) (from Sasakawa and Uematsu, 2005).

The effect of anthropogenic activity on the chemistry of fog water has also been
observed in more remote marine environments. For example, Rice and Chernyak
(1997) reported the occurrence of pesticides in polar marine ecosystems and
evaluated the importance of fog in the transport of these chemicals. They found
the concentration of pesticides in fog water were much higher than adjoining
compartments of snow, ice, air or water.
In less remote marine regions, the concentration of pollutants routinely
measured in coastal fogs increases with the length of time the fog has travelled
along the coast. Klemm et al. (1994) examined the concentration of fog water at
New England on the east coast of the USA. The chemical composition for the six
fog events investigated by Klemm et al. (1994) is provided in Table 3 and shows
that the fog water at this measurement site was strongly influenced by sea salt
(Na+ and Cl-). Air masses that travel along the coast (i.e. from the south, events
2, 3 and 5), showed concentrations of pollutants such as ammonium (NH4+),
nitrate (NO3-), sulphate (SO42-) and ambient SO2 volume mixing ratios that were
higher, and had lower pH values lower than air masses that had more maritime
easterly trajectories (e.g. fog event 4). It is worthy of note that the fog event
with the lowest wind speed, and hence least mixing (i.e. fog event 1), had the
lowest pH value recorded for these six fog events and the highest SO2 volume
mixing ratio.
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Table 3
Physical and chemical characteristics of 6 coastal fog events at the same site
in New England, USA (LWC is liquid water content and LWA is liquid water acidity).
Rreproduced from Klemm et al., 1994.

The chemistry of fog water in terrestrial environments is also highly variable. In
remote background sites, the relative contribution of base cations such as Mg2+,
K+ and Ca2+ can be significant, but in agricultural areas the chemical composition
of fog water tends to be dominated by NH4+. In urban environments and
downwind of industrial regions, the atmospheric concentration of SO2 and NOX
(NO + NO2) can be several orders of magnitude higher than in more remote
regions and dominate fog water chemistry.
Emissions of pollutants can increase the frequency of fog events and lower the
pH of fog water. As fog becomes more acidic it can result in significant
environmental costs on local, regional and continental scales. Elevated
concentrations of inorganic nitrogen in fog water also have implications for the
eutrophication of natural waters and species diversity in terrestrial environments.
The chemistry of fog water in three distinctly different regions; tropical
rainforest, a European upland conifer forest and urban site is provided in Table 4
and shows that the concentration of ions in fog water of polluted environments
can be several orders of magnitude greater than in more remote regions and
that in polluted regions and less remote rural sites, SO42-, NO3- and NH4+
concentrations tend to dominate fog water chemistry.
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Table 4
Concentration of anions, cations and pH values in fog at a tropical rainforest
at Xishuangbanna, SW China (Liu et la., 2008) a forested region in central Europe (Thalmann
et al., 2002) and an urban site in Strasbourg, France (Millet et al., 1996).
Tropical rain forest

European forest

Urban

Xishuangbanna,
SW China
Min
Max

Kerzersmoos,
Germany
----

Strasbourg, France

Ion
-3

Min

Max

LWC (gm )

0.15

0.12

----

0.002

0.05

pH

5.71

7.92

4.1

2.9

5.8

Cl (μeq l )

n.d.

59.4

43

500

13540

2-

-1

n.d.

59.3

438

860

21620

-

-1

6.7

68.7

646

400

17270

11.9

57.4

47

0

2990

-

-1

SO4 (μeq l )
NO3 (μeq l )
+

-1

Na (μeq l )
+

-1

K (μeq l )

8.2

69.8

12

n.d.

1260

2+

-1

9.4

107.1

54

n.d.

7086

2+

-1

7.5

97.6

13

n.d.

1457

+

-1

n.d.

74.2

926

n.d.

12640

Ca (μeq l )
Mg (μeq l )
NH4 (μeq l )
n.d. = below limit of detection

Fog water chemistry
The chemical composition of fog water is highly variable on both spatial and
temporal scales and as such, a complete description of the aqueous phase
chemistry would be prohibitive. This discussion is therefore limited to the
aqueous phase chemistry of the main anthropogenic pollutants. The chemical
species that will be discussed here in relation to fog water chemistry are SO2 and
oxidised and reduced nitrogen (NO, NO2 and NH4+).
2.3.1
Aqueous phase chemistry of sulphur dioxide
The primary sulphur containing compounds in the atmosphere are hydrogen
sulphide (H2S), dimethyl sulphide (DMS; CH3SCH3), carbonyl sulphide (OCS) and
SO2, the variety of which reflects the diversity of their source.
H2S arises from the breakdown of sulphur containing organic matter in the
absence of oxygen and can also be emitted to the atmosphere as a consequence
of volcanic activity.
DMS is the principle sulphur containing compound emitted from the Earth’s
oceans and is produced by benthic and surface organisms.
Carbonyl sulphide is the most abundant sulphur containing compound in the
background atmosphere and is emitted from the marine environment and as a
consequence of volcanic activity. Carbonyl sulphide is of low reactivity in the
troposphere and has correspondingly long residence times.
Reduced sulphur compounds such as H2S and DMS are readily oxidised in the gas
phase by the hydroxyl radical (OH•) and nitrate radical (NO3•) and have
relatively short atmospheric lifetimes (a few days). Sulphur dioxide is the major
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sulphur containing anthropogenic emission. It has an atmospheric mixing ratio of
around 20 parts per trillion (ppt) (in the background marine atmosphere), which
may increase by several orders of magnitude in polluted urban areas (Table 4).
Sulphur dioxide oxidises in the atmosphere to H2SO4 via either gas phase
chemistry or aqueous (heterogeneous) chemistry. The gas phase oxidation is
predominately driven by the reaction with the OH radical as follows:

OH• + SO2 → HSO3-

(Reaction 1)

HSO3 + O2 → HO2 + SO32-

(Reaction 2)

SO3 + H2O → H2SO4

(Reaction 3)

H2SO4 is extremely soluble in water and as such, atmospheric aerosol containing
H2SO4 readily lend themselves to act as cloud condensation nuclei. Gaseous SO2
is also readily soluble in water at pH >1. In the presence of moisture, including
fog, rain, snow and hygroscopic aerosol, SO2 hydrolyses in a series of pH
dependent equilibrium reactions:
SO2(g) + H2O(l) ↔ SO2·H2O(aq)

(Reaction 4)

SO2·H2O(aq) ↔ HSO3- + H+

(Reaction 5)

HSO3- ↔ SO32- + H+

(Reaction 6)

The sensitivity of these equilibria to pH is illustrated in Figure 16 and shows that
under environmentally realistic pH values, the bisulphite ion (HSO3-) dominates
fog water. However, as the acidity of the water decreases, equilibrium of reaction
5 shifts in favour of gaseous SO2 (out gassing).
As SO2 enters the aqueous phase, the dissolved sulphur (SO2·H2O, HSO3-, SO32-)
becomes oxidized to the more stable SO42- ion with the consequent formation of
sulphuric acid (H2SO4). The most important oxidation reactions to form SO42- are
with ozone (O3), hydrogen peroxide (H2O2) and molecular oxygen (O2). The
reaction of SO2 with oxygen is catalyzed by iron and manganese present in the
cloud droplets. The oxidation of SO2 by NOX may be important in heavily polluted
environments.
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Figure 16
Concentration of S(IV) (SO2·H2O, HSO3-, SO32-) species in water expressed
as mole fractions (from Seinfeld and Pandis, 1998)

2.3.1.1
Oxidation by dissolved O3
Aqueous phase reactions of SO2 with O3 are significantly faster than gas phase
reactions (Seinfeld and Pandis, 1998). Consideration of the nucleophilic activity
of S(IV) compounds (i.e. their ability to readily donate electrons) and the
electrophylic properties of O3 (i.e. its ability to accept electrons) suggests that
reaction rates with S(IV) compounds should increase from SO2·H2O to HSO3-,
with reaction rates being fastest for SO32-. Consequently, an increase in the pH
value of a solution will increase the overall reaction rate of O3 as a result of pH
dependant increases in the equilibrium concentrations of HSO3- and SO32(Reactions 4, 5 and 6 and Figure 16).
S(IV) + O3 → SO42- + O2

(Reaction 7)

2.3.1.2
Oxidation by hydrogen peroxide and organic peroxides
Hydrogen peroxide (H2O2) is formed via photochemical reactions in the
atmosphere. It is extremely soluble in water and its aqueous phase
concentration in fog water is several orders of magnitude greater than that of O3.
Hydrogen peroxide is one of the most effective oxidants of S(IV) (SO2·H2O,
HSO3-, SO32-) in fog water (Seinfeld and Pandis, 1998). The reaction of H2O2 with
SO2 is independent of pH and extremely fast, such that H2O2 and SO2 rarely exist
together in fog water. Consequently, the species with the lowest concentration
before the onset of fog is the generally the limiting reactant.

HSO3- + H2O2 ↔ HSO4- + H2O

(Reaction 8)

HSO4- + H+ → H2SO4

(Reaction 9)
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Organic peroxides may also contribute to the oxidation of SO2 in fog water. For
example:
HSO3- + CH3OOH + H+ → SO42- + 2H+ + CH3OH

(Reaction 10)

where CH3OOH is the organic methyl peroxide and reaction product CH3OH is
methanol
2.3.1.3
Iron and Manganese catalysis of SO2 oxidation by O2
The oxidation of SO2 by O2 in fog water in the absence of a catalyst is negligible
(Huss et al., 1978). However, ferric iron, (Fe3+) and manganese (Mn2+) are
effective catalysts of the oxidation of SO2 by molecular oxygen and are generally
present in fog water as a result of the incorporation of airborne crustal material.
Fe2+ does not catalyse the reaction. The oxidation of SO2 by O2 in the presence
of Fe3+ and Mn2+ proceeds as follows:

2S(IV) + O2 + M

→ SO42- + M

(Reaction 11)

where M denotes the catalyst. As well as either of these minerals being capable
of acting as catalysts, the presence of iron and manganese together in fog water
has a synergistic effect on the reaction rate, increasing it by 3 to 10 times faster
than when each of the metals are present on their own.
2.3.1.4
Oxidation of SO2 by NO2
NO2 reacts with the bisulphite ion as follows:
H2O

2NO2 + HSO3 - → 3H+ +2NO2- +SO42-

(Reaction 12)

However, nitrogen dioxide is of only limited solubility in water and aqueous
phase reactions with SO2 to form SO42- should be of only minor importance.
However, the reaction rate increases with pH, and as such the oxidation of SO2
by NO2 may be of significance during fog events in heavily polluted agricultural
areas where there are large emissions of soluble ammonia (Pandis and Seinfeld,
1989).
The solubility of S-compounds increases with oxidation state and is variable
according to ambient conditions. When the liquid water content of the
atmosphere is low (i.e. RH  75%), the gas phase reaction of SO2 to sulphate is
the dominant oxidation mechanism, and can be approximated to a conversion
rate of ~ 5% SO2 per hour, but at higher relative humidities such as those that
occur frequently over the UK, aqueous phase oxidation is likely to be the
dominant process. The aqueous phase oxidation rate is highly variable and can
be up to 30% per hour under polluted urban conditions. However, a more
generally applicable oxidation rate is ~ 12% per hour downwind of source.
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Aqueous phase chemistry of inorganic nitrogen
2.4.1
Oxides of Nitrogen
The atmospheric chemistry of NOX is more complex than that of SO2 and as such,
it is necessary to first understand the principle gas phase reactions of NO and
NO2 before examining its aqueous phase chemistry. Atmospheric concentrations
of NOX arise as a result of anthropogenic activity and natural processes. Fossil
fuel consumption and biomass burning are the major anthropogenic activities
that lead to increased atmospheric concentrations of NO and NO2, and are
estimated to be responsible for 75% of the atmospheric burden of these
compounds (van den Hout et al., 1990). Natural processes including: lightening;
ammonia oxidation; microbial processes in soil; stratospheric input; and marine
photolytic and biological processes contribute to the remainder.
In the background atmosphere away from anthropogenic sources, daytime NOX
chemistry is dominated by photo-oxidation processes. In these reactions, NO
reacts rapidly with O3 to form NO2, which photo-dissociates to regenerate NO
and O3 in a series of cyclic reactions.

NO + O3 → NO2 + O2

(Reaction 13)

NO2 + hv → NO + O

(Reaction 14)

O + O2 + M → O3 + M

(Reaction 15)

(M = a third inert molecule required to dissipate the energy generated by the
reaction)

Thus, in the absence of perturbations, a gas phase equilibrium exists in the
atmosphere with equal amounts of NO2 being generated as being consumed.
However, deviations from this reaction pathway occur in the presence of free
radicals. For example:

HO2• + NO → NO2 + HO•

(Reaction 16)

RO2• + NO → NO2 + RO•

(Reaction 17)

XO• + NO → NO2 + X

(Reaction 18)

where HO2• is the peroxy radical, RO2• is an organic peroxy radical and X is a
halogen such as Cl or Br.
As a result of these reactions, the atmospheric burden of NO2 increases,
particularly in polluted areas and downwind of their source, where the
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atmospheric concentration of chemically reactive precursors can be high as a
result of anthropogenic activity.
Although these reactions occur in the gas phase, they are important for aqueous
phase NOX chemistry as NO and NO2 are only slightly soluble in water, and the
major sink for NO2 in the atmosphere is its reaction with OH•. The importance of
these gas phase reactions arises from their reaction product nitric acid (HNO3),
which is one of the most soluble atmospheric gasses and may enter solution on
the surface of aerosol even at low relative humidity.

OH•(g) + NO2(g) → HNO3(g)

(Reaction 19)

HNO3(g) ↔ HNO3(aq)

(Reaction 20)

During the night, there is no photolysis of NO2 and no generation of OH•.
Consequently NO2 oxidation proceeds via reaction with O3 to create a nitrate
radical (NO3•) (as long as there are appreciable concentrations of O3 present).
The nitrate radical reacts with NO2 producing dinitrogen pentoxide (N2O5), which
produces nitric acid in the presence of moisture.

NO2(g) + O3(g) → NO3-(g) + O2(g)

(Reaction 21)

NO3-(g) + NO2(g) + M ↔ N2O5(g)

(Reaction 22)

N2O5(g) + H2O(l) ↔ 2HNO3(aq)

(Reaction 23)

The reaction step involving water is the rate limiting step and is slow at low
relative humidities, contributing approximately 0.3 ppb HNO3 per hour
(Finlayson-Pitts and Pitts Jr., 1986), but may become increasingly important at
high relative humidity (Harrison, 1996)
A second night-time reaction pathway for the production of HNO3 is by the
reaction of NO3• with hydrocarbons:

NO3-(g) + RH(g) ↔ HNO3(g) + R

(Reaction 24)

HNO3(g) ↔ HNO3(aq)

(Reaction 25)

Where RH is a hydrocarbon
As such N2O5 and NO3- are important for the night-time chemistry of fog water,
especially in the early evening before the onset of radiation fog, as they not only
increase the solubility of NOX emissions but may also react with and increase the
solubility of other organic compounds, increasing their concentration in the liquid
phase. Choularton et al. (1992) and Colville et al. (1994) illustrated the
behaviour of N-species in orographic cloud on Great Dunn Fell in the northern
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Pennines in England.
Choularton et al. (1992) recorded increasing
concentrations of aerosol NO3- in fog water as air moved over the hill during the
night and attributed the increase in concentration to the dissolution of N2O5
(Reaction 23). Similar results were reported by Colville et al. (1994), who
measured higher concentrations of NO3- in cap cloud than at their upwind valley
site as a result of Reactions 21 and 22. Clearly, when considering the efficiency
of occult deposition to vegetation, these reactions have implications for the
addition of nitrogen to sensitive habitats in upland regions that are generally
nutrient poor.
The liquid water content of fog is approximately 0.05 gm-3 (Thompson, 2007),
although there is much variability surrounding measurements. When the liquid
water content of the atmosphere is greater than 0.01 gm-3 and its pH is greater
than 1 (i.e. when the pH of cloud water is of environmental interest), nitric acid
at equilibrium is completely dissolved and its gas phase concentration in the
interstitial air spaces between fog water droplets is negligible. Once in solution,
HNO3 completely dissociates to nitrate ions:

HNO3(aq) ↔ H+ + NO3-

(Reaction 26)

Thus the dissolution of aerosol HNO3 and the hydrolysis of N2O5 can contribute to
nitrogen deposition as well as the acidity of fog water.
2.4.2
Ammonia
Natural sources of ammonia (NH3) in the UK have been reviewed in detail in
Sutton et al. (2001) and include:


Direct emissions from humans (sweat, breath, excretion from infants
that doesn’t enter the sewage system, etc);



Emissions from domesticated animals (horses, dogs and cats);



Emissions from wild animals and sea birds; and



Emissions as a result of biomass burning.

However,
anthropogenic
activity
greatly
contributes
to
atmospheric
concentrations of ammonia. Table 5 gives the principle sources of anthropogenic
ammonia in the UK between 1990 and 1999 and shows that ammonia emissions
are dominated by agricultural sources, in particular livestock management which
accounted for approximately 75% of ammonia emissions in 1999.
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Table 5
2001)

UK emissions of anthropogenic ammonia (kt-N) (reproduced from NEGTAP

As ammonia mixes throughout the troposphere it readily reacts with acidic
compounds such as H2SO4, HNO3 and HCl, neutralising their acidity and forming
ammonium ions (NH4+) in the process.

2NH3 + H2SO4 → (NH4)2SO4

(Reaction 27)

NH3 + HNO3 ↔ NH4NO3

(Reaction 28)

NH3 + HCl ↔ NH4Cl

(Reaction 29)

These reactions often result in low fog water acidity in areas of high ammonia
emissions. Csequently, because the uptake of SO2 in water droplets is inhibited
at low pH, the neutralising capacity of ammonia on acidified droplets encourages
the dissolution of SO2 (Figure 16 and reactions 4, 5 and 6) and the formation of
volatile ammonium sulphate salts ((NH4)2SO4; reaction 27). However, the
deposition of (NH4)2SO4 in fog water and its subsequent oxidation can yield
significant concentrations of acid downwind of sources of ammonium and SO2
under conditions of decreasing humidity such as during the dissipation of fog
(Reaction 30).
(NH4)2SO4 + 4O2 → H2SO4 + 2HNO3 +2H2O

(Reaction 30)

Discussion
The atmospheric burden of SO2, NOX and NH3 has been greatly affected by their
emission in industrial and agricultural regions where concentrations are routinely
measured several orders of magnitude greater than in regions far removed from
such sources (Schulze, 1989 and Table 4). The emission of SO2 and NOX in the
atmosphere has a considerable influence on fog water acidity, reducing its pH
from 5.6 (maintained by the dissolution of CO2) (Charlson and Rodhe, 1982) to
levels that are detrimental to the effective functioning of acid sensitive natural
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systems. Chemical analyses of fog water routinely show that the concentration of
pollutants are higher in fog water than rain water and that pH values are
generally significantly lower than rain water (Igawa et al., 2002; Thalmann et
al., 2002; Chernyak et al., 1996; Gordon et al., 1994 Weathers et al. 1986;
Dasch, 1988; Fuhrer, 1986). Research shows that all methods of deposition,
including occult deposition, need to be accounted for in order to quantify the
effects of pollutants into fragile ecosystem as different deposition processes
dominate over different spatial and temporal scales.
Occult deposition can contribute to the acidification of standing surface waters
that are low in acid neutralising capacity (Skjelkvale et al., 2001). When acid
enters water, the acidity is usually buffered by reactions with the bicarbonate
ions (HCO3-). However, in waters with a low acid neutralising capacity (i.e.
waters low in HCO3-), the mobility of potentially toxic trace metals such as
aluminium, cadmium, copper, lead and zinc increases as a result of higher
dissolution rates and lower sedimentation rates (Bache, 1986; Borg et al., 1989;
Nelson and Campbell, 1991) caused by acidification. Consequently, small
decreases in the pH of fresh water systems can have a profound effect on
biodiversity, witnessed by depletions in fish stocks and invertebrate levels.
Nitrogen plays an important role in net primary productivity and its over
application in natural environments has considerable implication for ecological
community structure. In freshwater environments, phosphorous is typically the
limiting nutrient, though nitrogen may also be important for net primary
productivity in lakes and streams where low N:P ratios exist (Smith, 2003).
Generally aquatic biota are adapted to living in nutrient poor waters where the
concentration of inorganic nitrogen is low (Wetzel, 2001; Jensen, 2003).
As discussed, atmospheric pollutants can be elevated in fog water, and as such
the deposition of nutrients to sensitive aquatic systems, especially standing
water (e.g. lakes and tarns) can lead to their eutrophication. The symptoms of
eutrophication include: shifts in phytoplankton composition to toxic and bloom
forming species; changes in community structure of benthic organisms, with
mass mortality events; changes in fish communities and increased fish mortality;
and changes in food web structures that affect every trophic level. NH4+ and
NO3- deposition in aquatic environments may also indirectly result in the release
of phosphate from sediments which reinforces eutrophication. For a more
complete discussion of the effects of inorganic nitrogen on the function of aquatic
systems the reader is directed to Camargo and Álonso (2006) and references
therein.
The concentration of pollutants in fog water is a function of their atmospheric
concentration and time, and as such, fog water chemistry can be extremely
variable and is dependant on many factors. Upland areas are generally sensitive
to acid and nutrient deposition as their soils and waters are generally nutrient
poor and of low acid neutralising capacity. This was highlighted in the Federal
Republic of Germany in the 1980’s, where it was reported that large stands of
spruce and fir trees began to shed their needles and die. The symptoms of the
die back was a yellowing (or chlorosis) of the needles, attributed to deficiencies
in magnesium caused by acid leaching on nutrient poor soils. In extreme cases,
whole stands of trees were affected and died. The cause of the acidification of
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the rain and fog water at the time was attributed primarily to high SO2 emissions
upwind of the site, which caused valuable positively charged minerals (cations)
to be leached from soils that have a poor cation exchange capacity (CEC). Soil
becomes acidified when base cations such as Mg2+ and Ca2+ in the soil are
replaced by hydrogen ions (H+) from acids such as H2SO4 (reaction 9) and HNO3
(reactions 20, 25 and 26). The NH4+ can also act as a H+ donor (reaction 32).
The acidification of soils has also been reported in other areas. For example, the
Swedish Environmental Agency reported that in 1985 more than 40% of the soils
in southern Sweden were acidified (Figure 18), but have since improved as a
result of international legislation to limit SO2 emissions. The relative decrease in
SO2 emissions in the UK between 1970 and 2007 is illustrated in Figure 19. In
contrast, NOX and NH3 emissions have declined much more slowly (Figure 19).
Over time, occult deposition may contribute significant quantities of NH4+ and
NO3- to sensitive habitats on local and regional scales, especially in areas of high
fog incidence such as upland areas of the central and western UK (Figure 17).
For example, Crossley et al. (1992) showed that cloud water deposition to a
forest situated at 600m above sea level at Dunslair Heights in Scotland exceeded
precipitation inputs by a factor of three. Similar results have been reported by
other researchers (e.g. Dollard, 1983; Unsworth and Wilshaw, 1989; Reynolds et
al., 1997; Vermuelen et al., 1997; Herckes et al., 2002).

Figure 17
Cloud water deposition of total nitrogen (kg N ha-1 yr-1) in the UK 198992 (Source: Department of the Environment, 1994)
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Figure 18
The percentage of severely acidified forest soils in Sweden (Swedish
Environmental Protection Agency).
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Figure 19
Relative change in SO2 and NOX emission between 1970 and 2007(red and
blue bars respectively) and NH3 emissions (1990 to 2007 – black bars) for the UK
(source: http://www.naei.org.uk/).

The effects of occult deposition of inorganic nitrogen in terrestrial environments
are equally complex as those for aquatic systems and have implications for plant
biodiversity. Research suggests that long-term chronic nitrogen deposition can
lead to loss of plant species in grasslands (Stevens et al., 2003; Clark and
Tillman, 2008) and forests (Strengbom et al., 2003; Hurd et al., 1998). The
effects of nitrogen deposition on tree species growing at elevation was
demonstrated by McNulty et al. (1996) who reported that growth of red spruce
and balsam fir declined, and mortality increased due to nitrogen addition. Similar
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results have been reported for red pine (Magill et al., 2004) and oak (Wallace et
al., 2007). Chronic addition of nitrogen to forest habitats may also affect the
species composition of mosses and lichens, fungi, detritivores and canopy insect
populations. Given that nitrogen concentrations are normally elevated in fog
water, the chronic addition of nitrogen in fog prone regions as a result of occult
deposition can have significant implications for community structure. For a
review of the effects of nitrogen deposition on forest biodiversity the reader is
directed to Xiankai et al. (2008) and references therein.
The effect of acid deposition directly onto plant surfaces is also complex. The pH
of unpolluted water is typically 5.6 and research suggests that damage to
vegetation doesn’t usually occur until the acidity of water on leaves and needles
falls to a pH of approximately 3.0 (Evans et al., 1982). The pH of fog water in
polluted environments is routinely measured approaching this level (e.g.
Zimmerman and Zimmermann, 2002, Colett et al., 2002; Burkard et al., 2003;
Klemm et al., 1994; Raja et al., 2008; Millet et al., 1996) and can be
significantly lower on surfaces, at least for short periods of time during the
dissipation of fog when evaporation from surfaces results in an increase in the
ionic strength of the thin film of water on surfaces. Shigihara et al. (2008)
exposed seven-year-old beech trees (Fagus crenata) to a solution of HNO3,
(NH4)2SO4, and NaCl for approximately two years. The trees that were subjected
to a pH 3.0 solution had reduced growth (measured as tree height, stem
diameter, number of leaves, and dry matter production) and starch levels in
stems when compared to trees growing in control plots that were misted with a
pH 5.0 solution. Results of laboratory experiments showed that the amount of
base cations leached from the beech leaves increased with decreasing pH
suggesting that chronic acid fog exposure suppresses growth and physiological
activity of beech seedlings.

Summary
The chemistry of fog water is extremely variable on spatial and temporal scales.
It is affected by natural processes, although anthropogenic activity has a
profound effect on its chemical composition. As a consequence of the small
radius of fog droplets, they are able to accumulate pollutants at concentrations
greater than in rain water. In areas that are prone to fog events, such as
elevated sites or coastal regions, occult deposition of fog water may represent a
significant deposition pathway for pollutants. The mass of pollutants deposited in
this way is generally less than in wet deposition from precipitation, but
concentrations in fog droplets can be very high leading to direct impacts.
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3

MODELLING OF FOG
3.1

Fog prediction

It has been known since the end of the 19th century that aerosol particles in a
humid atmosphere act like ‘seeds’ that initiate and accentuate the formation of
water droplets, a phenomenon commented on by Mensbrugghe (1892) who
wrote that, ‘‘aqueous vapour condenses in the air only in the presence of solid
particles around which the invisible vapour becomes a liquid.’’ The formation of
such tiny droplets at ground level gives rise to the presence of fog, although this
process (as well as the decay thereof) is not simple, being governed by a
complex set of thermodynamic and micro-physical processes (Gultepe et al.,
2007). Of these, Duynkerke (1991) considered the most important to be:


radiative cooling of moist air,



mixing of heat and moisture,



winds (both horizontal and vertical),



heat and moisture transport within soil,



horizontal advection &



vegetation/topographic effects.

In addition, he noted that atmospheric stability, location and season all affect the
contributions from each factor.
A considerable body of research exists into observations of fog, with numerous
field studies having been conducted worldwide (e.g. Gallagher et al., 1992; Fuzzi
et al., 1992; Gultepe & Milbrandt, 2007). Data from such field studies have been
used in order to improve the understanding of fog physics and assist in the
development of models to simulate the formation, development, transport and
dissipation of fog. However there are still difficulties associated with such
modelling. In an ideal situation, any modelling of the dispersion of airborne
pollutants during the occurrence of fog should be linked with modelling of the
aerosol chemistry. Therefore, to examine whether or not this occurs, a review of
fog modelling is presented.

3.2

Sensing where fog forms

Remote sensing of fog using satellites is very useful for gathering information
about its spatial distribution, properties thereof and rates of growth/dissipation.
Several such studies have been undertaken.
Underwood et al. (2004)
investigated the parameters governing radiation fog development in the central
valley of California during the Winter months from 1997 to 2000. The study
used data from the Geo-stationary Operational Environmental Satellite (GOES)
system, using sensors that allowed estimates of the vertical depth and spatial
coverage of the fog to be estimated as illustrated in Figures 20 and 21.
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However, Underwood et al. (2004) did caution that these sensors were
susceptible to spurious signals from dust.

Figure 20. G.O.E.S. satellite images of developing radiation fog in the central valley of California
(from the study of Underwood et al., 2004). The contour lines represent fog depth. Image (a) is
at (a) 18:00 local time, 24th of Nov. 2000, (b) is at 00:00 on the 25th of Nov. 2000 and (c) is at
06:00 on the 25th Nov. 2000.
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Figure 21. Percentage of ground area covered by fog (Cp) for five sub-divisions of the
central valley of California (adapted from Underwood et al., 2004). The Cp values were
calculated based on the maximum observed coverage of fog for each area.
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The study of Underwood et al. (2004) was driven by the desire to provide
accurate data with which models could be initialised. The spatial variability in
model results existed due to:


local topography



availability of moisture and soil conditions.

Overall fog development in the horizontal and vertical directions (including socalled ‘bursts’ of fog) followed temporal trends in relative humidity and
surface/dewpoint temperatures. In addition, Underwood et al. (2004) concluded
that their work confirmed the relationship between the development of nocturnal
fog and the temperature conditions prior to sunset, trends in relative humidity in
the evenings and surface wind speed (Fitzjarrald & Lala, 1989; Guedalia &
Bergot, 1994). In addition, the precision required for diagnosing humidity levels,
condensation rates & radiative exchanges are demanding from a forecasting
viewpoint.
The main benefit of the work described above, in terms of operational use, is in
(a) the provision of data with which models can be compared and (b) the timing
of fog forecasting, as the results show that any assumptions made about the
extent of fog and how it changes with time could lead to spurious forecasting.
Field observations of fog are, by their nature, at discrete locations and hence the
formation of fog in certain areas may well be missed depending on the resolution
of the observation network.
Satellite detection can reveal the full spatial
distribution of fog banks as they form or dissipate and the usefulness of this has
been acknowledged by others, e.g. Gultepe et al. (2007).
However
improvements in detection algorithms were considered necessary by Ellrod &
Gultepe (2007). For this, more spectral channels over and above what was in
current use were required, a desire expressed also by Bendix (2002) in his study
of satellite-base climatology of fog in central Europe (see Figure 22). He
considered that the use of geo-stationary satellites would provide better
resolution and illumination. However the European Meteosat system then in use
lacked non-absorbing-VIS and absorbing-MIR channels. Systems have been
improved since then, an example of such by Bendix et al. (2006) is shown in
Figure 22.

3.3

Modelling fog occurrence

Much work on the modelling of fog and its climatology has been concerned with
forecasting the growth of fog and its associated visibility hazard. This presents a
formidable challenge to numerical weather prediction models due to the often
small spatial and temporal scales of fog formation (Clark et al., 2008). In order
to cover the wide spectrum of processes involved in shaping the complexity of
fog formation and evolution, carefully designed high-resolution threedimensional fog models are required. However they are not used extensively
because of the computational cost involved in producing operational forecasts
(Müller et al., 2007).
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Figure 22. Maps of fog frequency over central Europe for day and night, 1989-1999, from Bendix
(2002). The maps are based on 102 satellite image pairs (left: 22:00-09:00; right: 09:00-22:00).

Certain fog models are referred to as one-dimensional in that they model vertical
fog development on a very localised scale (e.g. Duynkerke, 1991; Bott &
Trautmann, 2002; Tardif, 2007). They require data from sources such as
observations or larger-scale, three-dimensional models in order to provide the
initial conditions, but have relatively high vertical resolution and are less
demanding on computational resources in comparison with the latter models.
One consequence of this is that ensemble predictions using one-dimensional
models are possible, due to the need to ascertain the effects of uncertainties in
initial conditions and physical parameterisations.
From the numerical modelling point of view, important issues are the horizontal
and vertical resolutions, examples of such issues being provided by Pagowski et
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al. (2004) and Tardif (2007) respectively. In addition, the methods by which
physical variables are incorporated into models are of major importance as
incomplete treatment of the physics and chemistry of fog can lead to major
errors (e.g. Gultepe et al., 2009).
In some situations, where forecasts are required for specific sites and updated
frequently (e.g. airports), ensemble forecasting using one-dimensional models
may be suitable, particularly if local observations are available with which the
model can be initialised (e.g. Bott & Trautmann, 2002; Tardif, 2007). However,
it should be borne in mind that ensemble forecasting does not necessarily
provide an accurate forecast, rather it provides a probable likelihood of fog
occurring. Additionally, Müller et al. (2007) cautioned that the use of such
models becomes less appropriate as the complexity of the terrain increases.
Gultepe et al. (2007) considered the applicability of the different modelling
strategies for fog forecasting and various parameterisations required extensive
research: modelling did not provide a clear answer about the role of radiative
processes and turbulence, especially as the latter tended to be parameterised.
Basic research was still needed with respect to:


the role of turbulence



interactions between the atmosphere and an underlying complex surface,
particularly during the stable regime in the nocturnal boundary layer.



data from recent or upcoming field experiments



the use of results from a wide range of models (direct numerical simulation,
large-eddy simulation, one- and three-dimensional models)



fog formation in the turbulent high wind conditions should be investigated



large-scale systems that give rise to fog, e.g., frontal systems

3.4

Forecasting Models

Models that are capable of handling the processes within clouds do exist
currently. One such example is the model MIFOG (Bott et al., 1990). This is a
two-dimensional model in which the evolution of and micro-physics of fog are
modelled on a spectral basis. Hence it is possible to describe the interaction
between the atmosphere and the earth’s surface covered with different types of
vegetation. However, due to its complexity, the coupled fog-vegetation model
cannot be used for routine fog forecasts. Therefore Bott & Trautmann (2002)
developed the one-dimensional parameterised model PAFOG from MIFOG. The
main difference between PAFOG and MIFOG is that the latter’s spectral cloud
module has been replaced by a parameterisation scheme. This simplification
rendered it possible to obtain forecasts for a particular location, for up to thirtysix hours ahead, in a matter of minutes using a typical desktop computer.
Sensitivity studies showed that fog evolution was relatively sensitive to the
choice of the parameters however. An example of this is shown in Figure 23.
Although the physical assumptions of a one-dimensional model imply no vertical
motion, it was necessary to include large-scale subsidence in the model
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equations in order to obtain a reasonable time evolution of the cloud. In
addition, problems arose sometimes if the temperature of the soil and its
volumetric moisture content were unknown.
Prediction uncertainties, due to the choice of initial conditions, for onedimensional modelling were discussed by Clark et al. (2008), Müller et al. (2007)
and Rémy & Bergot (2009). One-dimensional models are unable to simulate
horizontal velocity gradients and cannot cope with advection. Such models do
not consider changes in humidity, temperature and wind caused by advection
and the possibility exists that large errors will develop over time. In addition, if
ground-level observational data are used to initialise the model, their predictions
at altitude are questionable. Rémy & Bergot (2009) found that, for onedimensional models, the most crucial observations to help with initialising and
forecasting fog were ones that provided an estimate of the initial height of the
cloud. Müller et al. (2007) claimed that it was possible to compute, on a hourly
basis, a fog forecast for the next 18 hours using a single workstation; examples
of the ratio of correct:incorrect forecasts are shown in Figure 24. In addition,
they suggested that, on balance, a coupled one-dimensional ensemble seemed
to be better than a three-dimensional forecast in simple terrain, whereas in
complex terrain a three-dimensional forecast could be more accurate.
The vertical resolution of models affects the forecasting accuracy, as found by
Tardiff (2007) and Clark et al. (2008). Using the COBEL fog model, Tardiff
(2007) considered that, overall, using a higher vertical resolution improved the
model predictions, although certain features were represented better by a lowresolution model. The former was more accurate in its representation of the
initial formation and ground-fog phases, especially the first few metres above the
ground. Clark et al. (2008) appreciated that numerical models required
appropriate vertical resolution near the ground in order to resolve the evolution
of the near-surface layers of the atmosphere in stable conditions and to estimate
local vertical gradients. Fine horizontal resolution was needed to represent the
local orography, soil, water and vegetation properties that influence fog
formation.
One-dimensional models have the high vertical resolution required to predict fog
formation, but need larger-scale input from a three-dimensional model to
capture the role of horizontal advection. Alternatively, the use of monitoring
data (e.g. radiosondes) to initialise a model (e.g. PAFOG, Bott & Trautmann,
2002), was considered suitable only for cases with negligible advection. Clark et
al. (2008) described the use of the United Kingdom Meteorological Office’s threedimensional, Unified Model in predicting fog/aerosols and visibility, with detailed
descriptions of how the model treats them in a non-linear fashion. This is a
weather prediction model capable of modelling weather systems on international
scales.
Results from case studies have shown that the assimilation of
observational data improved the prediction significantly (Figure 25). It should be
borne in mind however, that the horizontal resolution used was 4 × 4 km. If
modelling a point release from a stack however, such resolution is likely to be
too coarse.
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Figure 23. Contour plot of the liquid water content above Lindenberg observatory, Germany on the
21st of November 1998, computed by Bott & Trautmann (2002). Image (a) shows the result
without large-scale cloud subsidence in the model’s equations, whereas image (b) presents results
with the inclusion of this.
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Figure 24. Ratio of correct:false predictions of fog at Zürich airport using PAFOG, COBEL-NOAH
and the multi-model ensemble at different initialisation times (15:00, 18:00. 21:00 & 00:00).
Numbers above the symbols indicate the ensemble forecast probability in percent that has to be
exceeded in order for the a prediction to be classified as a modelled fog event. Taken from Müller
et al. (2007).

The body of work discussed above is concentrated on modelling the occurrence
of fog. The aqueous chemistry of fog and how particles of pollutants are
scavenged/dispersed under foggy conditions remains of interest however. The
remainder of this section will concentrate on the possibility of using dispersion
models and, in addition, how other researchers have approached the subject of
modelling the dispersion and deposition of pollutants in fog.

3.5

Modelling fog/surface interaction

Some of the earliest studies of the interaction of clouds, water droplets and
ground vegetation were conducted during the 1980’s, e.g. Milne et al. (1986)
and Fowler et al. (1988). Following on from such studies, Gallagher et al. (1992)
studied cloud droplet deposition at a forested site at Dunslair Heights near
Peebles and fluxes (differentiated by drop-size) on the open moorland of Great
Dun Fell near Penrith. From the observations, Gallagher et al. (1992) concluded
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that cloud water fluxes could be calculated adequately using parameterised
deposition velocities.

Figure 25. Forecasts of fog probability at 12:00 on the 22nd of December 1998 from Clark et al.
(2008). The shaded regions of images (a) and (b) indicate a probability greater than 0.4. Image
(a) includes the assimilation of visibility observations into the model, whereas they were excluded
from the trial in image (b). Image (c) shows where observations of visibility at 12:00 were made:
shaded / open circles show visibility reports of less than / greater than 1 km respectively.

In California, Lurmann et al. (1997) examined the performance of a threedimensional gas/aerosol air-quality model (known as the UAM-AERO model).
The model was capable of resolving particle sizes and chemical composition and
its results were compared with a comprehensive database from a 2-day long
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period of fog in southern California. The UAM-AERO model was designed to
simulate the relationships between emissions and ambient concentrations of
gaseous and aerosol species. However, it did not simulate the formation of fog.
Instead banks of haze or fog were incorporated into the model from surface
observations and their effect on gas and aerosol species were computed in an
empirical manner. The time and locations of haze and fog were input to the
model hourly, using the conditions: no-fog, haze and fog as gridded fields.
Lurmann et al. (1997) showed that improvements in the modelling would be
required to predict air quality in fog to a reasonable degree of accuracy.
A thorough review of meteorological modelling of fog cloud / aqueous chemistry
for air quality assessments was published by Seaman (2000), discussing fog, soil
hydrology and numerical differencing techniques. Seaman (2000) acknowledged
fog’s effect on air quality, but considered that such conditions had been treated
rather crudely. In particular the treatment of the presence of particulate matter,
because of its influence on chemical reaction rates, secondary aerosol formation
and deposition rates was poor. The ability of a model to simulate fog formation
depends heavily on other components of the water cycle:


soil hydrology



evapo-transpiration



vertical transport of eddies in the earth’s boundary layer



rainfall

Soil hydrology is important, as fluxes of heat and moisture at the soil surface are
related to the radiation flux divergence at the surface, although Seaman (2000)
recognised that the moisture content of soils was difficult to measure and that
many models use averages related to land use. The more-complex models use
temporal variability as a function of rainfall, run-off, evapo-transpiration, etc. but
require detailed initial information. In addition, small errors due to numerical
differencing schemes are potentially serious, as water vapour is important in
many chemical reactions.
Another important issue concerning computer modelling of multi-phase chemical
systems (e.g. water droplets, particles and gaseous compounds) in air quality
models was discussed by Müller (2001). This issue is termed ‘operator splitting’,
the basis of which is the use of separate time-integration solvers designed
specifically and efficiently for single processes such as advection, diffusion and
chemistry. This is largely for historical reasons, based on limited computing
resources and was accepted widely for many years. In addition, it is possible
that physical processes such as condensation, evaporation or coagulation may
each be treated by a separate sub-solver. However, the method has an inherent
disadvantage: the creation of concentrations of material, distributed across the
domain that are removed from the equilibrium at the beginning of each
‘chemical’ time step.
Other research has been conducted into aqueous chemistry, wet deposition and
the role of cloud water. Shimshock (1986) and Shimshock & de Peña (1989)
have presented investigations of the chemistry of ammonia in the atmosphere,
CONTRACT REPORT FOR ADMLC

49

including solubility in water, multi-component aqueous chemistry and possible
interactions between gaseous ammonia molecules and water droplets.
In
addition a detailed review of current knowledge of aqueous ammonia chemistry
and the in-cloud scavenging of ammonia was presented by Renard et al. (2004).
Their review included a section on factors that influence deposition velocities,
one of which was humidity. Although this seemed to be more relevant to
scenarios after a rain shower, this could apply to fog and its deposition to
surfaces.
Several field studies on fog deposition and aerosol growth under humid
conditions have been reported in the literature (for example Moore et al., 2004;
Holwerda et al. (2006); Kim et al., 2006; Biswas et al., 2008 and Haywood et
al., 2008) and it has been shown that gravitational settling is an important
feature. Settling and wet removal of solutes dissolved in the drops is a very
important atmospheric loss mechanism. Moore et al. (2004) warned also that
typically, in the past, investigators have measured the water flux and multiplied
that by bulk cloud composition. However, the removal rate increases with
increasing droplet size (Choularton et al., 1992) and if the composition of the
drops varies also with size, this may yield misleading results (Moore et al.,
2004). The use of eddy-covariance techniques to try and match patterns of
water collection from field measurements with atmospheric conditions and flux of
liquid water (i.e. the product of wind speed and fog liquid water content) was
considered to be promising by Holwerda et al. (2006). The significance of ionic
concentrations in fog water droplets and implications for acid deposition was
pointed out by Kim et al. (2006), using a study of fog / low cloud over a
mountain ridge in South Korea. The research highlighted the transport of
pollutants from polluted areas in North-east Asia and the deposition thereof in
fog. Haywood et al. (2008) reported airborne measurements of pollution plumes
and compared them with predictions using numerical weather prediction models
by Clarke et al. (2008), however no deposition out of the atmosphere was
calculated/modelled.
Information concerning the modelling of fog formation, followed by deposition, is
very sparse.
Published studies on the three-dimensional modelling of fog
deposition are especially so. Klemm et al. (2005) used a modified version of
one-dimensional model developed initially by Lovett (1984) for forested
mountainous areas. In such areas, hill fog is common and deposition of water
on the canopy is driven by turbulence rather than sedimentation. Klemm et al.
(2005) considered that eddy-covariance was a suitable method to derive
estimates of turbulent fog water exchange above the top of the canopy. They
did acknowledge concern over the fact that they were using a one-dimensional
model for what was akin to advection fog and found that the modelled deposition
was greater than that measured.
Deposition of aerosols to canopies was studied also by Petroff et al. (2008),
although their study was concerned with dry deposition, rather than foggy
conditions. They did however raise the point that modelling of the collection of
particles by vegetation tends to be based on theory or experiment, based on
deposition on filtration media or isolated surfaces. It was put forward that this
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was questionable, as canopies tend to present a variety of surfaces to the flow,
with differing orientations, shapes and sizes, all in motion due to flow turbulence.
One of the most relevant works published on the simulation of radiation fog and
the deposition and removal of pollutants is that by Lillis et al. (1999). They used
a modified version of a model from Pandis & Seinfeld (1989) that was capable of
modelling the radiation physics of air cooling, chemical kinetics and
parameterisations of the processes of droplet deposition.
Other seemingly useful studies are those by Shimadera et al. (2008 & 2009),
who simulated transport of pollutants and fog formation in and around the Yodo
river basin and Kinki regions of Japan. The model used was the MM5 meso-scale
model (see Section 3.7.5), hence the resolution was relatively coarse for
modelling localised dispersion.
However they were able to compute
concentrations of pollutants, including the presence of fog and some of the
comparisons of their predictions are shown in Figure 26. The authors discussed
briefly some ways of improving the model also. They regarded the land surface
data used to have been inadequate and improving this may help.
Besides the specialised models discussed above, there are other, more generic,
models that are used for weather prediction and are capable of modelling the
formation of fog. In addition, there are simpler models that are used for
modelling of pollutant dispersion. How these might be suitable for modelling fog
dispersion is discussed next.

3.6

Dispersion models

A variety of models exist for the transport, dispersion and deposition of
pollutants. These range from simple parameterisations such as the R91 model
by Clark (1979), through large-eddy simulations of pollutant dispersion, to
operational models (such as the NAME model created by the United Kingdom’s
Meteorological Office) capable of predicting pollutant transport over international
boundaries.
Current regulatory models are based on advanced Gaussian Plume formulations,
using Monin-Obukhov boundary layer scaling and incorporating modules to
account for building affected dispersion and complex terrain. The two principle
models used in the UK are ADMS (Atmospheric Dispersion Modelling System),
developed by Cambridge Environmental Research Consultants (CERC) and
Aermod, developed by the United States Environmental Protection Agency
(USEPA) and the American Meteorological Society (AMS).
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Figure 26. Comparisons of time series of observed and simulated hourly temperature, specific
humidity (Hs), and precipitation at the Kobe Marine Observatory in January, February, March, and
July 2005, with MM5 model predictions. Images from Shimadera et al. (2008).

3.6.1

ADMS

The most recent major release of ADMS is version 4.2 (CERC, 2007). The model
includes the FLOWSTAR module to determine airflow and turbulence over
complex terrain based on the theory that flow perturbations induced by terrain
features are relatively small. By applying a small perturbation to the airflow, the
Navier-Stokes equations can be linearised, whereby the non-linear terms are
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replaced either by constants or defined as simple functions of the mean flow.
Small perturbation theory can only be applied to model flow over terrain when
the topographical features are low and of moderate slope (often cited as being
less than approximately 1:3). Flow velocities at a particular point can be
determined from the upstream flow plus a perturbation (or change) term that
accounts for the effects of the terrain. There is a limit to the lowest wind speed
that can be modelled however, below which the model will treat the meteorology
as calm conditions.
3.6.2

Aermod

Like ADMS, Aermod is a steady-state plume model, designed for modelling the
dispersion of air pollutants over ranges up to 50 kilometres from stationary
industrial sources (Cimorelli et al., 2004). A terrain pre-processor exists for the
purpose providing a physical relationship between terrain features and the
behaviour of air pollution plumes. It also provides information that allows the
dispersion model to simulate the effects of air flowing over hills or splitting to
flow around hills. Although the model’s formulation is relatively simple, plumes
of material are modelled as impinging on and/or following the terrain as
appropriate. The approach was designed to be realistic, but simple, while
avoiding the need to distinguish among simple, intermediate and complex terrain
as required by other regulatory models.
In addition, a pre-processor of
meteorological data (Aermet) is incorporated.
This accepts surface
meteorological data, upper air soundings and (optionally) data from on-site
instruments.
It then calculates atmospheric parameters needed by the
dispersion model, such as


atmospheric turbulence characteristics,



mixing heights,



friction velocity,



Monin-Obukov length and



surface heat flux.

Similarly to ADMS, Aermod uses a minimum wind speed setting when using
observed meteorological data. Any wind speeds less than this threshold are
treated as calm conditions and are not included in the dispersion calculations.
3.6.4

NAME

The Numerical Atmospheric Modelling Environment (NAME) model was developed
by the United Kingdom’s Meteorological Office, originally for the modelling of
material released from nuclear accidents. However, subsequent development
has enhanced NAME’s capabilities and it is now used in a wide variety of
situations. It is a Lagrangian particle model, in which emissions from pollutant
sources are represented by parcels released into a model atmosphere driven by
meteorological data that are either input from local observations or threedimensional data from the Meteorological Office’s Unified Model.
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3.6.4
Fluidyn-PANACHE-PANEIA
Panache, developed by Transoft International, is an example of a Eulerian
Computational Fluid Dynamics code designed specifically for the simulation of
atmospheric flows and pollutant dispersion over short and medium ranges. It
uses a finite-volume-based approach, in which the governing differential
equations for mass, momentum and heat transfer are solved in 3-dimensional
space and time. The model allows the input of the terrain, including location,
orientation and topography, building features, pollutant types and sources
thereof and meteorological data. The computational mesh can be generated
either uniformly, which maps obstacles approximately, or non-uniformly in which
the grid wraps around any specified obstacles.

3.7
Suitability of the various models for modelling
dispersion in fog
The NAME model uses wind field data from a numerical weather prediction model
which is demanding in terms of computing power. However an advantage of
using NAME is that it is able to treat temporal and spatial variations in the wind
field and model how the motion of any particles is affected by them. In running
the Panache model, the meteorological conditions can be specified as either a
constant wind direction and wind speed profile with height, or using a wind rose.
However using the former option, it can take several hours for one run to be
completed on a desktop computer. Where the ADMS and Aermod models are
concerned, they are capable of being run on a desktop computer also and treat
individual or groups of sources, such as industrial stacks. For a domain size of a
few kilometres square, both UK-ADMS and Aermod take considerably less time
than Panache in completing simulations. However, for wind speed below certain
thresholds, conditions are treated as calm with no definite wind direction and the
simulation skips the relevant lines of meteorological data.
3.6.7
Use of Gaussian dispersion models for radiation/advection fog
As mentioned, for the conditions under which radiation fog is formed, wind
speeds and hence turbulence, are very low. A review of models for use in low
wind speeds was performed by Lines and Deaves (1996, in National Radiological
Protection Board, 1999), who made suggestions for techniques for use when
modelling low wind speeds. Since the wind speed term in the Gaussian plume
equation is part of the denominator, as it tends to a very small / zero value, the
concentration value approaches infinity. This is the reason behind the minimum
wind speed thresholds that programmes such as UK-ADMS and Aermod employ.
However, these thresholds can be set as low as e.g. 0.1 m s-1 (in ADMS) and the
models will still perform the dispersion calculation for speeds above the value
set, but ignore data for calm conditions. As meteorological conditions will be
stable or very stable during nocturnal fog episodes, a positive value for the
Monin-Obukhov length needs to be entered as an input parameter. UK-ADMS
also incorporates the facility for modelling the ionic concentration of droplets
(specifically for SO2 and HCl).
As advection fog forms under conditions of moving air, then the use of models
such as UK-ADMS or Aermod is considered to be valid for obtaining estimates of

CONTRACT REPORT FOR ADMLC

54

pollution dispersion in such cases. In particular, the presence of incoming sea
fog, or haar, is one such situation. In summer, haar forms when warm, moist,
stably-stratified air flows over relatively cold water, usually onshore in the
afternoon. In the fog bank, the air temperature will have reduced to the dew
point temperature. Over the land, atmospheric stability may be likely to be
convective due to daytime solar heating. UK-ADMS is able to treat coastlines in
this way, with the development of a boundary layer over land into which a plume
can be entrained. In such cases, ADMS requires meteorological data in a file
that includes either the sea and land surface temperatures, or the temperature
difference between the two. However, coastlines are treated as very simple
straight lines and the module within the whole model has not been validated yet.
Aermod does not have a module written specifically for treating the development
of boundary layers inland from coastlines, this would require the user to specify
this. Therefore UK-ADMS would seem to be the better choice for modelling
transport of pollutants in haars where the superposition of boundary layers may
be of significance.

3.7

Summary

In essence the formation of fog is governed by many factors and forecasting fog
formation places demands on the ability of a model to treat or parameterise
them accurately. Satellite observations have proved useful in providing data
concerning spatial extents and depths of fog, with which models can be
evaluated. Fully three-dimensional models are complex and expensive to run
however; several one-dimensional models have been developed for local
forecasting on a frequent basis. Although such models are not capable of
handling advective conditions, they may be used for radiation fog modelling.
Numerical weather prediction models such as the Unified Model and MM5 are
able to handle fog formation, pollution and aqueous chemistry. However the
horizontal resolutions at which they operate currently (of the order of a few
kilometres) may be too coarse for the modelling of aerial releases from
(effectively) point sources such as stacks. Until such time as the operational
resolution of numerical weather models reduces to tens of metres, for such
sources, the use of the Gaussian dispersion models such as UK-ADMS and
Aermod would seem to offer the best method of modelling plume dispersion in
fog.
In terms of modelling releases in radiation fog conditions, both UK-ADMS and
Aermod would not model winds less than their respective calm conditions
thresholds. However, it is possible to set these thresholds at extremely low
windspeeds (of the order of tenths of metres per second) although this would be
likely to significantly increase the uncertainty in the modelling predictions.
Where possible, estimates of boundary layer height, surface temperature and
relative humidity should be obtained and used as inputs into the model.
For advective fog, in particular haar off the sea, the coastline option in ADMS
provides a method for modelling releases in such conditions. However it is
advised that, as this module has not been validated, any results should be used
with caution. It is recommended that validation of the coastline module be
performed. The use of ADMS for modelling hill fog is not recommended as
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orographic enhancement of the airflow will be modelled as rainfall rather than
fog and further work is required in modelling this aspect of fog formation.

4 POLLUTANT EFFECTS ON HUMAN HEALTH DURING FOG
EPISODES
4.1

Introduction

During the London fog of 1952, 4000 people are reported to have died over four
days as a direct result of the physiochemical interactions of smoke and fog
(smog) (Figure 27). As a consequence of the scale of this disaster, the “Great
Fog” has become a landmark in air pollution epidemiology. This event helped to
focus public and scientific attention on air quality issues and allowed researchers
to do the first detailed analysis on the relationship between levels of air
pollutants and increased morbidity and mortality (Brimblecombe, 1988). Prior to
the mid 20th Century, suitable methods of exposure measurements were not
available, and the study of air pollution and mortality was limited to observations
of increased mortality during specific episodes. Monitoring of air pollutants is now
part of many national regulatory programs and epidemiological studies on
mortality and morbidity are the cornerstone of our understanding of adverse
health effects from air pollution.

Figure 27

Estimated excess deaths in London fogs 1873-1991 (taken from Anderson, 2009).

In the UK, the principle measured air pollutants in regulatory programmes are
PM10, SO2, NOx and O3, which are all associated statistically with daily mortality.
However, it has proved very difficult, to disentangle their independent effects.
Furthermore, it is suggested that detailed information on the speciation of
particles needs to be linked with feasible epidemiological study design to quantify
the effects of air pollution on health (Anderson, 2009). This will be even more of
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a challenge for fog droplets since their chemical composition can be extremely
variable on spatial and temporal scales depending on, e.g., the history of air
mass, homogenous nucleation, surface condensation reactions, coagulation and
scavenging of atmospheric aerosol, not to mention variations in environmental
factors such as temperature and relative humidity.
Establishing a causal relationship between exposure and health during fog
episodes is complex, and as with air pollution, research suggests that the health
effects may be acute for susceptible members of the public and more chronic for
less at risk members of the public. The argument is that as a result of the
physiochemical properties of fog water and fog-pollutant interactions, fog water
may act as an additional stressor in critical groups who are already at risk as a
result of advanced chronic disease or a life threatening acute illness (Anderson et
al., 2003). The causes of the conditions that are responsible for this vulnerability
are multifactorial. This concept of multifactorial causation has lead to a shift in
thinking with the acceptance that air pollution can cause adverse effects beyond
the lung, for example, on the cardiovascular system (Donaldson et al., 2001)
and on reproductive and perinatal outcomes (Lewtas, 2007).
This chapter focuses on epidemiological and laboratory studies related to adverse
health effects as a result of fog episodes. Such studies have been employed not
only to evaluate the effects of historical air pollution disasters such as the
London fog in 1952 (Logan, 1956; Waller and Lawther, 1957; Black, 2003), the
Meuse Valley fog of 1930 (Nemery, 2001), or the Donora fog of 1948 (Ciocco,
1961), as addressing some of the health risks from acid-polluted natural fog.
Closely related to this issue is the influence of droplet size on deposition of
inhaled acid (and other pollutants contained in fog water) within the respiratory
tract and thus its influence on toxicity.

4.2

Acute health effects of smog events

A correlation between air pollution and mortality was first revealed in the Meuse
Valley (Belgium) fog episode in December 1930. The area of Liège on the River
Meuse, was once one of the most heavily industrialised areas of continental
Europe. Between Dec 1 and Dec 5, 1930, a thick fog covered a large part of
Belgium. It has been reported that hundreds of people in villages situated in the
narrow portion of the Meuse Valley between the towns Huy and Liège started to
exhibit severe respiratory symptoms. In those with chronic cardiorespiratory
problems there was a worsening of their clinical state. During the fog episode
there was ten times the expected number of deaths. Autopsies showed that
many of the dead had suffered acute irritation on the respiratory tract (Nemery,
2001).
A similar episode occurred in Donora, Pennsylvania (USA) in 1948 (Ciocco and
Thompson, 1961), where an estimated 5000 to 7000 persons in a town of
140000 residents became ill. Four hundred people required hospitalisation, and
20 people died before rain dispersed the smog. Autopsy results showed fluorine
levels in victims in the lethal range and were as much as 20 times higher than
normal. Evidence suggests that fluoride gas produced by zinc smelting processes
was trapped in the fog and was responsible for the increased death rate (Hopey,
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2008). As in the Meuse Valley episode, the fog occurred during a temperature
inversion in a small industrial town situated in a river valley.
Both the Meuse Valley and Donorra fog episodes had a strong industrial element,
whereas the London fog episode in December 1952 differs from these events in
that the pollutants responsible for the reported adverse health effects and
fatalities were emitted as a result of burning coal in domestic grates. The “Great
Fog” was the product of a prolonged temperature inversion that allowed pollutant
levels to increase to dangerous levels. Deaths in the London fog were mainly due
to chronic bronchitis and emphysema exacerbated by chemical irritants (SO2 and
possibly sulphur trioxide, SO3) and particulate matter (smoke). It has been
reported that a further 8000 deaths above that expected occurred during the 10
weeks following the fog, with the cause of these deaths being attributed to any
or all of: a delayed effect of the air pollution episode on human health; an effect
of a further increase in pollution in January and February; and the coincidence of
an influenza epidemic (Wilkins, 1954). Reports of the London fog by the Ministry
of Health noted morbidity and mortality in Greater London remained elevated for
three to four months following the fog episode, which was attributed to an
influenza epidemic at the time. However, Wilkins (1954) suggested that the
smog episode may have caused a decrease in resistance to illness, causing
higher rates of morbidity and mortality at the time. No follow-up work was done
to clarify this idea at the time, and official estimates attributed lingering
increased rates of illness and death to influenza. More recently, Schwartz (1994)
reported that the relative risk of mortality increased during the London smog
relative to the preceding four days due to elevated ambient concentrations of
particulate matter. Although further winter episodes associated with increases in
mortality occurred in London, air pollution concentrations in London and most
other major western cities have fallen significantly compared to historical levels
(Anderson, 2009).

4.3

Chronic health effects of smog events

Each of the three smog episodes described above have helped to drive public
health research into the impact of air pollution on public wellbeing and the
mechanisms by which smog might be linked with increases in morbidity as well
as mortality. However, the quantification of chronic effects of smog events is
extremely difficult illustrated by:


Spatial and temporal variations in the emission of different pollutants
emitted from industry and domestic properties during fog events;



Differences in the physicochemical properties of these pollutants (Chapter 1
and 2); and



Spatial and temporal variations of different
responsible for fog formation (Chapter 1).

environmental

variables

Nevertheless, since the smog events in the Meuse Valley (1930), Donora (1948)
and London (1952) researchers have provided extensive documentation that
exposures to acutely elevated pollutant concentrations also causes chronic public
health effects (Pope, 2000). For example, Bell and Davis (2001) undertook an
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assessment of the acute and chronic effects of the 1952 London Fog using novel
indicators and reported that as many as 12,000 excess deaths were caused by
persisting health effects following the fog event (not the 4000 originally
reported). The indicators used by Bell and Davis (2001) in drawing their
conclusions included:


Minimum and maximum environmental variables;



Analysis of weekly mortality and air pollution data including several weeks
before and after the smog event;



Analysis of indirect indicators of morbidity: insurance claims, hospital
admissions, and notifications of pneumonia from November 1952 to January
1953 with comparisons for previous years;



Assessment of the potential role of influenza in accounting for elevated rates
of morbidity and mortality during the 3 months after the smog episode and
calculation of the excess deaths due to the smog; and



Examination of levels of key pollutants during the fog event compared to
modern-day standards and to levels encountered currently in some rapidly
developing regions.

Wichman et al. (1989) also used novel indicators to determine the effect of
pollutant concentrations on the local population during fog episodes. They
examined indicators of mortality and morbidity for a polluted area relative to an
unpolluted area during the same fog episode. The test area and control area
were both located in the Rhine Valley and had six million inhabitants in each
area. Data for mortality (24,000 death certficates), morbidity in hospitals
(13,000 hospital admissions, 5400 outpatients, 1500 ambulance transports) and
consultations in doctors' offices (1,250,000 contacts) were analysed spanning a
six week period prior to, during and after the fog event. Wichman et al. (1989)
reported that during the fog event, mortality and morbidity in hospitals increased
in the polluted area, but there was no substantial increase in the control area.
Regression analysis showed there was a moderate influence of temperature, but
a strong influence of ambient air pollution. The work of Wichman et al. (1989)
illustrates that the effects of elevated pollutant concentrations such as acidifying
emissions, particulate metals and black smoke are responsible for the increase in
morbidity and mortality, but it is not clear if these effects were exacerbated by
the fog.
When considering atmospheric acidity, Kigawa (1984) identified H2SO4 as the
cause of respiratory disease in 600 individuals over a 10 year period in Yokkachi,
Japan. Kigawa estimated that peak concentrations of H2SO4 in the town may
have been as high as 1600 µg m-3 prior to electrostatic precipitators being
installed to reduce the emissions of sulphate aerosol from a local factory.
Following installation of the pollution abatement technology, the number of new
cases of “allergic asthmatic bronchitis” steadily decreased. The importance of
Kigawas research was the clear identification of H2SO4 as cause of morbidity in
the absence of confounding factors. In another study Schenker et al. (1983)
studied the influence of pollutants emitted as a result of coal combustion on rural
populations in Pennsylvania, US. They reported a greater risk of “wheeze most
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days or nights” in non-smokers living in high SO2 areas relative to low SO2 areas.
The risk associated with the pollutant increased significantly for those individuals
living in the same area for more than 5 years.
However, many of the studies conducted to determine the effects of air pollution
during fog events, including those discussed above, do not address the question
of whether the effects of elevated pollution are exacerbated during fog events.
Nevertheless, in light of research such as that undertaken by, for example,
Kigawa (1984) and Schenker et al. (1983), it is plausible that as a result of the
elevated concentrations of pollutants in fog water, and the size distribution of fog
water droplets (between 1 µm to greater than 10 µm; i.e. the same size range
for respirable and inhalable particulate matter) people living in areas prone to
high pollution may receive a greater dose of pollutants during foggy days than
during non-foggy days. This could prove particularly important following an
accidental release of chemicals during a fog event. Indeed, people residing in
areas prone to more regular fog events such as haar, may witness a greater
degree of chronic symptoms as a result of repeated exposure to the higher
concentration of pollutants in fog water.

4.4

Epidemiological studies

Epidemiological studies have provided convincing evidence for a relationship
between exposure to ambient particulate matter (PM) and increased mortality
and morbidity (e.g., Dockery et al., 1993; Pope et al., 1995; Schwartz, 2000).
As a result, the UK has set an air quality objective of 40 µg m-3 for PM10.
However, the chemical composition of particulate matter is extremely variable
and the exact physiochemical nature of the component or components of the
ambient particulate mix responsible for the adverse health effects remains
uncertain. As a result, the USEPA has revoked the annual PM10 air quality
standard, because they suggest that “available evidence does not imply a link
between long-term exposure to PM10 and health problems”. However, they have
retained the existing 24-hour PM10 standard of 150 µg m-3. Since fog
development and intensity are controlled by the concentration of aerosols and
particles, adverse health effects caused by PM and its chemical constituents may
basically be projected to fog episodes. For example, Figure 11 shows that in
urban areas after the onset of fog both particle number and mass distributions of
aerosols have their maximum in the fine range < 0.1 µm which is respirable into
the deep lung (see, Figure 29).
Current standards for air pollution in the UK and elsewhere in Europe relate to
PM10, SO2, NOx and O3, which as a result provides the vast majority of data
against which adverse health effects have been quantified. However, fog
episodes and the chemistry of fog water droplets have characteristics,
particularly their elevated acidity, that has resulted in several epidemiological
and laboratory studies specific to fog which are discussed here.
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Figure 29
Total and regional deposition of unit-density spheres in the human respiratory tract
predicted by the ICRP deposition model for oral inhalation at rest (taken from Heyder, 2004).

Several lines of epidemiologic evidence suggest that ambient acid aerosol
pollution may represent a respiratory health hazard (Lippmann, 1985, 1989). Of
possible concern is also the fact that historical air pollution episodes with
documented increases in death and illness rates occurred during foggy weather
(e.g., London, 1952). However, evidence from historical incidents is uncertain
and modern pollution episodes are less severe, resulting in large uncertainties of
the effects of fog on human health. In an attempt to address some of these
uncertainties, Tanaka et al. (1996) examined the relationship between
meteorological conditions and hospital visits for 102 asthma sufferers over a
two-year period in Kushiro (Japan), a city of 200,000 residents with little
industry. Based on a significant increase in hospital visits of adult asthma
patients they concluded that inhalation of naturally occurring acid fog may have
adverse effects on the respiratory tract of the asthmatic patient. However, it is
uncertain if the water droplets alone contributed to respiratory conditions in
asthmatic patients or if the accumulation of chemical species in fog water, even
in relatively clean environments, contributed to their symptoms. In a separate
study, Kashiwabara et al. (2002; 2003) reported a high frequency of emergency
visits by asthmatic children was related to mist or fog, average atmospheric
temperature, and barometric pressure. They reported that: 1) the average
number of emergency department visits was higher on misty or foggy nights
than on clear nights in each season; 2) that the average atmospheric
temperature on misty or foggy nights with a high incidence of hospital visits was
higher than that on misty or foggy nights without any visits; 3) asthmatic
children frequently visited the emergency department on misty or foggy nights,
especially during midnight to dawn periods with relatively high atmospheric
temperature. They suggest that mist and fog may be a stimulus for constriction
of the airways because a higher atmospheric temperature on misty or foggy
nights indicates a larger saturated amount of airborne water droplets. However,
they did not measure the liquid water content of the fog directly or conduct a
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chemical analysis of the fog water so it is not clear if the fog water, its chemistry
or meteorology is responsible for the asthma attacks.

4.5

Acid fog

Aerosols with droplets of a mean aerodynamic diameter of 1 µm or less have
received most attention in health studies because they are typical of acidic
ambient urban pollution (Figure 11) and are respirable into the deep lung. In
polluted fog, however, the majority of the particle mass is in droplets 10 µm or
larger in diameter (Hackney et al., 1985) and do not have the same pattern of
deposition in the respiratory tract, which might change their health risk (Leduc et
al., 1995). Figure 28 summarises the results of numerous deposition studies with
monodisperse particles of varying size and density. The particles are inhaled
through the mouth or the nose under different breathing patterns for a particle
diameter range between 0.01 and 10 µm. The data was compiled using the
International Commission on Radiological Protection’s deposition model for
inhalation at rest. This figure shows that total deposition can be partitioned into
four regions of the respiratory tract (extrathoracic, upper bronchial, lower
bronchial and alveolar region) and has been used to develop and a semiempirical model to predict regional deposition for particles larger than 0.01 µm
(Heyder et al., 1986; ICRP, 1994). According to this model, fog droplets with a
diameter smaller than 10 µm have the potential of being deposited into the lower
bronchial and alveolar regions and may be biologically active in susceptible
individuals. Particles of 10 µm or larger may only deposit in the extra-thoracic
and upper bronchial regions of the respiratory tract.
Water collected from naturally-occurring fogs is often found to be contaminated
by acidic air pollutants (Waldman et al., 1982, Klemm et al., 1994; Millet et al.,
1996; Zimmerman and Zimmermann, 2002; Colett et al., 2002; Burkard et al.,
2003; Raja et al., 2008). The pH of fog water may be as low as 2 (Waldman et
al., 1982; Hoffman, 1984; Jacob et al., 1985), whereas a pH near 5.6 is
expected in pure water in equilibrium with atmospheric CO2. Sulphuric acid and
HNO3 are the most common acid air pollutants. Acid fogs are formed via
heterogeneous phase reaction of SO2 or NOx with atmospheric water droplets
(Chapter 2). Controlled exposure studies of healthy human adults to H2SO4 in
the fine particle mode (0.1 – 1 µm diameter) have shown no consistent effect on
pulmonary function or respiratory symptoms following acute exposures to
sulphuric acid aerosols at concentrations ≤ 1000 µg/m³, even with exercise (Avol
et al., 1988, Linn et al., 1994). On the other hand, there is some evidence that
asthmatics may be more sensitive than healthy individuals to the effects of acid
fog water on lung mechanical function. It has been suggested that they may
experience some constriction of the bronchial passage following exposure to
sulphuric acid particles at concentrations < 1000µg/m³ (Avol et al., 1988; Linn
et al., 1989). Avol et al. (1988) conducted a laboratory study of healthy and
asthmatic volunteers on short-term respiratory effects of H2SO4 in fog.
Responses were measured in terms of forced respiratory function, airway
resistance and irritant symptoms. Following exposure to concentrations between
0 and 2000 µg/m³ H2SO4 in light fogs (~0.1 g/m³ liquid water content, 10 µm
median droplet diameter, 10°C), and following periods of exercise, both
asthmatics and healthy volunteers are reported to have exhibited no more than a
CONTRACT REPORT FOR ADMLC

62

slight effect on pulmonary function as a result of H2SO4, even at the highest
concentration. In contrast, there was a modest increase in respiratory symptoms
(coughing) with increasing acid, suggesting that acid fog effects occur via a
mechanism somewhat different to those that govern responses to irritant gases
like SO2 or O3.
Linn et al. (1989) utilized a similar exposure protocol to specifically examine the
effects of particle size on health. Healthy and asthmatic adults were exposed for
1 h to a pure water aerosol or approximately 2000 µg/m³ H2SO4 at three
difference droplet sizes: 1, 10, and 20 µm. Healthy subjects showed increases in
lower and upper respiratory irritant symptoms when exposed to the acid fog (1020 µm particle diameter), but not adverse effects when exposed to 1-µm acid
aerosol. In contrast, lung function change in asthmatics tended to vary with
exposure time and was not statistically related to aerosol diameter: four of the
19 asthmatic subjects were unable to complete one or more exposures because
of respiratory symptoms. The authors reported significant decrements in lung
function in these subjects, requiring administration of a bronchodilator. As stated
by the authors, "the pattern of these appreciable clinical responses by asthmatics
suggests a causal relationship to acid exposure, without obvious dependence on
droplet size". These more dramatic responses to acid aerosols are not reflected
in the mean responses of other research studies, and suggest the existence of a
few particularly susceptible individuals.
Naturally occurring fog water tends to be hypo-osmolar (i.e. has an osmotic
pressure greater than that of the solution it’s being compared to) with respect to
body fluids (Balmes et al., 1988); most acid fogs have an osmolarity of
<30mOsm (milli osmole1). Inhalation of hypo-osmolar aerosols is a wellestablished stimulus to bronchoconstriction (Schoeffel et al., 1981). Therefore,
the effects of hypo-osmolarity of fog may enhance the effects of acidity on the
respiratory tract. To test the effects of varying osmolarity of acidic aerosols,
Balmes et al. (1988) administered aerosols of NaCl, H2SO4, HNO3, or a mixture
of H2SO4 plus HNO3 to 12 asthmatic subjects via a mouthpiece. All solutions were
prepared at an osmolarity of 30 mOsm, and delivered at doubling concentrations
until specific airway resistance increased by 100%. An additional series of
experiments with H2SO4 at 300 mOsm was performed. The 12 subjects were
selected from a group of 17 asthmatics on the basis of their responsiveness to
hypo-osmolar saline aerosol. Aerosol particle size was similar to coastal fogs,
with mass median aerodynamic diameter (MMAD) ranging from 5.3 to 6.1.
Delivered nebulizer output during exposure ranged from 5900 to approximately
87000 µg/m³, which is not representative of foggy conditions (≤ 500 µg/m3;
see, also below the study from Leduc et al., 1991). All hypo-osmolar aerosols
caused bronchoconstriction. Lower concentrations of hypo-osmolar acidic
aerosols were required to induce bronchoconstriction than with NaCl, and there
was no difference between acidic species. No bronchoconstriction occurred with
iso-osmolar H2SO4, even at maximum nebulizer output (estimated H2SO4
concentration greater than 40000 µg m-³). The authors concluded that acidity
can enhance bronchoconstriction caused by hypo-osmolar aerosols. However,
these exposures did not represent environmental conditions. In a separate study,
1

In chemistry, the osmole (Osm or osmol) is a non-SI unit of measurement that defines the number of moles of a
chemical compound that contribute to a solution's osmotic pressure.
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Leduc et al. (1995) concluded that short-term exposure to acid fog at
environmentally realistic hypo-osmolarity and H2SO2 concentrations of 30 mOsm
and 500 µg m-³ respectively, does not induce bronchoconstriction and does not
change bronchial responsiveness in asthmatics.
Aris et al. (1991) examined the effects of H2SO4 fogs (droplet size approximately
6 µm) of varying liquid water content (LWC) on airway resistance. Ten subjects
were exposed for 1 h with intermittent exercise to H2SO4 and NaCl at low
(LWC=0.5 µg/m³) and high (LWC=1.8 µg/m³) liquid water content. The mean
sulphate concentrations were 960 µg/m³ for low water content fogs and 1400
µg/m³ for high liquid water content fog. Surprisingly, specific airway resistance
decreased slightly with most exposures, with no significant difference among the
four atmospheres. The authors speculated that the decrements in pulmonary
function following exposure to acid aerosols in previous studies may have been
due to increases in airway secretions or effects on the larynx rather than
bronchoconstriction.

4.6

Summary

There are two major arguments that have lead to the assumptions that human
health may be adversely affected during fog episodes. These are: (1) Water
droplets in fog may concentrate soluble toxic air pollutants. When inhaled, these
droplets are deposited preferentially at airway bifurcations, which receive
disproportionately high local doses of toxicants; and (2) Nitrate and sulphate are
usually the predominant anions in acidic fog water. Nitric and sulphuric acids are
potent respiratory irritants at high doses (e.g. in accidental exposures), even for
healthy people.
Epidemiological studies on mortality and morbidity are the cornerstone of our
understanding of adverse health effects from air pollution. However, studies
relating air pollution during fog episodes to adverse health effects are lacking.
This review has shown that only a limited database exists regarding health
effects and foggy environments. All of the clinical studies reviewed here involved
acute exposure, and the majority of these involved exposure levels above those
that would be encountered during a typical fog event. The available evidence
suggests that the minimally effective concentration of sulphuric acid required to
alter pulmonary mechanical function in healthy humans following acute exposure
is >1000 µg m-3, but in asthmatics it may be significantly less. On the other
hand, epidemiological studies have provided no clear evidence that natural
occurring acid fog has a bronchoconstrictive effect in asthmatic patients. Instead,
these studies tend to suggest that a combination of airborne water droplets in
fog or mist, coupled with other pollutants and meteorological factors may
contribute to adverse health effects in susceptible members of the public.
While unabated emissions have undoubtedly contributed to significant increases
in mortality, during non-fog episode periods (e.g., Waller & Lawther, 1957),
evidence for worsening health as a result of fog pollutant interactions is less
clear. Moreover, limitations of statistical methods at the time of historical fog
episodes, and confounding and serial correlation of data processing has
prevented analysis that could separate the effects of air pollution from those of
confounding factors such as temperature (Anderson, 2009). Now that emissions
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of the major pollutants in the UK and elsewhere have fallen due to Air Quality
Standards and technical pollution abatement strategies (e.g. exhaust treatments,
flue gas desulphurisation technologies) it is unlikely that such acute responses to
fog episodes could be repeated where such strategies have been implemented.
Nevertheless, chronic effects of fog-pollutant interactions cannot be discounted
due to the delivery of pollutants in the respirable and inhalable size fraction of
fog water droplets at potentially toxic levels.
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