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The rate of weather-related aviation accident occurrence in the northern latitudes is likely 25
times higher than the national rate of Canada. If only cases where reduced visibility was a factor
are considered, the average rate of occurrence in the north is about 31 times higher than the
Canadian national rate. Ice fog occurs about 25% of the time in the northern latitudes and is an
important contributor to low visibility. This suggests that a better understanding of ice fog
prediction and detection is required over the northern latitudes. The objectives of this review are
the following: 1) to summarize the current knowledge of ice fog microphysics, as inferred from
observations and numerical weather prediction (NWP)models, and 2) to describe the remaining
challenges associatedwithmeasuring ice fog properties, remote sensingmicrophysical retrievals,
and simulating/predicting ice fog within numerical models. Overall, future challenges related to
ice fog microphysics and visibility are summarized and current knowledge is emphasized.
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1. Introduction

Ice fog, which most often occurs in the high latitudes or
high elevations at low temperatures, is an important but
not well-understood phenomenon. Ice fog, often termed
pogonip (derived from the Shoshone Native Americans word
“payinappih”) generally forms at temperatures (T) less than
−15 °C and consists solely of ice crystals. The meteorolog-
ical community, according to the American Meteorology
Society (AMS) Glossary of Meteorology (Glickman, 2000),
defines ice fog as an event consisting of single ice crystals
that occur at T usually less than −30 °C. Ice nucleation
activations at temperatures (b−10 °C) by deposition nucle-
ation were stated by Young (1974). Gultepe et al. (2014)
suggested that an ice fog particle forms usually due to
deposition nucleation process over the saturated environ-
ments based on relative humidity with respect to ice (RHi).
Ice fog significantly reduces visibility (Vis) and can cause ice
to accumulate on surfaces such as aircraft, power lines, and
roads. As such, ice fog is a significant hazard. Unfortunately
ice fog forecasting using operational numerical weather
prediction (NWP) model is often very difficult (Gultepe et
al., 2009, 2014) because of limited surface in-situ, ground
based remote sensing, satellite observations, and limitations
in understanding of the ice microphysics and nucleation
process.

Reduced visibility and other weather events commonly
play a major role in aviation related accidents over the Arctic
regions. The Transport Canada Civil Aviation Daily Occurrence
Reporting System (CADORS) available at www.tc.gc.ca reports
that weather-related financial losses and deaths per capita in
northern latitudes can be 30 times more than those of
mid-latitudes. Considering the fact that Arctic waters will be
more accessible in the near future, these numbers may reach
much higher values. Records of aircraft accident fatalities in
Canada during the period of Jan 1993 to June 2010 from
CADORS indicate that

• in cases of aircraft accident fatalities, a weather event
was cited as a contributing factor in 27% of accident cases
(365/1351), with reduced visibility being cited in 14% of
cases (192/1351).
• flying in the Canadian northern latitudes is more hazardous
than in the rest of Canada, and weather is a major factor in
the increased risk, particularly reduced visibility. The per
capita rate of aviation related fatalities in the north is 18
times higher than the national rate.

When only cases where weather was a factor are consid-
ered, the aviation accident rate in the northern regions is 25
times higher than thenational rate. If only cases, where reduced
visibility was a factor, are considered, the average rate of
occurrence in the north is about 31 times higher than the
national rate. Ice fog occurrence is found about 20–25% of the
time during the cold seasons (Gultepe et al., 2007a, 2007b,
2014). The earlier work suggested that cold fogmost frequently
occurred when the temperature was less than −30 °C. The
later one showed that over 67 day ice fog was observed about
25% of time. Gotaas and Benson (1965) also showed that ice fog
lasted 6 to 9 consecutive days (~25% of time over two months)
during the winter of 1961–1962. Gultepe et al. (2007a)
provided a figure showing occurrence of cold fog where cold
fog forms at least 20% of times in the northern latitudes. These
studies suggest that better understanding of ice fog prediction
and detection is required over northern latitudes.

The goals of this review are: 1) to summarize the current
knowledge of ice fog microphysics, as inferred from obser-
vations and NWP models, and 2) to describe the remaining
challenges associated with measuring ice fog properties,
remote sensing microphysical retrievals, and simulating/
predicting ice fog within numerical models.

2. Earlier studies on ice fog

Earlier studies of ice fog conditions can be found in
Thuman and Robinson (1954), Robinson et al. (1957), Benson
(1965), Benson and Rogers (1965), and Ohtake (1967).
Wendler (1969) described the ice fog as a dense cirrostratus
cloud near the surface. Gotaas and Benson (1965) studied
two extreme ice fog events and suggested that cooling near
the surface is not completely attributed to cold air advection
or heat losses from the air and snow surface. In their work, air
T was less than −40 °C for two ice fog cases during the
winter of 1961–1962. They proposed that heat flow to the ice

http://www.tc.gc.ca
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crystals was radiated away, creating strong T gradient close
to the ice crystals. For these events, the air in contact with
crystals had lower T and was saturated with respect to ice.
In their work, ice fog is primarily defined as a man-made
phenomenon.

Wexler (1936, 1941) and Gultepe et al. (2014) explained
the existence of strong radiative cooling previous to an ice fog
event, being limited by the higher T above the inversion layer
(Fig. 1). Radiative cooling starts at low levels and spreads
upwards, during which a strong surface inversion forms but
decreases in strength with time. In particular, the sun can
contribute more heat, resulting in warming. At higher levels,
soon an isothermal layer forms and its thickness increaseswith
time. The inversion top decreases with subsidence, resulting in
a weak upper inversion. In another study, Bowling et al. (1968)
suggested that ice fog events might also occur in Alaska due
to advection of a cold dome from Siberia, resulting in an
anti-cyclonic circulation. Then, subsidence warms the initial
cold air above the surface layer, trapping the surface cold air
where ice fog forms. These studies suggest that ice fog can be
related to regional and larger scale processes.

Aircraft produced ice particles (APIPs) in supercooled cloud
conditions can be seen over the airports or behind aircraft
(Heymsfield et al., 2011; Woodley et al., 1991; Langmuir et al.,
Fig. 1. A typical cold region boundary layer profile: T (red) and Td (green) profiles fr
for January 13, 2011 on 0000 UTC.
1948; Ludlam, 1956). Heymsfield et al. (2011) stated that the
holes associated with inadvertent seeding of clouds with ice
particles generated by aircraft, were produced through spon-
taneous freezing of cloud droplets in air that is cooled as it
flows around aircraft propeller tips or jet aircraft wings. They
concluded that polar clouds are particularly susceptible to
the APIPs' effects because of modifications in the radiative
processes. This may also suggest that sampled ice crystals by
aircraft sensors over the Arctic environmentmay include APIPs
and these conditions were also observed during Fog Remote
Sensing And Modeling-Ice Fog (FRAM-IF) project (Gultepe et
al., 2014).

The size of ice fog particles is usually less than 200 μm in
length and their fall speed is similar to 10 μmdroplets in case of
warm fog/freezing fog particles (Koeing, 1970). Assuming that
ice crystals form directly from vapor depositing onto IN (ice
nuclei), their growth can be different than those of large ice
crystals. Koeing (1970) proposed a method to calculate ice
crystal growth rates by vapor deposition. If the supercooled
droplets do not play a role in ice fog formation, vapor
deposition directly onto IN is the major source for ice fog
particle formation and growth. He stated that diffusional
growth of small ice crystals was much larger than ventilation
effects, suggesting that ice fog particles grew because of vapor
om radiosonde measurements for entire January of 2011 (top); thick lines are
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diffusion and was a strong function of crystal particle shape.
Although IN composition and concentration play an important
role for ice initiation (Zelenyuk et al., 2005), the IN concentration
cannot be predicted or measured accurately (Gultepe and Isaac,
2002; Gultepe et al., 2014). Szyrmer and Zawadzki (1997) stated
that ice forming nucleus issues remain an area of debate and the
great majority of IN constitutes of soil mineral particles.

Many airborne sensors cannot measure accurately the ice
particles with sizes less than 200 μm because of issues of
shattering on the sensor tips and sensor optical sensitivity in
the high speed environments (Gultepe et al., 2001; Lawson,
2011; Lawson et al., 2006a, 2006b; Field et al., 2006). Lately, the
new sensors, e.g. in-situ 2-dimensional stereographic (2DS)
optical probe (Lawson et al., 2010), were being used for small
ice crystal detections both in the flight conditions and at the
surface (Lawson et al., 2010, 2011). Lawson et al. (2006c) and
Baker and Lawson (2006) made a detailed study of ice crystals
using various in-situ instruments including a cloud imaging
probe (CPI) and polar nephelometer (PN) at the South Pole
Station; Ni was found up to 500 L−1 for sizes b200 μm and the
largest Ni was usually at about 50 μm in max dimension,
suggesting that small ice crystals were more abundant in high
numbers. They also stated that these high numbers can be
related to collection efficiency of the sensors, wind effects, and
aspirator issues but their results did not encompass the full
range of ice fog conditions. Referring to the work of Kumai
(1964), Hobbs (1965) concluded that majority of ice crystal
particles were spherical and 74% of ice particles collected
consisted of aggregates of two or more spherical particles at T
b−37 °C. A similar work by Korolev and Isaac (2003) also
stated that, using SPEC Inc. CPI observations, ice crystals with
sizes less than about 100 μm were spherical. These studies
emphasized that the shapes of ice fog particles were mostly
spherical for sizes less than 100 μm. In contrast, Gultepe et al.
(2014) and Kimet al. (2014) suggested that thismay not be the
case because ice crystal shapes were not spherical but mostly
pristine crystals in ice fog conditions.

The latest studies on cold fog (Velde et al., 2010; Gultepe
et al., 2007a, 2007b) stated that accurate fog prediction
critically depends on model horizontal and vertical resolu-
tions, initial conditions, microphysical parameterizations,
PBL turbulence, radiation, land–surface interactions, and air
quality (Bergot et al., 2007; Bergot and Guedalia, 1994).
Detailed studies of ice fog by Girard and Blanchet (2001),
using a Northern Aerosol Regional Climate Model suggested
that ice fog can significantly affect the radiative budget in the
Arctic, and pointed out that ice fog may occur up to 30%–40%
of the time in Arctic winter (Curry et al., 1990) and their
radiative effect can be as high as 60 W m−2.

The latest field andmodeling studies of ice fogmicrophysical
properties were provided by Gultepe et al. (2014) and Kim et al.
(2014). These studies focused on ice fog that was related to
depositional nucleation (over Yellowknife, NWT, Canada) and
homogeneous nucleation (over Fairbanks, Alaska, USA) process-
es, respectively. Both studies provided detailed observations and
numerical modeling of ice fog properties, and their studies are
summarized below. These studies agreed that better instruments
and observational techniques are needed to represent ice fog
conditions in the numerical forecast and research models.

Based on the above studies, ice fog microphysical charac-
teristics need to be better understood and a physically-based
representation needs to be developed for numerical forecast
model applications because the Arctic environment is very
sensitive to small changes in moisture and temperature,
leading to ice fog. A study by Gultepe et al. (2012) showed
that accidents related to weather and low visibility over
the northern latitudes will increase tenfold. This suggests
that ice fog conditions can have major impacts on aviation
and ground/water-based transportation, as well as on climate
change at low temperatures where its impacts will be largest.

3. Instruments and measurements

Ice crystal measurements are usually done with aircraft
based sensors at the surface (Gultepe et al., 2014; Lawson et al.,
2006c). During FRAM projects, Gultepe et al. (2014) used
various sensors representing ice crystal spectrum characteristics
and meteorological parameters. Figures 2a and 2b show the
instruments deployed at the Barrow, Alaska, Department of
Energy (DOE) site and Yellowknife, NWT, Canada, respectively.
The sensor list is given in Table 1. These instruments were
selected to obtain visibility, snow rate and accumulated
amount, solar and infrared broadband fluxes, 3D wind com-
ponents at 1 Hz and 16 Hz sampling rates, snow reflectivity,
vertical profile of T, vapor mixing ratio (Qv), and liquid water
content (LWC). The Vaisala FD12p, Sentry, and Metek HSS
SWS-200 Vis sensors were used to estimate uncertainty in ice
fog Vis measurements.

Ice crystal particle and aerosol spectra and/or shape in
Gultepe et al. (2014)weremeasured by optical sensors such as
the Climatronic Aerosol Profiler (CAP, MetOne Inc.), the Ultra
High Sensitivity Aerosol Spectrometer (UHSAS), a fog measur-
ing device (FMD) (Fig. 3a), a ground cloud imaging probe
(GCIP, Fig. 3b), a laser precipitation monitor (LPM), and OTT
ParSiVel distrometer. The images of ice crystals were taken by a
microscope (Fig. 3c) and an ice crystal imager (ICI, Gultepe et
al., 2014). The GCIP sensor (Fig. 3b) adapted from an aircraft
instrument called the DMT CIP probe has been developed for
ground based measurements of ice fog and light precipitation.
The small ice crystal size distributions of fog and snowparticles
over 62 channels were obtained at 1 s intervals. The resolution
of the spectra is 15 μm, and min and max sizes are about 7.5
and 930 μm, respectively. The smallest image obtained repre-
sents particles less than about 10 μm.

Another detailed field project on ice fog was done by Kim
et al. (2014). In their work, they used a Video Ice Particle
Sampler (VIPS) probe to obtain ice crystal spectra and shape
for particle sizes less than a few hundred microns. The VIPS is
an electro-optical instrument used to collect and record a
continuous sample of cloud particles down to 5 μm. The
resulting imagery is available for real-time, in-flight evalua-
tion of cloud conditions and for post-flight habit classification
and size distribution analysis. The instrument is calibrated
with test beads and it is accurate to a 1–2 μm in diameter
(Kim et al., 2014). Their results were similar to Gultepe et al.
(2014) but the measurements were mostly related to
homogeneous nucleation processes.

4. Ice fog parameterizations

Ice fog parameterizations have only recently been dev-
eloped because of limited measurements at cold temperatures



Fig. 2. Instruments used during FRAM-IF projects took place over Barrow, Alaska, US DOE, North Slope Alaska (NSA) site (a) and over Yellowknife, NWT, Canada
(b) where numbers represent the locations of sensors given in Table 1.
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and instrumental limits. Likewise, ice fog parameterizations are
not generally utilized in numerical weather prediction models
(NWPs). Ice fog can form mainly with two types of nucleation:
1) heterogeneous nucleation (deposition nucleation, Gultepe et
al., 2014) and 2) homogeneous nucleation (Kim et al., 2014). In
the Arctic boundary layer, a strong inversion usually exists and
its top can be about −5 to −10 °C where, because of radiative
processes, smaller droplets may form, resulting in ice fog

image of Fig.�2


Table 1
Instruments deployed during the FRAM-IF fog project that took place over Yellowknife International Airport, North West Territories, Canada. The (Location) given
in first column is for the instrument location at the project site (see Fig. 2). Tr represents the trailer location. RHw is the relative humidity with respect to water
and T is the temperature.

(Location) instruments Definition Measurement Characteristics

(7) FMD (Droplet measurements
Technologies Inc.)

Fog monitoring device Droplet spectra 1–50 μm size range

(1) GCIP (Droplet Measurements
Technologies Inc.)

Ground imaging probe Droplet/ice spectra 15–930 μm size range

(7) OTT ParSiVel (Metek Inc.) Parsivel size velocity distrometer Precipitation spectra 400 μm-max size range
(2) CAP (Climatronics Inc.) Climatronics aerosol profiler Droplet and aerosol spectra 0.3–10 μm; 8 channels
(6) T-200B (GEONOR Inc.) Precipitation sensor Precipitation amount Lower threshold 0.5 mm h−1

(4) IPC (York University) Ice particle counter Ice particle spectra 15–500 μm
(6) FD12P (Vaisala Inc.) All weather precipitation sensor Precipitation type and amount, and visibility 0.05 mm h−1; lower threshold
(6) Sentry visibility (Envirotech Inc.) Sentry visibility sensor Visibility N10 m lower threshold
(5) CL31 (Vaisala Inc.) Ceilometer Ceiling height N10 m uncertainty
(2) TPS (Yankee Environmental
Systems Inc.)

Total precipitation sensor Total precipitation rate and amount N0.25 mm h−1 lower threshold

(2) DSC111 (Vaisala Inc.) Surface state condition sensor Surface type and condition –

(2) DST111 (Vaisala Inc.) Surface state temperature sensor Surface temperature –

(2) SR50 (Campbell Scientific Inc.) Sonic ranger for snow depth Snow depth 10–20% uncertainty
(4) SW/IR radiometers (Eppley Inc.) Shortwave/infrared radiometers SW and IR broadband fluxes 10–15% uncertainty
(2) UW 3D sensor (Young Inc.) Ultra wind 3-dimensional sensor 3D wind speed and direction, turbulence 4–32 Hz sampling rate
(4) Young wind sensor (Young Inc.) 2-dimensional wind sensor 2D wind speed and direction 1 min sampling rate
(2) SPN1 (AT Delta Inc.) Sunshine pyronometer Direct; diffuse SW radiation 0.4–2.7 μm
(6) MRR (Biral Inc.) MicroWave rain radar Precipitation reflectivity and Doppler

velocity
–

(7) MP-3000 MWR (Radiometrics
Corp.)

Profiling microwave radiometer LWC, temperature, humidity, and RHw

profile
Liquid water content
threshold N0.1 g m−3

(Tr) Microscope (Barska) – Ice crystal pictures –

(2) RID 872E3 (Campbell Scientific
Inc.)

Rosemount icing detector Icing rate Liquid detection: 10%

(Tr) UHSAS (Droplet Measurements
Technologies Inc.)

Ultra High Sens. aerosol
spectrometer

Aerosol spectra 0.050–1 μm size range

(2) Pressure sensor (Vaisala Inc.) – Pressure 1% uncertainty
(2) WXT520 (Vaisala Inc.) Present weather sensor T, RHw, wind speed and Direction, rain,

pressure
10% uncertainty

(4) CNR1 (Kipp&Zonen Inc.) Net radiometer SW and IR up and down radiative fluxes Pyronometer: 0.305–2.8 μm
Pyrgeometer: 4.5–42 μm

(6) SWS-200 (Biral Inc.) Present weather sensor Precipitation and visibility 10% uncertainty
(7) LPM 5.4110 (Biral Inc.) Laser precipitation monitor Precipitation spectra 0.13–8 mm; 22 channels
(4)HMP45 (Campbell Scientific Inc.) Temperature and humidity probe T and RHw Uncertainty: 1 °C for T and10% for RHw

(4) HMP45C212 (Campbell
Scientific Inc.)

Temperature and humidity probe T and RHw Uncertainty: 1 °C for T and 10% for
RHw

(7) MP100A (Rotronic Inc.) Temperature and humidity probe T and RHw Uncertainty: 1 °C for T and10% for RHw

(Tr) ICI (Lulea Technical
University)

Ice crystal imager Ice crystal spectra N100 detection threshold

(7) IceMeister-9734 (New
Avionics Inc.)

Icing sensor Icing condition 5% uncertainty

(Tr) IR (DX501)/IRtC.20A-oE
(Exergen Inc.)

Infrared temperature sensor Ceiling temperature 5% uncertainty

(3) POSS (Environment Canada) Precip. Occur. sensing system Precipitation type and spectra N500 μm for detection limit
(Tr) Axis camera system (AXIS
Comm. Inc.)

IP camera system Pictures –
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formation. However, dissipation of these fog conditions may
occur by falling particles. It is important to note that both
nucleation processes should be included in the numerical
forecasting of ice fog at cold temperatures.

In the following subsections, ice fog prediction issues will
be discussed and the current state of ice fog microphysical
parameterizations will be summarized.

4.1. Ice fog coverage using RHi

Ice fog forecasting is usually not performedwith forecasting
models because ice water content (IWC) and ice crystal
number concentration (Ni) are usually not accurately obtained
from existing microphysical algorithms (Gultepe et al., 2001,
2014). Ice fog occurs when RHi is approximately greater than
100%. Ice fog may occur because of deposition nucleation
processes that depend on ice nucleus size, concentration,
available moisture, and T. Gultepe et al. (2003) found that
frost point temperature (Tf) can be related to dew point
temperature (Td) as:

Tf ¼ Td þ Δ f ; ð1Þ



(b )

c

b

a

Fig. 4. Scatter plot of extinction coefficient (βext) versus the product of IWC
and Ni2ds for the entire dataset. The green line is for the best fit to the mean
values shown with filled black circles from aircraft based 2DS probe ice
crystal measurements collected during FRAM-IF project in DOE NSA site (a),
IWC versus Ni from FMD probe (b), and Vis versus (IWCxNi) (c). The solid
lines are fits and bars represent sd.

c

b

a

Fig. 3. Droplet Measurement Technologies (DMT) fog measuring device
(FMD) (a), DMT Ground cloud imaging probe (GCIP) (b), and ice fog
particles collected during FRAM-IF project over Yellowknife International
Airport on January 18, 2011 (c).
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where Td [°C] and Tf [°C] were obtained using LiCOR instrument
humidity measurements (Gultepe et al., 2003) and their
difference is parameterized as

Δ f ¼ p1T
3
d þ p2T

2
d þ p3T

1
d þ p4; ð2Þ

where p1 = 0.000006; p2 = −0.0003; p3 = −0.1122; and
p4 = 0.1802. If Td is known, then Tf [°C] is calculated using
Eqs. (1) and (2). The following equation is given for saturated
vapor pressure by Murray (1967) as

es ¼ 6:1078 exp
a T−273:16ð Þ

T−bð Þ
� �

; ð3Þ

where T [K], e [mb], a = 21.8745584 (17.2693882); b = 7.66
(35.86) over the ice (water) surface. Then, using Tf and T, RHi is
obtained from the following equation

RHi ¼
ei Td þ Δfð Þ

esi Tð Þ : ð4Þ

image of Fig.�4


Fig. 5. Visibility obtained from the two techniques using Eq. (5) (red lines
represent 2DS probe data) and Eq. (6) (blue lines represent FMD data). The
triangles are for IWC = 0.03 g m−3, and the circles are for IWC = 0.005 g m−3.
Note that for smaller Ni values (say 10 L−1), Vis ranges from0.5 kmup to ~5 km
for different sensors.
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If RHw and T are known, then Td is calculated using an
equation similar to Eq. (12) but forwater. Using Eqs. (1)–(4), RHi

is then calculated. If RHi is approximately ~100% and T b−10 °C,
then ice fog regions can be obtained frommodel simulations.

4.2. Visibility for ice fog

Ice fog can be parameterized assuming that Vis is a function
of both IWC and Ni at sizes usually less than 200 μm. In this size
range, particle terminal velocity (Vt) can be about 1 cm s−1

depending on its shape and size. This suggests that ice fog
crystals can fall through the air about 36 m over 1 h time period.
However, if their Vt is about 1 mm s−1, then they fall only about
4 m. This shows that for any model to correctly predict ice fog
visibility should be sensitive to low IWC (0.001 g m−3), Vt, and
high Ni values (N1000 L−1) (Gultepe et al., 2008, 2014). Based
on in-situ measurements, the next section provides parameter-
izations for ice fog visibility versus both IWC and Ni.

4.3. Gultepe et al. parameterization for ice fog visibility

Gultepe et al. (2014), using low level flying aircraft ob-
servations and surface in-situ observations (collected during
FRAM-IF project), representing depositional nucleation condi-
tions, obtained a parameterization of extinction coefficient
(βext or Vis) as a function of Ni and IWC (Fig. 4a). If the
cross-section surface area (Ac) is related to a crystal mass e.g.
mi = aAc

b (Lawson, 2011), then βext, using 2DS optical probe
Vis from low level Arctic clouds collected over the FRAM
project site (Gultepe et al., 2014) can bewritten as a function of
IWC and total Ni (similar to Gultepe et al., 2007a, 2007b). Then,
using a relationship between Vis and βext, Vis parameterization
for ice crystals between 10 and 500 μm can be considered as

Vis1 ¼ 1:19 IWC � Nið Þ−0:5066
: ð5Þ

Using FMD (from DMT Inc.) measurements with sizes
less than 50 μm collected during FRAM-IF project in Barrow,
Alaska, on April 10, 2008, another parameterization (Fig. 4b,
c) is also given by

Vis2 ¼ 0:24 IWC � Nið Þ−0:5147
: ð6Þ

If IWC and Ni are known from a forecasting model at the
each time step, then Vis (or βext) can be obtained from Eqs. (5)
or (6). Gultepe et al. (2014) using FMD probe measurements
calculated Ni for deposition nucleation events as much as
1000 L−1 or more (Fig. 4b).

Assuming Ni from 1 to 104 L−1 while IWC changes from
0.005 to 0.03 g m−3, Fig. 5 is obtained using the results of
both Eqs. (5) and (6). This figure suggests that based on FMD
and 2DS measurements, Vis can be significantly different,
representing instrumental limitations on the measurements.
Note that Eq. (5) represents relatively large particles compared
to Eq. (6) which shows much higher contributions from small
particles (50 μm). When Ni N1000 L−1, both equations result
in similar values of Vis of about 100 m. This result should be
considered cautiously because of limited measurements done
over ice fog conditions. Also, increasing IWC reduces visibility
obtained from Eq. (6) more than this of Eq. (5).

The Ni is usually obtained from the equation given for
deposition–freezing nucleation (Meyers et al., 1992) as

Nid ¼ expðaþ b 100 Si−1ð Þ½ �: ð7Þ

In Eq. (7), a = −0.639 and b = 0.1296, and Si is the
super saturation with respect to ice. The maximum Ni values
from Eq. (7) can reach up to 100 L−1 at T = −20 °C that is
much less than observed ice fog Ni values observed during
Fog Remote Sensing and Modeling-Ice Fog (FRAM-IF) project
which took place over Yellowknife International Airport
during winter of 2010–2011. Therefore, for WRF simulations
discussed later, we subjectively increased Ni 10 times to
represent observed Ni values that may not be true always, but
better represent the Ni for ice fog conditions.

4.4. Ohtake and Huffman parameterization for ice fog visibility

If IWC is prognostically obtained, then Vis for ice fog,
assuming that Ni andmean equivalentmass diameter (d) are
known, can be obtained (Ohtake and Huffman, 1969) as

Vis ¼ 1
3

3:2
IWC
Ni

� �1=3
−1:5d: ð8Þ

Eq. (8) shows how ice fog Vis changes with IWC, Ni, and d
(mean diameter). This equation was developed over Fair-
banks, Alaska, representing likely homogeneous nucleation
processes. In their work, Ni and d were assumed as 200 cm−3

and 7.2 μm (for high IWC e.g. N 0.1 g m−3), and as 80 cm−3

and 4.5 μm (for low IWC e.g. N 0.01 g m−3). If ice crystals
form due to deposition of vapor directly onto ice nuclei
at cold T, Ni can be parameterized as a function of RHi.
A relationship between Ni and RHi for ice fog does not
currently exist.
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4.5. Ni estimation by homogeneous nucleation

Ice crystal number concentration calculations based on the
classical theory of homogeneous nucleation suggests that its
value is usually less than observed values and unreliable; and
therefore, its parameterization is generally used for Ni prediction
that over the ocean it can reach up to 104 particles per cm−3

with sizes less than 0.1 μm (haze particles). Homogenous
nucleation rate based on sulfuric acid-water particles can be
estimated using an equation given by Jaecker-Voirol andMirabel
(1989) as

Jhom;h ¼ 10x
; ð9Þ

where

x ¼ 7:0− 64:24þ 4:7RHfð Þ þ 6:13þ 1:95RHfð Þ log10NH2SO4
:

ð10Þ

Jhom is the new production of sulfuric acid-water particles
(# cm−3 s−1) and RHf is the RH with respect to water in a
fraction value. NH2SO4

is the number concentration of gas-phase
sulfuric acid molecules (molecules cm−3). This equation does
not depend on temperature directly but through RH fraction
and it is valid between 230 K and 300 K. Koop et al. (2000) also
provided homogeneous nucleation rate calculation equations
as a function of water activity for haze particles and it was used
by Kim et al. (2014). The later stated that high concentrations
of ice fog particles were present when homogeneous nucle-
ation events occurred.

A similar equation but for homogeneous freezing nucle-
ation rate of the droplets as a function of temperature is given
by DeMott et al (1994) as follows

Jhom; f ¼ 10y
; ð11Þ

where

y ¼ −606:3952− 52:6611Tð Þ− 1:7439T2
� �

− 0:0265T3
� �

− 1:536 � 10−4T 4
� �

:

ð12Þ

The above equations for ice fog visibility prediction can be
used for homogenous nucleation events associatedwith power
generation units, Arctic leads or polynyas, or with a low level
Fig. 6. Shows a time series of relative humidity with respect to water (RHw), Vis, te
project at the DOE NSA site.
inversion layer near the surface. When the nucleation rate
is known, the number of freezing droplets can be obtained
using an equation given in DeMott et al. (1994) and Kim et al.
(2014) as

Ni;hom ¼
Xk
i¼1

1− exp− JhomVΔtð Þn Dð ÞΔDð Þ; ð13Þ

where V is the droplet volume, t time, and n(D) droplet spectra.
Then, Eq. (13) (using Eqs. (9) and (11)) can be used to obtain
Ni. Using either Eq. (5) or Eq. (6) and knowing both Ni and IWC,
ice fog Vis can then be predicted with a NWPmodel. Use of the
above equations in the model simulations are discussed in
Section 6.

5. Relationship between visibility and extinction

The visibility parameterization in the previous section is
obtained using a relationship between Vis and βext. In the
following subsections, day and night time applications of Vis
parameterizations for integrated conditions, including RHi,
ice fog, and light snow, are given.

5.1. Visibility definitions

Meteorological Observation Range (MOR) definition by
the World Meteorological Organization (WMO) is based on
Koschmieder law. Assuming a brightness contrast threshold
(ε) of 0.05, daytime visibility (Visd) is given as

Visd5 ¼ 2:996βext
−1

; ð14Þ

where ln(1 / ε) = 2.996. βext is the extinction coefficient
given as

βext ¼
Xm
i¼1

πQext rð Þn rð Þr2dr; ð15Þ

where Qext is the extinction efficiency and equals ~2 for large
particles and may be calculated from Mie theory. For ice
crystals, it depends on particle shape, particle spectra, and
visible light wavelength.
mperature (T), and precipitation rate (PR) on April 10, 2008 during FRAM-IF

image of Fig.�6


11I. Gultepe et al. / Atmospheric Research 151 (2015) 2–19
5.2. Relationship between day and night time visibilities

Using ε = 0.02 (threshold of luminance contrast or bright-
ness contrast), Eq. (14) is also given as

Visd2 ¼ 3:912βext
−1

; ð16Þ

where ε is defined as(Br − Bb) / Bb, Br is the apparent luminance
of the object at range R and Bb is the apparent luminance of the
background of the object at range R. In the Rapid Update Cycle
(RUC) model (Benjamin et al., 2004) Vis is obtained by setting
ε = 0.02 so that Visd5 should be converted to Visd2 as

Visd2 ¼ 1:3Visd5: ð17Þ

In general, measurements from Vis sensors (e.g. the FD12P,
Fig. 6) are given based on the WMO MOR definitions. Fig. 6
shows time series of RH, Vis, precipitation rate, and tempera-
ture collected by FD12p and HMP45C212 sensors during a
heavy ice fog event that occurred over Barrow, Alaska. It is
interesting that the temperature increases during the ice fog
formation from−20 °C to almost−18 °C at 1200 LST. Perhaps,
this is due to latent heat release fromnucleation plus deposition
processes.

5.3. Nighttime definition of Vis

The nighttime Vis (Visn) definition is based on the simplified
Allard's law as

Visn ¼ Io
CDB

exp −βextVisnð Þ; ð18Þ

where CDB and Io are usually about 0.084 miles−1 and 25 cd,
respectively. Comparing Visd [km] versus Visn [km], using the
assumed coefficients in Eq. (18), a simplified equation can be
obtained as

Visn ¼ 1:851Visd
0:814

: ð19Þ

For forecasting applications, measurements done with
instruments (if they do not perform processing internally)
should be converted to nighttime visibilities using Eq. (19).

Equations given for ice fog Vis as function of (IWC,Ni), and
for RHi can be used to obtain integrated Vis values. In the case
of both fog and precipitation occurring together, individual
Vis values are first converted to extinction coefficients (βext)
using Eq. (14), then, an integrated extinction coefficient is
obtained as

βint ¼ βRHi þ βIWCIF
þ βIWCSN

; ð20Þ

where the terms on right hand side of Eq. (20) represent
extinction coefficients due to RHi, and ice fog and snowwater
contents, respectively. The integrated Vis for ice fog while
snowing is then calculated using βint as follows:

Visice ¼ 3:912βint
−1

: ð21Þ
6. Numerical forecast models for ice fog prediction

In this section, numerical forecasting models that have
been used for ice fog simulations were summarized.

6.1. GEM LAM model

Environment Canada (EC) currently runs the Global Envi-
ronmental Multi-scale (GEM) (Côté et al., 1998) forecast model
in a limited-area model (LAM) configuration over various
domains in Canada with a 2.5-km horizontal grid spacing. In
2014, a pan-Canadian domain was added to this system which
greatly increases the coverage over the Arctic. In this NWP
system, most of the clouds and precipitation are predicted by
the grid-scale condensation scheme, the 2-moment version of
the Milbrandt and Yau (2005a,b) bulk microphysics parame-
terization (hereafter “MY2”). In this scheme, ice crystals are
represented by two categories, “ice” representing pristine
crystals and “snow” representing larger crystals (D N 250 μm)
and/or aggregates, each of whose particle size distributions
(PSDs) are represented by complete gamma functions whose
parameters evolve along with the two prognostic variables
(for each category x), the total number concentration, Nx, and
the mass mixing ratio, qx. Currently, MY2 includes this process
using the parameterization of Meyers et al. (1992). This
parameterization, however, is based on limited aircraft and
laboratory measurements that do not represent the Arctic
conditions. Therefore, use of ice fog visibility parameterizations
developed based onmeasurements of Ni and IWC in the current
MY2 scheme may be problematic. However, the newmeasure-
ments can be used to constrain the scheme for the prediction of
Ni, and thus ultimately improve the prediction of visibility in ice
fog in the model.

6.2. North American Mesoscale (NAM) model

For operational applications, NCEP's 12-km NAM model
(Rogers et al., 2009; Ferrier et al., 2002) is used for regular
weather guidance over continental US (i.e. the CONUS),
Alaska, Hawaii and Puerto Rico. The NAM runs 4 times per
day (00, 06, 12 and 18 UTC), providing forecast guidance over
all of North America for hourly products out to 36 h, and also
for 3-h products out to 84 h. The NAM post processor
calculates visibility using a method that assumes the
extinction is a function of cloud IWC (Stoelinga and Warner,
1999); however, this may result in more than 50% uncer-
tainty in the ice fog Vis (Gultepe et al., 2009). Considering
that the model has a high bias in RH and its IWC near the
ground, two re-diagnosis methods for the ice fog conditions
were performed. The first one uses surface parameters from
the NAM (Zhou and Du, 2010) and predicts the occurrence
of ice fog but not IWC. The second method uses a physically-
based post-processing analysis from which IWC at height z
can be diagnosed. Based on the mass balance equation for
various physical processes given in Zhou and Ferrier (2008)
and Zhou (2011), IWC is obtained as

IWC zð Þ ¼ β � Co þ advð Þ � Hsat

α

� �1=2
1− z

Hsat

� �1=2
− 2

1þ ez=δ

� �
;

ð22Þ
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Fig. 7. The Qv, Ni, IWC, and Vis obtained from the WRF simulations (using 10 km grid resolution) on 08:00 LST, January 12, 2011 over Yellowknife
International Airport are shown in subpanels a–d for Milbrandt and Yau, in subpanels e–h for Morrison et al., and in subpanels i–l for Thompson et al.
schemes, respectively.
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where

δ ¼ K
2 α advþ β � Coð Þ � Hsat½ �1=2 ; ð23Þ

and β is a function of both temperature and surface pressure,
Co the average cooling rate within the fog layer, adv the
moisture advection, α the ice crystal gravitational settling
parameter, K the turbulence exchange coefficient, Hsat the ice
fog layer depth with RHi ≥100%. During the FRAM-IF project,
a test done using the second method significantly improved
the prediction of the ice fog events. However, since ice fog
within the boundary layer was not solely dependent on
moisture advection, more research in this area is needed.

image of Fig.�7
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6.3. Simulations using WRF model

The WRF (Weather Research and Forecasting) model
version 3.4.1 (Nygaard et al., 2011) was employed in the ice
fog simulations. Two nested domains were used with a
horizontal grid of 100 × 78 (30 km) and 88 × 64 (10 km
resolution), respectively. The 35 vertical layers from the
surface up to 100 hPa were utilized. Initial and boundary
conditions were obtained using NARR (North American
Regional Reanalysis) data. Simulations were conducted from
11 to 16 January of 2011. The WRF model (Nygaard et al.,
2011) based on three microphysical algorithms is used for
the simulations of Qv, fog IWC, Ni, and Vis. These microphys-
ical algorithms are 1) Milbrandt and Yau scheme (Milbrandt
and Yau, 2005a,b), 2) Morrison scheme (Morrison et al.,
2005; Morrison and Milbrandt, 2011), and 3) Thompson
scheme (Thompson et al., 2004, 2008).

The simulation results were compared to observations
collected during FRAM-IF project (Gultepe et al., 2014) that
took place in Yellowknife, NWT, Canada. Results suggested
that none of the simulations provided accurate Qv, IWC, Ni,
and Vis predictions. This was likely related to uncertainties
Fig. 8. An Aqua MODIS overpass at 10:30 UTC on December 18, 2010 is used to dem
GOES-R. A false color image is shown in (a). The GOES-R cloud phase product is sh
ceilings are shown in (c) and (d), respectively.
in the individual ice microphysical scheme developed for
clouds, but there might also be other reasons for this, such as
the relatively coarse vertical resolution in the boundary layer.
However, the simulations illustrate the potential for a meso-
scale model to simulate ice fog, and the resulting reduction in
visibility, and also the large sensitivity to the microphysics
parameterization and the need to properly constrain the
microphysics schemes with observations. It is clear that Ni

prediction based on depositional ice nucleation mode underes-
timates Ni for ice fog conditions. In order to compensate for this,
Ni valueswere increased 10 times to have comparable ice fog Ni

values given in Gultepe et al. (2014). The results obtained on
08:00 LST on January 12, 2011 over Yellowknife International
Airport from 10 km grid resolution are shown in Fig. 7a–d for
Milbrandt and Yau scheme, Fig. 7e–h for Morrison scheme, and
Fig. 7i–l for Thompson scheme, respectively. All three of these
schemes have 2-moment treatment for the ice crystal category,
predicting the ice mixing ratio and number concentration
independently. However, they differ in their specific parame-
terizations of nucleation and growth processes.

The values of simulated Qv, 10xNi, IWC, and Vis (Fig. 7)
are significantly different for all microphysical schemes but
onstrate cloud phase and low cloud base detection algorithms developed for
own in (b). The GOES-R probability of MVFR ceilings and probability of IFR
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comparable to observations. The reference simulations were
performed using only Ni values but the results for Vis predictions
were not comparable to observations. This suggests thatweneed
to focus on better microphysical parameterization schemes
for Ni and IWC for ice fog events. Otherwise, present ice fog
microphysical schemes cannot be used for predictions of Vis.

6.4. Forecasting issues

As pointed out in the previous sections, ice fog can be
parameterized assuming that Vis is a function of IWC (ice
water content) and Ni (~1000 L−1) at sizes usually less than
200 μm. In this size range, particle terminal velocity (Vt) can
be about 1 cm s−1 depending on its shape and density. This
shows that for any model to correctly predict ice fog visibility
it should be sensitive to low IWC and high Ni values (Ohtake
and Huffman, 1969; Gultepe et al., 2008, 2014). The current
forecasting models were not designed for ice fog occurring
over the Arctic regions. In fact, ice fog occurrence in various
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Fig. 9. Time-height cross sections of backscattering ratio for micro pulse lidar (MPL),
are shown in (a), (b), and (c), respectively, for an ice fog event took place over DO
space and time scales in a 3D volume can complicate its
accurate prediction (Mueller et al., 2010). The major issues
for ice fog predictions are related to prediction of small ice
crystals Ni and IWC, and limitations in the ice microphysical
parameterizations in the cold temperatures. Clearly, deposi-
tion nuclei and radiative processes in the clear Arctic
boundary layer conditions and existence of a weak or strong
inversion need to be predicted accurately to obtain ice fog
visibility and related ice microphysical parameters.

7. Remote sensing monitoring of ice fog

7.1. Satellite based monitoring

Earlier studies on fog detection using Geostationary Opera-
tional Environmental Satellite (GOES) and other geostationary
observations can be found in Wetzel et al. (1996), Lee et al.
(1997), Gultepe et al. (2007), and Cermak and Bendix (2008).
Passive lowearth orbit andgeostationary satellitemeasurements
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are quite useful for monitoring ice fog when there are no
overlapping cloud layers present. Sophisticated approaches for
determining cloud phase (Pavolonis, 2010a, 2010b) and the
probability of clouds with hazardous low ceilings (Calvert and
Pavolonis, 2011) were developed in preparation for the next
generation Geostationary Operational Environmental Satellite
(GOES-R) Advanced Baseline Imager (Schmit et al., 2001,
2005, 2008; Menzel and Purdom, 1994). On Meteosat
Spinning-Enhanced Visible and Infrared Imager (SEVIRI)
cloud phase determination (Cermak and Bendix, 2008) and
explicit cloud base determination for liquid–water clouds
(Cermak and Bendix, 2011) are possible due to the good
spectral resolution. The algorithms utilize a series of
infrared-based spectral and spatial tests to determine cloud
phase (liquid water, supercooled water, mixed phase, ice) and
cloud height. In lieu of brightness temperature differences,
effective absorption optical depth ratios are used in the spectral
tests. As shown in Pavolonis (2010a), effective absorption
optical depth ratios, allow for improved sensitivity to cloud
microphysics, especially for optically thin clouds. Using the
MODerate Resolution Imaging Spectroradiometer (MODIS),
the GOES-R cloud phase algorithm was tested during the
Fig. 10. Time-height cross-section of T (a), relative humidity with respect to ice (R
2011ice fog event over the Yellowknife International Airport.
FRAM-IF (Gultepe et al., 2014). Figures 8a and 8b show the false
color image and cloud phase from a nighttime overpass of Aqua
MODIS on 18 December 2010.

The cloud particle phase results show mixed phase and ice
clouds at the vicinity of Yellowknife, which is consistent with
surface observations. The low cloud base identification algo-
rithm determines the probability that the cloud base (ceiling) is
lower than 914 m above ground level (AGL) and the probability
that the cloud base is 305 m AGL. These conditions correspond
to the Marginal Visual Flight Rules (MVFR) and Instrument
Flight Rules (IFR) categories, respectively. A naïve Bayesian
classifier (e.g. Kossin and Sitowski, 2008) is used to objectively
determine the probability of MVFR and IFR conditions. Both
satellite and NWP model data are used as predictors and
ceilometer based surface observations of cloud ceiling are used
to train the classifier. Figures 8a and 8d show the probability of
MVFR cloud ceilings and IFR cloud ceilings, respectively, that are
consistent FRAM-IF measurements. Additional methods for
satellites to detect and characterize fog and low clouds can be
found in Gultepe et al. (2007), Wetzel et al. (1996), Ellrod
(2007), Lee et al. (1997), Cermak andBendix (2007), andBendix
(2005). Overall, satellite measurements show promise for
Hi) (b), and Qv (c) measurements from PMWR platform during January 17,
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detecting and characterizing ice fog. However, coverage over
the Arctic regions is limited at the moment, and geostationary
satellite observations suffer from reduced resolution in these
areas (Cermak and Bendix, 2007).

7.2. Lidar, radar, and ceilometer based monitoring

Ice fog measurements can be obtained using a lidar (Light
Detection and Ranging), a millimeter cloud radar, or a ceilom-
eter. Backscattering from ice fog crystal particles is related to
lidar transmitted wavelength, ice crystal surface area, and
number of ice crystals. Sassen (1991) and Sassen and Zhu
(2009) stated that ice crystal microphysical properties can be
obtained using a polarization lidar and provided an extensive
review on lidar capabilities to discriminate ice particle shape.
Backscattering (β) of lidar transmitted radiation reflects the
volumetric properties of ice crystal number concentration
spectra and their mass density. If liquid clouds exist, a lidar
beam cannot be used to detect high level ice clouds. Fig. 9a
shows a vertical profile of backscatter ratio (k) and linear
depolarization ratio (LDR) through ice clouds collected during
FRAM-IF project in Barrow, Alaska, USA, which was part of the
Department Of Energy (DOE) Indirect and Semi-Direct Aerosol
Campaign (ISDAC) project (Flynn et al., 2007; Lindeman et al.,
2011). The maximum ß and LDR (Fig. 9a) are about 4.3 and -2,
respectively, and that indicates the high concentration of Ni at
the ice fog top.

TheDOEMillimeter-wavelength CloudRadar (MMCR-8 mm;
35 GHz) reflectivity that corresponds to the lidar backscatter
(Fig. 9a) is shown in Fig. 9b. Details of DOE MMCR can be found
in Matrosov (2010). The cloud radar reflectivity (Z) is approx-
imately between 10 dBZ and−10 dBZ for the same ice fog layer.
The Z values likely represent larger particles because of their 6th
power of the particle size. Latest studies on mm cloud radar
applications (Haeffelin et al., 2010;Uematsu et al., 2005;Hamazu
et al., 2003; Mead et al., 1989; Boers et al., 2013) have also
studied fog distribution and its microphysical characteristics for
nowcasting applications. These suggest that MMCR can be easily
adapted for ice fog studies because of larger particle sizes during
ice fog events compared to warm fog droplets.

The ceilometer uses a wavelength at 0.905 μm with low
energy power to measure the cloud and fog macro-physical
characteristics (Gultepe et al., 2009, 2014; Haeffelin et al.,
2010) e.g. fog or cloud base at the different levels (Fig. 9c). Its
operation is similar to RADAR; however, CL51 uses shorter
wavelengths (ultraviolet to infrared) which permits the
detection of smaller particles. If clouds are optically thick, a
ceilometer cannot detect high level clouds. Vaisala CL-31
ceilometer backscatter image (Fig. 9c) corresponding to lidar
returns suggests that its measurements can be used for ice
fog detection. It provides a backscattering profile range of 0
to 10 km with a reporting resolution being about 10 m. The
device fires 110 ns laser pulses at a repetition rate of 6.5 kHz
and average power of the laser is 19.5 mW with a beam
divergence of ~0.02° (Nowak et al. 2008). The β values for the
same ice fog event (Fig. 9c) were about 2–4 km−1.

7.3. PMWR based monitoring

The measurements from a Radiometrics profiling micro-
wave radiometer (PMWR) (Gultepe et al., 2014; Ware et al.,
2013, 2003; Cadeddu et al., 2009, Cadeddu et al., 2013; Cimini
et al., 2010; Bianco et al., 2005; Solheim et al., 1998) can be
used to retrieve T, RHi, and Qv (Fig. 10; LWC not shown).
Below 3 km level where T was between −20 and −35 °C
(Fig. 10a), relatively high RHi values were observed (Fig. 9b).
Ice fog was observed below about 700 mb where Qv (Fig. 10c)
reached up to 0.8 g kg−1. Very close to the earth surface, Qv

was about 0.30 g kg−1 when ice fog Vis was about 1 km
observed by FD12p.

Integration of satellite based retrievals of ice fog micro-
physical parameters with surface based sensors including a
lidar, cloud radar, ceilometer, and microwave radiometer, as
well as surface in-situ fog sensors e.g. a fog and visibility sensor
(FD12p) can be used to improve the prediction of the fogmicro
and macro properties. This type of integration systems is being
developed at the Environment Canada, Cloud Physics and
Severe Weather Section, and used in the Arctic field projects.

8. Summary and future challenges

Ice fog is an important meteorological event occurring
at low temperatures and quite often specifically at high
elevations and northern high latitudes. Ice fog occurs very
often when temperatures go down below −15 °C. In fact, IN
can be found at T as high as−8 °C (Gultepe et al., 2008).

When T is very low, RHi can easily be saturatedwith respect
to ice with less moisture that leads to formation of ice fog
crystals. Ice fog is strongly related to frost formation, and it
might be more dangerous to aircraft than snow because of the
stronger surface adhesion compared to snow particles at cold
temperatures. Its impact on aviation and local weather and
climate can be very significant (flight delays and severe icing
hazard). Ice fog may also lead to frost formation but frost
formationmay not always be related to ice fog occurrence. In
addition, the combination of ice fog and frost conditions may
compromise power lines, leading to disruptions in electrical
energy distribution.

Ice fog crystals can be as small as 5–10 μm, and usually have
sizes less than 200 μm. Depending on their shape and density;
ice crystals can be suspended in the air for a long time andmay
generate a very low PR (b0.01 mm h−1) compared to light
snow conditions. They may play an important role in control-
ling heat loss to the sky compared to the clear air conditions and
cooling dependent on ice crystal spectral, physical, and optical
properties. The following conclusions can be drawn from the
present work:

• Ice fog Vis can be obtained from IWC and Ni that are
derived prognostically from a forecast model. Models
usually get Ni less than 100 L−1 based on microphysical
parameterizations obtained from the aircraft observations;
therefore, its prediction becomes questionable and Ni needs
to be adjusted for specific environmental conditions.

• Ice fog crystal number concentration can be more than
1000 L−1 and IWC can be less than 0.005 g m−3.

• Visibility measurements can be highly variable and a strong
function of both Ni and IWC, and also particle shape.

• Present weather sensors are not calibrated at cold temper-
atures, and their optical properties may not represent the
conditions at cold temperatures. Particle types and visibility
obtained from the visibility sensor measurements should be
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used cautiously.
• A better understanding of ice fog formation can also be used
to improve the algorithms developed for numerical model-
ing studies of the ice clouds.

• Accurate prediction of ice fog Vis and IWC, and frost
conditions can be used advantageously to help plan for the
use of aircraft de-icing fluids in northern latitudes.

• Satellite based detection and nowcasting of ice fog events
over cold climatic regions can be done if future operational
satellites can be launched such as the PCW (Polar Commu-
nication and Weather) satellite (Kidder et al., 1990).
Currently, operational satellites do not cover short time and
space scales over the Arctic regions.

• Detailed ice fog 3D modeling work can be a major step to
improve its prediction. This type of work is currently in the
progress (Bott et al., 1990).

• Flying in the northern latitudes is more hazardous than in the
mid-latitudes, andweather (particularly reduced visibility) is a
major factor in the increased risk of aviation accidents. The per
capita rate of aviation related fatalities in the northern regions
can be up to 18 times higher than these for mid-latitudes.

Overall, the observations and numerical model simulations
need to be improved for better prediction of ice fog events and
understand how it impacts aviation, transportation, climate,
and the hydro-meteorological cycle. It is believed that ice fog
studies will be a major step to improving our understanding
and forecasting of Arctic cold cloud systems and their effect on
climate change.
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