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Numerical Modeling of Ice Fog in Interior Alaska Using the Weather Research

and Forecasting Model

2 2
CHANG K1 KIM,1’3 MARTIN STUEFER,] CarL G. ScHMITT,” ANDREW HEYMSFIELD,2 and GReG THOMPSON

Abstract—An ice microphysics parameterization scheme has
been modified to better describe and understand ice fog formation.
The modeling effort is based on observations in the Sub-Arctic
Region of Interior Alaska, where ice fog occurs frequently during
the cold season due to abundant water vapor sources and strong
inversions existing near the surface at extremely low air tempera-
tures. The microphysical characteristics of ice fog are different
from those of other ice clouds, implying that the microphysical
processes of ice should be changed in order to generate ice fog
particles. Ice fog microphysical characteristics were derived with
the NCAR Video Ice Particle Sampler during strong ice fog cases
in the vicinity of Fairbanks, Alaska, in January and February 2012.
To improve the prediction of ice fog in the Weather Research and
Forecasting model, observational data were used to change particle
size distribution properties and gravitational settling rates, as well
as to implement a homogeneous freezing process. The newly
implemented homogeneous freezing process compliments the
existing heterogeneous freezing scheme and generates a higher
number concentration of ice crystals than the original Thompson
scheme. The size distribution of ice crystals is changed into a
Gamma distribution with the shape factor of 2.0, using the
observed size distribution. Furthermore, gravitational settling rates
are reduced for the ice crystals since the crystals in ice fog do not
precipitate in a similar manner when compared to the ice crystals of
cirrus clouds. The slow terminal velocity plays a role in increasing
the time scale for the ice crystals to settle to the surface. Sensitivity
tests contribute to understanding the effects of water vapor emis-
sions as an anthropogenic source on the formation of ice fog.

Key words: Ice fog, Homogeneous freezing, Haze droplets,
Gamma distribution, WRF.
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RAMS Regional atmospheric modeling system

RH Relative humidity

RRTMG Rapid Radiative Transfer Model for
GCM application

h Radius of haze droplet

SUCCESS SUbsonic aircraft: Contrail and Cloud
Effects Special Study

T Air temperature

VIPS Video ice particle sampler

Vi The volume of droplets

Vi, The volume of haze droplet

Ve Terminal velocity of ice crystal

WRF Weather research and forecasting

YSU Yonsei University

o 0.647 x 107

B 1.73

&, Molal osmotic coefficient

’ Scale factor

U Shape factor

0. Equivalent potential temperature

v Dissociation constant for solute

1. Introduction

Alaska is typically thought of as a large region with
a sparse population and clean air, and in general this
concept is acceptable. However, the air quality of some
populated areas in Interior Alaska repeatedly exceeds
the National U.S. Ambient Air Quality Standards in the
winter. Besides anthropogenic air pollution through
combustion products from industry, housing, and
mobile sources, there is also frequent visibility degra-
dation due to ice fog in Interior Alaska during the cold
seasons. Ice fog is defined as tiny ice crystals near the
ground surface (THUMAN and RoBinsoN 1954) and it is
produced frequently when the air is cold enough for ice
nuclei to be activated or homogeneous ice nucleation to
occur when sufficient water vapor is available (BENSON
1970). HurrmaN and OHTAKE (1971) emphasized that
ice fog particles should be distinguished from ‘ice
crystals’, which are the product of nucleation and
growth at higher altitude.

The region of Fairbanks, Alaska, is prone to ice fog
formation because water vapor is emitted sufficiently
from anthropogenic sources and the air temperature
(T) is often below —40 °C during winter (HurrmaN and
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Ontake 1971). In the first detailed study of ice fog,
TuumaN and RoBinNsoN (1954) found that the mean ice
crystal diameter decreases as T decreases; they found
that at —40 °C, the mean diameter of the irregular-
shaped particles, referred to as droxtal-faceted quasi-
spherical particles, is 13 pm. Kumai (1966) reported that
most ice fog particles are between 2 and 15 pm in
diameter with a sharp peak in the distribution near 7 pm,
and that the number concentration of ice crystals (V;) is
between 100 and 200 cm . Note that the unit of N is
cm >, not L™, Typically, N; during ice fog is much
higher than N, observed in the cirrus clouds of the mid-
latitudes (e.g., Rocers and YAu 1989; PrRupPACHER and
KLerr 1997) and even in other Arctic clouds (e.g.,
CURRY et al. 1990, 2000; Bicc 1996; PRENNI et al. 2007,
2009). For example, PRENNI et al. (2009) reported an
average N; of <1 L~ for Arctic clouds. GULTEPE et al.
(2013) carried out an intensive field experiment as a part
of FRAM-ICE. They examined that N; is higher than
1 cm™. Our analysis (ScamITT et al. 2013) shows an N;
that is comparable to typical number concentrations of
warm fog droplets (171-604 cm ™3, KUNKEL 1984),
implying that ice fog particles are deeply related to the
fog droplets that are freezing homogeneously. The large
difference of N; between ice fog and Arctic clouds may
be due to the mode of formation through anthropogenic
activities (e.g., car exhaust, power plant cooling ponds),
as well as the local meteorological characteristics.

The study by Benson (1970) demonstrated the
importance of anthropogenic activities for the for-
mation of ice fog. He suggested the optimized
conditions necessary to form ice fog: (1) a tempera-
ture T lower than —40 °C, (2) a strong inversion near
the ground, (3) water vapor emissions, and (4) the
presence of inactivated haze droplets. The first two
conditions are related to the local meteorological
characteristics. The climatological mean January T in
Fairbanks is —23 °C, and the average number of
January days with the minimum 7 lower than —29
and —40 °C are 13 and 5, respectively (SHuULsK1 and
WENDLER 2007). Strong inversions form as a conse-
quence of polar anticyclones and the negative heat
balance at the surface due to the outgoing longwave
radiation under the frequent clear skies during near
polar light conditions. In addition, weak horizontal
pressure gradients and topographic features support

persistent periods with low winds, preventing



Numerical Modeling of Ice Fog in Interior

horizontal exchange processes. Inversions in the
vicinity of Fairbanks are strong and persistent. BEn-
soN (1970) reported that the vertical gradient of
T typically reached 30 °C (100 m) ' within an alti-
tude range from the surface to 50-100 m. The latter
two ice fog conditions of water vapor emissions and
an abundance of inactivated haze droplets correspond
to the anthropogenic sources. An abundance of water
vapor results as a combustion byproduct from cars
and power plants in Fairbanks. BEnson (1970) cal-
culated that Fairbanks has a water vapor release rate
of 4 x 10° kg day~'. In general, the influence of
water vapor emissions from cars and power plants on
meteorological conditions is weak in the other urban
areas outside the Arctic and Subarctic. Since the
saturation vapor pressure at —40 °C is 255 times
lower than that at 15 °C, water vapor emissions from
anthropogenic sources can play a crucial role in
forming ice fog with decreasing temperatures. In
addition to water vapor emission, water vapor itself is
condensed on cloud condensation nuclei as an inac-
tivated haze droplet. SHaw (1983) observed that the
mean number concentration of haze droplets ranges
from 170 to 2,000 cm™ in Interior Alaska during
mid-winter. CHEN et al. (2000) demonstrated through
laboratory experiments that ice particles can be
formed by the homogeneous freezing of haze drop-
lets, which are nucleated on ammonium sulfate at
high relative humidity (RH) and low 7. Thus, because
of the effects of anthropogenic activities on the for-
mation of ice fog, BENsoN (1970) referred to ice fog
as local air pollution and emphasized the under-
standing of the local characteristics of ice fog.
Meanwhile, there are few studies on the formation
of ice fog through numerical simulations. HUFFMAN
and OHTAKE (1971) developed the theoretical equa-
tions to quantify the evolution of the size distribution
of ice fog particles. Recently, a series of studies by
GirarD and Brancser (2001a, b) showed that aero-
sols and ice crystals can be generated by the authors’
explicit aerosol-cloud-radiation model with sophisti-
cated bin microphysics. These previous studies used
simple theoretical models and idealized cases. More
recently, Zuou (2011) has developed a diagnostic
approach to forecast the ice fog episode with an
operational modeling output. However, a prognostic
approach in the used three-dimensional mesoscale

modeling work would be essential in order to better
understand the nature of ice fog. GULTEPE et al. (2013)
pointed out that current mesoscale models predict an
N; of <100 L™ by the microphysical parameteriza-
tion optimized to the general weather condition. The
authors state that the microphysical processes need to
be adjusted for the specific environment of ice fog.
As a consequence, we explicitly implemented the
homogeneous freezing processes into the mesoscale
numerical model in order to better describe and
assess the formation of ice fog. In this context, we
also want to point out that our observed and modeled
ice fog microphysics are very similar to the micro-
physics found in aircraft condensation trails
(contrails) (HEYMSFIELD et al. 1998, 2010).

The goal of this study was to describe a three-
dimensional, mesoscale numerical modeling approach
to simulate the microphysical characteristics of ice fog
and present the preliminary results as an initial step
toward the operational prediction of ice fog. We
adjusted the microphysical process in the selected
Weather Research and Forecasting (WRF) model
version 3.2 (SkaMarock et al. 2008) using observa-
tional data. The effects of the various water vapor
emission sources on the formation of ice fog were
investigated with the modified modeling capabilities.
The following section describes the main observed
characteristics during several ice fog events in Interior
Alaska. A detailed explanation of relevant modifica-
tion of the ice microphysical processes in WRF is
given in Sect. 3. Section 4 introduces the numerical
experimental design and the results from the numerical
simulation are followed in Sect. 5. Discussions and a
summary of this work follow, in Sects. 6 and 7,
respectively.

2. Observations

Ice fog has been monitored in Interior Alaska at
various locations in Fairbanks and at the nearby
Eielson Air Force Base during the winter months of
January and February 2012. Three severe ice fog
events occurred from 27-31 January 2012. The
NCAR Video Ice Particle Sampler (VIPS) and
microscope slides with formvar (polyvinyl formal)
were deployed to derive ice fog crystal microphysics.
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Figure 1
The WRF domain setting with elevation contour lines in meters (a.s.1.). The closed circle and triangle indicate the location of the Eielson Air
Force Base (HPP) and the Fairbanks International Airport, respectively

ScuHmITT et al. (2013) describes the observational
methods and the detailed ice fog particle analysis
used for this study.

2.1. Synoptic Conditions

Ice fog occurrence was observed from the January
28, 2012, 06 UTC (21:00 local standard time, LST)
until 06 UTC of the January 31, 2012 near the Eielson
Air Force Base (64.67°N, 147.09°W), southeast from
Fairbanks (Fig. 1). The meteorological instruments at
the Eielson Air Force Base measure visibility, 7, and
mean sea level pressure (MSLP) every hour. The
synoptic weather situation for January 25-28, 2012,
is shown in Fig. 2. At 00 UTC of January 25, 2012,
the center of a low pressure zone was located over the

south of Alaska (Fig.2a). As the migratory

anticyclone moves to the interior of Alaska, the
intensity of low pressure weakens (Fig. 2b, c). Six
hours before the onset of the ice fog (00 UTC January
28, 2012), the anticyclonic flow dominates the
synoptic situation (Fig. 2d). This weather situation
is similar to the conditions described in BowLING
et al. (1968) that lead to a high frequency of
occurrence of ice fog in Fairbanks: when migratory
high pressure moves from Siberia across Alaska.
Figure 3 shows the vertical profiles of equivalent
potential temperature (8.} derived from the Fairbanks
International Airport 00 UTC radiosonde launches
during the period 27-30 January 2012. The sounding
of January 27, 2012, showed that there was no surface
inversion before the migratory anticyclone dominated
central Alaska. A surface inversion with a tempera-
ture lapse rate of 10.9 °C (100 m)*1 was observed
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Figure 4
Time series of air temperature at a 2-m altitude (7, solid line), mean sea level pressure (MSLP, dashed line), and visibility (dotted line)
measured at the Eielson Air Force Base during 24-31 January 2012. The arrows indicate the observed onset and dissipation times of ice fog

air still cools to the minimum 7 of —46.5 °C even as
the MSLP decreases (Fig. 4). Then, T increases to
—30 °C during the fog dissipation stage.

2.2. Microphysical Characteristics

The measurements of ice fog particles were
carried out at various environmental conditions. The
detailed characteristics of ice fog microphysics are
explained in ScHMITT et al. (2013). A brief overview
of our observations are shown herein. Figure 5 gives
the time series of observed ice number concentrations
(N;) and derived ice water content (TWC), measured
at the Eielson Air Force Base from 01 UTC to 15
UTC of January 29, 2012. The mean N; is 26.5 em™?,
which is lower than N; derived from the study by
Kumar (1966). Additional observations by OHTAKE
and Hurrman (1969) showed that mean N; ranges
from 30 to 668 cm ™ for eight ice fog cases. In our
observations, the standard deviation and maximum
value of N; are 31.0 and 99.4 cm 3, respectively, and
the formation characteristics of ice fog particles are
sensitive to the local meteorological situation such as
water vapor variability. The derived IWC shows a
larger fluctuation than N; with a mean IWC of
0012 g m~> (Fig. 5b). Although the IWC is similar
between the two times, 03 and 06 UTC of January 29,
2012, N; at 03 UTC is about three times higher than at

06 UTC (96.9 vs. 34.1 cm™ 7). This contrary behavior
is due to the difference of size particle distributions
between the two times. Figure 6 shows the respective
size distributions of the ice fog particles. The N; for
particles larger than 25 pm are 0.48, and 3.4 cm " at
03 UTC and 06 UTC of January 29, respectively
(Fig. 6a, b). The high N; for larger size contributes to
the increase of IWC. The size distribution of ice fog
particles is a crucial factor affecting the IWC
variability. For the ice habit, the ice fog particles
larger than 10 um are mostly hexagonal plates, and
the ice fog particles smaller than 10 um are typically
a mixture of plates and quasi-spherical ice, including
the faceted droxtals (ScHMITT et al. 2013). Within a
former study, KuMal (1966) reported the number of
ice fog particles with spherical shapes with 99 out of
105 em ™ collected during an ice fog case at —42 °C.

3. Modification of Ice Microphysics Process

We use the WRF model version 3.2 to evaluate
the performance for ice fog particle nucleation. The
Thompson scheme (THOMPSON et al. 2004, 2008) is
used to describe the cloud microphysics in our sim-
ulation. The Thompson scheme includes five
hydrometeor classes (cloud water, rain, ice crystal,
snow, and graupel); water vapor and the number
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concentration of ice crystals and rain are treated as
prognostic variables. Microphysical processes for ice
crystals include ice crystal formation from primary
heterogeneous nucleation and secondary ice multi-
plication, depositional growth, accretion, riming, and
aggregation. The first two processes are related to the
production of ice crystals. Depositional growth cal-
culates the increase or decrease in the mixing ratio of
ice crystals, based on the ambient concentration of
water vapor. The last three processes contribute to the

decrease in the mixing ratio and number concentra-
tion of ice crystals to generate snow and graupel.
However, homogeneous freezing is implicitly taken
into account as a part of the heterogeneous freezing
process, even though the homogeneous freezing
process has a significant impact on cirrus clouds as
well as ice fogs (KArRcHER and Lonmann 2002; Liv
et al. 2007). As mentioned in Sect. 2.1, there is no
supercooled liquid water in the cloud at extremely
low T around —40 °C (Curry et al. 1990). Therefore,
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the present study focuses on the implementation of
the homogeneous freezing process and a modification
of depositional growth.

3.1. Ice Nucleation

Rocers and Yau (1989) suggested the schematic
picture of four heterogeneous nucleation processes.
Ice crystals are produced in the Thompson scheme
via deposition and condensation freezing when
supersaturation with respect to ice is attained. This
is parameterized as a function of T, based on the
observation by Cooper et al (1986). Figure 6c
represents the relationship between the number
concentration N; and 7, employed in the original
Thompson scheme. N; due to the deposition and
condensation freezing exponentially increases as
T decreases. The number concentration N; reaches

its maximum at a selected 7 threshold of —36 °C and
is held constant for temperatures colder than —36 °C.

Recently, most of the mesoscale numerical mod-
els employ an explicit parameterization for the
contact and immersion nucleation processes. WALKO
et al. (1995) implemented the contact nucleation
process into the regional atmospheric modeling
system (RAMS), based on the study of Younc
(1974). The original Thompson scheme employs the
probability function of Bicc (1953) to consider the
production of ice crystals via contact and immersion
nucleation processes. Nevertheless, four heteroge-
neous nucleation processes cannot explain the
observed mean concentration N;, 26.5 cm ™’ (note
the unit), as mentioned in Sect. 2.2. Therefore, this
study attempted to explicitly calculate the homoge-
neous freezing of inactivated haze droplets, as well as
supercooled liquid water to include the influence of
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haze droplets on the production of ice fog particles at
high RH and low T. Here, we introduce the homoge-
neous nucleation processes, which are implemented
into the original Thompson scheme.

3.1.1 A. Homogeneous Freezing of Supercooled
Liquid Water

This study used the parameterization from the study
by DEMortt et al. (1994), who made an effort to
improve the homogeneous freezing processes in
the mesoscale model with bulk microphysics.
They distinguished between cloud water and inac-
tivated haze droplets as separate populations. A
detailed explanation is given in DEMoTT ef al
(1994). The number concentration of cloud droplets
freezing in time step Az, N, may be formulated as
follows:

/ (1 — exp(—JV,4t)n(D)dD, (1)
0

where J is nucleation rate of pure water, V) is the
volume of droplets, and n(D) is the size distribution
of cloud droplets. The rate, J, is approximated as a
function of T as

J = 10°, (2)

with y= —606.3952 — (52.6611T) — (1.7439T?) —
(0.026573) — (1.536 x 107%T*) (HeywmsFELD and
MiLosevich 1993). As illustrated in Fig. 7a, this
function is also in good agreement with DEMotT and
Rocers (1990) and SasseN and Dopb (1989) between
—30 and —50 °C. The total number concentration of
cloud droplets, N, is required to get the N;g in the
integral from of Eq. (1). N, is prescribed as 100 cm™?
in the original Thompson scheme. For the calculation
of Vi, we use the mean volume diameter of cloud
droplets in accordance with MILBRANDT and Yau
(2005). This study set a thresholds value for the
activation of homogeneous freezing of supercooled
liquid water as —35 °C.

3.1.2 B. Homogeneous Freezing of Haze Droplet

In many cases, ice crystals in cirrus clouds may form
below —38 °C and below water saturation where
freezing can occur on solution droplets or haze

droplets (Sassen and Dopp 1989). CHeN et al. (2000)
studied the ice formation on the ammoniated sulfate
and sulfuric acid aerosol particles under upper-tropo-
spheric conditions using a continuous flow thermal
diffusion chamber, and concluded that wet (NH4),SO,4
particles can nucleate ice crystals only at a higher RH
with respect to water than deliquescence between —40
and —60 °C. CHELF and MARTIN (2001) determined the
homogeneous nucleation rate of haze droplets, Jy,
with a solute mole fraction. The observational study
by Cziczo er al. (2004) showed that sea salt was often
incorporated into cirrus, consistent with homogeneous
ice formation by aerosol particles from the marine
boundary layer. For these reasons, several investiga-
tors attempted to parameterize the homogeneous
nucleation of haze droplets of cirrus clouds in
mesoscale models (e.g., DEMotT et al. 1994; LoH-
MANN and KARCHER 2002; Liu et al. 2007). DEMotT
et al. (1994) found an approximation for the fractions
of haze droplets freezing for a given diameter and
water saturation ratio, and then integrated over the
haze size spectrum assuming an exponential increase.
LoumanN and KARcHER (2002) and Liu et al. (2007)
determined the newly formed ice crystals via the
homogeneous freezing of haze droplets as the formu-
lation in terms of critical supersaturation and updraft.
Meanwhile, Koop et al. (2000) concluded that
homogeneous freezing is independent of the chemical
nature of the solution, but only depends on the water
activity of the solution droplets. The water activity of
soluble aerosols in the atmosphere, in turn, is largely
controlled by the relative humidity. This study follows
the findings of Koop et al. (2000) for the parameteriza-
tion of homogeneous freezing of haze droplets. They
found the homogeneous nucleation rate of a haze droplet,
Ji, as a function of water activity according to Eq. (3),

log(Jy) = —906.7 + 8502 4a,, — 26924(4ay, )’
+29180(4ay,)?, 3)

with 4a,, the difference of water activity between
liquid and ice. The water activity of a solution in
liquid is defined by

U<DSMWM> , ()

where v is a dissociation constant for a solute, @, is
the molal osmotic coefficient, M,, is the molecular
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which results from the log-normal distribution during
Arctic haze described by the study of Suaw (1983).
Figure 7b illustrates the dependence of the rate J,
from RH and 7. Our ice fog observations occurred
between 225 and 243 K; haze droplets freeze at these
temperatures homogeneously at a relative humidity
higher than 94 %, in consistence with the results from
the laboratory experiment carried out by CHEN et al
(2000). Activation conditions for homogeneous
freezing of haze droplets are T lower than —35 °C
and RH is between 82 and 99 % within our presented
parameterization scheme.

3.2. Dependence of Ice Crystal Density on Size

The mass and density for individual ice crystals
are dependent on the size distribution and typical
parameterized values for the density range from 0.91
to 0.1 g cm™ based on the size distribution of ice
crystals (HEYMSFIELD ef al. 2004). Measurements by
ScHMITT et al. (2013) found that the density of ice fog
particles is significantly lower and dependent on
particle size, and then presented the ice density, p;
(kg m™) as a function of the diameter D (m) as
follows:

pi = ar_; x D'—, (5)

where a, ; and b, ; are 7.22 kg m~ and —0.35,
respectively. The present study uses the size-depen-
dent density according to Eq. (5) instead of a constant
ice density (typically 890 kg m™>). The following
section describes how we calculate the ice water
content IWC from the ice density.

3.3. Size Distribution of Ice Crystals

The explicit calculation of the ice water content
IWC is more complicated in the double-moment
microphysics scheme since it is connected to the size
distribution of ice fog particles as well as the ice
density. The original Thompson scheme assumes that
the ice crystals have the Marshall-Palmer distribution
with a mean weighted mass diameter (MWMD)
ranging between 20 and 300 pm. In our observations,
however, the ice fog particles were distributed
according to a Gamma distribution between 1 and
60 pm with a peak at 7.5 pm (Fig. 6b). Consequently,

we changed the size distribution of ice crystals
according to our observational data from the Mar-
shall-Palmer distribution into the Gamma distribution
with the shape factor, ¢ = 2.0, which is the average
value observed during the ice fog episodes as
illustrated in Fig. 8. The relationship between IWC,
Ni, and p; is given with the Gamma distribution by

IWC = / gp,(D)D3;1(D)dD

N; . \
= /gar_iDb'—'D3m/~HHDHEXP(_/~D)dD

=" o, 4
N A R A R T ] ©)
6 — INp+1)

where the scale factor, 4, in the model is adjusted by
the constraint for the mass-weighted mean diameter
(MWMD). Figure 5a shows the MWMD derived
from our observational data to be between 13 and
60 pm. Based upon these observations, we adjusted
the MWMD to a narrow range from 1 to 125 pum.
Finally, the initial mass of ice crystals should be
fixed. This study prescribes the initial mass of ice
crystals as 4.7 x 107'® kg, which is equivalent to
the mass of the sphere with the diameter of 1 um
and the density of 910 kg m™>, as derived from

Eq. (5).

3.4. Gravitational Settling

The gravitational settling is a very specific char-
acteristic for each ice fog particle. Ice fog particles are
considered as the suspended particles in analogy to
fog droplets. In general, the terminal velocity of a
particle is expressed by the power law as a function of
diameter (STrRAkA 2009). The Thompson scheme
employs the power law as the terminal velocity from
the study of SCHOENBERG FERRIER (1994); a comparison
of the originally predicted terminal velocities with the
velocities derived from our observational data is
shown in Fig. 6d. The terminal velocities calculated
from observed particle properties from the study of
Scumrtt er al. (2013) are significantly slower, espe-
cially for ice crystals smaller than 10 pum in diameter.
These slow terminal velocities lead to a longer
suspension time; we replaced the terminal velocity
for the gravitational settling with the Eq. (7) presented
in ScHMITT et al. (2013).
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Shape factor, u and scale factor, /, for the Gamma distribution used to fit ice fog particle size distribution from the observation

w(D) = a x DF, (7)

where o = 0.647 x 10°m s™", f =173, D is the
diameter (m) for an individual ice crystal, and v, is
terminal velocity (m s ).

Thus, the present study modifies the ice microphys-
ical processes for the successful simulation of ice fog
case. The modifications are summarized as follows:

1. Homogeneous freezing of supercooled liquid
water and haze droplets is explicitly calculated.

2. The ice density is treated as a size-dependent
variable.

3. The initial mass of newly nucleated ice crystals is
changed.

4. The size distribution was changed to a gamma
distribution from the previously used Marshall-
Palmer distribution.

5. MWMD was changed to be between 1 and
125 pum in diameter for ice crystals.

6. The terminal velocity was reduced for ice crystals
to be suspended significantly longer in the air.

4. Numerical Modeling

4.1. Inclusion of Water Vapor Emissions

We added water vapor emissions from the Eielson
Air Force Base Heat and Power Plant (HPP)
(64.67°N, 147.09°W, Fig. 1) in order to simulate
our ice fog observations and to study the influence of

anthropogenic water vapor emissions on the forma-
tion of ice fog. The emission rates of water vapor
from the HPP were previously estimated to be
30 ton h™' (Hanks and HoLDMANN 2009). Water
vapor, emitted from the HPP, is dispersed by the
wind field, diffused by turbulence, and is transformed
to ice crystals due to the nucleation process. Figure 9
presents the flow chart to generate the ice crystals
with the dispersion of emitted water vapor from the
local sources. The water vapor mixing ratio emitted
from the source, ¢, is added into the ambient water
vapor mixing ratio, ¢,. This study sets the same
activation condition by the supersaturation as the
original Thompson scheme, i.e., ice crystals are
generated via deposition and condensation freezing
when the water vapor mixing ratio exceeds 25 %
supersaturation with respect to ice. The total water
vapor mixing ratio (gy + ¢..) enables the ice crystals
to be generated when the activation condition is met.

4.2. Numerical Experiment Setup

Figure 1 shows the domain setting for the WRF
simulation, where a one-way grid nesting procedure
is employed for two domains. Grid spacing of the
outer and inner domains is 2.5 km and 500 m,
respectively, and the center of the domain is the
location of the HPP at the Eielson Air Force Base.
The entire grid system has 100 x 100 grid cells and 65
vertical layers with the top level at 100 hPa. The
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Water Vapor Emission (g,,)

supersaturation
(g,+4,.) >0.25

g; is calculated with g,+g,,

Gamma Distribution (u=2)
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Figure 9
Flow chart for the ice formation process with the emission of water
vapor. g, and ¢, are anthropogenic emitted and ambient water
vapor, respectively. ¢; is ice water content produced by the
homogeneous and heterogeneous nucleation processes

moderate resolution imaging spectroradiometer (MO-
DIS) land-cover classification is selected for the land-
use categories, and then ‘Evergreen Needleleaf
Forest’ is changed into ‘Snow and Ice’ since the
domain area is permanently covered with snow in
winter. The three-hourly data from the North Amer-
ican Regional Reanalysis (NARR), produced by the
National Center for Environment Prediction (NCEP),
are used as the initial and boundary meteorological
conditions for the WRF simulations.

The WRF model configuration is summarized in
detail in Table 1. There are three experiments to
attain the primary goal of the present study. The set
of selected physical parameterization is Rapid Radi-
ative Transfer Model for GCM application (RRTMG)
for radiation (SkaMAaRock ef al. 2008) and Yonsei-
University (YSU) for the planetary boundary layer
(Hong et al. 2006). The experiments of ‘MOD’ and
‘ORG’ indicate the numerical simulation with the
modified ice microphysics, introduced in Sect. 3, and
with the original Thompson scheme, respectively. In

Table 1

Numerical experiment design

ORG MOD NOE
Grid spacing (m) D1 D2 Dl D2 DI D2

2,500 500 2,500 500 2,500 500
IC/BC NARR NARR NARR
PBL YSU YSU YSU
Shortwave radiation RRTMG RRTMG RRTMG
Longwave radiation RRTMG RRTMG RRTMG
Microphysics Original Modified Modified
Water vapor emission HPP HPP -

order to evaluate the effects of water vapor emissions
as an anthropogenic source, the experiment of ‘NOE’
is performed without the emission. The 36-h simu-
lations in each experiment are executed from 06 UTC
of January 28 until 18 UTC of January 29, 2012, and
water vapor emission starts 12 h after simulation
began in the MOD run. The results in the following
sections come from the modeling output for the inner
domain.

5. Results

5.1. Modification of Ice Microphysics

Figure 5 shows the time series of N; and IWC at
the lowest level at the Eielson Air Force Base. The N;
in the MOD experiment is increased remarkably to
the values from the observation, even if there are
occasionally large differences (i.e., 03 UTC and 11
UTC 29 January), comparing to N; simulated in ORG
experiment. We address these low N; values to the
absence of the homogeneous freezing parameteriza-
tion in the ORG experiment; supercooled liquid water
or haze droplets freeze homogeneously in the MOD
experiment. In contrast to the number concentrations,
the simulated IWC does not coincide well with IWC
derived from our observations. The observed IWC
from 07 UTC to 13 UTC January 29, 2012, was
reduced to 0.0027 g m ™, though the observed N still
is higher than 1 cm™ in observation. The decreasing
span of IWC will be discussed in the Sect. 6.
Comparing the IWC between the ORG and NOE
experiments reveal three-times higher IWC values in
the NOE experiment despite very similar number
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concentrations Nj;, as shown in Fig. 5a. The change of
the size spectrum into the Gamma distribution makes
the characteristic diameter shifted into the larger size,
and therefore, higher IWC 1is obtained by the
population for the larger size in the NOE experiment.

Of the modifications in this present study, most
noticeable is the size distribution of ice crystals to be
changed into the Gamma distribution with MWMD
between 1 and 125 um. Figure 6b shows an example
of the size distributions of the ice crystals from the
experiment MOD and ORG. Note that the right axis
is only used for the ORG experiment. Total N;
values are 34.1, 35.8, and 0.199 cm ™ for the OBS,
the MOD, and ORG experiments, respectively. The
particle size distribution for a 1.0-um bandwidth in
the MOD experiment is given by the Gamma
distribution with the assumption of a shape factor,
u = 2.0, and a scale factor, 2 = 0.33 um_l, which
is corresponding to the characteristic diameter,
3.0 um. The peak value in the MOD experiment is
at 8.5 pm, which is almost consistent with the
diameter at the peak in the OBS experiment. The
number concentration of ice crystals, which have
diameters larger than 15 pm, is higher in the MOD
than that in the OBS experiment, implying that the
size distribution in the model is not perfectly
matched with the Gamma distribution. Meanwhile,
as expected, the Marshall-Palmer distribution is
given in the ORG experiment. Even if the total N;
is largely different between the OBS, the MOD, and
ORG experiment, the comparison of the relative
frequency in each distribution is meaningful. For the
ice crystals larger than 15 um, the relative frequen-
cies are 28.7, 36.0, and 42.1 % for the OBS, MOD,
and ORG experiments, respectively, indicating that
the prescribed distributions for MOD and ORG
experiments overestimate N; for the larger ice
crystals. Nevertheless, the Gamma distribution is
more suitable for the simulation of the ice fog
episode because most ice fog particles typically are
smaller than 15 pm.

5.2. Sensitivity Tests

In the introduction, BENsoN (1970) referred to an
ice fog event as air pollution at extremely low
temperatures. Emitted water vapor from power plants

Pure Appl. Geophys.

and from cars would be crucial source for the
formation of ice fog particles because the saturation
vapor pressure with respect to ice is as low as
12.85 Pa at —40 °C, which is equivalent to the
mixing ratio of 0.079 g kg'1 at 1,013 hPa. In Sect.
4.1, we mentioned that the emission rate of water
vapor is 30 ton h™! at the HPP. With the horizontal
resolution, 500 m, the emission flux density is
converted to 5.46 x 1073 g kg™ s, assuming an
air density of 1.22 kg m . From the above theoret-
ical calculation, the time scale is just 15 s for water
vapor saturation with respect to ice formation. The
present study identifies the effects of water vapor
emissions on the ice fog formation with WRF model
simulations with and without (NOE experiment)
anthropogenic water vapor sources.

Figure 10 clearly shows the differences in IWC
resulting from anthropogenic emissions of water
vapor. Ice fog at the lowest model level forms near
the HPP in the MOD experiment. In the model, water
vapor from the HPP instantly nucleates the ice fog
particles and the amount of water vapor is reduced
below the lowest contour level for a short time. The
calm winds create favorable conditions for the ice fog
to last nearby the HPP without notable dissipation by
advection (see wind barb in Fig. 10). In contrast to
the MOD experiment, there are just a few ice fog
patches in the NOE experiment, although the satura-
tion vapor pressure is still low. The sensitivity test
clearly reveals that ice fog is produced via homo-
geneous freezing of supercooled liquid water or haze
droplets from anthropogenic water vapor emissions.
Meanwhile, the fog depth at the Eielson Air Force
Base is shallower than 10 m in Fig. 10c due to the
existing strong inversion, which restricts the vertical
extent of the ice fog layer. In spite of the suppressing
effect of the inversion on the vertical development
of the fog layer, the strong inversion also plays a
role in making the favorable conditions to form ice
crystals by capturing the water vapor emitted from
the source point in the early stage of ice fog
formation. The relationship between ice crystal
production and weak turbulence in a strong inver-
sion is more complicated. Znou and FerrIEr (2008)
analyzed how the fog droplet formation is connected
to the gravitational settling and turbulent intensity in
the case of radiation fog. In their study, the
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Figure 10
Horizontal distribution at the lowest model level of IWC (shaded) and g... (contour) at 21 UTC 28 January 2012 from the MOD (a) and NOE
(b) experiments, and time-height plot of ice-water mixing ratio (shaded) and T (contour) at the Eielson Air Force Base from the MOD (¢) and
NOE (d) runs. Wind barbs are given in the plot (a) and (b)

favorable conditions for the formation of radiation
fog are strong cooling and weak turbulence. Water
vapor emitted from the source point is captured
by the strong inversion in our simulation and
ice crystals are likely to be formed in a given
condition.

As the inversion strength is weakened, T increases
with the reduction of the ice-water mixing ratio from
18 to 21 h after our simulation start-time. It is of
interest in comparing 7 within the ice fog layer in the
MOD run, which is slightly higher than that in NOE

run. This is due to the latent heat released by the
condensation and sublimation of water vapor, which
heats the air within the fog layer. Figure 11a also
accounts for the effect of the latent heat on the
variation of T: the formation of ice crystals from 06
UTC of January 29 leads to the increase of 7T in the
MOD run, whereas T in our ORG experiment is still
lower than in the MOD experiment. The microphys-
ical process indicates a clear feedback and is
responsible for the difference in the meteorological
condition of the boundary layer.
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6. Discussion

There are two significant differences of N; (03
UTC and 11 UTC of January 29) in Fig. Sa: the MOD
experiment underestimates N; at 03 UTC of January
29, whereas ice fog particles at 11 UTC of January 29
are predicted to be higher in concentration in the
MOD experiment than the OBS. In Fig. 11a, the
modeled temperature T at 2 m altitude at 03 UTC 29
January is overestimated by 9.4 °C in the MOD
experiment, when compared to the observed tem-
perature. This warm bias is also found in the ORG
run, implying that this is not the direct result from the
modification. The relatively higher T in the modeling
may be accounted for by the release of latent heat due

to the condensation and sublimation of water vapor,
and then the latent heat released could be captured in
the shallow layer just above ground by the strong
inversion. In the both experiments, MOD and ORG,
snow was produced by the water vapor diffusion but
the snow was not measured at that time, which means
that the microphysics should be modified to reduce
the snow generation rate due to the sublimation of
water vapor. The overestimated growth of ice crystals
to snow due to the water vapor diffusion largely
causes the latent heat to be released, and therefore,
the T at 2 m altitude becomes higher than the
observation. This modeled warmer condition does not
lead to the production of ice fog particles by homo-
geneous freezing because the activation condition of
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T for homogeneous freezing is not satisfied, i.e.,
T > —35 °C. Besides, warmer air results in high-
saturation vapor pressure with respect to ice, which
contributes to evaporating ice fog particles. This
accounts for a negative correlation between N; and g,
in Fig. 11b, which means that evaporating ice fog
particles leads to the increase of the water-vapor
mixing ratio in relatively warm conditions. There-
fore, N is lower in the MOD experiment than in the
observations (OBS). Since 03 UTC of January 29,
2012, the simulated N; increases rapidly with a sharp
reduction of 7, as can be seen in Fig. 11a. N; is kept
nearly constantly, satisfying the activation conditions
for homogeneous freezing (see Fig. 11a, T is still
lower than —35 °C). Contrary to the modeling, the
observed N; decreases gradually, with the largest
difference in N; from the MOD run at 11 UTC of
January 29, 2012. The observed mean g, in the
observation is 0.097 g kg~', much lower than
021 gkg™' in the modeling for the period of a
decreasing span of N;. This may be why the modeling
overestimates the N,. Furthermore, a reduction of
observed IWC results in the large deviation in IWC
between the MOD experiment and OBS during the
decreasing span of N; (Fig. 5b). Equation (6) indi-
cates that the IWC can be sensitive to the shape and
scale factors of the Gamma distribution. In the given
/, N; and p;, for example, IWC is only determined by
the shape factor, u. IWC increases in proportion to
the cube of the factor u (not shown). One can con-
clude that the extremely low IWC results from the
abrupt change of yu, considering that p largely fluc-
tuates from 4.0 to 0.1 in Fig. 8. The current numerical
model with bulk microphysics has the limitation to
change the scale and shape factor in each time step,
implying that the final goal is to employ the bin
microphysics for the successful simulation of ice fog.

There is still no clear evidence as to which
nucleation process contributes to the formation of the
ice fog particles in a given condition. Kumar (1966)
concluded through his measurements using electronic
microscope analysis that ice fog particles were gen-
erated by the heterogeneous nucleation. Recently,
however, several studies on the effects of ammonium
sulfate on the formation of ice crystals in cirrus
demonstrated that soluble aerosols at a relative
humidity (RH) higher than deliquescence may freeze

as ice crystals (e.g., CHEN et al. 2000; CHELF and
MarTiN 2001). Figure 12 shows the time series of ice
crystal production rates from deposition, and homo-
geneous freezing of supercooled liquid water and
haze droplets with T and RH from the MOD experi-
ment. Prior to the emission of water vapor, ice fog
particles are produced only by the deposition with the
rate of 0.15 L™! s7!. As soon as the water vapor is
emitted, homogeneous freezing rates increase rapidly
at 19 UTC January 28, 2012, consuming water vapor
via the diffusion growth of ice fog particles (see
Fig. 11b. N; is negatively correlated to g,). Haze
droplets still freeze due to the relatively low T, even
with the RH around 93 %, until 23 UTC January 28,
2012. In contrast, at the relatively higher T than —
35 °C, which is the threshold value for activating
homogeneous freezing, from 01 to 04 UTC January
29, 2012, homogeneous freezing does not occur;
though the RH exceeds 100 %, which is consistent
with the lowest N, in the MOD experiment at 03 UTC
of January 29, 2012. One can conclude that the
homogenous freezing of haze droplets as well as
supercooled liquid water is more sensitive to the
T than to RH. Therefore, ice fog particles result from
homogeneous freezing at the relatively low T.

7. Summary and Conclusions

We described a modification of the Thompson
microphysics scheme in WREF version 3.2 to model
the formation of ice particles during the observed
extreme ice fog cases from 06 UTC 28 January to 31
January 2012. The microphysical characteristics of
ice fog are different from those of typical ice clouds,
and therefore, the ice microphysics processes, which
are developed using the observed data for ice clouds,
needed to be modified to simulate the ice fog parti-
cles. Observational data was used to implement a
homogeneous freezing parameterization, and to
improve the particle size distribution and gravita-
tional settling. For the sophisticated ice microphysics,
the present study separates between supercooled
liquid water and haze droplets for the homogeneous
freezing. The homogeneous freezing rate of super-
cooled liquid water is employed as a function of air
temperature to obtain the number concentration of
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Figure 12
Time series of ice crystal production rate from deposition (black solid line), homogeneous freezing of supercooled liquid water (blue long-
dashed line) and haze droplets (red short-dashed line), T (green solid line with circle), and RH (gray solid line with triangle from the MOD
simulation

homogeneously freezing cloud droplets. Moreover,
there are various ways to parameterize the homoge-
neous freezing of haze droplets, but the present study
follows the nucleation rate of: haze droplets as a
function of water activity from the findings of Koop
et al. (2000). In agreement with observed ice crystal
numbers, the implemented homogeneous freezing
processes resulted in a significantly higher N than the
original Thompson scheme. Our observations showed
that the ice particles have a Gamma distribution with
the peak at diameters smaller than 10 um. Further-
more, gravitational settling was adjusted, enabling ice
particles to be suspended longer as ice fog precipi-
tates much slower than other types of ice clouds. The
slow terminal velocity played a role in increasing the
time scale for the ice particles to settle to the ground
surface. Sensitivity tests contributed to understanding
the effects of water vapor emissions as an anthropo-
genic source on the formation of ice fog. We can
conclude from the NOE experiments that ice fog can
be significantly increased by anthropogenic activities.

Note that the herein described microphysics
scheme is based upon measurements of ice fog in a
subarctic setting. The presented modified Thompson
microphysics scheme is not applicable for explicit
predictions of other phenomena, such as aircraft icing
for example. Our measurements revealed two orders
of magnitude higher ice crystal concentrations and

significantly slower terminal velocities than what was
found in typical natural ice clouds in the upper tro-
posphere and lower stratosphere. Therefore, our
modification would result in a significantly higher
occurrence of high ice clouds by using the presented
microphysics in other geographical areas. However,
the high ice crystal concentrations in ice fog are
comparable to in situ measurements of ice crystal
concentrations found in aircraft condensation trails
during the SUbsonic aircraft: Contrail and Cloud
Effects Special Study (SUCCESS) program (Heywms-
FIELD et al. 1998, 2010).

The major findings of the present study are pre-
liminary results from the modeling output, and may
be sensitive to the measurement of the microphysical
characteristics of ice fog, which means that the
microphysics used in this study cannot account for all
kinds of clouds, e.g., cirrus clouds. As an initial step
to forecasting the ice fog in the Arctic region, we
present a modification of microphysics using an
explicit calculation of homogeneous nucleation to
better understand the nature of ice fog.

Ice fog is deeply correlated to local air pollution,
such as that caused by combustion products from
cars. Future and more applicable numerical models
need to include anthropogenic emissions of water
vapor to resolve and better understand phenomena
such as ice fog. Additional chemical reactions
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affecting ice fog microphysics may be studied with
chemical models integrated in numerical meteoro-
logical models. As an example of such a model, WRF
with online Chemistry (WRF-CHEM, GRrEeLL et al.
2005) can provide further insights in the relationship
between ice fog and air pollution using the sophisti-
cated ice microphysics improvements from the
present study.
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