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Abstract
This study examines the effect of surface moisture flux on fog formation, as it
is an essential factor of water vapor distribution that supports fog formation.
A one-way nested large-eddy simulation embedded in the mesoscale commu-
nity Weather Research and Forecasting model is used to examine the effect of
surface moisture flux on a cold fog event over the Heber Valley on January 16,
2015. Results indicate that large-eddy simulation successfully reproduces the fog
over the mountainous valley, with turbulent mixing of the fog aloft in the valley
downward. However, the simulated fog is too dense and has higher humidity,
a larger mean surface moisture flux, more extensive liquid water content, and
longer duration relative to the observations. The sensitivity of fog simulations to
surfacemoisture flux is then examined. Results indicate that reduction of surface
moisture flux leads to fog with a shorter duration and a lower height extension
than the original simulation, as the decrease in surface moisture flux impairs
water vapor transport from the surface. Consequently, the lower humidity com-
bined with the cold air helps the model reproduce a realistic thin fog close to
the observations. The outcomes of this study illustrate that a minor change in
moisture flux can have a significant impact on the formation and evolution of
fog events over complex terrain, even during the winter when moisture flux is
typically very weak.
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1 INTRODUCTION

Accurate fog forecasts are desirable owing to the signif-
icant impacts of fog events on aviation, other types of
transportation, and human health. However, fog predic-
tion remains a challenge with current numerical weather
prediction models (Román-Cascón et al., 2019; Steeneveld

et al., 2015; Tudor, 2010; Van der Velde et al., 2010;
Zhou et al., 2012). Over a mountainous valley’s com-
plex terrain, fog prediction is even more challenging,
mainly because the mechanism of fog formation is com-
plicated in such areas (Gultepe et al., 2007, 2009, 2016;
Müller et al., 2010; Price, 2011; Pu, 2017; Pu et al., 2016;
Steeneveld et al., 2015). Previous studies have indicated
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that cold fog events forming in small-scale mountainous
valleys, such as the Heber Valley in northern Utah in the
United States, are particularly difficult to forecast because
of complicated interactions among complex terrain, snow
on the ground, thermally driven flow, a stable bound-
ary layer, and microphysical processes (e.g., Chachere
& Pu, 2019; Gultepe et al., 2016; Hang et al., 2016; Pu
et al., 2016; Zhang & Pu, 2019).

During the cold season, when temperatures are below
0◦C, ephemeral fog prevails near the surface due to
super-cold air. However, as indicated by the Mountain
Terrain Atmospheric Modeling and Observations
(MATERHORN) program conducted over the Heber Val-
ley from January to February 2015 (Fernando et al., 2015;
Gultepe et al., 2016), ephemeral fog is not easily rep-
resented by conventional meteorological observations
and is hard to forecast. During the MATERHORN pro-
gram, the Weather Research and Forecasting (WRF)
model failed to predict all ephemeral fog over the Heber
Valley (Pu et al., 2016) while successfully predicting
persistent fog over the Salt Lake Valley, about 70 km
west of the Heber Valley. Similar to other studies (e.g.,
Bergot & Guedalia, 1994; Duynkerke, 1999; Guedalia &
Bergot, 1994; Maronga & Bosveld, 2017; Steeneveld &
de Bode, 2018; Wei et al., 2013), Zhang and Pu (2019)
argue that inaccurate surface conditions, namely snow
cover, snow depth, and associated surface albedo, affect
the radiation process and thus contribute to the accurate
prediction of near-surface meteorological elements over
the Heber Valley during ephemeral fog events (Chachere
& Pu, 2019; Lin et al., 2017). However, fog remains absent
in numerical simulations even when colder air is induced
by increased surface albedo (Zhang & Pu, 2019).

In theory, fog formation needs sufficient moisture.
Therefore, surface moisture flux (QFX) should be another
essential factor for fog simulation. Rémy and Bergot (2009)
found that radiation fog is very sensitive to soil moisture
conditions. Moisture in the soil alters the heat conduc-
tion of soil (Guedalia & Bergot, 1994), which in turn alters
the QFX, therebymodifying the surface layer environment
(Kim & Yum, 2012). Over the ocean, reduced moisture
flux, namely latent heat flux, will lead to weak sea fog (Lee
et al., 2021). Over land, the movement of water vapor from
the soil to the atmospheric surface layer also contributes
to fog formation (Adhikari & Wang, 2020). Therefore, the
Heber Valley fog simulation should also account for the
surface flux effect. So far, no studies have been dedicated
to this area. It is not clear whether the water vapor fluxes
over the valley are responsible for the fog formation and
evolution. In this study, we examine the influence of sur-
face flux on ephemeral fog formation and evolution over
the Heber Valley. We attempt to clarify the impact of the
surface flux on the fog simulation over complex terrain.

Typically, large-eddy simulations (LES) produce more
accurate fog simulations with more accurate turbulence
mixing (Cui et al., 2019; Li & Pu, 2022), thus clarify-
ing the study of the effect of QFX on fog evolution over
complex terrain. In this study, an LES embedded in the
WRF model from Li and Pu (2022) is used to inves-
tigate the effect of QFX on a cold fog case over the
Heber Valley on January 16, 2015, during the MATER-
HORN field program. The contribution of the QFX to
the dense fog simulated with LES is discussed. The
model and data processing, as well as the simulation
results and validation with observations, are described
in Section 2. The fog formation mechanism is discussed
in Section 3. Section 4 discusses the sensitivity of fog
to QFX. A summary and concluding remarks are given
in Section 5.

2 WRF–LES SIMULATION AND
VALIDATION

2.1 Description of simulation
and analysis methods

As described in Li and Pu (2022), we use the advanced
research version of the WRF model (Skamarock
et al., 2019) developed by the US National Center for
Atmospheric Research in collaboration with the broader
community. Specifically, an LES set-up of theWRFmodel,
namely WRF–LES (Version 4.3), is used in a one-way
nested configuration to simulate the cold fog over the
Heber Valley on January 16, 2015, during the MATER-
HORN field program. The five-level nested domains have
grid meshes (horizontal resolution) of 201× 152 (25 km),
301× 301 (5 km), 601× 601 (1 km), 501× 501 (200m), and
201× 201 (40m). As shown in Figure 1, domains 1 and
2 cover the North American continent; domain 3 cov-
ers the state of Utah; domain 4 covers the Heber Valley
(approximately 111◦24′W, 40◦30′N) and part of Salt Lake
City; and domain 5 is located in the Heber Valley and
its vicinity.

In this study, the Yonsei University (YSU) plane-
tary boundary layer (PBL) scheme (Hong, 2010; Hong
et al., 2006) is used in the outer three domains, and the
three-dimensional turbulent kinetic energy (TKE) 1.5 clo-
sure scheme is used in the inner two domains, namely the
LES domains, with no PBL scheme. Based on the sensitiv-
ity studies by Chachere and Pu (2019), which focus on the
fog case in the same region (i.e., northern Utah), the fog
simulation is not sensitive to the choice of different PBL
scheme. Li and Pu (2022) commented that the omission of
turbulent eddies in the PBL parametrization results in the
failure to reproduce the fog in convection-permitting-scale
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LI and PU 3

F I GURE 1 (a) Configuration of one-way nested Weather Research and Forecasting–large-eddy simulation domains. (b) Enlarged
configuration detail of the inner three domains.

simulation, indicating the LES is necessary for accurate
fog simulations. Depending on the horizontal resolution,
the Kain and Fritsch (Kain, 2004) deep convection
scheme is activated only in domain 1. The Thompson
cloud physics scheme (Thompson et al., 2008) for
cloud, the Rapid Radiative Transfer Model (Mlawer
et al., 1997) for long-wave radiation, the Dudhia scheme
(Dudhia, 1989) for short-wave radiation, the Noah
land-surface scheme (Chen & Dudhia, 2001) for the land
surface, and the revised MM5 Monin–Obukhov scheme
for surface parameterizations are used in the simulation.

The National Centers for Environmental Prediction
North AmericanMesoscale Forecast System (NAM) analy-
sis at 12× 12 km2 resolution is used to derive the initial and
boundary conditions. Sixty-eight vertical levels, of which
33 levels are below 1,500m, are used in the first four
domains. Another well-defined 74 vertical levels, with the
lowest model level of ∼2m, are used in domain 5. From
the observations, fog occurred on January 16, 2015, from
0735 to 1435 UTC. The numerical simulation was initiated
at 0000 UTC on January 15, 2015, and allowed the model a
24-hr spin-up before fog formation.

The YSU PBL scheme directly derives turbulence con-
tributions in the first three domains. In the inner two
domains, a horizontal averaging method (5× 5 grid aver-
age for domain 4 and 25× 25 grid average for domain 5)
is introduced to the LES results to generate the mean
field. Variables such as u, v, w, t, and q are averaged using
this method, and the turbulence field with the turbu-
lence signal is then produced by subtracting the mean
field from the original LES field (e.g., Li & Pu, 2022).
For convenience, in the following discussion we refer to
the simulations from the first three domains (domains
1–3) as “WRF simulations” or “WRF” and the simula-
tions from the innermost two domains (domains 4 and 5)
as “LES”.

2.2 Simulation results and validation

Fog was observed from 0735 to 1435 UTC on January 16,
2015, over the Heber Valley. By 1200 UTC January 15,
northern Utah was under the apex of the ridge at 500 hPa,
and the dominant ridging feature was echoed at 250 hPa.
At 850 hPa, the surface high-pressure center was present
over northern Utah, indicating a favorable synoptic envi-
ronment for fog to form. Until 0000 UTC January 17, the
trough became the dominant feature over northern Utah
at 500 hPa, and the fog disappeared at both stations. These
synoptic features were well captured by the WRF simu-
lation. This section compares the simulation results from
the WRF and LES with the observations to validate the
fog simulations over the Heber Valley.

Li and Pu (2022) compared the liquid water con-
tent (LWC) at 50m height from the National Oceanic
andAtmospheric Administration’sHigh-ResolutionRapid
Refresh (HRRR) analysis products at 3 kmhorizontal reso-
lutionwithWRF domains 3 and 4 at 0900 UTC January 16,
2015 (see Li & Pu, 2022, fig. 1). The HRRR analysis is the
finest resolution of reliable operational regional analysis
available (e.g., Bytheway et al., 2017). The 50m LWC rep-
resents the fog, during which the water vapor becomes sat-
urated and turns into liquid water in the air. In the HRRR
analysis, patchy fog covers the Heber Valley from 0800
UTC to 1400 UTC, consistent with observations. TheWRF
simulation at the convection-permitting scale (1 km hor-
izontal resolution), namely domain 3, fails to reproduce
fog over the Heber Valley, similar to previous simulations
(Pu et al., 2016; Zhang & Pu, 2019). In contrast, LES in
domain 4 successfully reproduces the fog covering almost
the entire Heber Valley, with a maximum LWC close to
0.2 g⋅kg−1. However, this simulated fog is much denser
than in HRRR, which shows patchy fog covering part of
the valley, with a maximum LWC of only 0.02 g⋅kg−1.
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4 LI and PU

F IGURE 2 Evolution of
simulated liquid water content profiles
from (a) High-Resolution Rapid
Refresh (HRRR) analysis and
simulations of (b) domain 4 and (c)
domain 5 over the Heber Valley from
0000 to 1300 UTC January 16, 2015.
LES: large-eddy simulation. [Colour
figure can be viewed at
wileyonlinelibrary.com]

Figure 2 compares the evolution of LWC at the
MATERHORN field site (located at 111◦24′W, 40◦30′N) in
the Heber Valley from the HRRR (Figure 2a), domain 4
(Figure 2b), and domain 5 (Figure 2c) from 0000 to 1200
UTC January 16, 2015. Consistent with the observed fog
event, the fog fromHRRR forms at∼0730 UTC and occurs
around a height of 50–400m, with a maximum LWC of
over 0.08 g⋅kg−1. In the LES, both domains 4 and 5 produce
dense fog with a maximum LWC of over 0.2 g⋅kg−1. At the
same time, the fog aloft starts in the LES at about 0100UTC
January 16, 2015, nearly right after sunset over the Heber
Valley when the air is saturated above 100m height. Then
fog arrives near the ground around 0330 UTC and appears
on and off between 0330UTCand 0730UTCbefore becom-
ing a persistent and dense fog between 0730UTCuntil past
1200 UTC. In the WRF at 1 km grid spacing in domain 3
(figure not shown), the air is always unsaturated and fog
does not form over the Heber Valley.

Figure 3 shows the simulated profiles of wind speed
(Figure 3a), air temperature (Figure 3b), relative humid-
ity (RH; Figure 3c), and specific humidity q (Figure 3d)
against the sounding data at the Heber Valley field site
at 0715 UTC January 16, 2015, before fog formation.
Compared with the wind speed in domains 1 and 2, the

simulation from domains 3–5 shows a similar low wind,
mostly less than 0.5m⋅s−1, which agrees with the obser-
vations. Since the grid spacing is reduced in domains 3–5,
the better wind speed simulation is related to the smaller
grid spacing (higher resolution) in the model. For air tem-
perature, LES domains 4 and 5 significantly reduce the air
temperature to approximately−6◦C at a height of 0–250m,
close to the temperature of −9 to −6◦C in observations,
whereas the WRF simulation in domains 1–3 overesti-
mates the temperature, with nearly 0–3◦C below a height
of 500m. The different air temperatures in the WRF and
LES lead to different fog simulations. Thewarmer air in the
WRF here and in previous studies (Pu et al., 2016; Zhang
& Pu, 2019) inhibits fog formation, whereas the lower tem-
perature in the LES favors fog formation in the simulation.
Meanwhile, the RH in LES is around 100%, correspond-
ing to the simulated fog, and significantly higher than
the observation when no fog is formed at the field site.
AlthoughWRFdoes not produce the same fog as the obser-
vation at 0715 UTC, the RH from WRF is too low to form
fog when the fog occurs at the field site. The q in the LES
is also more extensive than that in the WRF simulation
and observation. The high-humidity air in the LES
combined with the lower temperature makes the air
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LI and PU 5

F I GURE 3 Vertical profiles of
(a) wind speed (WS), (b) air
temperature T, (c) relative humidity
(RH), and (d) specific humidity q from
simulations against the sounding data
over the Heber Valley at 0715 UTC 16
January 2015. YSU: Yonsei University;
LES: large-eddy simulation. [Colour
figure can be viewed at
wileyonlinelibrary.com]

F IGURE 4 Time series of (a)
2-m air temperature, (b) 2-m relative
humidity (RH), and (c) 10-m wind
speed from simulations against surface
Mesonet observations over the Heber
Valley from 1500 UTC January 15 to
1300 UTC January 16, 2015. The figure
is expanded from Li and Pu (2022) with
a longer period of data. [Colour figure
can be viewed at
wileyonlinelibrary.com]

saturated at the lower level and eventually forms a dense
fog. Similar to Figure 3, Li and Pu (2022, fig. 2) showed
variable profiles from the simulation and observation at
1115 UTC on January 16, 2015, during the fog event.

Similar to the results at 0715 UTC, domains 3–5 pro-
duce a better wind speed simulation than domains 1–2 do

at 1115 UTC. LES domains 4–5 again provide the best air
temperature simulation, with a temperature lower than
−6◦C below 250m altitude. The low temperature in LES
is close to the observation, whereas the WRF-simulated
air temperature is usually over 0◦C, which is significantly
higher than the observed value. The air in the LES is kept
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6 LI and PU

saturated with RH of 100%, which is close to the observed
RH of 90%.

Gultepe et al. (2015) stated that cold fog can form at
temperatures below −10◦C when RH exceeds 80%. The
RH of 100% indicates fog formation in the LES. The
WRF-simulated RH is often lower than 50%, and no fog
is formed. This implies that the WRF simulation produces
warmer and drier air that cannot reproduce the fog over
the Heber Valley. Similar to the q at 0715 UTC, the LES
also provides a higher value than the observation andWRF
simulation. In the LES, the air is not as cold as the obser-
vation, but with more moisture and eventual saturation of
much of the water vapor a dense fog is generated. There-
fore, the dense fog in the LES is related mainly to the more
extensive q rather than the cold air temperature over the
Heber Valley during the simulation.

Expanded from Li and Pu (2022), Figure 4 shows
the time series of 2-m air temperature (Figure 4a), 2-m
relative humidity (Figure 4b), and 10-m wind speed
(Figure 4c) from the simulations against surface Mesonet
observations at the field site in the Heber Valley from 1500
UTC January 15 to 1300 UTC January 16, 2015. Overall,
compared with the WRF simulations, the LES provides

weak surface winds, colder temperatures, and moister
surface air, all of which are closer to the observations.

3 MECHANISM OF FOG
FORMATION

3.1 Effects of advection

The process of fog formation is complicated over complex
terrain (Müller et al., 2010). The convergence of cold flow
(Cuxart & Jiménez, 2012; Müller et al., 2010) and gravity
waves (Hang et al., 2016) in valleys can influence fog for-
mation there. Li and Pu (2022) verified the critical effect of
the horizontal advection of LWC on fog formation over the
Heber Valley with WRF–LES simulations. Following Li
andPu (2022), Figure 5 shows the time series of awest–east
cross-section of LWC, horizontal flow vectors, and tem-
perature in the Heber Valley at 2300 UTC January 15, and
0000, 0100, 0800, 1000, and 1200 UTC January 16, 2015.
After sunset at around 2300 UTC January 15, mountain
surface cooling creates saturated supercooled water vapor
(fog) near the east side of themountains at a terrain height

F IGURE 5 West–east cross-section (through the mountainous valley, namely, the black line in Figure 2g–i of Li and Pu 2022) of the
simulated liquid water content (LWC; shaded color contours), horizontal flow (vectors), and temperature (contour interval 2◦C) before fog
formation at (a) 2300 UTC January 15, (b) 0000 UTC January 16, and (c) 0100 UTC January 16, 2015, and during and after fog formation at (d)
0800, (e) 1000, and (f) 1200 UTC January 16, 2015. Mountainous terrain is shaded black. The field site is marked by the black dashed line.
The figure is expanded from Li and Pu (2022) with more details. [Colour figure can be viewed at wileyonlinelibrary.com]
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LI and PU 7

of ∼2,000m (Figure 5a), which is then transported aloft
over the valley by horizontal winds (Figure 5a–c). The
easterly winds induce the spread of saturated water vapor,
reflecting the significant impact of horizontal advection on
fog formation over the Heber Valley (Li & Pu, 2022). Once
the fog moves aloft over the valley, the fog is gradually
transported down to the ground (Figure 5d–f).

Meanwhile, after 0100 UTC January 16, corresponding
to radiative cooling at the fog top during the evening and
night, the near-surface air temperature decreases. At 0800
UTC January 16, the saturated ultra-cold (below −5◦C)
water vapor spreads over the valley floor, indicating fog for-
mation in the Heber Valley (Figure 5d). At 1000 and 1200
UTC January 16, the near-surface air temperature contin-
ues to decrease, dropping to −6◦C, enhancing water vapor
saturation and leading to dense fog over the Heber Valley
(Figure 5e,f).

3.2 Turbulent mixing

Considering the importance of PBL processes during fog
events (e.g., Roach et al., 1976; Román-Cascón et al., 2012;
Welch & Wielicki, 1986; Ye et al., 2015; Westerhuis
et al., 2020), more accurate vertical mixing effects in the
LES generally lead to better simulations of meteorolog-
ical elements (Cui et al., 2019; Li & Pu, 2022; Mazoyer
et al., 2017). Specifically, over the Heber Valley, strong
wind shear can generate a strong turbulent mixing effect.
Figure 6a shows the evolution of TKE with height in
domain 5 at the field site from 0000 to 1300 UTC Jan-
uary 16, 2015. Compared with the near-zero value of

TKE in the WRF simulation, the strong turbulence is
reproduced in the LES, with a TKE maximum of over
5m2⋅s−2. Figure 6b shows the variation of the LWC ten-
dency from the contribution of advection, turbulent mix-
ing, and microphysics from 0000 to 0800 UTC January 15.
The stronger eddies in the LES help the vertical mixing
of the LWC and dominate LWC variation in the Heber
Valley. Zhou and Ferrier (2008) suggested that there is a
balance of turbulence intensity for fog formation, either
to maintain or destroy. In this study, the dense fog was
accompanied with strong turbulence mixing, indicating
the strong turbulence did not exceed the intensity thresh-
old. Once the horizontal advection spreads the saturated
water vapor over the whole valley aloft, the moderate
turbulent eddies (against to the threshold) mix the LWC
vertically and finally form fog at the valley floor. In the
WRF simulation, the air is stable and only surface cooling
through long-wave radiation and surface flux can reduce
the air temperature. The weak vertical mixing in the WRF
causes warmer air over the Heber Valley to suppress fog
formation.

3.3 Mechanism of dense fog formation

Because of the strong turbulence, the LES generates colder
air over the Heber Valley. However, the cold air explains
only the fog formation, not the larger LWC (relative to
observations) in the LES, especially with the air not as
cold as the observations (e.g., Figure 3b). In reality, the
larger moisture in LES enhances fog formation and causes
dense fog. Therefore, it is necessary to investigate the

F IGURE 6 (a) Evolution of turbulent kinetic energy (TKE) profiles from simulation of domain 5 over the Heber Valley from 0200 to
1300 UTC January 16, 2015. LES: large-eddy simulation. (b) Variation of the liquid water content (LWC) tendency from the contribution of
advection, turbulent mixing, and microphysics over the Heber Valley before fog formation from 0200 to 0800 UTC January 16, 2015 based on
domain 5. [Colour figure can be viewed at wileyonlinelibrary.com]
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8 LI and PU

mechanism leading to the higher humidity in the air. Since
atmospheric conditions are usually sensible to surface con-
ditions (Kim & Yum, 2012; Lee et al., 2021), the higher
humidity in the LESmay be associatedwith strongermois-
ture support from the surface. This section analyzes sur-
face fluxes in theWRF and LES to examine their influence
on air humidity.

3.3.1 Radiation flux

Figure 7 shows the upward long-wave radiation
(Figure 7a), downward long-wave radiation (Figure 7b),
sensible heat flux (Figure 7c), and latent heat flux
(Figure 7d) from the WRF and LES against surface
Mesonet observations at the Heber Valley field site from
1500 UTC January 15 to 1300 UTC January 16, 2015.
During the day, LES are closer to observations for both
upward and downward long-wave radiation. At night, the
dense fog leads to large downward long-wave radiation
in the LES, increasing surface temperature and upward
long-wave radiation on the surface. Although the LES
generates a latent heat flux closer to the observation, the
LES flux is nearly twice as large as the observations dur-
ing the day (20 vs. 10W⋅m−2). Lee et al. (2021) stated that
reduced moisture flux results in weak fog, implying that
high moisture flux is associated with dense fog. There-
fore, the higher moisture in the air during dense fog is
potentially related to the larger latent heat flux, namely
the moisture flux, in the LES.

3.3.2 Surface moisture flux

QFX can affect air moisture during a fog period (Kim
& Yum, 2012; Lee et al., 2021). In this section, the QFX
simulated by WRF is compared with that simulated by

LES to explore the effect of QFX during dense fog. Since
domains 4 and 5 provide similar QFX in the Heber Valley,
and domain 4 covers a larger area that contains environ-
mental QFX (QFX at the mountaintops and out of the
valley) that is important for dense fog at the field site, the
following comparison will use results from domain 4 for
the LES. Figure 8 shows the mean QFX from domain 3
(Figure 8a), domain 4 (Figure 8b), and the mean QFX dif-
ference between domains 3 and 4 and themean 10-mwind
in domain 4 (Figure 8c) during the simulation period from
0000 UTC January 15 to 1300 UTC January 16, 2015. The
figures indicate that domain 3 generates a mean QFX of
less than 18 g⋅m−2⋅hr−1, while domain 4 produces a larger
QFX, especially at the mountaintops and over the val-
ley. The QFX increments in LES can be as high as over
10 g⋅m−2⋅hr−1 at the mountaintops and 4 g⋅m−2⋅hr−1 over
the Heber Valley. The larger mean QFX implies larger
water vapor support from the land surface in the LES.
Combined with the convergent flow over the valley shown
in Figure 8c, the water vapor accumulates and forms a
dense fog.

In the land surface and surface parameterization
scheme, QFX is computed from the surface exchange coef-
ficient of moisture Cq and the difference in q between the
land surface and the lowest model level:

QFX = 𝜅𝜌Cq(qs − qa)U, (1)

where ρ is the density of water, U is wind speed at 10-m
height, 𝜅 is the von Kármán constant, equal to 0.4, qs is
the specific humidity at the land surface calculated from
the land surface temperature ts, and qa is the specific
humidity at the lowest model level computed from the air
temperature at the lowest model level ta.

Despite the similar wind speed from the WRF and
the LES, the key factors Cq, qs, and qa in Equation (1)

F IGURE 7 Time series of
surface (a) upward long-wave radiation
(LR), (b) downward long-wave
radiation, (c) sensible heat flux (SHF),
and (d) latent heat flux (LHF) from
simulations against surface Mesonet
observations over the Heber Valley
from 1500 UTC January 15 to 1300 UTC
January 16, 2015. [Colour figure can be
viewed at wileyonlinelibrary.com]
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LI and PU 9

F I GURE 8 Mean surface moisture flux (QFX, shaded
contour) from simulations of (a) domain 3 and (b) domain 4 from
0000 UTC January 15 to 1300 UTC January 16, 2015. (c) Mean
difference in QFX between simulations of domains 3 and 4 from
0000 UTC January 15 to 1300 UTC January 16, 2015. Terrain height
is added as line contours. Mean 10-m wind from simulation of
domain 4 is added in (c). [Colour figure can be viewed at
wileyonlinelibrary.com]

for QFX are distinguished in Figure 9. Figure 9 shows
the time series of QFX (Figure 9a), Cq (Figure 9b), and
q at the land surface (qs) and the lowest model level
(qa; Figure 9c) at the field site in domains 3 and 4 from0000
UTC January 15 to 1300 UTC January 16, 2015. After 0400
UTC January 15, the QFX in domain 4 gradually becomes
larger than that in domain 3. Only at noon is QFX weaker
than in domain 3. Similarly, Cq in domain 4 is also larger
than that in domain 3 after 0400 UTC January 15, except
at noon. The qs in domain 3 (around 2 g⋅kg−1) is greater
than qa (around 3 g⋅kg−1) during the daytime (before 1500
UTC January 15 and after 0000 UTC January 16). This
negative q difference between the soil and atmosphere
(qs − qa) in domain 3 results in a negative QFX, although
Cq is constantly changing. However, the qs in domain 4 is
around 4 g⋅kg−1, which is significantly larger than the qs
in domain 3 after 0400 UTC January 15, except at noon.
The qa in domain 4 is only slightly larger than that in
domain 3. Therefore, the large qs (except at noon) in
domain 4 leads to a large positive difference between qs
and qa, which combines with the large Cq to generate
a large QFX in domain 4. Since qs − qa is mostly posi-
tive in domain 4, QFX in domain 4 is larger than that
in domain 3.

To further investigate the QFX impact and the rea-
son why qs − qa is often positive in the LES, Figure 10
shows the time series of accumulated q (ACQ) from QFX
(Figure 10a), land surface temperature ts and lowest
model level air temperature ta (Figure 10b), and down-
ward long-wave radiation (Figure 10c) in domains 3 and
4 at the field site from 0000 UTC January 15 to 1300 UTC
January 16, 2015. Owing to the larger QFX in the LES,
the ACQ from domain 4 (over 280 g⋅m−2) is significantly
larger than that from domain 3 (∼110 g⋅m− 2). The larger
ACQ in the LES indicates stronger evaporation of water
vapor from the soil to the air and explains the larger
qa in domain 4, which is related to dense fog. Like the
humidity, ts in domain 3 is usually less than ta at night.
The ts in domain 4 is greater than ta after 0400 UTC Jan-
uary 15, similar to the evolution of qs. The increased ts
in domain 4 is associated with the extremely increased
downward long-wave radiation. After fog formation, the
downward radiation increases (shown in Figure 7b).
In the parametrization scheme, qs is usually computed
according to ts, since land surface RH is equal to 100%
in the model. Intense downward long-wave radiation
(around 300W⋅m−2) weakens the surface cooling at night
and helps maintain the surface temperature ts, and conse-
quently increases qs in the LES. Finally, a larger qs leads
to a larger QFX in domain 4. In domain 3, the downward
long-wave radiation is usually weak, around 210W⋅m−2.
The surface cooling effect dominates ts, making ts and qs
lower and resulting in weak QFX. The difference in QFX
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10 LI and PU

F IGURE 9 Time series of (a)
surface moisture flux (QFX), (b) surface
exchange coefficient of moisture (Cq),
and (c) specific humidity (q) at the land
surface and the lowest model level from
simulations of domains 3 and 4 over the
Heber Valley from 0000 UTC
January 15 to 1300 UTC January 16,
2015. [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 10 Time series of (a)
accumulated specific humidity (q) from
surface moisture flux (QFX), (b)
temperature at the land surface and the
lowest model level, and (c) downward
long-wave radiation (LR) from
simulations of domains 3 and 4 over the
Heber Valley from 0000 UTC January 15
to 1300 UTC January 16, 2015. [Colour
figure can be viewed at
wileyonlinelibrary.com]

between domains 3 and 4 leads to different water vapor
contents in these two domains. The larger water vapor
content in domain 4 contributes to the simulated dense
fog over the Heber Valley during the observation
project.

4 SENSITIVITY OF FOG
SIMULATIONS TO QFX

The aforementioned analysis reveals a potential link
between larger QFX and large specific humidity during
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dense fog in the LES over the Heber Valley. To further clar-
ify the relationship betweenQFX and dense fog in the LES,
this section describes a series of sensitivity experiments. In
the experiments, positive QFX during the LES is respec-
tively reduced 0.5 (0.5QFX), 0.3 (0.3QFX), and 0.1 times
(0.1QFX).

Figure 11 compares the time series of QFX (Figure 11a)
and ACQ from QFX (Figure 11b) in domains 3 and 4 at
the Heber Valley field site from 0000 UTC January 15 to
1300 UTC January 16, 2015. The simulated QFX and ACQ
gradually decrease with decreasing QFX by the multiply-
ing coefficients (0.5–0.1). At 1300 UTC January 16, ACQ
from 0.5QFX is very close to that in domain 3, with a value
of about 120 g⋅m−2.

Figure 12 compares the evolution of LWC at the
Heber Valley field site from 0.5QFX (Figure 12a), 0.3QFX
(Figure 12b), and 0.1QFX (Figure 12c) from 0000 to 1200
UTC January 16, 2015. Compared with the original LES
results in Figure 2b,c, all the sensitivity experiments show
weakening fog. The height of the fog gradually moves
downward from the original LES of 300m to 0.5QFX of
200m, 0.3QFX of 100m, and 0.1QFX of 50m. Fog forma-
tion is also delayed from the original LES at 0100 UTC
to 0.5QFX at 0500 UTC, to 0.3QFX at 0700 UTC, and
to 0.1QFX at 1000 UTC January 16, 2015. Similar to Lee
et al. (2021), who studied the QFX impact on ocean fog,
the weakened fog with reduced QFX indicates the signifi-
cant impact of QFX on the fog simulation over the Heber

Valley. The colder air, caused by the intense turbulence
and convergence of cold flow, combined with the larger
specific humidity, which is induced by the QFX from
the surface, forms a dense fog in the LES. Once QFX is
reduced, the dense fog can be weakened and is closer to
the observation.

Figure 13 shows the profiles of wind speed
(Figure 13a), air temperature (Figure 13b), RH
(Figure 13c), and q (Figure 13d) from the sensitivity stud-
ies against sounding data at the Heber Valley field site
at 1115 UTC January 16, 2015, during the fog period.
The figures indicate that the wind speed from all sensi-
tivity experiments is low and close to the observations.
From the temperature profile, the simulated inversion
layer gradually moves downward with reduced QFX. The
low-level air temperature gradually decreases from −6◦C
to −9◦C with reduced QFX. Meanwhile, in the sensitiv-
ity experiments, the height of the inversion layer is also
reduced. The q at the low level decreases from 3 g⋅kg−1
to 2.3 g⋅kg−1 with reduced QFX. The decrease in q in
the sensitivity experiments implies a critical influence
of QFX on the evolution of q in the LES. A large QFX
results in larger q in the LES, which enhances the fog,
until dense fog finally forms over the Heber Valley. As
QFX decreases, surface cooling at the mountaintops is
weakened with the convergence of cold flows over the
Heber Valley. Local surface cooling and turbulence domi-
nate the air temperature over the Heber Valley. Therefore,

F IGURE 11 Time series of (a)
surface moisture flux (QFX) and (b)
accumulated specific humidity (q) from
QFX from simulations of domains 3
and 4, and sensitivity studies over the
Heber Valley from 0000 UTC
January 15 to 1300 UTC January 16,
2015. [Colour figure can be viewed at
wileyonlinelibrary.com]
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12 LI and PU

F IGURE 12 Evolution of liquid
water content profiles from sensitivity
experiments with (a) 0.5QFX, (b)
0.3QFX, and (c) 0.1QFX over the Heber
Valley from 0000 to 1300 UTC 16
January 2015. LES: large-eddy
simulation; QFX: surface moisture flux.
[Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 13 Vertical
profiles of (a) wind speed (WS),
(b) air temperature (t), (c)
relative humidity (RH), and (d)
specific humidity (q) from
simulations and sensitivity
experiments against the
sounding data over the Heber
Valley at 1115 UTC January 16,
2015. QFX: surface moisture
flux. [Colour figure can be
viewed at
wileyonlinelibrary.com]

the inversion layer becomes thinner in the sensitivity
experiments.

Nevertheless, the modification of QFX may not be
realistic in actual cases. Since there are multiple physical

and dynamic processes associated with fog, the sensitiv-
ity experiments do not reproduce a perfect vertical profile
of the meteorological elements against the observations.
The initial condition from NAM analysis data may also
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have uncertainties that could lead to the failure on LWC
simulations for the fog event over the Heber Valley.
Meanwhile, the HRRR data, rather than the observation of
LWC (which is not observed during the field experiment),
is used for validation, making the accurate fog simulation
and validation more challenging. Nevertheless, the sensi-
tivity results here imply the critical effect of QFX during
the fog simulation. A small change in moisture flux can
have a significant impact on the formation and evolution of
fog events over complex terrain. During the LES, the pre-
cise turbulentmixing simulationmakes the fog simulation
more sensible to surface flux.

5 SUMMARY AND CONCLUSION

In this study, a one-way nestedWRF–LESmodel is used to
explore the impact of QFX on a cold fog event over com-
plex terrain in the Heber Valley in northern Utah in the
United States during the MATERHORN fog program on
January 16, 2015. During the fog event, the near-surface
air temperature dropped to −12◦C at night and was con-
ducive to cold fog formation. Previous WRF simulations
(Pu et al., 2016; Zhang & Pu, 2019) and WRF simulations
at the cloud-permitting scale (∼1 km) in this study do not
capture the near-surface temperature and humidity and
thus fail to reproduce the fog,whereas the LES successfully
reproduces the fog over the valley with strong turbulence.
The strong turbulent eddies vertically mix the fog aloft in
the valley, which is transported by horizontal advection,
forming fog on the valley floor. However, the air humidity
in the LES is too high and forms a too-dense fog withmore
extensive LWC and a longer duration.

Compared with theWRF simulation, the LES provides
larger QFX (namely, latent heat flux) over the mountain-
tops and the small valley. During the simulation period,
the larger QFX doubles the moisture support to the atmo-
sphere over the Heber Valley. The connection of moisture
flux, air humidity, and dense fog indicates the relation-
ship between moisture flux and the dense fog in the LES
over theHeber Valley. The sensitivity experiments indicate
that the overestimated water vapor flux is responsible for
the dense fog in the LES. The reduction in moisture flux
weakens water vapor transport from the surface. Lower
humidity combined with cold air forms a thin fog closer
to the field observations. Therefore, accurate specification
of QFX over complex terrain is critical for numerical sim-
ulations of fog formation and evolution. This is especially
important for LES, which provide more accurate turbu-
lence simulations and make fog formation more sensitive
to surface conditions (Smith et al., 2021). Even though
moisture flux is usually very weak during the winter, a
slight change in moisture flux will result in significantly

different fog over complex terrain. This study highlights
the importance of surface flux observations for better
understanding and prediction of cold fog over complex ter-
rain. A recent field program, Cold Fog Amongst Complex
Terrain (Pu et al., 2023), made comprehensive observa-
tions in the same study areas. Future work will emphasize
extended studies with Cold Fog Amongst Complex Terrain
cases and observations.
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