
1.  Introduction
Fog is a meteorological hazard that can significantly reduce visibility near the surface to less than 1 km (Ameri-
can Meteorological Society, 2012). Low visibility caused by condensed water droplets and/or ice crystals severely 
impacts traffic and human life, causing substantial economic losses comparable to storms and tornados (Gultepe 
et al., 2007). However, fog is associated with multiple physical and dynamic processes, such as microphysics 
(MP), the land surface, the planet boundary layer (PBL), radiation, and their interaction, making accurate fog 
prediction a challenge (Bergot & Guedalia, 1994; Guedalia & Bergot, 1994; Lin et al., 2017; Román-Cascón 
et al., 2016, 2019; Steeneveld et al., 2015; Tudor, 2010; Van der Velde et al., 2010; Zhou et al., 2012), especially 
over complex terrain (Gultepe et al., 2007, 2009, 2015, 2016; Müller et al., 2010; Price, 2011; Pu, 2017; Pu 
et al., 2016).

During the winter, the ultra-cold land surface makes the surface air especially cold and results in the formation of 
ephemeral fog near the valley surface. Numerical weather prediction models have difficulty capturing this type of 
fog in simulations. For instance, during a recent field project, the Mountain Terrain Atmospheric Modeling and 
Observations (MATERHORN) Program in January–February 2015 (Fernando et al., 2015; Gultepe et al., 2016), 
fog in the region was well simulated by the mesoscale community Weather Research and Forecasting (WRF) 
model (Skamarock et al., 2019), but poorly reproduced over the Heber Valley in northern Utah in the United 
States due to the inadequate representation of near-surface atmospheric conditions and boundary layer structure 
(Pu et al., 2016). In a follow-on study, Zhang and Pu (2019) found that increased snow cover and snow depth 
in the model could increase the albedo and slightly reduce the near-surface temperature, which led to favorable 
conditions for fog formation. However, fog was still absent in the simulation, indicating that the cloud-permit-
ting-scale mesoscale model (∼1 km horizontal resolution) is inadequate for fog prediction. With the parame-
terized PBL scheme, smaller-scale processes (such as turbulence mixing) are missed in mesoscale simulations.

Previous studies have found that fog simulation is not significantly different in simulations with different PBL 
schemes (Chachere & Pu, 2018; Chaouch et al., 2017; Chen et al., 2020; Pithani et al., 2019; Román-Cascón 
et al., 2012). The PBL scheme, whether non-local or local, cannot simulate turbulent eddies directly but only 
parameterizes their averaged subscale contributions. Therefore, the omission of fog over the Heber Valley in the 
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numerical simulation could be related to the inadequacy of the WRF simulation with the PBL scheme in simu-
lating turbulent eddies. From the MATERHORN-fog observations, Hang et al. (2016) found a prevailing gravity 
wave (GW) in the Heber Valley. Uematsu et al. (2005) indicated that a GW can associate with turbulence to form 
fog. Therefore, it is necessary to investigate the role of turbulent mixing (TB) in fog formation.

The recent development of large eddy simulation (LES) offers a great opportunity to study the impact of turbu-
lence on fog formation. Fog simulations performed by LES (Bergot, 2016; Maronga & Bosveld, 2017; Mazoyer 
et al., 2017; Porson et al., 2011) indicate that LES usually generates a better PBL structure and makes better fog 
predictions (Cui et al., 2019; Mazoyer et al., 2017), compared to simulations with PBL schemes. The association 
of turbulence with the fog layer (Bergot, 2013; Nakanishi, 2000) has also been identified. However, the effect 
of turbulence in fog formation, especially over complex terrain, has not yet been emphasized. In this study, we 
use the WRF embedded LES (WRF-LES) to simulate a fog event over the Heber Valley on 16 January 2015 and 
compare it with the WRF simulation. In particular, we examine for the first time the turbulence mixing effect on 
the formation of cold fog in the Heber Valley, Utah, a valley in complex mountainous terrain.

2.  WRF-LES Simulation and Analysis Method
The one-way nested WRF-LES model (version 4.3) is used to simulate the cold fog over the Heber Valley on 16 
January 2015. In the simulation, five-level nested domains were configured with grid meshes (horizontal reso-
lution) of 201 × 152 (25 km), 301 × 301 (5 km), 601 × 601 (1 km), 501 × 501 (200 m), and 201 × 201 (40 m), 
respectively. The outer three domains were set up with the Yonsei University (YSU) PBL parameterization 
scheme (Hong, 2010; Hong et al., 2006), and no PBL scheme was used in the inner two domains, but the three-di-
mensional turbulence kinetic energy 1.5 closure scheme was used to derive sub-scale turbulence. The Kain and 
Fritsch (Kain, 2004) deep convection scheme was activated only in domain one. Other physical schemes were 
used including the Thompson cloud microphysical scheme (Thompson et al., 2004), the Rapid Radiative Trans-
fer Model (RRTM, Mlawer et al., 1997) for long-wave radiation, the Dudhia scheme (Dudhia, 1989) for short-
wave radiation, the Noah land-surface scheme (Chen and Dudhia, 2001), and the revised MM5 Monin-Obukhov 
scheme for surface parameterizations.

The National Centers for Environmental Prediction (NCEP) North American Mesoscale Forecast System (NAM) 
12 × 12 km analysis product is used to derive the initial and boundary conditions. Sixty-eight vertical levels, 
in which 33 levels are below 1,500 m, are used in the first four domains, and 74 vertical levels, with the lowest 
model level at approximately 2 m, are used in domain 5. Based on observations, fog occurred from 0735 to 1435 
UTC on 16 January 2015. The initial time of the model is set at 00 UTC 15 January 2015 for a 24 hr spin-up.

For the first three domains, the turbulence contribution was generated from the YSU scheme. For the LES 
domains, a horizontal averaging method (5 × 5 grid average for domain 4 and 25 × 25 grid average for domain 
5) was introduced into the simulation results to generate mean fields (Li et al., 2021). The variables—u, v, w, t, 
q, etc.—were averaged with this method, and the turbulence field with turbulent eddy signals was then produced 
by subtracting the mean field from the original field.

3.  Simulation Result
Observations indicate that fog occurred over the Heber Valley (111°24'W, 40°30'N) from 0735 to 1435 UTC 16 
January 2015. First, the simulation result from WRF with YSU PBL scheme (WRF, hereafter) and LES simula-
tion using WRF-LES (LES, hereafter) are compared to the observations. Results show that WRF missed the fog 
in the simulation, while LES successfully simulated fog formation at 0730 UTC 16 January 2015 and its evolution 
afterward. To validate the simulation, the simulated liquid water content (LWC) from domains 1–4 is compared 
to the NOAA High-Resolution Rapid Refresh (HRRR, at 3 km horizontal resolution) analysis product at 0900 
UTC 16 January 2015 at a height of 50 m, the level at which HRRR resolved the distribution of fog (Figure 1). 
The Heber Valley is approximately in the center of Figures 1a–1e. The HRRR analysis is the finest-resolution 
operational regional analysis available and provides reliable analysis (e.g., Bytheway et al., 2017). At 0900 UTC, 
HRRR analysis indicates that fog is spread around the Heber Valley with an LWC of about 0.06 g kg −1 due to the 
saturation (Figure 1a). With low values (nearly 0) of LWC, it is clear that no fog is reproduced in domains 1–3 
over the Heber Valley (Figures 1b–1d). This result is consistent with the WRF simulation in Pu et al. (2016) and 
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Zhang and Pu (2019). Large eddy simulation, namely, the simulations in domains 4 and 5, generates fog in the 
Heber Valley with a similar LWC (Figure 1e) compared to HRRR (Figure 1a).

To further evaluate the difference between the WRF and LES simulations, the simulated profiles of wind, air 
temperature, and relativity humidity|relative humidity (RH) are compared to the sounding data over the Heber 
Valley (Figure 2) at 1115 UTC 16 January 2015. Specifically, during the fog events, the wind is mostly less than 
2 m s −1. The simulation from domains 3–5, especially the LES of domains 4–5, generates a low wind similar 
to the observations, whereas simulations from domains 1–2 reproduce a wind profile slightly different from the 
observations (Figure 2a). The air temperature sounding indicates an inversion layer with very cold air below 
350 m, which drops to −12°C below 100 m. The near-surface air temperature profiles from domains 1–3 do not 
show this inversion layer, and the temperature goes down to only around 0°C, far above the observed temperature 
of −10 to −11°C. However, the LES in domains 4 and 5 generates near-surface air temperature profiles that are 
much closer to the observations, with the cold air of −6°C (Figure 2b) near the surface. With the cold air temper-
ature and associated high RH (nearly 100%), which are much closer to observations than those generated by 
WRF, LES has successfully simulated the fog event. According to Gultepe et al. (2015), cold fog can form under 
temperatures below −10°C when RH exceeds 80%. In the study case, the observed near-surface temperature 
below −10°C and RH reached nearly 90% met the cold fog criterion. Meanwhile, although slightly different from 
the observations, with near-surface temperature about −6°C and 100% RH, the LES simulation also indicated 
the fog formation.

In contrast, the warm temperature and low RH from the WRF (domain 1–3) prevent fog formation over the Heber 
Valley. In Pu et al. (2016) and Zhang and Pu (2019), the WRF simulation also generates similar warm air over 
the Heber Valley. Although Zhang and Pu (2019) increased the snow depth and albedo to slightly decrease the 
near-surface air temperature, the fog was still absent over the Heber Valley. The LES in this study further reduces 
the near-surface air temperature and finally leads to fog formation.

Figure 3 shows the 2 m wind, air temperature, and RH and surface wind time series from WRF and LES over the 
Heber Valley against surface Mesonet observations. The surface Mesonet observation indicates cold, high-RH air 

Figure 1.  Liquid water content (LWC, shaded contour) at 50 m height from (a) High-Resolution Rapid Refresh (HRRR) analysis and simulations of (b) domain 1, (c) 
domain 2, (d) domain 3, and (e) domain 4 at 0900 UTC on 16 January 2015. The terrain height is added as line contour (unit: km). The blue box in (e) stands for the 
region of domain 5, which has the similar LWC values as in domain 4 (not shown). The black line in (e) represents the cross-section in Figures 4a–4c.
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Figure 2.  Vertical profiles of (a) wind speed, (b) air temperature, and (c) relative humidity (RH) from simulations against the 
sounding data over the Heber Valley at 1115 UTC on 16 January 2015.

Figure 3.  Time series of 2 m (a) air temperature, (b) relative humidity (RH), and (c) 10 m wind speed from simulations 
against the observations over the Heber Valley on 16 January 2015.
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over the Heber Valley with low wind. Compared to the WRF in domain 1–3, the LES in domain 4 and 5 generates 
air temperature and RH closer to the observations. The cold, moist air favors fog formation; thus, LES reproduced 
fog in the simulations.

4.  Turbulence Effects
To clarify the mechanism of fog formation in LES, Figures 4a–4d shows a cross-section (along the black line in 
Figure 1e) of LWC, horizontal flow vectors, and temperature in the Heber Valley at 2300 UTC 15 January and 
0000, 0100, and 0800 UTC 16 January 2015 from LES. From Figures 4a–4d, it is apparent that the fog forms on 
the east side of the mountain and is transported aloft to the valley area by horizontal winds, and then it is grad-
ually transported down to the ground. After sunset at around 2,300 UTC 15 January, mountain surface cooling 
creates saturated water vapor near the east side of the mountain at a terrain height of ∼2,000 m (Figure 4a). This 
saturated water vapor (supercooled water) gradually spreads in the valley aloft following the easterly winds at the 
same level. Below that height, near-surface winds blow upslope (westerly) and prevent the saturated water vapor 

Figure 4.  (a–d) East-west cross-section (through the black line in Figure 1e) of the simulated liquid water content (LWC) (shaded color contours), horizontal flow 
(vectors), and temperature (contour interval 1°C) before the fog formation at (a) 2300 UTC on 15 January, (b) 0000 UTC on 16 January, and (c) 0100 UTC on 16 
January 2015, and during the fog formation at (d) 0800 UTC on 16 January 2015. Mountainous terrain is shaded black. (e–h) Evolution of the simulated flux of the (e) 
momentum flux component <u'w’>, (f) momentum flux component <v'w’>, (g) <t'w’>, and (h) <q'w’> based on domain 5 at the site station marked by the black 
dashed line in a–d from 21 UTC 15 January to 09 UTC 16 January 2015.
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from being transported over the valley floor. At 0000 UTC 16 January, the saturated water vapor spreads over 
most of the valley aloft. The mountain surface winds still blow upslope, and the winds are calm in the valley. At 
the height of ∼2,000 m, the easterly winds near the east side of the mountain become weaker, and the westerly 
winds near the west side of the mountain become stronger. At 0100 UTC 16 January, the saturated water vapor 
spreads over the whole valley aloft. The near-surface winds become very weak all around. At the height of ∼2,000 
m, the westerly winds dominate. From 2300 UTC 15 January to 0100 UTC 16 January, there is a neutral-stable 
layer between the height of 1,780 m (∼100 m above the valley floor) and 2,050 m, enveloped by the −4°C contour 
line, which traps all the saturated water vapor (fog) inside so it does not spread to the ground. The surface winds 
are still calm. Then, after 0100 UTC 16 January, corresponding to the radiative cooling at the fog top during the 
evening and night, the near-surface air temperature decreases. Downslope winds are established near the moun-
tain surface. At 0800 UTC 16 January, the wind speed is about 1 m s −1 near the valley floor, and the near-surface 
temperature drops to below −6°C. The ultra-cold near-surface temperature enhances the saturated water vapor. 
The saturated water vapor spreads well over the valley floor, indicating fog formation in the Heber Valley. In 
contrast, the WRF simulation does not produce all the fine structure of the local flow pattern, cold temperatures, 
and saturated water vapor (see Figure S1 in Supporting Information 1); thus it fails to predict the fog formation.

During the whole period as described above, vertical winds are minimal throughout the mountain valley. Although 
mountain-valley flow and ultra-cold valley temperature both play roles in the fog formation, the mechanism 
that causes the downward extension of the saturated water vapor (fog) still needs to be clarified. Figures 4e–4h 
shows the evolution of the LES-simulated turbulent flux of momentum <u'w’> and <v'w’>, air temperature 
<t'w’>, and specific humidity <q'w’> at the valley sounding location (as in Figure 2) as indicated by the black 
dashed line in Figures 4a–4d. Below the height of 300 m, there is a strong momentum flux (magnitude over 
0.1 m 2 s −2) at the valley floor after 0000 UTC 16, when the mountain fog spreads the over the valley aloft. The 
extremely intense momentum flux at around 0100 UTC and 0600 UTC is associated with the large temperature 
(i.e., <t'w’>) and moisture (i.e., <q'w’>) fluxes, implying the influence of radiative cooling at the fog top on 
the near-surface temperature and the moisture flux between near the fog formation time (0500 and 0700 UTC). 
These  fluxes from the LES simulation are much stronger than that from the WRF simulation, which is often near 
zero (not shown) during the whole period (not shown).

The stronger turbulence fluxes in the LES imply a stronger turbulence mixing effect that could mix the air well, 
including air temperature and humidity in the PBL, and help the fog spread downward. In the Heber Valley, there 
is often a GW when air flows over the surrounding mountains (Hang et al., 2016). This GW can regenerate some 
large-scale turbulence through wind shear at high levels. Under neutral-stable conditions, namely, the fog period, 
large-scale turbulent eddies (wavelength of over 100 m) are usually hard to decompose to small-scale turbulent 
eddies due to the weak wind shear near the surface, making large-scale turbulent eddies dominant in the vertical 
mixing effect (Li et al., 2020). The turbulent eddies here also have a large scale, with a wavelength of 40–300 m 
due to the weak wind near the surface (shown in Figures 2a and 3c, and 4a–4d). These large turbulent eddies (e.g., 
Figures 4e and 4f), including thermodynamic turbulent eddies (e.g., Figures 4g and 4h), mix the near-surface air 
well and decrease the air temperature to create saturation conditions there, resulting in fog formation. However, in 
the WRF simulation, conducted with the YSU PBL scheme, the parameterized turbulence is too weak in the PBL 
and weakens the vertical mixing of cold air, causing the fog over the Heber Valley to be missed.

To further examine the role of turbulence effects, Figure 5 shows the LWC tendency from advection (ADV), 
turbulence (TBL), and MP contributions at the same site as in Figures 4e–4h before (0100 UTC and 0530 UTC), 
near (0730 UTC), and after (0930 UTC) the fog formation. At 0100 UTC 16 January, saturated water vapor has 
already been spread in the valley aloft but does not reach the surface. The ADV contribution is small below 250 m 
height and slightly larger between 250 and 300 m with a negative impact. The contribution of both TBL and MP 
are larger than the ADV contribution. The turbulence transports the LWC from 200 to 300 m (negative LWC 
tendency) to 50–200 m (positive LWC tendency), while microphysical processes continue to saturate the water 
vapor (positive LWC tendency) at the height of 200–300 m. At 0530 UTC 16 January, the ADV contribution is 
minimal. There is also a strong tendency to transport the LWC from the layer at 250–350 m height to the layer at 
150–200 m. The turbulence also transports the LWC downward, with positive LWC tendency below about 50 m 
height and negative LWC tendency above; this encourages fog formation near the surface. Meanwhile, above 
50 m, the MP contribution is still significant and positive in most areas to supply the LWC, corresponding to 
the cooling of the air at that time. Then, at 0730 UTC, with the fog formed by that time, the ADV contribution 
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gradually turns positive at 50–200 m. The turbulence effects still positively contribute to LWC below 250 m. 
The MP contribution decreases by that time. At 0930 UTC, during the mature phase of the fog, both ADV and 
turbulence continue to positively contribute to the LWC near the surface to maintain the fog, although the micro-
physical contribution is slightly negative near the surface. The findings here confirm the significant impact of the 
turbulence mixing effect in the Heber Valley fog event. The missing of some turbulent eddies in the WRF PBL 
parameterization scheme leads to the failure of the fog simulation. The LES reproduces the turbulence and leads 
to fog formation in the simulation.

5.  Summary and Conclusion
In this study, a one-way nested WRF-LES model was used to examine the influence of PBL turbulence on cold 
fog formation over the Heber Valley in northern Utah in the United States on 16 January 2015. During the fog 
event, the near-surface air temperature dropped to −12°C at night, favoring the formation of cold fog in the Heber 
Valley. Neither a previous WRF simulation (Pu et al., 2016; Zhang & Pu, 2019) nor the WRF simulation with 
PBL parameterization in this study captured the cold near-surface temperature, and thus both failed to reproduce 
the fog. However, the LES successfully simulated the fog event. Results indicate that large-scale turbulent eddies 
prevail and dominate the mixing effect in the PBL. The combination of turbulence mixing effects, mountain-val-
ley flow, and ultra-cold valley temperature lead to the fog formation in the LES simulation. The omission of the 
turbulent eddies in the PBL parameterization scheme results in a weak mixing effect in the PBL and weakens the 
near-surface air cooling, resulting in the eventual failure to reproduce the fog in the numerical simulation.

While previous studies have found that turbulence in the PBL, such as horizontal rolls, can generate fog under 
near-saturated conditions similar to a roll-induced cloud street (Uematsu et al., 2005; Welch & Wielicki, 1986), 
this study further indicates that the existence of turbulent eddies can help mix the composition and favor fog 
formation under cold conditions. Numerical fog prediction over complex terrain should consider the impact of 
turbulence on fog formation. Future work should emphasize more fog cases over complex terrain and develop 
more realistic parameterization schemes.

Figure 5.  The liquid water content (LWC) tendency from the contribution of (a) advection (ADV), (b) turbulent mixing 
(TBL), and (c) microphysics (MP) over the Heber Valley at 0100, 0530, 0730, and 0930 UTC 16 January 2015 based on 
domain 5.
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Data Availability Statement
The National Centers for Environmental Prediction North American Mesoscale Forecast System data are obtained 
from the National Center for Atmospheric Research (NCAR) Research Data Archive (https://rda.ucar.edu/data-
sets/ds609.0/). The meteorological and surface Mesonet data (e.g., NOAA Earth System Research Laboratory 
(ESRL) Metetorologicsal Assimilation Data Ingest System (MADIS) Mesonet Data) can be obtained from the 
NCAR Earth Observing Laboratory (EOL) data archive (https://data.eol.ucar.edu/). The software of Weather 
Research and Forecasting (WRF)-large eddy simulation (version 4.3) can be obtained from WRF User's website 
(https://www2.mmm.ucar.edu/wrf/users). Information about High-Resolution Rapid Refresh analysis can be 
found from https://rapidrefresh.noaa.gov/hrrr/.
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