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Abstract: There is an increased demand for the accurate prediction of fog events in the Sichuan Basin (SCB) using
numerical methods. A dense fog event that occurred over the SCB on 22 December 2016 was investigated. The results
show that this dense fog event was influenced by the southwest of a low pressure with a weak horizontal pressure
gradient and high relative humidity. This fog event showed typical diurnal variations. The fog began to form at 1800
UTC on 21 December 2016 (0200 local standard time on 22 December 2016) and dissipated at 0600 UTC on 22
December 2016 (1400 local standard time on 22 December 2016). The Weather Research and Forecasting model was
able to partially reproduce the main features of this fog event and the diurnal variation in the local mountain to basin
winds. The simulated horizontal visibility and liquid water content were used to characterize the fog. The mountain to
basin winds had an important role in the diurnal variation of the fog event. The positive feedback mechanism between
the fog and mountain to basin winds was good for the formation and maintain of the fog during the night. During the
day, the mountain to basin wind displayed a transition from downslope flows to upslope flows. Water vapor evaporated
easily from the warm, strong upslope winds, which resulted in the dissipation of fog during the day. The topography
surrounding the SCB favored the lifting and condensation of air parcels in the lower troposphere as a result of the low
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height of the lifting condensation level.
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1 INTRODUCTION

The Sichuan Basin (SCB) in southwestern China is
located to the east of the Tibetan Plateau, north of the
Yunnan-Guizhou Plateau, west of the Wu Mountain
range and south of the Daba Mountains (Qian et al.l).
With this unique topography, the SCB is prone to
frequent heavy fog events. Fog is a complex
atmospheric phenomenon and can cause problems for
both traffic (Duynkerke®) and human health (Nemery et
al.t), resulting in losses to the local economy (Niu et
al.™). The adverse effects of fog on aviation and marine
and land transportation are comparable with the effects
of tornadoes, winter storms or hurricanes (Gultepe and
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Milbrandt™).

The physical mechanisms for the formation of fog
have been studied for more than a century (Gultepe et
al.l). Pioneering research on fog, especially sea fog, can
be traced back to the work of Taylor ™. The formation
of fog can be summarized as three primary processes:
Cooling, moistening and the vertical mixing of air
parcels with different temperatures and humidity™. Croft
reported that clear skies caused by large-scale
subsidence and light winds favor the formation of
radiation fog ®. Deng et al. detected daytime fog in the
south of China using the current fog detection method®.
Some invetstigators also discovered the microstructure
of fog (Zhang et al.l'; Fei et al.!'). Zhang and Niu
studied the transformation of haze to fog!".

Work on numerical modeling of the onset and
development of fog has a long history (Van Der Velde
et al.™™). Fisher and Caplan constructed a numerical
model for forecasting fog and low stratus clouds .
Since then, a variety of models have been used to
simulate fog-related events (Baker et al.'); Pagwski et
al.l': Shi et al.'"); Zhou and Du ", Roméan-Cascén et
al.™; Hu et al.™; Huang et al.®; Miiller ®). As an
advanced mesoscale numerical weather prediction
system, the Weather Research and Forecasting (WRF)
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model has been successfully used to simulate fog!" ')
and has shown potential in simulating sea fog (Gao et
al. ®). However, numerical weather prediction (NWP)
models have relatively low skill in forecasting both the
onset and development of fog (Gultepe and Milbrandt™;
Steeneveld et al.?¥). Hu et al. investigated the sensitivity
of fog to different initial conditions using an
ensemble-based method™.

Located in the east of the Tibetan Plateau, the SCB
(Fig. 1) is often influenced by mountain to valley winds
(Huang et al. ™). Mountain and plain winds are
produced by the thermal contrast between the air over

Sichuan Basin

the mountains and the air at the same level over the
plains (De Wekker et al.”™). A large-scale circulation of
mountain and plain winds (Doran and Zhong™”; Bossert
and Cotton P9, Bossert ) feeds low-level air into the
mountain ranges during the day and out of the mountain
ranges during the night, with the upper branch of the
circulation blowing in an opposite direction to the
low-level flows. Abrupt changes in wind direction
within small vertical distances above the valley are the
most significant features of mountain to valley wind
systems (Buettneer and Thyer™; Moore et al.?").
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Figure 1. Location of the 109 weather stations (red squares) in the SCB and the location of the SCB (black rectangle). The shading
represents the surface elevation of the surrounding the SCB in meters.

Mountain to valley winds not only produce a wide
spectrum of weather phenomenon, ranging from the
regional to global scale (Gao et al.”¥; Reiter™); Kuo and
Anthes P¥), but also can move pollutants in and out of
valleys and transport them to higher or lower elevations
through diurnal variations in the downslope and upslope
flowsP!. Mountain to valley wind systems have a variety
of practical implications for the transport and diffusion
of local weather and air pollution®.

Numerical models are also used to simulate
mountain to valley winds (Chow et al.®); Weissmann et
al.B), De Wekker et al. developed a mesoscale model
to examine the diurnal variation in temperature in a
basin and the thermally driven plain to basin winds
through a variety of simulations with different basin
geometries®™. To measure the diurnal cycle of mountain
to valley winds, a dry three-dimensional mesoscale
model was used in the southern San Joaquin Valley,
California (USA) on a summer day PY. To study

large-scale  thermally driven wind systems in
mountainous areas, previous investigators have referred
to mountain to plain wind systems in different ways™.
In this paper, we refer to the thermally driven wind
systems between the Tibetan Plateau and the SCB as
mountain to basin winds.

The mountain to basin flow may play an important
part in the transport of air pollutants over complex
terrain, but has not been studied as extensively as other
wind systems in complex terrain (De Wekker et al.”,
Wilson and Barros F”). Unlike the work of Miiller et
al.?¥ and Cuxart and Jiménez ©, high-resolution NWP
models provide reasonable results because the problem
in complex terrains with closed basins is confined to the
basin. However, few studies have explored the influence
of mountain to basin winds on the diurnal variations of
fog over SCB.

The purpose of this paper is to evaluate: (1) the
ability of the WRF model to simulate fog in this region
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of unique topography; (2) the ability of the WRF output
products to simulate the diurnal variation in both fog
and mountain to basin winds; and (3) the possible
mechanisms of the impact of mountain to basin winds
on the diurnal variation in fog. This paper is organized
as follows. Section 2 describes the datasets and
configurations of the WRF simulations. Section 3 uses
model simulations to examine the mountain to basin
winds and their impact on the diurnal variations of fog.
Section 4 summarizes the main findings and discusses
the results.

2 CASE OVERVIEW

2.1 Episodes and observations

Datasets of the six-hourly visibility measured by
surface meteorological observations were provided by
the National Meteorological Information Center of the
China Meteorological Administration. Fig. 1 shows the
location of the 109 stations within the region used to
represent the SCB  (28° -32° N, 103° -107° E). The
NOAA definition of fog is a collection of suspended
water droplets or ice crystals near the Earth’s surface
that leads to a reduction in the horizontal visibility to <1
km ¥ Based on this definition, Fig. 2 shows the spatial
distribution of fog over the SCB based on the visibility
datasets provided by the China Meteorological
Administration. At 1800 UTC on 21 December 2016
(0200 local standard time on 22 December 2016), fog
was observed by a small number of weather stations
and affected a large area of the SCB six hours later.
This fog event caused Chengdu Shuangliu International
Airport to shut down and more than 100 flights were
grounded. By 0600 UTC on 22 December 2016, the fog
had dissipated over most parts of SCB. This fog event
showed a distinct diurnal variation. The fog began to
form at 1800 UTC on 21 December 2016 and dissipated
at 0600 UTC on 22 December 2016.

The National Centers for Environmental Prediction
Final operational global analysis six-hourly dataset on a
1.0°x1.0° grid was used for synoptic analysis based on
the heights at 500 hPa and the sea-level pressure,
surface winds and relative humidity (Fig. 3). Fig. 3a
shows a deep trough and a ridge at mid-high attitudes.
The trough stretched from Lake Baikal to the Altai
Mountains. There was another trough at mid-low
attitudes with a southwesterly orientation from the
northern SCB to the Yunnan —Guizhou Plateau and a
dominant long wavelength ridge from northeastern
China to the south of China. This long wavelength ridge
obstructed rapid movement of the deep trough at 500
hPa. The SCB was influenced by a relatively weak
easterly flow (Fig. 3c). At 0600 UTC (Fig. 3b and 3d),
the overall weather situation was unchanged from the
previous six hours. The fog began to dissipate during
this period, but low-level jets had no direct influence on
the formation and dissipation of the fog.
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Figure 2. Spatial distribution of the horizontal visibility over
the SCB at (a) 1800 UTC on 21 December 2016, (b) 0000
UTC on 22 December 2016, (c) 0600 UTC on 22 December
2016. The blue dots show when the horizontal visibility was
<1 km. The black rectangle shows the location of the SCB.

The SCB was dominated at the surface by the
southwest of the low pressure with a weak horizontal
pressure gradient and moist air. Unlike in other areas,
such as the north of China, there was no need for
southerly and easterly winds to supply moisture to the
SCB. The high levels of moisture led to a relative
humidity >80% over the SCB at 0000 UTC on 22
December, 2016. The abundant moisture and weak wind
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conditions were suitable for the formation and
maintenance of fog. However, the low pressure moved
northeastward to the Sea of Japan six hours later and
the SCB was controlled by a small area of low pressure.
The fog dissipated at this time.
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Figure 3. Synoptic review of the fog event at (a, c) 0000
UTC on 22 December 2016 and (b, d) 0600 UTC on 22
December 2016. (a, b) 500 hPa geopotential height, 850 hPa
wind vectors (magnitudes =12 m/s are shaded). (c, d)
Sea-level pressure (contours every 2 hPa), 10 m winds and
relative humidity (shading). The black rectangle indicates the
location of the SCB and the region with no data is the Tibetan
Plateau.

Figure 4 shows the measurements made at Xichong
weather station (30.59°N, 105.53°E) at 0000 UTC on 22
December 2016. There was an inversion layer below
about 925 hPa and the dew point temperature profile
was close to the temperature profiles in the lower
troposphere, suggesting that the atmosphere was nearly
saturated. The vertical wind shear was very obvious
from 1,000 hPa to 500 hPa. Light southerly and

southeasterly winds were observed from the surface to
900 hPa, whereas the winds above 600 hPa were
northwesterly. Taylor stressed that the wind shear play
important roles for the fog formation by the vertical
transport of air properties ™. Radiative cooling and
mixing of air parcels with different temperatures and
humidities was generalized into two primary processes
(Pagowski et al. ™). The low height of the lifting
condensation level (LCL) and the vertical wind shear
favored the formation of fog.
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Figure 4. Skew 7T-logp diagrams of measurements taken at
Xichong weather station (30.59°N, 105.53°E) at 0000 UTC on
22 December 2016. Atmospheric measurements showing the

temperature  (black), parcel trace line (green), dew point
temperature (blue) in a skew 7-logp diagram.

2.2 Experimental design

The WRF model version 3.7.1 (Skamarock™) was
used in this study to examine the mountain to basin
winds. Three nesting domains with horizontal
resolutions of 27, 9 and 3 km, respectively, were
implemented (Fig. 5). The coarse domain (D01) was
centered at (32.8°N, 102.5°E) and consisted of 191x171
grids spanning the whole of eastern Asia, giving a
horizontal resolution of 27 km for the study of the
synoptic-scale environment. The nested grid (D02)
consisted of 277 x247 grids covering eastern China,
including the SCB, with a horizontal resolution of 9 km.
The inner domain consisted of 457370 grids covering
the region where the fog event occurred. A one-way
interaction was used in all domains. The model top was
at 50 hPa and there were 50 vertical levels with 15
levels below 1 km. Because vegetation has an important
influence on the formation of fog ¥, we used the 500 m
land use data for the year 2000 (Zhang et al.™) for
DO03. The WRF single-moment six-class microphysics
scheme (Hong and Lim!™'), the Rapid Radiative Transfer
Model longwave radiation scheme (Mlawer et al.*)), the
Dudhia shortwave radiation scheme (Dudhial”), and the
Quasi-Normal Scale Elimination (QNSE) planetary
boundary layer and surface layer schemes (Sukoriansky
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et al. ™) were used for parameterization in the
simulation. The Kain-Fritsch cumulus scheme (Kain™)
was used only for DO1 and D02.
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Figure 5. Configuration of the nested model domains.

The initial and boundary conditions were derived
from the National Centers for Environmental Prediction
Final operational global analysis dataset with 1° x1°
grids every six hours. The simulation was initialized at
1200 UTC on 21 December 2016 and integrated until
1200 UTC on 22 December 2016 with the initial and
boundary conditions provided by the six-hourly National
Centers for Environmental Prediction Final data. In
addition to the control simulation using the default
terrain, a no terrain variability experiment was
conducted between the mountain and basin. All the high
terrains related to mountains surrounding the SCB in the
model were flattened to 500 m to measure the diurnal
variations in the mountain to basin winds. All the
modeling set-ups, such as the integration time and
domain size, were kept the same as in the previous
WRF simulation.

3 RESULTS

3.1 Ability of the WRF model to simulate fog
Horizontal visibility is a significant variable in
identifying grades of fog. It is defined as the greatest
distance at which selected objects can be seen and
identified. The horizontal visibility in the WRF model
can be calculated with an algorithm developed by
Kunkel P and Stoelinga and Warner P based on the
extinction coefficients of various hydrometeors:

Viee —1ng[§).02) M

where the extinction coefficient B8 includes the effects
due to cloud water, cloud ice, snow and rain water. This
method has been widely used in fog simulations (Gao et
al.”; Fu et al.’”). The area where the visibility was <I
km according to equation (1) was much smaller in Fig.
6 than in Fig. 3, and the WRF model was able to
simulate the diurnal variations in fog over the SCB. At

0000 UTC on 22 December 2016, the coverage of fog
was simulated for the SCB, although there was some
bias  (visibility <1000 m) compared with the
observations (Fig. 2). The results of the simulation
indicated that the fog had dissipated by 0600 UTC on
22 December 2016 (not shown).
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Figure 6. Simulated surface visibility (m) at 975 hPa from
D03 at 0000 UTC on 22 December 2016. The letter A denotes
the location of Xichong weather station (30.59°N, 105.53°E)
and the blue rectangle denotes the location of the SCB.

Liquid water content is the most important factor
for the fog formation and development (Li et al.®). Fig.
7 shows the distribution of the LWC which was
consistent with the visibility and also showed a diurnal
variation. At 0000 UTC on 22 December 2016, the
maximum LWC was mainly located in the SCB,
although wide areas of LWC were observed in the
northeast of the SCB during the dissipation of the fog at
0600 UTC on 22 December 2016.

LWC 975mb 0O0z22Dec
34N

32N -
200

160
120
30N - 80
40

20

28N +

26N

102E 104E 106E 108E
24N LWC 975mb 06z22Dec

32N

30N -

28N -

26N

102E 104E 106E “ "I.OBE
Figure 7. Simulated liquid water content (LWC) (0.001 g/m’)
at 975 hPa from D03 at (a) 0000 UTC and (b) 0600 UTC on
22 December 2016. Contours show the topography in meters.
The blue rectangle denotes the location of the SCB.
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3.2 Performance of the WRF model in simulating the
mountain to basin winds

To investigate the diurnal variation in the mountain
to basin winds, Fig. 8 shows the simulated wind at 10
m and the relative humidity at 2 m from DO03. The
diurnal variation in the mountain to basin winds and the
relative humidity were simulated well by the WRF
model. At 0000 UTC on 22 December 2016, the SCB
was dominated by downslope winds from the mountains
into the SCB and the relative humidity was >80% in the
west of the SCB. The downslope winds converged in
the SCB. As a continuous fluid of the atmosphere, the

converged surface flow favored the flow of downslope
winds from the surrounding mountains into the SCB
during the night. This downslope winds with a high
relative humidity favored the formation of fog after
cooling. By 0600 UTC on 22 December 2016, the
downslope winds had changed to upslope winds and the
relative humidity was <80% . The velocity of the
upslope flows was greater than that of the downslope
flows. The stronger winds and lower relative humidity
favored the dissipation of the fog. This result helps to
explain the diurnal variations in fog.
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Figure 8. Simulated surface horizontal wind (m/s) and relative humidity from D03 at (a) 0000 UTC and (b) 0600 UTC on 22

December 2016. Contours represent the topography in meters.

Mountain to basin winds, as the phenomana of in
the lower layers of the atmosphere, the winds at 900
hPa direction between the Tibetan Plateau and the SCB
were no longer reversed at 0000 UTC 12 and 0600
UTC 22 on December 2016 (not shown). The weather
map at 900 hPa shows that anticyclone flows and an
anticyclone center were observed in the SCB.
3.3 Possible impacts of the mountain to basin winds on

the diurnal variations in fog

Cold air trapped in valleys or large basins and the
associated cooling is a necessary condition for persistent
fog (Zhou and Ferrier P¥). To investigate the possible
influence of the mountain to basin winds on the diurnal
variation in fog, Fig. 9 shows the simulated surface
horizontal wind and air temperature from D03 at 0000
UTC and 0600 UTC on 22 December 2016. The
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subsiding downslope winds carried cooling air of near
surface moist flow resulting from an adiabatic
expansion into the SCB. Due to the law of conservation
of mass, the converged downslop winds within the SCB
prompted the warm and wet air to lift up (Fig. 9a). The
uplifting warm and wet air was favorable to the
formation and development of temperature inversion
layer and fog ™. Meanwhile, the stability of lower

atmospheric level over SB favored downslope winds to
move into the SCB. So the positive feedback
mechanism between the fog and mountain to basin
winds was formed. However, during the day, the
mountain to basin winds changed from downslope flows
to upslope flows (Fig. 9b). Water vapor evaporated from
the warmer and stronger upslope winds, resulting in the
dissipation of the fog.
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Figure 9. Simulated surface horizontal winds (m/s) and air temperature (K) from D03 at (a) 0000 UTC and (b) 0600 UTC on 22

December 2016. Shading represents air temperature.

Mountain to basin winds are essentially produced
by the thermal contrast between air over the mountains
and air at the same level over the plains . To further
evaluate the impact of mountain to basin winds on the
diurnal variation in the occurrence of fog, a no terrain
variability experiment was conducted. The converged
flow over the SCB seen in Fig. 8 is no longer observed
in Fig. 10 and the wind between the Tibetan Plateau
and SCB was dominated by a synoptic-scale flow
(Fig. 10). The SCB was influenced by the northwesterly
flow from behind the area of low pressure located in

the Sea of Japan (Fig. 3c). By 0600 UTC on 22
December 2016, the direction of the winds between the
Tibetan Plateau and SCB did not show a diurnal
variation, although there was one in the relative
humidity between the Tibetan Plateau and SCB in the
west of the SCB. The distribution of air temperature
was different from the control experiment in Fig. 11.
No thermal contrast is seen in Fig. 11 between the air
over the mountains and the air over the SCB. The air
temperature gradually increased from the northeast to
the southwest.
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Figure 11. Simulated surface horizontal winds (m/s) and air temperature (K) from the no terrain variability experiment 3 at (a)
0000 UTC and (b) 0600 UTC on 22 December 2016. Shading represents air temperature.

The terrain surrounding the SCB had a significant
effect on the distribution of the LWC (Fig. 12). The
LWC was mainly located in the southwest of the SCB,
suggesting that fog was unable to form within the SCB.
The LWC showed diurnal variations, but the distribution
of the LWC was different from that in the control test.
The inverse inversion layer below 925 hPa and warm
advection between 500 and 900 hPa can be seen in the

skew T-logp diagrams for the Xichong weather station
(Fig. 13); however, the height of the LCL is higher in
Fig. 13 than in Fig. 4, suggesting that the topography
has an important role in lifting the air parcel. The
difference between the temperature and dew point was
greater than the observed value. The higher height of
the LCL in the no terrain variability experiment did not
favor the formation of surface fog.
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UTC and (b) 0600 UTC on 22 December 2016.
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Figure 13. Skew 7-logp diagrams of soundings taken at A
(Xichong weather station, 30.59°N, 105.53°E) of Fig. 6 at
0000 UTC on 22 December 2016 in the no terrain variability
experiment.  Atmospheric  measurements  showing  the
temperature  (black), parcel trace line (green), dew point
temperature (blue) in a skew 7-logp diagram.

4 CONCLUSIONS

It is difficult to use NWP to predict the occurrence
of fog in this region as a result of the unique
topography. We examined the relationship between a
fog event and the mountain to basin winds over the
SCB and carried out an experiment where there was no
difference except the terrain between the mountain and
basin. The main conclusions of this study are as
follows.

(1) Dominated by the southwest of low pressure
with a weak horizontal pressure gradient and high
relative humidity conditions, a dense fog event occurred
over the SCB on 22 December 2016. This dense fog
event showed a typical diurnal variation. It began to
form at 1800 UTC on 21 December 2016 and dissipated
at 0600 UTC on 22 December 2016.

(2) The WRF model was able to simulate the
horizontal visibility and the LWC, although the
horizontal visibility and the LWC were smaller than the
observed values. The horizontal visibility and LWC
were significant variables in identifying the occurrence
of fog in this case study.

(3) The WRF model was able to simulate the
diurnal variation in the mountain to basin winds, which
was a result of the topography surrounding the SCB.
The converged surface flow favored the flow of
downslope winds from the surrounding mountains into
the SCB during the night. The mountain to basin winds
were not observed in the no terrain variability
experiment and the SCB was mainly influenced by
synoptic-scale systems.

(4) The mountain to basin winds had an important

effect on the diurnal variation of the fog. During the
night, the mountain to basin winds caused the cold air
to sink along the mountain slope and converged within
the SCB, and made the warm and wet air lift up. The
positive feedback mechanism between the fog and
mountain to basin winds was good for the formation
and maintain of the fog. However, during the day, the
mountain to basin winds displayed a transition from
downslope to upslope flows. The warm and strong
upslope winds were prone to the evaporation of water
vapor, which resulted in the dissipation of the fog. The
topography surrounding the SCB favored lifting and
condensation of the air parcel in the lower troposphere
as a result of the lower height of the LCL.
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