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Abstract

This study investigates the predictability of the dense advection fog over Istanbul on February 19, 2014, which significantly
halted international as well as local transportation. Sensitivity simulations were conducted using the Weather Research
and Forecasting (WRF) model forced by the ERA-Interim reanalysis data. A hierarchical approach was adopted. The first
group of sensitivity simulations involving different microphysics schemes (WSM6, Morrison, Thompson-aerosol, NNSL,
NNSL-CCN, and Milbrandt) indicated that the simulation with Milbrandt reproduced slightly better results for the fog event.
Further sensitivity tests involving different planetary boundary layer (PBL) schemes (ACM2, BouLac, MYJ, MYNN2.5,
MYNN, and YSU) were conducted. The YSU PBL scheme provided better diurnal air and dew point temperature variations
compared to the observations at Ataturk and Sabiha Gokcen airports. We further investigated the performances of RRTMG,
RRTMG-fast and Dudhia shortwave radiation schemes, and RRTMG and RRTM longwave radiation schemes. Our analyses
revealed that simulation of the fog was very sensitive to radiation scheme. Although all PBL schemes were able to generate
fog, a configuration with the YSU PBL scheme with Dudhia shortwave and RRTM longwave schemes produced compara-
tively low RMSE for temperature depression, 0.31 °C (0.23 °C), during the fog hours at Sabiha Gokcen (Ataturk) Airport.
The model simulated the onset time of the afternoon fog well; however it reproduced the onset and dissipation times of the
morning fog earlier than the observations. It is also found that the use of high-resolution initial and boundary condition data
did not provide a significant improvement in the advection fog simulation.
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1 Introduction

Fog is an important meteorological phenomenon, which
occurs at or near the surface due to the suspended tiny ice
crystals or water droplets in the atmosphere. It adversely
affects aviation, navigation, and land transportation. Low
horizontal visibility (less than 1 km) as a result of fog
might cause substantial economic losses (Bergot et al.
2007; Gultepe et al. 2007; Stolaki et al. 2012). Istanbul is
a significant transfer hub connecting Europe to Asia with
three airports, the newly opened Istanbul, Sabiha Gokcen,
and cargo-only Ataturk airports. The Bosphorus is also an
important waterway connecting the Black Sea with the Med-
iterranean Sea, and therefore it is subject to substantial inter-
national commercial shipping traffic. Accurate forecasting
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of fog for Istanbul is thus essential to reduce the associated
delays and economic losses in both national and interna-
tional transportation.

One common fog type, advection fog, is associated with
the advection of a warm moist air mass across a cold under-
lying surface. Advection fog is the main type that forms
often where cold ocean currents are observed; for example,
in the Grand Banks of Newfoundland in the coastal north-
eastern US, in the North Pacific, off the west coast of North
America, and over the British Isles (Lewis et al. 2004; Kora-
cin et al. 2001), and the Yellow Sea (Gao et al. 2007; Zhang
et al. 2011). Because Istanbul is surrounded by two water
bodies, the Black Sea in the north and the Sea of Marmara in
the south, it is also subject to advection-type fogs frequently.

Thermodynamic, dynamic, radiative, aerosol, and micro-
physical processes are crucial in the development and extent
of fogs. Many observational and numerical studies have been
carried out to better understand these processes that are
influenced by the surface conditions. Field experiments were
conducted in Canada (Gultepe et al. 2009), Paris, France
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(Haeffelin et al. 2010; Dupont et al. 2012), and Nanjing,
China (Liu et al. 2011). Remote sensing methods have been
used to measure horizontal visibility in fog events since the
1970s (e.g., Gultepe et al. 2007). Several techniques have
been used for the detection of fog or low stratus; for instance,
Eyre et al. (1984) and Turner et al. (1986) applied a dual-
channel technique to the nighttime observations of the polar
trajectory satellite sensor, AVHRR (advanced very high-res-
olution radiometer). The observations of a geosynchronous
satellite, METEOSAT MVIRI, have also been used to iden-
tify the fog/low stratus by Karlsson (1989); Giils and Ben-
dix (1996), and Cermak et al. (2009). Bendix et al. (2006)
developed a radial-transfer classification scheme for MODIS
Aqua and Terra observations to detect the fog/low stratus.
Studies have been conducted to integrate satellite data with
synoptic observations, ground observations, and numerical
models (e.g., Herzegh et al. 2006). Hutchison et al. (2006),
Ellrod (2002), and Ellord and Gultepe (2007) have com-
bined prediction model outputs with satellite observations
and verified them using ground observations. Models are
used for the prediction of visibility, surface temperature,
relative humidity, and physical thickness of fogs, while sat-
ellite observations are utilized to obtain information about
the horizontal range of fogs (Gultepe et al. 2007).
Mesoscale models are widely used for examining turbu-
lence, radiation, microphysics, and land-surface processes.
Zhou and Du (2010) used the WRF model with the ensem-
ble approach for fog forecasting in eastern China. Stolaki
et al. (2011) and Roman-Cascon et al. (2012) investigated
the characteristics of fogs in Greece and Spain, respectively.
Results of the Paris fog measurement campaign in 2011 indi-
cated that WRF might well represent local conditions for
analysis of past fog events (Menut et al. 2013). Steenveld
et al. (2015) tried to predict a radiation fog event in Cabauw
using HARMONIE (HIRLAM ALADIN Research on Mes-
oscale Operational NWP In Europe) and WRF models, and
the results were evaluated against micrometeorological
measurements. Their results showed that the WRF model
better reproduced the fog event in the region. Although there
have been some efforts to improve the numerical weather
prediction (NWP) models for fog forecasting, they are still
poor in this regard due to the complexity of the interac-
tions between several processes (Bergot et al. 2007; Gultepe
et al. 2009; Muller et al. 2010; Roman-Cascon et al. 2012;
Price et al. 2015; Steeneveld et al. 2015). Sensitivity studies
have been conducted to improve the prediction of different
types of fogs. Some involved the effect of initial conditions
(e.g., Remy et al. 2009; Hu et al. 2014; Bari et al. 2015),
and some tried to determine proper vertical and horizon-
tal resolutions (e.g., Tardif 2007; Tang et al. 2009). Pithani
et al. (2019a) evaluated the performance of the WRF model
for an advection fog using different PBL and microphys-
ics parameterizations, and they concluded that none of the
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cases outperformed the others in terms of fog prediction.
Another study by Pithani et al. (2019b), which investigated
the performance of different local PBL and microphysics
parameterizations for a dense winter fog event, concluded
that the six local PBL schemes yield small differences in
the onset time for the fog life cycle, however, the thermody-
namic relationship is very poor for these schemes due to the
substantial bias in surface temperature, temperature depres-
sion (difference between air and dew point temperatures),
radiation fluxes, and wind speed.

The province of Istanbul is located between two water
bodies with different heat contents, and the Bosporus Strait
that connects them causes currents to occur along the shore-
lines of the province. These features affect the formation,
duration, and intensity of fog events in Istanbul. Because
of its adverse impacts on aviation and navigation, it is
important to study and understand the types and seasonal
distribution of fogs forming in Istanbul and the effect of sea
surface temperature on the occurrence, strength, and dura-
tion of fog over the surface. There are few studies on fog
events in Istanbul. One study (Ozdemir et al. 2016) provides
information about fog climatology at Ataturk Airport using
10-year (2006-2015) METAR data. It reports that radia-
tion fog (about 59%) and advection fog (about 37%) are the
most common types in 49 foggy days. It also reveals that
the occurrence of fog is high in winter (49%) and fall (31%),
while it is low in summer (2%) and spring (18%). To our
knowledge, there is no study on fog modeling for Istanbul,
an emerging aviation hub in the world. The objective of the
present research is to evaluate, through sensitivity simula-
tions, the performance of the WRF model in simulating a
dense advection fog that occurred in Istanbul on February
19, 2014. Sensitivity simulations involve various model
configurations, including different microphysics and PBL
schemes and different initial and boundary conditions.

The manuscript is organized as follows: Sect. 2 presents
the synoptic conditions and observations on February 19,
2014, Sect. 3 describes the data and meteorological model,
Sect. 4 presents the evaluation of the sensitivity simulations,
and finally, Sect. 5 provides a discussion and conclusions of
the research.

2 Data and methodology
2.1 Site description and observation data

The province of Istanbul, located in the northwest of Turkey,
is surrounded by the Black Sea in the north and the Sea of
Marmara in the south. It is one of the metropolitan cities
with a population of over 15 million. There are three major
airports in the province. New Istanbul airport started to oper-
ate in 2019, which is later than the date of the case (February
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19, 2014) considered in this study. The other two, Ataturk
and Sabiha Gokcen (see Fig. 2 for locations), were open
for national and international flights on that day. METAR
(Meteorological Terminal Air Report) data belonging to
these two airports and available sounding and meteorologi-
cal station data in the province are used for the model evalu-
ation. The 1-km spatial resolution corrected reflectance and
cloud water path datasets from MODIS (moderate resolution
imaging spectroradiometer) on Aqua and Terra are also used
for the evaluation. Satellite data are available only at 08:35
a.m. (Terra) and 11:55 a.m. (Aqua).

2.2 Synoptic conditions

Istanbul experienced continual fog events between February
18 and 20, 2014, with the heaviest on the 19th under a per-
sistent high-pressure system. At 0000 UTC on February 19,
2014, the high-pressure system with higher than 1025 hPa
means sea level pressure prevails over the city of Istanbul
(Fig. 1a). The city is also subject to relatively warm and

Fig. 1 Synoptic conditions on February 19, 2014. (a and ¢) Pseudo-
potential temperature at 850 hPa (shaded) and mean sea level pres-
sure (contour) at 0000 and 1800 UTC, respectively (b and d) 10-m

humid air transferred from over the cooler Sea of Marmara
by the southerly airflow at 0000 UTC (Fig. 1b). Despite
weakening slightly, high pressure with weak southwesterly
winds persists until the following day, continuing to transfer
warm and moist air to over Istanbul (Figs. 1c and d). These
synoptic conditions are conducive to the development of an
advection fog over the city.

Meteorological reports represent that observers recorded
mist (e.g., horizontal visibility not reduced below 1 km)
late at night on February 18, and either mist or fog was
observed at three stations (Sariyer, Kumkoy, and Bolge,
whose locations are given in Fig. 3) on February 19, 2014.
As METAR data point out, the fog begins to form at 1400
UTC and 1500 UTC at Ataturk and Sabiha Gokcen, respec-
tively, on February 19, and it persists until early morning
on February 20 at both airports. Figure 2 shows the diurnal
cycle of temperature depression, visibility, wind speed, and
wind directions at these airports for February 19. Surface
air temperature approaches the dew point temperature at
Ataturk Airport starting from midnight (Fig. 2a). Thus, the

ONBRN®D = = = —

wind speed (knot) at 0000 and 1800 UTC, respectively. Black aster-
isks show the location of Istanbul
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Fig. 3 Model domain configuration and innermost domain terrain height with observation sites

temperature depression, which is about 1 °C at midnight,
shows a decreasing trend during the day, except a brief rise
at around noon. In consistent with this variation, visibil-
ity decreases sharply early morning and becomes as low
as 200 m at 0800 UTC, indicating the presence of fog. It
increases gradually in response to increasing temperature
depression until about 1300 UTC when it makes another
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sharp drop to the levels below 500 m and remains at these
levels for the rest of the day. The observations further show
that the winds at this airport are northerly until early morn-
ing when they turn and remain mostly southerly during the
rest of the day, and wind speed is below 3 knots during the
low visibility hours (Fig. 2¢). At Sabiha Gokcen Airport,
temperature depression is smaller than 0.6 °C before 0800
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UTC and after about 1500 UTC, and therefore the visibility
is low (below 400 m early morning and below 200 m in the
afternoon) at these times of the day, indicating the presence
of fog (Fig. 2b). The changes in wind direction at this airport
are in general similar to those at Ataturk Airport. Figure 2d
indicates that the low wind speed helps to maintain low vis-
ibility. However, the wind is generally stronger at Sabiha
Gokcen Airport than Ataturk Airport (Figs. 2c and d). The
type of fog event on this day is identified as advection fog
using the classification flowchart by Tardif and Rasmussen
(2007).

2.3 Model setup and sensitivity simulations

In this study, we used the state-of-the-art WRF model (ver-
sion 3.9.1) with one of the dynamical solvers, the Advanced
Research WRF (ARW). The model is a well-known and
widely used non-hydrostatic mesoscale atmospheric model
(Skamarock et al. 2008). The model configuration involves
four nested domains, and the number of horizontal grids
from outermost to innermost domains are 94 X 65, 109 x 73,
166 x 151, and 154 x 136, and spatial resolutions 27 km
(DO01), 9 km (D02), 3 km (D03), and 1 km (D04), respec-
tively (Fig. 3a). Model outputs for the innermost domain
(D04) were used in all analyses of the study. The simula-
tions are conducted with 61 vertical levels, 21 of which are
located below 1.5 km. There are 10 levels between surface
and 300-m height. The model top is set to 50 hPa. The simu-
lation period is 36 h (February 18, 1200 UTC—February 20,
0000 UTC, 2014), and the first 6 h are considered the spin-
up time. Initial and boundary conditions are mainly provided
using the European Center for Medium-Range Weather
Forecasts (ECMWF) reanalysis ERA-Interim data (Dee et al.
2011). The horizontal grid resolution of the ERA-Interim
data is 0.75x 0.75°, and the vertical resolution is 37 lev-
els. The data are available at 6-h intervals. The WRF model
comes with terrestrial datasets, and in our simulations, we
used the 21-class MODIS-derived land use/land cover data
and 30 arc-second USGS topography data. NOAH land
surface model is set to simulate the land surface processes.
For the sensitivity simulations on the initial and boundary
conditions, additional forcing data are provided using 1 X 1°
National Center for Environmental Prediction (NCEP) FNL
(Final) Operational Global Analysis and 0.3 X0.3° ECMWF
ERAS datasets. In addition to these datasets, in one of the
sensitivity simulations, we forced the model with quarter
degree horizontal resolution Optimum Interpolation Sea
Surface Temperature (OISST) data provided by National
Oceanic and Atmospheric Administration (NOAA). Sen-
sitivity simulations are conducted in two groups: one for
the physics options (i.e., microphysics, PBL, cumulus, and
radiation schemes) and one for the non-physics options (i.e.,
different initial-boundary conditions and SST).

2.3.1 Sensitivity to physics options

We adopted a hierarchical approach in determining the
sensitivity of fog simulation to physics options. Microphys-
ics parameterization is very important for fog prediction.
Therefore, we first focused on exploring the sensitivity to
available microphysics parameterizations by keeping eve-
rything else the same (e.g., PBL, surface layer, cumulus,
and radiation parameterizations) in the model. The Mel-
lor—Yamada—Nakanishi—Niino (MYNN) 2.5-level parametri-
zation (Nakanishi and Niino 2004) was used for the PBL by
Roman Cascon et al. (2012) to be effective for simulating
fog conditions. Moreover, Hahmann et al. (2020) indicated
that MYNN2.5 performs well over the region of interest in
the present study. The Kain-Fritsch cumulus scheme (Kain
2004) is a widely used cumulus parametrization set for
this sensitivity experiment with RRTMG short and long-
wave radiation schemes (Iacono et al. 2008). Six available
microphysics schemes (MP) from single to double moment
parameterizations, WSM6 (Hong and Lim 2006), Morisson
(Morrison et al. 2009), NSSL (Mansell et al. 2010), NSSL
with cloud condensation nuclei (CCN), Thompson (Thomp-
son and Eidhammer 2014), and Milbrandt (Milbrandt and
Yau 2005a, b), available in the WRF model were tested
to explore the performance of the microphysics schemes
in the simulation of the fog episode. Hydrometeors are
important for the computation of radiative transfer, espe-
cially for overcast weather conditions. Cloud, rain, snow,
ice, and graupel droplets, are hydrometeors considered in
the model microphysics schemes. However, hail droplets are
taken into account in NNSL and Milbrandt schemes used
in this study. Except for WSMB®6, all microphysics schemes
are double-moment, which means they predict a number of
concentrations of each species. Milbrandt, one of the most
complex and more time-consuming parametrizations in all
microphysics schemes, has commonly been used in fog pre-
diction (e.g., Gultepe et al. 2015; Steenveld and Bode 2018)
and extreme weather studies, such as hail storm, heavy rain,
etc. (e.g., Toker et al. 2020; Zhou et al. 2020).

In the next stage, we evaluated the sensitivity to cumu-
lus schemes (CU) considering the Tiedtke scheme (Tiedtke
1989; Zhang et al. 2011) in addition to KF. In these sim-
ulations, we used radiation schemes as in MP sensitivity
simulations. The microphysics scheme whose performance
was comparatively better than the others in MP sensitivity,
Milbrandt, was used in the CU sensitivity simulations.

In the third and fourth stages, we assessed the sensitiv-
ity to PBL and radiation schemes, respectively, in a simi-
lar manner to that in the second stage. Namely, our setup
contained Milbrandt microphysics, RRTMG radiation,
and Tiedtke cumulus schemes for PBL sensitivity experi-
ments. Although microphysical processes affect the radia-
tive balance due to the cloud cover and play a crucial role
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Fig.4 Results of the microphysics sensitivity experiment. Observed and modeled temperature (a and b), dew point temperature (¢ and d), wind
speed (e and f), and relative humidity (g and h) at Ataturk (left column) and Sabiha Gokcen (right column) airports

in continuity and dissipation processes, planetary bound-
ary layer processes are important for the formation of fog
(Steenveld et al. 2015). In the PBL sensitivity, six different
local and non-local PBL schemes used widely for fog simu-
lations were tested: MYNN?2.5 (Nakanishi and Niino 2006),
MYNN3 (Nakanishi and Niino 2006), MYJ (Janjic 1994),
BouLac (Bougeault and Lacarrere 1989), ACM2 (Pleim
2007), and YSU (Hong et al. 2006).
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Finally, we performed additional simulations for both
shortwave and longwave radiation schemes together with
the outperformed PBL scheme obtained from the PBL sen-
sitivity simulations to find the better performing radiation
schemes consistent with the radiation balance. Therefore,
RRTMG and RRTMG-fast schemes were used for testing the
model sensitivity to shortwave radiation parameterization,
and additional simulations were carried out for longwave
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radiation and shortwave radiation schemes, namely RRTM
(Mlawer et al. 1997) and Dudhia (Dudhia 1989), respec-
tively. In the evaluation part, we aimed to determine the
physics parameterizations that reproduce comparatively
better diurnal cycles of the meteorological variables, espe-
cially air and dewpoint temperatures. Hence, in this study,
we tested most of the available physics options of the WRF
model, which are deemed important in fog processes, in a
hierarchic manner to find a parameterization combination
that results in improved simulation of a dense fog episode
in Istanbul. A similar approach for different sensitivities was
also applied by Pithani et al. (2019b).

2.3.2 Sensitivity to initial and boundary conditions

In addition to the model’s sensitivity to physics parameter-
izations, we investigated the effects of initial and bound-
ary conditions (IC-BC) in the simulation of the dense fog
episode in Istanbul. For this purpose, we forced the model
with different boundary conditions, including also a differ-
ent SST dataset. ERA-Interim reanalysis was used as the
main IC-BC input to the model. The model was also forced
with ERAS5 and FNL data to see whether the use of different
IC-BC datasets improved the prediction of the fog event.
By default, the model receives surface boundary conditions
over sea through skin temperature in the physics sensitivity
simulations. Istanbul sits next to two major water bodies,
and therefore the surface boundary conditions of the water
bodies could be important for the prediction of the advec-
tion fog. Thus, we forced the model with OISST data in the
additional sensitivity simulations. Table 1 gives a summary

Table 1 Summary of the sensitivity simulations

of the sensitivity simulations involving the physics options
and initial and boundary conditions.

3 Results
3.1 Assessment of sensitivity to physics options

Performance of the WRF model was evaluated against
observed temperature, dew point temperature, relative
humidity at 2 m height, wind speed at 10 m height, and ver-
tical changes of temperature depression, equivalent potential
temperature, mixing ratio, and wind speed for the dense fog
episode.

3.1.1 Microphysics sensitivity

A comparison between six different microphysics simula-
tions and observations is given in Fig. 4. The model with all
microphysics schemes simulated a realistic diurnal cycle for
the near-surface temperature, however, none of the simula-
tions captured well the temperature variation between 06:00
a.m. and 15:00 p.m. when it indicated both fog and mist
episodes recorded by the observer. The model overestimated
the temperature at both airports during this period, but the
overestimation was substantially higher at Sabiha Gokcen
Airport. This warm bias could cause rapid dissipation of
the modeled fog. Temperature plots further illustrate that the
Milbrandt microphysics scheme performed comparatively
better than the other schemes. In general, the model with all
MPs tended to produce a moister air early in the morning

Experiment name IC/BC Microphysics Cumulus  PBL Short-wave radiation ~ Long-wave radiation
WSM6 ERAINT WSM6 KF MYNN?2.5 RRTMG RRTMG
Milbrandt Milbrandt KF MYNN2.5 RRTMG RRTMG
Morisson Morisson KF MYNN?2.5 RRTMG RRTMG
NSSL NSSL KF MYNN2.5 RRTMG RRTMG
NSSL-CCN NSSL-CCN KF MYNN2.5 RRTMG RRTMG
Thompson-aerosol Thompson-AER  KF MYNN?2.5 RRTMG RRTMG
MYNN?2.5-KF ERAINT Milbrandt KF MYNN?2.5 RRTMG RRTMG
MYNN2.5-Tiedtke Milbrandt Tiedtke MYNN2.5 RRTMG RRTMG
ACM2 ERAINT Milbrandt Tiedtke ACM2 RRTMG RRTMG
BouLac Milbrandt Tiedtke BouLac RRTMG RRTMG
MYJ Milbrandt Tiedtke MYJ RRTMG RRTMG
MYNN2.5 Milbrandt Tiedtke MYNN2.5 RRTMG RRTMG
MYNN3 Milbrandt Tiedtke MYNN3 RRTMG RRTMG
YSU Milbrandt Tiedtke YSU RRTMG RRTMG
YSU ERAINT Milbrandt Tiedtke YSU RRTMG-fast RRTMG
YSU-SW24-LW1 Milbrandt Tiedtke YSU RRTMG-fast RRTM
YSU-SWI-LW1 Milbrandt Tiedtke YSU Dudhia RRTM
YSU-SWI-LWI1-OISST  ERAINT-OISST  Milbrandt Tiedtke YSU Dudhia RRTM
ERAS ERAS Milbrandt Tiedtke YSU Dudhia RRTM
FNL FNL Milbrandt Tiedtke YSU Dudhia RRTM
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and late at night, and a drier air during the daytime than the
observations at both airports (Figs. 4c and d). Wind speed
variations were simulated fairly well by the model with
different MPs; however, the strong winds of early morn-
ing hours were substantially underestimated, especially at
Ataturk Airport (Figs. 4e and f). For relative humidity at the
surface, a high negative bias was evident during the daytime
for both airports (Figs. 4g and h).

Error statistics for the MP sensitivities were calculated
for the simulation period at Ataturk and Sabiha Gokcen sta-
tions to reveal the performance of the model with each MP
and to identify the better performing microphysics scheme
to use in the following sensitivity simulations. Table 2 gives
the mean bias (MB) and root mean square error (RMSE)
statistics for temperature (7), dew point temperature (7d),
wind speed (wsp), and relative humidity (RH) at Ataturk
and Sabiha Gokcen airports. Milbrandt microphysics pro-
duced comparatively better MB and RMSE values for the
temperature at Ataturk (0.7 and 1.2 °C, respectively) and at
Sabiha Gokcen (1.3 and 2.5 °C, respectively) airports. Its
performance was better in dew point temperature and rela-
tive humidity statistics, and more or less equivalent to the
others in wind speed statistics.

Table2 Error statistics for the sensitivity simulations involving
microphysics schemes at Ataturk and Sabiha Gokcen airports for the
30-h simulation period

Simulation Variable Sabiha Gokcen  Ataturk
MB RMSE MB RMSE
WSM6 T (°C) 1.31 2.99 0.94 1.54
Td (°C) -032 1.11 0.43 1.12
wsp (knot) (04 2.52 —-1.29 435
RH (%) -70 170 -20 80
Milbrandt T(°C) 1.25 2.5 0.71 1.18
Td (°C) 0.13 0.89 0.56 1.15
wsp (knot) (2 2.56 —-1.21 441
RH (%) _40 14.0 -02 5.0
Morrison T (°C) 1.74 3.39 1.74 2.38
Td (°C) —-044 1.19 0.34 1.05
wsp (knot) ()29 2.62 -0.99 4.29
RH (%) ~100 18.0 -7.0 14.0
NSSL T (°C) 247 3.76 2.8 3.39
Td (°C) -0.38 1.28 0.6 1.09
wsp (knot) (3 2.76 —1.02 4.35
RH (%) 130 21.0 —-12.1 18.0
NSSL-CCN T (°C) 2.48 3.77 2.79 3.38
7d (°C) -037 1.27 0.6 1.09
wsp (knot) (32 2.74 -1.03 433
RH (%) 130 20.0 —-11.0 18.0
Thompson-aerosol 7 (°C) 2.4 3.69 2.68 3.31
Td (°C) -034 1.19 0.49 1.05
wsp (knot)  0.39 2.74 —1.08 4.32
RH (%) —-13.0 20.0 —-11.0 18.0
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T, temperature; Td, dew point temperature; wsp, wind
speed; RH, relative humidity.

3.1.2 Cumulus sensitivity results

The first group of simulations demonstrated that the model
has a warm bias, especially during the daytime. Diurnal tem-
perature and dew point variations showed that the model
rapidly warms the air right after sunrise, especially at Sabiha
Gokcen Airport, which is inland. In another sensitivity test,
we investigated the effect of the cumulus parameterization
on the surface variables by switching from Kain-Fritsch
(KF) to Tiedtke in the model. Figure 5 shows the diurnal
variations of temperature, dew point temperature, wind
speed, and relative humidity at Ataturk and Sabiha Gokcen
airports. Changing the cumulus scheme did not make any
significant alteration in the diurnal variations of the varia-
bles. The performance of the Tiedtke scheme in near-surface
temperature simulation was worse than that of KF at Ataturk
station (Fig. 5a). The use of the Tiedtke scheme does not
yield an overall improvement of the dew point temperature
estimation over the use of KF. It seems to improve dew point
temperature simulation during the daytime while degrading
it during the nighttime (Figs. 5c and d). The Tiedtke scheme
did not make noteworthy changes in the wind speed simula-
tions over the KF scheme (Figs. 5e and f). Both schemes pro-
duced fairly similar performances in the estimation of rela-
tive humidity (Figs. 5g and h). These simulations indicated
that the Tiedtke scheme did not make an overall improve-
ment over the KF scheme in terms of the reproduction of
surface variables. Nevertheless, we decided to continue with
the Tiedtke scheme due to its comparatively better perfor-
mance at around noon, when model performance is to be
more problematic in this sensitivity study.

3.1.3 PBL sensitivity

Fog development is primarily governed both by the PBL
processes which initiate the fog formation and the micro-
physical processes that play a controlling role in the dis-
sipation of fog in a model (Steeneveld et al. 2015). There
are many options for these schemes in the model, and there-
fore it is difficult to decide on a scheme combination which
would produce better performance in fog development with-
out testing the model for different combinations. Previous
studies on this subject may also play a guiding role in the
selection process. Many studies have investigated the per-
formance of local and non-local PBL schemes in fog pre-
diction (e.g., Roman-Cascén et al. 2012; Payra and Mohan
2014; Steeneveld et al. 2015; Chaouch et al. 2017; Pithani
et al. 2019a). Steeneveld et al. (2015) and Payra and Mohan
(2014) showed that non-local (e.g., YSU and ACM2) PBL
schemes predict fog onset fairly well. However, other studies
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Fig.5 Results of the cumulus sensitivity experiment. Observed and modeled temperature (a and b), dew point temperature (¢ and d), wind speed
(e and f), and relative humidity (g and h) at Ataturk (left column) and Sabiha Gokcen (right column) airports

indicated that local PBL schemes simulated a complete fog
life cycle (e.g., Roméan-Cascén et al. 2012; Chaouch et al.
2017, Pithani et al. 2019a).

In the present study, we tested both local (MYNN2.5,
MYNN3, MYJ, and BouLac) and non-local (ACM2 and
YSU) PBL schemes. These sensitivity tests were conducted
using Milbrandt microphysics and Tiedtke cumulus schemes

and the same long-wave and short-wave radiation schemes
(RRTMG) as in MP simulations. Figure 6 shows the diur-
nal temperature and dew point temperature variations for
the selected PBL schemes. The near-surface temperature
was overestimated by the model with all PBL schemes dur-
ing the fog event at Ataturk Airport while it was consistent
with the observations at Sabiha Gokcen Airport. However,
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Fig.6 Results of the PBL sensitivity experiment. Observed and modeled temperature (a and b) and dew point temperature (¢ and d) at Ataturk

(left column) and Sabiha Gokcen (right column) airports

the overestimation was more obvious after the fog gradu-
ally dissipated between 1000 and 1300 UTC for Ataturk
and between 0800 and 1400 UTC for Sabiha Gokcen. This
warm bias can reach up to 7 and 5 °C for Sabiha Gokcen and
Ataturk airports, respectively, depending on the PBL scheme
(Fig. 6a and b). The modeled dew point temperatures were
also higher than the observations at Ataturk Airport (about
2 °C) before 0900 UTC on February 19. The deviations were
relatively small for the rest of the day at Ataturk Airport and
for the entire day at Sabiha Gokcen Airport.

The model was inclined to produce a warm bias at around
noon at both stations. Because this is somewhat a common
pattern in all PBL simulations, we decided to examine the
effect of the shortwave radiation scheme on surface variables
by conducting further simulations with the optimized version
of the RRTMG short-wave radiation, namely RRTMG-fast.
Figure 7 exhibits the results of each PBL simulation with
an RRTMG-fast radiation scheme. Changing the shortwave
radiation scheme from RRTMG to RRTMG-fast produced
relatively small changes in air and dew point temperature
simulations at Ataturk Airport (Figs. 6a and 7a). However,
the use of RRTMG-fast short-wave radiation with the non-
local YSU PBL scheme greatly improved temperature simu-
lation at Sabiha Gokcen (Figs. 6b and 7b). The dew point
temperature pattern in this simulation was almost similar
to that in the RRTMG simulation at Ataturk. However, its
variation around noon followed the observation better than
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that of RRTMG. Still, these settings did not fix the warm
bias for early morning and late afternoon at either station
(Figs. 7c,d). The model with all different schemes deviated
from the wind speed observations significantly during the
nighttime at Ataturk Airport, however, it captured the vari-
ation during the daytime fairly well (Fig. 7e). The model
did a better job in reproducing the wind variation at Sabiha
Gokcen Airport (Fig. 7f).

The model with different PBL schemes in general well
simulated RH at both stations, however, there was a ten-
dency to underestimate it at around noon and overestimate
at the other times of the day (Figs. 7g—h). It seemed that
the simulation, including YSU as the PBL scheme, gave a
comparatively better RH match with the observations than
the others. This is especially true for the midday simula-
tions. Considering the improvement in the simulated tem-
perature, dew point temperature, and relative humidity
due to alteration of the short-wave radiation scheme, i.e.,
from RRTM to RRTMG-fast, in the YSU simulation, we
conducted two more simulations involving other short-
wave and long-wave schemes available in the model. Thus,
in one case, we performed a WRF simulation with the
settings of Milbrandt microphysics, YSU PBL, Tiedtke
cumulus, and RRTMG-fast shortwave together with
RRTM long-wave scheme (named as YSU-SW24-LW1).
In another case, we carried out a simulation by chang-
ing the short-wave radiation RRTMG-fast to Dudhia with
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Fig.7 Sensitivity simulation results of PBL scheme and results of radiation scheme for YSU PBL scheme. Temperature (a and b), dew point
temperature (¢ and d), wind speed (e and f), and relative humidity (g and h) at Ataturk (left column) and Sabiha Gokcen (right column) airports

RRTM long-wave scheme (named as YSU-SWI1-LW1).
These radiation schemes seem to improve simulations at

around noon at the expense of other times.

T, temperature; Td, dew point temperature; 7-7d,
temperature depression; wsp, wind speed; RH, relative

humidity.

We calculated error statistics for both entire simulation
periods and only recorded fog hours at two sites (Table 3).
In general, the performance of the model is fairly well,
however, it is better at Ataturk Airport than Sabiha Gok-
cen. The simulations with the YSU scheme come out with
lower error statistics than the others. RMSE (MB) values for
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Table 3 Error statistics for PBL/

o e ] Simulation Variable Sabiha Gokcen Ataturk
radiation sensitivity simulations
at Sabiha Gokcen and Ataturk 30-h fog-hour 30-h fog-hour
airports for the 30-h simulation
period and only fog hours MB RMSE MB RMSE MB RMSE MB RMSE
ACM2 T (°C) 1.05 1.99 055 1.14 0.87 1.16 045 0.67
Td (°C) 0.35 0.69 045 0.59 0.89 1.17 044 0.64
T-T7d(°C) 0.7 221  0.14 1.08 1.32 298  0.01 0.3
Wsp (knot) 0.48 243 -029 1.81 —-142 401 0.53 3.13
RH (%) -3.0 11.0 0 6.3 100 4.0 0.69 2.17
BouLac T(°C) 1.420.74 213 1.08 1.39 1.19 141 0.79 0.95
Td (°C) 0.68 1.0 0.94 1.05 1.19 1.39  0.79 0.92
T-Td(°C) 0.82 2.16  0.19 1.02 1.3 289 00 0.31
Wsp (knot) —3.0 2.67  0.07 1.97 -05 394 168 3.7
RH (%) 11.0 -0.28 6.07 1.0 4.0 0.69 2.19
MYJ T(°C) 1.36 272 0.54 1.1 0.83 1.38  0.23 1.06
Td (°C) 0.2 0.85 046 0.59 0.54 1.16 -0.21 0.65
T-7d(°C) 1.16 326 0.13 1.02 1.78 413 045 0.78
Wsp (knot) 1.05 2.78 -0.09 2.13 -094 376 091 2.94
RH (%) -4.0 150  0.06 6.04 -1.0 6.0 -244 4.68
MYNN2.5 T (°C) 1.35 232 0.73 1.05 1.1 142 0.59 0.94
7d (°C) 0.43 0.85 0.63 0.76 0.94 1.3 0.35 0.67
T-7d(°C) 0.92 264  0.15 0.88 1.53 349  0.24 0.59
wsp(knot)  0.45 2.51 -047 199 -1.1 434 131 3.0
RH (%) -4.0 13.0 —-0.06 5.29 -0.1 6.0 -0.94 354
MYNN3 T (°C) 1.47 2.14  1.08 1.23 1.4 1.57 1.14 1.35
Td (°C) 0.96 .12 1.15 1.23 1.29 1.53  0.87 1.06
T-Td(°C) 051 1.99 -0.04 0.61 1.12 283  0.27 0.67
Wsp (knot) 1.0 2.81 -0.03 2.18 -07 439 205 3.41
RH (%) -2.0 10.0  1.06 4.02 0.0 5.0 -1.19 4.12
YSU T (°C) 0.51 1.13 044 0.76 0.72 1.07 023 0.59
Td (°C) 0.5 0.7 0.52 0.6 0.91 129 032 0.66
T-7d(°C) 0.01 1.29 -0.05 0.61 0.63 1.77 -0.08 0.15
Wsp (knot) 0.46 2.33 -024 1.77 -14 42 0.73 3.26
RH (%) 1.0 7.0 1.17 4.12 2.0 3.0 1.25 1.54
YSU-SW24-LW1 T (°C) 0.77 .11 0.97 1.02 1.2 143 0.83 1.08
Td (°C) 0.98 1.09 1.12 1.17 1.19 1.5 0.69 0.92
T-Td(°C) -0.21 0.95 -0.14 0.38 041 1.46 -0.14 047
Wsp (knot) 0.86 253  0.36 2.07 -0.77 3.86 1.53 3.31
RH (%) 2.0 6.0 1.72 2.95 1.0 3.0 -025 292
YSU-SWI-LW1 T (°C) 0.04 093 0.52 0.66 0.83 128  0.29 0.67
Td (°C) 0.7 0.86  0.78 0.87 0.97 137 037 0.72
T-Td(°C) —-0.66 1.08 -027 -031 -0.05 0.81 —-0.08 023
Wsp (knot) 0.21 2.23 -0.17 1.81 —-1.27 4.08 1.05 3.35
RH (%) 5.0 6.0 256 275 20 2.0 1.31 2.05

temperature using the YSU PBL scheme with different radia-
tion schemes range from 0.93 (0.04) to 1.13 °C (0.77 °C) at
Sabiha Gokcen for the entire simulation period. However,
RMSE (MB) values for dew point temperature vary between
0.69 (0.2) and 0.86 °C (0.7 °C) for both non-local schemes
(ACM2, YSU, and YSU-SW1-LW1) and local schemes
(MYJ and MYNNZ2.5). RMSE (MB) values for temperature
are between 1.07 (0.72) and 1.16 °C (0.83 °C) for ACM2,
YSU, and YSU-SW1-LW1 at Ataturk Airport. Similar to
the statistics for dew point temperature at Sabiha Gokcen,
the local scheme MYJ has low RMSE and MB beside non-
local PBL schemes (ACM2 and YSU) at Ataturk Airport.
RMSE (MB) values are in the range from 1.16 (0.54) to
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1.29 °C (0.94 °C) for the entire simulation time. These error
statistics demonstrate that the model simulates the diurnal
cycle of temperature fairly well. In line with temperature
and dew point performance, the simulations with YSU
PBL schemes produce low RMSE for dew point depression
over the whole simulation period. Wind speed and relative
humidity statistics are also in a reasonable range. In addition
to the assessment of the performance over the entire simula-
tion period, the performance of the sensitivity simulations
during the fog events summarizes that those with the YSU
PBL schemes comparatively well simulate the dew point
depression, which defines the fog formation at both Atat-
urk (e.g., the YSU simulation) and Sabiha Gokcen airports
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(e.g., the YSU-SW1-LW1 simulation). RMSE (MB) value
is 0.15 °C (—0.08 °C) at Ataturk and 0.31 °C (- 0.27 °C) at
Sabiha Gokcen. Temperature, dew point temperature, wind
speed, and relative humidity errors are lower during the fog
period than during the entire simulation hours.

In order to understand the differences in the evolution of
the modeled conditions between the PBL schemes, we exam-
ined the PBL height, relative humidity, potential tempera-
ture, and air advection. Figure 8 indicates that PBL height is
below 500 m at Ataturk Airport for all schemes. The atmos-
phere is very stable during the fog hours, and RH is over
90% at the surface during the simulation period. PBL height
is lower than 200 m for all PBL schemes except the local
MYNN2.5 and MYNN3 schemes (Fig. 8). A warm-moist
air advection at lower altitudes (below 200 m) at Ataturk
airport for all PBL schemes except MYNN25 and MYNN3
in the morning hours is also evident (Figure S1). Cold air
advection during the observed morning fog hours is more
pronounced in the YSU-SW1-LW1 case (Figure S1h). All
PBL schemes produced warm-moist air during the afternoon
fog hours at Ataturk Airport, but the moist air advection in
YSU-SW1-LWI1 is stronger than the others (Figure S1h).

Stable atmospheric conditions are also evident at Sabiha
Gokcen Airport during the simulation period (Fig. 9).
RH is over 90% near the surface. PBL height at the air-
port is between 50 and 100 m for all non-local and local
BouLac schemes during the morning and afternoon fog
events (Fig. 9). Warm and moist air is advected at altitudes
below 200 m at Sabiha Gokcen for all PBL schemes during
the simulated morning fog event (Figure S2). Differences
between the PBLs occur around noon (between morning
dissipation and the afternoon onset) when all simulations
show a warm and dry air advection except, YSU-SW1-LW1
(in Figure S2h), which affects the onset of the afternoon fog
with a moist air advection. Forced convection is effective at
around 250 m height at both Ataturk and Sabiha Gokcen air-
ports during the morning fog, while free convection governs
the presence and duration of the afternoon fog at the airports
for all sensitivity simulations according to buoyancy and
shear production calculations for these stations (Figures S3
and S4).

Figure 10 shows the spatial distribution of daily liquid
water content (LWC) over the innermost domain for PBL
and radiation sensitivity simulations. Here the simulations
are compared with each other as there are no observed
LWC data over the city. All simulations produce high LWC
over the Sea of Marmara. Simulations such as BouLaC,
MYNN?2.5, YSU, YSU-SWI1-LWI1 (Figs. 10b, d, f, and
h) also produce comparatively high LWC values over the
Black Sea. MYJ simulation has lower LWC values over the
domain (Fig. 10c), while the YSU simulation has high LWC
(Fig. 10f). All simulations produce relatively high LWC
along the Bosphorus. LWC increases up to 0.15-0.2 g/kg

over the Asian side of the city for the simulations except
for YSU, whose LWC is around 0.25-0.30 g/kg. Figure 8h
exhibits that simulated LWC by the YSU-SW1-LW1 falls
between those of the YSU and the YSU-SW24-LW1. There-
fore, the YSU-SW1-LW1 simulation does not produce as
much cloud mixing ratio as the YSU (Fig. 10f), but it also
does not produce LWC as low as that of the YSU-SW24-
LW1 (Fig. 10g).

Sounding observations are available at Bolge station,
whose location is very close to Sabiha Gokcen Airport.
Weather reports at this station indicated mist early in the
morning on February 19, 2014. Hence, we used 0000 UTC
soundings to assess the performance of the simulations for
the lowest one thousand meters of the troposphere. The com-
parison suggests that the simulations produce a moister sur-
face air (below 300 m) than the observations. However, this
first 300 m layer of the atmosphere is saturated and calmer
compared to what the simulations produce. It could be said
that the YSU simulation comparatively better captures the
vertical profiles for the first few hundred meters (Fig. 11).

We calculated visibility using the NOAA/Forecast Sys-
tems Laboratory (FSL) formula developed by Doran et al.
(1999) by considering its simplicity. The formula (Eq. 1)
uses air temperature, dew point temperature, and relative
humidity, essentially the variables we used to assess the
model performance.

Vis(km) = 1.609 x 6000 x [(T — Td)/RH""3] e))

Visibility for the PBL and radiation sensitivity simula-
tions is calculated based on the formula in Eq. 1. All PBL
schemes develop fog much earlier than the observations
at Ataturk Airport, most likely because they simulate a
moister boundary layer than the observed one (Fig. 12a).
However, differing largely from the others, the YSU-SW1-
LWI1 simulated the onset of the morning fog only 2 h ear-
lier. Dissipation of the morning fog was simulated much
earlier than the observation for all simulations except the
YSU (with RRTMG-fast short and RRTMG long-wave
radiation schemes) and the YSU-SW1-LW1, all of which
produced dissipation only about 2 h before the observation
(Fig. 12a). The estimated visibility during the non-fog hours
(around noon) was higher than the observations for almost
all simulations. The visibility generated by the YSU-SW1-
LW1 was somewhat lower than the others. Nearly all local
PBL schemes and YSU-SW24-LW1 non-local schemes
were able to simulate the evening fog late at Ataturk Air-
port. The YSU, YSU-SW1-LW1, and BouLac simulations
reproduced the onset of the evening fog about the same time
as the observation.

Figure 12b depicts the visibility for Sabiha Gokcen Air-
port. The low visibility conditions (below 1 km) start the
previous day at Sabiha Gokcen Airport, and lasts until about
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«Fig. 10 First model level daily liquid water content (LWC; g/kg) of
sensitivity simulations over the innermost domain. a ACM2, b Bou-
Lac, ¢ MYJ, d MYNN2.5, e MYNNS3, f YSU, g YSU-SW24-LW1,
and h YSU-SW1-LW1

0700 UTC in the morning when the conditions become nor-
mal. The visibility decreases below the threshold (1 km)
around 1500 UTC in the afternoon and remains low until
midnight. It is possible to say that the performance of PBL
schemes at Sabiha Gokcen were better than that at Ataturk
Airport. However, nearly all simulations reproduced the
morning fog later than the observation. Still, the YSU and
YSU-SW24-LW1 simulations did a better job by producing
the morning fog earlier than the others. The simulation with
MY]J produced the shortest duration for the morning fog.
The morning fog was dissipated an hour earlier than the
observation by all simulations except the YSU-SW1-LW1,
which dissipated it one hour later than the observation. As
in Ataturk Airport, the evening fog was well reproduced by
all simulations. The onset time of the fog was still given with
an hour delay by all simulations except the YSU-SW1-LW1
that started the fog the exact same time as the observation
(Fig. 12b).

3.2 Assessment of sensitivity to non-physics
options

In addition to physics parameterizations, we conducted a
few sensitivity simulations to test the WRF configuration
response to initial and boundary conditions data. The sensi-
tivity experiment on physics parameterizations produced a
comparatively good agreement between the observations and
the YSU-SW1-LW1 configuration, which included the com-
bination of the YSU PBL scheme with the Milbrandt MP
scheme, Dudhia short-wave, and RRTM long-wave schemes.
In this part of the study, using the same configuration we
forced the model with two different initial and boundary
conditions datasets, which are FNL (NCEP Global Predic-
tion System final analysis) with 1 X 1° horizontal resolution
and ECMWF ERAS with 0.30 % 0.30° horizontal resolution.
Furthermore, we also examined the role of SST in the fog
prediction by forcing the YSU-SW1-LW1 with ERA-Interim
data with 0.25x0.25° OISST dataset (ERAINT-OISST)
since the stability and turbulence near the surface (below
100 m) are sensitive to SST (Gao et al. 2007).

Figure 13 demonstrates that the use of the coarsest data-
set, FNL, leads to the poorest results for the fog lifecycle
simulation. Visibility calculated based on the variables
from this simulation shows that the morning fog does not
exist, and the afternoon fog period is very short at Ataturk
(Fig. 13g). Meanwhile, the simulation produced a com-
paratively short (about 2 h) morning fog and an afternoon
fog whose onset was delayed for about one hour at Sabiha

Gokcen (Fig. 13h). The use of ERAINT and ERAS datasets
resulted in some differences in simulating the lifecycles of
the fog events. Dew point temperature and RH had similar
diurnal variations to observations for two airports, however,
temperature depression was slightly overestimated by ERAS
at Ataturk during the nighttime and before noon (Fig. 13a).
It was also overestimated before the noon at Sabiha Gok-
cen (Fig. 13b). ERAS and ERAINT cases produced similar
RH variations during the simulation period, and they both
broadly captured the observed variations at both airports
except for noontime at Sabiha Gokcen when both overesti-
mated it (Figs. 13c and d). Figures 13e and f indicate that
the lowest model level had a smaller amount of cloud liquid
water in the ERAS simulation than both ERAINT and FNL
simulations at both airports. The estimated visibility at Atat-
urk Airport showed that the start time of the morning fog is
well simulated by the ERAS case, but the fog was dispersed
2 h earlier compared to the observation.

It should be noted that the ERAINT case simulated the
duration of morning fog correctly, but 2 h ahead of the
observation at Ataturk Airport (Fig. 13g). The ERAS case
simulated a shorter fog period than the observation. Fig-
ure 13g indicates that the ERAS case starts afternoon fog
later than both ERAINT and observation, and ends it after
2200 UTC although the fog continues until the early hours
of the following day. For the lifecycle of the fog at Sabiha
Gokcen (Fig. 13h), the ERAS case estimated the start of the
morning fog earlier, but it switched back and forth between
fog and mist until 0500 UTC when it simulated the final
hours of the morning fog which disappeared at the same time
as the observation. The ERAS simulated the afternoon fog
fairly well. The overall assessment showed that the perfor-
mances of the ERAINT and ERAS cases in terms of the fog
simulation were close to each other, but the ERAINT data
can be preferred because the simulation-driven with it gives
slightly better results than the simulation with the ERAS
data. RMSE values for temperature depression, RH, and wsp
for fog hours at Sabiha Gokcen Airport under ERAS forcing
data were 0.23 °C and 2.2% and 2.7 knots, respectively. They
were worse when FNL data were used (0.43 °C, 2.92%, and
1.98 knots, respectively). In addition, the ERAS case per-
formed better than the FNL case at Ataturk Airport (0.79 vs
1.6 °C, 3.69 vs 2.96%, and 4.97 vs 9.23 knots for dew point
temperature, RH, and, wsp, respectively). Statistical scores
for the entire simulation period also produced better results
for the ERAS case compared to FNL case at both airports.
The ERAINT case, however, yielded slightly better perfor-
mance than the former.

The non-physics sensitivity experiment also included a
simulation investigating the effect of different SST data on
fog forecasting. Figures 13b and d depict that the ERAINT-
OISST included simulation makes some improvement on
temperature depression and RH estimation around noon at
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Sabiha Gokcen Airport over the ERAINT simulation. How-
ever, the performance of the model for these two parameters
gets worse around noon at Ataturk Airport (Figs. 13a and c).
Both cases simulated these parameters almost similarly dur-
ing the morning and afternoon fog events. Cloud liquid water
content (LWC) is not available in the observations; thus,
we can only make comparisons between the simulations,
however, it is helpful to improve the prediction of the onset
and dissipation times of the fog. At Sabiha Gokcen Airport,
the ERAINT-OISST simulation produces lower LWC at the
lowest model level during the fog events (Fig. 13f). Atat-
urk airport yields lower LWC during the morning fog event
and higher LWC during the afternoon fog event (Fig. 13e).

@ Springer

The simulated decrease in visibility and the corresponding
increase in LWC at Ataturk Airport at around 0600 UTC
(Figs. 13e and g) shows that the ERAINT-OISST simula-
tion predicts the onset time of the morning fog well. Fig-
ure 13h indicates that the morning fog onset simulated by the
ERAINT-OISST case is close to the observation at Sabiha
Gokcen. The dissipation of the morning fog starts earlier
(later) than the observation at Ataturk (Sabiha Gokcen) Air-
port for both simulations. However, the early fog dissipa-
tion in the ERAINT-OISST case improves the fog lifecycle
simulation in the morning at Sabiha Gokcen (Figs. 13h). It
is opposite at Ataturk Airport, where LWC decreased imme-
diately after 0700 UTC (Figs. 13e and g). Both ERAINT
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simulations reproduce the afternoon fog at the same time
(1500 UTC) as the observation at Sabiha Gokcen Airport
(Figs. 13h). But, the ERAINT-OISST case starts about 1 h
later than the observation and ERAINT simulation at Atat-
urk Airport (Fig. 13g). Statistical evaluation of these two
simulations indicates that forcing the model with observed
SST data does not significantly improve fog simulation at
either airport. RMSE values of temperature depression, RH,
and wsp were 0.4 °C (0.31 °C), 2.5% (2.79%), and 3.09 knot
(1.8 knot) at Ataturk (Sabiha Gokcen) airport, respectively.

3.3 Comparison of YSU-SW1-LW1 simulation
with satellite observations

The sensitivity simulations, including physics and non-
physics processes, suggest that the model configuration
comprising the YSU PBL, Milbrandt scheme with Tiedtke
cumulus parameterization shows fairly good performance
in simulating the fog events. The sensitivity simulations on
radiation schemes indicate that the YSU-SW1-LW1 case
provides better results than the others investigated in this
study. To gain more insight into the model performance,
we qualitatively compared the YSU-SW1-LW1 simulation
outputs with the MODIS Terra and Aqua acquired data.
MODIS observations provide two relevant products (cloud
reflectance and cloud water path) on the day of the fog
that was studied. These products are available at 11:55
a.m. from MODIS Aqua and at 08:35 a.m. from MODIS
Terra. Figure 14a shows the morning fog/low cloud cov-
erage over Istanbul and its vicinity. The morning fog/low
clouds are relatively dense along with the coastal parts
of the city. Both the south and north coasts and the strait
are under the influence of the fog. Also, in line with the
ground observations both airports seem to be affected by
the fog event. Figure 14d indicates that the fog retracts

toward water surfaces, especially in the south around noon.
This cloud was recorded as mist in the ground observa-
tions. The dense fog dissipates over the province of Istan-
bul largely by noon.

Wersted et al. (2017) state that CWP is greater than 30
gm~2 in an opaque fog. CWP from the MODIS TERRA
data (Fig. 14b) indicates thick clouds in the western parts
of the city in the morning. CWP from the MODIS Aqua
(Fig. 14e) shows relatively thin clouds in the western part
at around noon while thicker clouds in the eastern part
with greater CWP than 200 gm~>. In order to compare
model estimations with satellite observations, we calcu-
lated the liquid water path (LWP), a measure of the total
amount of liquid water in the atmospheric column, from
the YSU-SW1-LW1 simulation. LWP (gm~2) is calculated
between the surface (Psfc; lowest model level) and top of
the atmosphere (Ptop; 50 hPa) based on liquid water mix-
ing ratio (r; g/kg) and gravitational acceleration (g; ms™2),
as follows (Eq. 2).

Ptop
LWP = / rdP/g 2)
Psfc

Although CWP includes both LWP and ice water path
(IWP), the WRF model does not produce an ice mixing
ratio at the times of MODIS observations (not shown),
therefore we compared modeled LWP with observed CWP
qualitatively. Figures 14c and f present the calculated LWP
over Istanbul for the times of the MODIS observations.
The comparison indicates that the modeled LWP distribu-
tion matches with the visible images more (Figs. 14a and
d). LWP is greater than 20 gm~2, mostly over the water
surfaces. Similar to the MODIS CWP in Fig. 14b, LWP is
over 30 gm_2 in the west of the domain at noon. However,
LWP of values greater than 20 gm~2 is seen over the water
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Fig. 13 Results of initial and boundary condition sensitivity simu-
lations. Temperature depression (a and b), RH (¢ and d), LCW (e
and f), and visibility (g and h) for Ataturk (left) and Sabiha Gokcen

body in the south of Istanbul, penetrating only the coastal
areas. It looks quite different from the CWP obtained from
MODIS Aqua.
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(right) airports. Gray shading and gray dash line point out the foggy
hours from METAR data and visibility threshold for the fog exist-
ence, respectively

4 Summary and discussion

Fog, which is an important meteorological phenomenon
adversely affecting land, air, and sea transportation, is diffi-
cult to predict. This paper aims to assess the performance of
the WRF model in simulating a dense advection fog event in
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Istanbul through sensitivity simulations involving different
physics options and initial and boundary condition data sets.
The fog event chosen for the sensitivity experiment occurred
on February 19, 2014 with suitable synoptic conditions.
Previous studies showed that fog dissipation is highly
sensitive to microphysics schemes (e.g., Lin et al. 2017
and Steeneveld et al. 2015). Therefore, we first tested the
model by performing sensitivity simulations on the avail-
able six microphysics schemes with the MYNN2.5 PBL
scheme. All these simulations produced warm temperature
bias between 0600 and 1500 UTC. This caused a rapid dis-
sipation of the fog during this period. The simulations with
all microphysics schemes produced a moist atmosphere
early in the morning and late at night, and a dry atmos-
phere during the daytime. Wind speed was also important
for the fog dissipation, and all these simulations repro-
duced the diurnal variations of wind speed at two airports
fairly well. The model was generally better in simulating
temperature at Ataturk Airport than at Sabiha Gokcen Air-
port. The simulation with the Milbrandt scheme had rela-
tively low MB (0.71 and 1.25 °C for Ataturk and Sabiha
Gokcen airports, respectively) and RMSE (1.18 and 2.5 °C
for Ataturk and Sabiha Gokcen airports, respectively) of
temperature. Also, relatively low MB (0.56 and 0.13 °C
for Ataturk and Sabiha Gokcen airports, respectively) and

RMSE (1.15 and 0.89 °C for Ataturk and Sabiha Gokcen,
respectively) values suggested that the dew point temper-
ature variations were quite well captured by WRF with
this scheme at both airports. Results revealed that the use
of different cumulus parameterizations did not produce
changes in the fog simulation.

After setting Milbrandt as the microphysics scheme,
Tiedtke as the cumulus scheme, and RRTMG as the radia-
tion (both short and longwave radiation) scheme, we tested
different PBL schemes through further sensitivity simula-
tions. The simulations depicted a typical daytime warm
(cold) bias in temperature (dew point temperature). The
performance of each PBL scheme was quite good for Sabiha
Gokcen Airport however, it was not that good for Ataturk
Airport, which is closer to a water body. These sensitivity
simulations revealed that PBL schemes did not have much
control on the onset and the dissipation of the fog. Our result
supports Lin et al. (2017), who stated that the timing of
formation and dissipation of fog was sensitive to longwave
and shortwave radiation schemes. The simulations with PBL
schemes together with RRTMG-fast shortwave and RRTMG
longwave radiation schemes resulted in decreases in daytime
temperature bias. Especially the decrease achieved by the
simulation, including the YSU PBL scheme with these radia-
tion schemes was noteworthy.
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Studies such as Roman-Cascon et al. (2012), Chaouch
et al. (2017), and Pithani et al. (2019a and 2019b) con-
cluded that local PBL schemes provided better results than
the non-local ones. However, in contrast with their findings,
our results revealed that the non-local PBL scheme YSU
performed relatively better than local schemes. A similar
result was also presented by Steeneveld et al. (2015) and Lin
et al. (2017). Both local and non-local PBL schemes involve
representation of the vertical mixing processes. In general,
the non-local YSU schemes (with first-order closure para-
bolic K-profile) with the entrainment flux proportional to the
surface flux are favorable in unstable conditions while local
PBL schemes (with TKE closure) show better performance
in stable conditions (Shin and Hong 2011). Nonetheless,
the modified YSU formulation with an increase in the criti-
cal bulk Richardson number from zero to 0.25 (Hong et al.
2006) enhances the representativeness of the mixing in a sta-
ble layer (Hu et al. 2010). It is known that the lowest part of
the planetary boundary layer is directly affected by surface
exchanges of heat, momentum, and moisture (Stull 1988).
In the WRF model, the surface layer schemes correspond-
ing to the PBL schemes define the surface exchange coeffi-
cients to calculate sensible heat, latent heat, and momentum
fluxes. Further analysis revealed that the fog event distinc-
tions between the PBL schemes could partly be related to the
differences in the heat fluxes, especially in the sensible heat
flux, at the surface (see Figure S5). Therefore, the surface
cooling is mixed in a shallower layer in YSU than the local
schemes and also in ACM2, which uses a hybrid closure
scheme (a first-order, non-local closure scheme that repre-
sents non-local upward mixing and local downward mix-
ing). Our results showed that YSU-SW1-LW1 differs from
the other PBL schemes with its lower sensible heat fluxes.
Avolio et al. (2017) suggest that sensible heat flux plays
an important role in the performance of WREF at the local
scale. It was found by Kim and Yum (2017) that longwave
radiation was more important in the net radiation budget for
the formation and development of marine fog. It is noted
that YSU was more sensitive to radiation schemes, therefore
RRTM (RRTMG-fast) longwave (shortwave) and Dudhia
(RRTM) shortwave (longwave) schemes were run together
with the YSU PBL. Overall, simulations with different PBL
schemes well-simulated the temperature depression under
the fog influence at both airports. However, error statistics
were evidently better at Ataturk Airport. The simulation with
the YSU scheme came out with lower RMSE values than the
others. The effects of short and long-wave radiations on fog
prediction differed for two stations. Namely, the simulations
with RRTMG-fast and RRTMG performed better at Ataturk
in terms of temperature depression and RH. However, it was
the combination of Dudhia and RRTM schemes that gave
better results at Sabiha Gokce. The model had moister con-
ditions than the observations from the surface up to 300 m in
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the atmosphere for all sensitivities. The model had stronger
winds for the lowest 1 km of the atmosphere than the obser-
vations from the sounding measurements. The YSU-SW1-
LW1 simulation reproduced both the onset and dissipation
times of the morning fog 2 h earlier than the observations
at Ataturk and an hour later than the observations at Sabiha
Gokcen. The onset time of the afternoon fog was well cap-
tured by the YSU-SW1-LW1 simulation.

The pattern of the simulated LWP from the YSU-SW-
LW1 simulation matched well with the cloud products from
MODIS Terra and Aqua observations. These observations
depicted high liquid water content over the water bodies
especially in the morning when the MODIS Terra image
was available. MODIS Aqua image also provided that LWC
was relatively high in the south of the city at noon.

In an attempt to further understand how the configurations
with PBL and radiation schemes represent the fog life cycle
during the advection fog events, we carried out simulations
for two more fog events in Istanbul. The events took place
on December 15, 2014 (see Supplementary Figures S6-S15)
and March 1, 2017 (see supplementary figures S16-S25).
Similar to the February 19, 2014 fog event, synoptic pattern
in the latter has southwesterly moist air inclusion from the
south of the province of Istanbul, however the December 15,
2014 case has a southeasterly flow prevailing over the region
with a more pronounced cold air blowing from the northeast.
The model results are comparable to the fog event investi-
gated in the present study (the February 19, 2014 case). The
sensitivity simulations for these three fog events demonstrate
that the model with the non-local YSU-PBL scheme and
Dudhia shortwave and RRTM longwave radiation schemes is
able to reproduce fog events fairly well, but with deviations
in the onset and dissipation times.

For the February 19, 2014 case, we further analyzed the
effects of the different forcing datasets on the formation,
duration, and dissipation of the fog using IC-BCs provided
by ECMWF and NCEP. We tested mainly three different
forcing datasets, ERA-Interim, ERAS, and FNL, to simu-
late the event. FNL results were found to be comparatively
poor. Forcing the model with the high-resolution ERAS data
depicted an improvement in the timing of the morning fog
onset at Ataturk, however, it dissipated the fog earlier than
the observation. The use of ERAS also delayed the forma-
tion of the afternoon fog. Furthermore, the morning fog was
formed earlier, and its dissipation time was slightly earlier
than the observations at Sabiha Gokcen. Both ERAS and
ERA-Interim forcing produced the onset time of the after-
noon fog at the same time as the observation. It was found
that using a relatively higher-resolution sea surface tempera-
ture dataset did not improve the performance of the simula-
tions, especially at Ataturk, a coastal airport.

There are other important factors that could affect the
predictability of a fog event, but they are not investigated in
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this study. For instance, Lin et al (2017) stated that an appro-
priate forecast lead time is important for the spin-up of the
model and completion of the physical processes. Moreover,
urbanization and aerosols have an impact on fog forecasting.
Heavy air pollution reduces the longwave radiation cooling,
and hence affect the formation of the fog (Li et al. 2019).
Also, urbanization speed affects the formation of fog. Fog
formation is supported by the abundance of aerosols during
the slow urbanization while it is inhibited during the rapid
urbanization due to the urban heat island effect (Yan et al.
2019). Urban expansion influences all types of fog formation
(Gu et al. 2019). Since Istanbul is a densely populated meg-
acity and the border of the urban region expands northward,
there is an urgent need to further investigate the impact of
urbanization on the fog formation over the city.

5 Conclusion

The aim of this study is to investigate the performance of
WREF (version 3.9.1.1) in simulating a dense advection fog in
Istanbul, which especially affects national and international
air traffics and local transportation adversely. The sensitivity
experiment involved hierarchical simulations with different
microphysics, PBL, radiation parameterizations, and differ-
ent forcing datasets. The conclusions are as follows:

e Milbrandt microphysics scheme performs slightly better
than the other schemes used in the study.

e Non-local PBL schemes are better at simulating the diur-
nal cycle than the others. Although the statistics suggest
that all the PBL schemes give good simulations at the fog
hours, it is the YSU PBL scheme that gives better timings
for the formation and dissipation of the fog.

e The model produces a warm temperature bias during
the daytime. Different configurations with longwave and
shortwave radiation schemes reveal that longwave and
shortwave radiation parameterization is more effective
than the others in eliminating the bias.

e The YSU PBL scheme with RRTM longwave and Dudhia
shortwave radiation schemes (the YSU-SW1-LW1 sim-
ulation) perform comparatively well for the simulation
of the advection fog. Although this configuration gives
comparatively better results compared to the other con-
figurations, our study indicates that each fog events have
different features. Therefore, we cannot generalize that
the performance of this model configuration changes
from one case to another, since fog events have differ-
ent features. The synoptic-scale conditions of each event
are case-specific, and also the interaction of mesoscale
features with the synoptic scale features differs over dif-
ferent regions.

e The simulated wind speed is comparatively weak along
the coast for the morning fog, therefore the develop-
ment of the fog, hence the onset and dissipations,
occurs early along the coast. The model simulates the
onset time of the afternoon fog pretty well.

e High-resolution IC-BC data do not provide a signifi-
cant improvement in fog simulation. Results show that
ERA-Interim performs slightly better than the ERAS
dataset.

There is a need to investigate the effect of spin-up time on
the simulation of the wind field, which may have an impor-
tant role in the advection of the fog along the coast. Thus, we
are planning to investigate the effects of spin-up time, pollut-
ant particles, and urbanization with model parameterizations
in our future studies. We will also attempt to analyze more
cases of advection and radiation fog types.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00704-022-03966-0.
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