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Abstract

This work presents ship-based measurements of fog off St John’s, Newfoundland, on 13
September 2018 during the Coastal Fog field campaign. The measurements included
cloud-particle spectra, cloud-base height and aerosol backscatter, radiation, turbulence,
visibility, and sea-surface temperature. Radiosonde soundings were made at intervals of
less than 2 h. Fog occurred in two episodes during the passage of an eastward-moving
synoptic low-pressure system. The boundary-layer structure during the first fog episode
consisted of three layers, separated by two saturated temperature inversions, and capped by
a subsidence inversion. The lowest layer was fog, and the upper layers were cloud. The sec-
ond fog episode consisted of one well-mixed fog layer capped by a subsidence inversion.
Low wind speeds and stable stratification maintained low surface-layer turbulence during
fog. Droplet size distributions had typical bimodal distributions. The visibility correlated
with the droplet number concentration and liquid water content. The air temperature was
higher than the sea-surface temperature for the first 30 min of the first fog episode but was
lower than the sea for the remainder of all fog. The sensible heat flux was upward, from sea
to air, for the first 62% of the first fog episode and then reversed to downward, from air to
sea, for the remainder of the first fog episode and the second fog episode. The counter-gra-
dient heat fluxes observed (i.e., opposite to what is expected from the instantaneous air—sea
temperature difference) appear to be related to turbulence, entrainment, and stratification in
the fog layer that overwhelmed the influence of the air—sea temperature difference. While
the synoptic-scale dynamics preconditioned the area for fog formation, the final step of fog
appearance in this case was nuanced by stratification—turbulence interactions, local advec-
tive processes, and microphysical environment.
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1 Introduction

The term (liquid) fog refers to a condition where near-surface visibility drops below
1 km due to suspended small water droplets that scatter light (AMS 2012a, b, ¢, d). A
historic account of marine-fog research is given in Lewis et al. (2003), starting from the
early ship-based observations of Taylor (1917), which took place near the area of the
study described in this paper. There is continued scientific interest in fog because the
difficulty of accurately forecasting its location and onset time, and its duration affects
applications such as transportation hazards, ecology, and defence (Fernando et al. 2020).
In a ship-observation-based climatological study of worldwide marine-fog occurrence,
Dorman et al. (2017) found that the greatest fog occurrence is in the Northern Hemi-
sphere in the north-western oceans, including the Grand Banks, which was examined
mostly in a synoptic-scale perspective by Isaac et al. (2020), and is examined at a local
scale as part of the Coastal Fog (C-FOQG) field campaign (Fernando et al. 2020 for the
C-FOG overview and Gultepe et al. 2021 for a review on microphysics during C-FOG).

Many types of fog have been identified based on formation mechanisms, location,
dynamics, and timing (Gultepe et al. 2007, 2016). Based on the formation mechanism,
major fog types are radiative fog (caused by nocturnal cooling of the surface, occurring
mainly over land), advection fog (caused by modification of air masses moving over
water bodies), and mixing fog (caused by turbulent mixing of nearly saturated warm and
colder air masses to produce supersaturation over water or land) (Taylor 1917). These
may be subdivided into a marine fog, defined as fog over the open ocean (open-ocean
fog), over marginal and shallow seas (sea fog) or in the coastal zone where air over a
land mass and ocean interacts (coastal fog) (reviewed in Koracin et al. 2014). Further,
marine fog may be subdivided into a cold-sea fog when the sea surface is colder than
the air or a warm-sea fog when the sea surface is warmer (Kim and Yum 2010).

The study of marine fog is challenging due to the extreme range of scales and number
of processes involved (Koracin et al. 2014; Gultepe et al. 2017). Contributors from the
atmospheric realm include: (1) synoptic (large-scale) weather systems; (2) mesoscale
fronts, advection, convection, convergence, subsidence, cloud-fog nexus; (3) microscale
aspects such as instabilities and turbulence, fluxes of latent and sensible heat, momen-
tum, water vapour and aerosols, and longwave and shortwave radiation; and (4) micro-
physical and thermodynamic processes involving hygroscopic aerosols and water drop-
lets. Background stratification also plays a crucial role by affecting turbulence (Heo and
Ha 2010). On the ocean side, the upper ocean has the most impact, and sea-surface tem-
perature (SST), upper mixed-layer turbulence, temperature/salinity distribution, marine
aerosols, and mesoscale coastal circulation all can be important.

warm-sea fog observations date back to Petterssen (1938), followed by copious liter-
ature on Californian coastal fog observations (reviewed in Koracin et al. 2014). Instabil-
ity in the surface layer due to a superadiabatic temperature gradient may produce con-
vective turbulence, causing the mixing of saturated warm surface air with near-saturated
colder air aloft to produce ‘mixing fog’ that evolves under convective forcing and cloud-
top cooling (Kim and Yum 2017). A comparative study of warm versus cold-sea fog
along the south China coast concluded that, contrary to earlier findings, the top of warm
sea fog may extend above the inversion base (Huang et al. 2015). Coupled modelling by
Kim et al. (2020) showed that not only air—sea coupling but also external factors such as
advection may determine warm-sea fog formation.
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The aim of this study is to shed light on the formation, maturation, and dissipation of
fog during a warm-sea fog coastal event observed from a research vessel (R/V Hugh R.
Sharp) off St John’s, Newfoundland, on 13 September 2018 during the C-FOG campaign.
Section 2 outlines the campaign and data collection. A synoptic overview of conditions
during the observational period is given in Sect. 3, followed by in situ, profiling, radiation,
microphysical, and microscale observations in Sect. 4, and a discussion of results and con-
clusions in Sects. 5 and 6, respectively.

2 Measurements, Settings, and Analysis

We focus on measurements made by the R/V Hugh R. Sharp while off the coast of St.
John’s, Newfoundland (Fig. 1) between 1700 UTC 12 September 2018 and 0700 UTC 13
September 2018. This period is defined as the first ship intensive operational period (SIOP
1; Fernando et al. 2020) and is referred to as the event period here. The ship left St. John’s
Port on 1200 UTC 12 September, following the track in Fig. 1. Along the way the ship
encountered fog and adjusted the course to optimize the sampling of the fog that covered
an area about 80 km in the south—north direction and 20 km in the west—east direction.
Instruments used on the ship are shown in Fig. 2 and are listed with accuracy and sam-
pling rates in Table 1. The bow mast had temperature (7T,;) and relative humidity (RH)

Vis [m]
2000

1800
1600
1400
1200
1000

800

600

Fig. 1 Coloured dotted line indicates the visibility (m) clipped at 2000 m along the ship track for the pre-
sent analysis from 1200 UTC 12 September to 0000 UTC 15 September 2018, with+marking the ship
location at the start of each hour
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Fig.2 Instrument positions on-board the R/V Hugh R. Sharp and pictures of key instruments taken during
the campaign relevant to the present study. Adapted from Fernando et al. (2020)

probes (HMP155, Vaisala, Helsinki, Finland) at 7 m, 9 m, and 12.5 m above sea level
(a.s.l.), a broad band net radiometer (K&Z CNR4, Kipp & Zonen, Delft, Netherlands) at
11.5 m a.s.l. for upward and downward longwave and shortwave radiation, and a three-
dimensional sonic anemometer (CSI IRGASON, Campbell Scientific, Logan, Utah, USA)
at 12.5 a.s.l. for turbulence and fluxes. On top of the pilot house at about 9.1 m a.s.l. was
a visibility and present weather detector (PWD 22, Vaisala, Helsinki, Finland), and a fog
monitor (FM-120, Droplet Measurement Technologies, Longmont, Colorado, USA) that
measures fog droplet spectra and reports calculated fog droplet statistics. A ceilometer
(CL31, Vaisala, Helsinki, Finland) was between the pilot house and exhaust stack on the
deck at 4.5 m a.s.l. A GPS-based radiosonde system (RS41-SGP, Vaisala, Helsinki, Fin-
land; MW41, Vaisala, Helsinki, Finland) made profiles of the atmosphere as the sonde
ascended and descended. Ten up-and-down profiles were made from 1721 UTC 12 Sep-
tember to 1130 UTC 13 September. The bulk SST was measured at 1-3 cm depth with
a SST sensor (sea snake) consisting of a chain of floating thermistors (YSI 46040, YSI,
Yellow Springs, Ohio) and held about 2 m away from the side of the ship by a boom near
the pilot house. All motions of the ship, including pitch, roll, yaw, and horizontal move-
ment, were measured by an inertial navigation system (VN100, VectorNav, Dallas, Texas;
Trimble BX982 Dual-GNSS receiver, Trimble, Sunnyvale, California) and used for motion
correction.

Turbulence variables were derived using a Reynolds-averaging method as well as a
spectral and wavelet transform analysis (Tennekes and Lumley 1972; Farge 1992; Tor-
rence and Compo 1998; Cuxart et al. 2002; Terradellas et al. 2005; Aubinet et al. 2012).
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These include (a) turbulence kinetic energy (TKE, ¢) and the dissipation rate of TKE (¢)
(using TKE spectra); (b) sensible heat flux (SHF); and (c) latent heat flux (LHF) (both
using eddy-covariance method).

The three-hourly North American Regional Reanalysis (NARR) with a 32-km grid-
point separation (https://psl.noaa.gov/cgi-bin/data/narr/plothour.pl, Mesinger et al. 2006)
was used to explore the synoptic setting. The data are from the Research Data Archive at
National Center for Atmospheric Research (NCAR) (National Centers for Environmental
Prediction, National Weather Service, NOAA, U.S. Department of Commerce 2005).

Additional details about the ship and the C-FOG campaign are presented in Fernando
et al. (2020).

3 Synoptic Overview

Fog occurred at the ship during 0000-0315 UTC and 0450-0650 UTC on 13 September
2018 when it was north to north-north-east of St John’s, Newfoundland (Fig. 1). This sec-
tion presents the synoptic setting for these events.

An eastward-moving synoptic scale cyclonic system forced the fog occurrence and the
conditions around it. This sequence is well represented by the NARR sea-level pressure
(SLP) analyses. At 1800 UTC 12 September the low centre was over the south Newfound-
land coast (Fig. 3a). On the south-eastern—eastern side of the low, the isobars were closest
together and the 10-m winds were the strongest and from the south. On the west side of
the low centre, the winds were weakest and from the north. This structure about the low
remained the same throughout this event. The low continued eastward, crossing the eastern
Newfoundland coast around 0000 UTC 13 September and turned south-east. At 0300 UTC
13 September, the low centre was at its lowest pressure, east of the coast, south of the ship
while at the ship the 10-m winds had switched to the north-east (Fig. 3b). At this time, the
first fog event was ending and the second started 2 h later. The low continued to the south-
east so that by 1200 UTC 13 September, the low had drawn farther away from Newfound-
land and the central pressure had increased.

The moisture in the boundary layer, a crucial aspect for fog, is represented by the NARR
2-m RH sensor. Throughout this event, the RH maximum area extended roughly north
to south across the low centre, moved with the low, and the highest values occurred over
the ocean. At 1800 UTC 12 September the highest relative humidity extended from the
southern Newfoundland coast toward the south (Fig. 3d). At 0300 UTC 13 September, the
relative humidity greater than 95% is a complex pattern that included the eastern New-
foundland coast and waters (Fig. 3e). The maximum value of RH, which was greater than
98%, included portions over water around eastern Newfoundland and especially around the
southern Avalon Peninsula, while the value of RH over land was lower. At this time, the
ship was on the edge of this RH maximum and was near the end of the first fog event. By
1200 UTC 13 September, the RH maximum had drawn eastward from Newfoundland and
separated into a northern portion and a smaller, weaker southern portion in the low centre
(Fig. 3f). At this time, the humidity had fallen below 95% over the eastern Newfoundland
waters and the ship.

The atmosphere capping the surface layer is represented by the 700-hPa geopotential
height (near 3 km elevation) and wind speeds. The closed structure of SLP transformed
to an open wave at 700 hPa. At 1800 UTC 12 September, a north—south trough axis was
across the Newfoundland coast and the SLP low centre (Fig. 3g). The trough crossed the
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( ) 1800 UTC 12/09 SLP and 10-m Wind Vectors ( ) 0300 UTC 13/09 SLP and 10-m Wind Vectors ( ) 1200 UTC 13/09 SLP and 10-m Wind Vectors

Latitude

600 515 550 525 500 475 450 425

1200 UTC 13/09 2-m RH and SLP

Longitude Longitude Longitude

Fig.3 North American Regional Reanalysis (NARR) SLP with 1 hPa isobar spacing (shaded colour), 10-m
wind vectors and L the low centre (a), 2-m RH (shaded colour) and SLP (b), and 700-hPa geopotential
height (GPH, shaded colour) and wind vectors (c), for 18 UTC 12 September, 0000 UTC 13 September
and 12 UTC 13 September. Star marks the ship location, and the red lines mark the troughs in 700-hPa
geopotential height

coast with the low and broadened into two axes: the western axis was over the eastern side
of the deepened low at 0300 UTC 13 September (Fig. 3h) and the second axis was farther
to the south-east and separated from the first axis by a weak anticyclonic ridge. By 1200
UTC 13 September, the broad trough with its two axes had moved farther to the south-east
(Fig. 3i). At the same time, an anticyclonic ridge had moved over the west coast of New-
foundland, increasing subsidence over the broader area and the ship. Before the trough axis
passed, the 700 hPa winds over the ship were from the west. After passage, they were from
north—north-west ((Figs. 4, 5).

Geostationary Operational Environmental Satellite (GOES) East satellite infrared
images showed that a band of higher clouds was over the east side of the SLP low. At 1745
UTC 12 September, a cloud band extended from the north-east, then along the east side
of the surface low, over the ship, and then to the south-west (Fig. 4a). This band shifted
eastward, so that by 0245 UTC 13 September the band was well east of Newfoundland
(Fig. 4b). However, over the eastern coast of Newfoundland and the ship is a faint dark area
supporting a low cloud overcast, which radiates on the edge of the infrared band. This low
cloud overcast (i.e., imminent fog) over the ship and on the western side of the infrared
band is confirmed by the ship’s soundings and ceilometer data (see Sects. 4.2 and 4.3),
the surface observations at St John’s airport, as well as the visual images before dark (not
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Fig.4 Geostationary operational environmental satellite (GOES) east infrared images for 1745 UTC 12
September (a), and 0245 UTC 13 September (b), and visual image for 1145 UTC 13 September. The tem-
perature colour bar is for infrared cloud top temperatures, and the arrow points to ship location which was
entering fog during b

shown) and after sunrise (Fig. 4c, 1145 UTC 13 September). Thus, during the ship fog
events, there was a low stratus overcast with air clear above.

Back trajectories are now presented, as they reveal important details about the air parcel
history (Table 2) computed from the Hybrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model (Draxler and Hess 1997). The horizontal advection relative to
the SST was significant. To the south of the ship, SST isotherms were oriented along the
280°-100° direction. Neutral surface advection was assumed to be oriented within+ or
—20° of this SST isotherm alignment. Warm air advection (warmer air over colder water)
would have been from 120° to 260°. All 24-h back trajectories for air close to the sea sur-
face (10 m and 100 m) were from 165° to 186° (Table 2) which was well in the central por-
tion of the warm advection sector. However, in the last 3 h of all back trajectories ending
after 0000 UTC 13 September and below 600 m came from the south, passed the ship and
reversed direction so as to arrive at the ship from the north.

The last 6 h of the back trajectories were examined for changes in elevation (Table 2).
During the first fog event, the air parcels at and above 100 m in the fog layer increased
in elevation as expected in a cyclonic system. However, the 100-m parcels in the second
(shallower) fog event did not significantly change elevation. Subsidence during the last 6 h
of the back trajectories occurred first at 3000 m at 0000 UTC and lower elevations later so
that subsidence extended down to 400 m at 0600 UTC 13 September.

4 Ship Observations
4.1 Surface Observations

One-minute averages of the ship’s surface meteorological observations from 1500 UTC 12
September to 1000 UTC 13 September are presented to illuminate the conditions for the
fog event (Fig. 5). Based on the visibility (Vis) being less than 1000 m, the first fog episode
lasted from 0000 to 0315 UTC 13 September, with two short periods of visibility less than
1000 m. The second fog episode was from 0450 to 0650 UTC 13 September with one short
visibility decrease to less than 1 km. The lowest value of Vis during the first episode was
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Fig.5 Overview of selected measured variables during the event period. Grey (shaded) dashed line in all
plots is visibility in metres. Variables are presented as 1-min average unless stated otherwise. a Relative
humidity (RH), precipitation in mm h™.. b Air temperature (7,;) and SST (7,) from the Sea Snake, ¢ wind
direction, d wind speed (S), and the vertical velocity component (W)

~300 m at 0020 UTC and during the second episode it was ~330 m at 0530 UTC. How-
ever, between the two fog episodes the visibility increased to 10,000 m.

Moisture is an important factor in fog development. The value of RH was 97% at the
start of the first fog event, and it increased to near 99% and remained so for several hours,
including during non-fog conditions. Precipitation, often associated with fog (Gultepe and
Milbrandt 2010), did not occur with fog nor within 3 h of it.

Near-surface temperatures are critical to fog, but especially for stability. Air tempera-
ture was measured by the 12.5-m bow mast probe (7;,), the SST was measured by the
Sea Snake, and their difference (AT=T,,—T,), was computed (Fig. 5b). Before the fog,
T,~1 °C greater than the value of SST as the surface air was from the south. The value
of T, decreased starting around 2300 UTC 12 September and continued falling until after
0100 UTC 13 September as the wind direction shifted to more northerly. At the same time,
the SST remained relatively constant. The effect was that AT was positive for the first
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1000

(a) 1721 UTC 12/09 (b) 2015 UTC 12/09 (c) 2311 UTC 12/09 (d) 0100 UTC 13/09 (e) 0219 UTC 13/09
\

o7 SN T T R AR {

M 1 18
T and T, [°C)

(f) 0347 UTC 13/09
|

Altitude [m]

Fog

12 IR
Tar 80A T, °C)

half: 2ms™ ;full:4 ms™! ;flag: 20 m s~}

Fig. 6 Ship radiosonde soundings for air temperature (red), dew point (blue), and equivalent potential tem-
perature (brown). Wind barbs also shown: half barb is 2 m s_l, full barb is 4 m s"l, and flag is 20 m s7h
Horizontal dashed green line indicates a saturated, air temperature inversion base height. Horizontal dashed
purple line marks the base height of the near-surface saturated inversion. Faint blue lines in the background
are moist adiabatic lapse rates

30 min of the first fog event, changed sign, and remained negative for the remainder of the
fog events. There was a sharp increase in the SST halfway through the second fog event,
causing a sharp decrease in the temperature difference AT. Thus, the difference AT was
unstable for the second half of the first fog event and all of the second fog event.

Winds were southerly at the beginning of the time series but switched to northerly with
initialization of the first fog event as the low crossed the coast and remained so during the
fog events. The wind speed decreased to a minimum before the first event and remained
low until the start of the second fog event when it increased. These low speeds were in the
north-west portion of the low and the increase was associated with the low moving farther
to the south-west. The vertical velocity component followed a pattern similar to that of the
wind speed.

4.2 Radiosonde Profiles

Radiosondes launched from the ship provide detailed profiles that show the evolution of
the lower atmospheric structure and fog layer (Fig. 6). To increase the number of vertical
profiles, some of the helium-filled balloons were not fully sealed intentionally so that each
launch produced two profiles approximately 1 h apart: the balloon ascended while leaking
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Table 2 Results from the HYSPLIT 24-h back trajectories from the ship at different heights listed in the top
row

Time Day 10m 100 m 400 m 600 m 1000 m 3000 m
(°) (km) | () (km) | (°) (km) | () (km) | (°) (km) | () ;km
1800 UTC12 | 183 |500 |178 |[540 |175 |660 |180 |730 |190 |840 | 193 | 910
2100UTC12 | 177 |525 | 177 |[575 |190 |600 |180 | 700 | 182 |750 | 205 | &30
0000UTC13 | 175 |610 |178 |680 |185 |720 (185 |730 |190 | 750 | 240 |950
0100UTC13 | 176 |625 | 180 |660 | 185 | 665 190 | 700 | 193 |720 | 280
0200UTC13 | 176 |600 |178 |660 |183 |670 J 186 |700 | 190 |800 | 295
0300UTC13 | 178 590 |180 |595 |190 |600 |190 |710 | 195 |830 | 320
0400UTC13 | 182 |580 |186 |600 |190 |630 |190 |730 |192 |820 | 320

0500 UTC13 | 178 |550 | 183 |620 190 |670 | 195 |720 |200 |810 | 316

0600 UTC13 | 178 |550 |183 |598 [ 188 |690 |183 |[750 | 190 |800 | 315

0900 UTC13 | 165 |450 |168 |570 |180 |570 | 193 |[700 | 197 320 | 1050
1200UTC13 | 167 |[480 |170 |550 |188 |600 | 190 |680 |205 |650 |310 | 970

For each trajectory, a compass direction is posted relative to north in a clockwise sense and the distance to
the end of the 24-h backtrack. Enclosed in the green border are elevations within a fog or cloud layer dur-
ing the first fog episode (the larger) and a fog layer in the second fog episode (the smaller). Colours signify
vertical change over the last 6 h of the backtrack. Light blue is up <250 m, blue is up 250-500 m, dark blue
is up> 1000 m, yellow is no significant change, and pink is down <225 m, orange is down 225-550 m, and
red is down> 550 m

out helium, and after rising to a height covering a good part of the boundary layer, the bal-
loon descended. Owing to horizontal drift, the ascending and descending tracks in these
cases are significantly different. The radiosonde profiles of both ascending and ascending/
descending modes are shown in Fig. 6, and those taken during the descending phase are
at 0347 and 0623 UTC 13 September. Profiles with at least 70% data availability were
selected for this presentation, resulting in a total of 10 profiles of air temperature (7;) and
dew point (7,) with horizontal wind profiles shown as wind barbs.

The air temperature, dew point, and wind speed are shown with elevation in each frame
of Fig. 6. Moist adiabatic lapse rates are in the background for comparison as most of the
sounding profile lapse rates are close to this. Also shown is the equivalent potential tem-
perature (0,), which is the temperature reached if all of the water vapour of a parcel were
condensed, releasing its latent heat and the parcel brought adiabatically to 1000 hPa. When
6. is constant with elevation, or the air temperature of a saturated parcel follows the moist
adiabatic lapse rate, the air parcel is neutrally stable and can move vertically without the
loss or gain of energy, which is so for major portions of the soundings shown.

The soundings are complex with 8, neutral or near-neutral layers interspersed with 6,
inversions (Fig. 6, Table 3). After 1721 UTC 13 September, a saturated or near-saturated
surface layer below 1 km elevation is capped by an air temperature and 6, inversion with a
dry layer (Fig. 6b—j). There is yet another such inversion and dry layer around 3 km for each
sounding, which is not shown as it is not directly related to the surface-layer structures.

Late on 12 September (Fig. 6b, c¢) there was a deep saturated or mostly saturated cloud
layer around 600 m deep and a shallow surface-layer inversion. Initially, surface winds
were from the south, as were the back trajectories (Table 2), which was warm-air advection
over colder water but without fog at the ship.

The winds shifted before 0000 UTC from south to west to north (Fig. 5c) and initiated
the first fog event, which had two 0, neutral layers (Fig. 6d, €). These layers were separated
by a saturated inversion and the top layer had a subsidence inversion cap. A third saturated

ir.
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Table 3 Equivalent potential temperature (6,) inversions based on radiosonde profiles in Fig. 6

. Base [Top
Fig.6 height [height
Time Date Latitude |Longitude|[m] [m] AG,[K] |N[s] |Rip
b)  |2015UTC 12/09 |47.77 |-52.59 e LAy ) GEr
560 656 430] 0037] 140
) |2311UTc12/09 [48.02 |-5261 sul el asl BORE G
660] 692] 120] 0034] 151
67 88| 170] o0050] o081
0100 UTC 13/09 |48.17  |-52.63 18l 226l 190l oosel  ze3
464| 66| 185 0024 116
60| 77| 226] 0065] 420
0219 UTC 13/09 |48.25  |-52.59
256] 209 127] 0030] 432
632| 678 183] 0035] 517
f)  lo347uTc13/09 [47.51 |-52.00 No data below 300 m
672 798| 229 0.024] 122.00
0519 UTC 13/09 [48.07  |-52.48 187| 226| 45| o0060| 324
0623 UTC 13/09 [4758  |-52.17 282| 405 5.05| 0.036] 117.13
i) |os14urc13/09 |47.83 |-5241 D I
679| 701| 3.10] o0.066] 1934
D izoutc 1309 (4759|5234 2o 2 Al Gs b
611 701  3.00] 0032 | 185

Character in the left column is the panel label. Red denotes a fog sounding, yellow is saturated surface
wind layer inversion, orange is saturated inversion between fog layers, and white is an inversion capping a

surface-layer complex

layer was a shallow surface fog layer capped by a saturated inversion. This shallow surface
layer had an irregular profile indicating a state of transition as the surface-layer back-trajec-
tory originated from the south, passed the ship to the west, turned clockwise, and arrived
at the ship from the north. By the time of this sounding, the falling air temperature was
close to the SST. On 0219 UTC 13 September (Fig. 6e), the fog event continued with the
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two neutral layers, but thicknesses increased while sandwiched by three inversions. At this
time, the surface air temperature was lower than the SST.

The structure of the second fog event soundings (Fig. 6g, h) was substantially differ-
ent from the first, and consisted of a single neutral, saturated fog layer, 200300 m deep,
capped by an inversion. This was a mixed layer caused by wind shear and convection as the
sea surface was warmer than the air (Fig. 5b). The second sounding during this fog episode
(Fig. 6h) was similar to the first, except that the surface mixed layer was deeper and the
winds stronger.

The sounding structure was different after the second fog event (Fig. 6i). The saturated
surface layer lifted to be a stratus layer capped and footed by saturated inversions and the
wind from the north-east. Below was a fog-free, saturated surface layer that was unstable in
the lower half as the surface winds were from the north and the SST was higher than the air
temperature. The next sounding (Fig. 6j) was similar. Although saturated, the bottom layer
was devoid of fog, possibly due to higher wind speeds and greater turbulence (Sect. 4.6).

The change of base-to-top thickness of the capping (6,) inversion layer for the second
fog episode was more than twice that of the first (Table 3). The Brunt—Viisild frequency
(N) and the bulk Richardson number (Ri;) were calculated in bulk values and presented for
comparison, which differ significantly, and are defined as

N = <£A06> s
0. Az

(g)AeeAz

e

B (AUY + (AV)?

oI—

and

respectively, where g is the acceleration due to gravity, 6, is the ambient equivalent poten-
tial temperature, A6, is the equivalent potential temperature difference across inversion, Az
is the thickness of inversion, AU and AV are the eastward and northward vertical veloc-
ity differences over Az. The large values of the bulk Richardson numbers in soundings
(Fig. 6f, h) were due to variations in the bulk velocity shear across the inversion.

4.3 Ceilometer Observations

The ceilometer aboard the ship recorded the backscatter profiles of the range-corrected sig-
nal, from which the height of cloud bases, inversion bases and atmospheric properties over
time could be determined (Kotthaus et al. 2016). Figure 7a shows the ceilometer profile for
1200 UTC 12 September to 1000 UTC 13 September covering the event period. The great
range of return from the surface to 2000 m over the period 1900-2000 UTC 12 September
marks the passage of the eastern side of the low and elevated mixing by near-surface shear
(Fig. 5d). The base of the two fog events (horizontal white bars) elicited maximum back-
scatter near the surface (0000-0315 UTC, 0450-0650 UTC 13 September).

The initialization of the first fog event was a complex, multilevel event and thus its
visualization is expanded for better viewing and plotted with the Vis time series to iden-
tify the relationship to this variable (Fig. 7b). An elevated stratus cloud base appeared
at 600 m at 2250 UTC 12 September. The height of this layer had wavelike oscilla-
tions (possibly interfacial waves) at the inversion (Fig. 6¢, d) and the base descended to
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Fig.7 a Ceilometer backscatter profile of reported range-corrected signal (RCS). Horizontal white bars
mark the two fog occurrence events. Red colours indicate the highest backscatter indicating a cloud base.
b. Ceilometer backscatter profile of RCS and Vis around the start of first fog event. Red colours indicate
the highest backscatter, indicating a lower and an upper cloud base. ¢ Ceilometer backscatter profile of RCS
and Vis during the break between the two fog events. Red colours indicate the highest backscatter, indicat-
ing a lower and an upper cloud base

300 m. The backscattering strength of this faded after about 0000 UTC 13 September
due to the formation of an overcast surface layer and then fog that blocked the signal to
the upper layer. A separate surface layer began forming around 2330 UTC in patches
that joined together to form a fog layer with Vis < 1000 m around 0000 UTC 13 Septem-
ber. The patchiness suggests that this layer was formed locally rather than advected as
a block. It is discussed below that a third layer formed by differential advection pushed
into the space between the surface layer and the lowering stratus layer and was sepa-
rated from both by saturated air temperature inversions. In summary, after 0000 UTC 13
September there were three layers separated by two inversions.

A second complex, multilevel event occurred in the break between the two fog events,
which is also expanded for better viewing and plotted with the Vis time series for refer-
ence (Fig. 7c). Between 0315 and 0430, the surface visibility was well above 1 km and
the near-surface layer/cloud became patchy with an elevated base above 300 m (Fig. 6f;
there was no data below this height). Near-surface conditions allowed the ceilometer
to probe an upper cloud scattering layer that was based 200-350 m a.s.l. and exhibit-
ing wave-like behaviour. The ceilometer signal scattered back from this cloud weakened
with time and disappeared by 0430 UTC even though the surface visibility remained

@ Springer



Analysis of Coastal Fog from a Ship During the C-FOG Campaign

high, suggesting that the layer was replaced by a subsiding dry layer supported by the
0519 UTC sounding (Fig. 6g) and the back trajectories (Table 2).

Fog returned at 0450 UTC when the near-surface cloud lowered to the sea surface and
visibility decreased below 1 km. The fog layer had a capping subsidence inversion (Fig. 6g,
h) and lasted until 0650 UTC when the surface scattering layer base lifted (Fig. 7a) and vis-
ibility increased above 1 km.

4.4 Broadband Radiative Flux Measurements

The net shortwave radiation (SWNet), net longwave radiation (LWNet), and total radiation
(RadNet) was measured at 11.5 m a.s.l. on the bow mast. These are presented with visibil-
ity (Vis) in Fig. 8. The downward shortwave signal was modulated by the eastward moving
overcast clouds late on 12 September and was zero from sunset (2149 UTC 12 Septem-
ber) to sunrise (0905 UTC 13 September). The LWNet value had a large negative maxi-
mum between 2100 and 2200 UTC 12 September when breaks in the cloud cover allowed
longwave radiation to exit to space. However, from 0000 to 1200 UTC 03 September, the
LWNet value was near zero as expected on account of the fog events or a low cloud over-
cast (Oliphant et al. 2021).

4.5 Microphysics
4.5.1 Brief Overview of the Key Parameters

Figure 9 provides an overview of the microphysical data from the fog monitor (Table 1).
Note that the fog monitor has a droplet diameter range of 2-50 um in diameter, and there-
fore the reported value of LWC is an integrated value for that droplet range, which excludes
larger droplets.

Visibility was measured by the visibility sensor using the principle of forward scatter-
ing, and the amount of scattering is proportional to the attenuation of light due to fog drop-
lets as a bulk measurement (Vaisala 2004). A microphysical parametrization of visibility
based on the theory of extinction of visible light (Gultepe et al. 2009) is

200 4
—— SwNet [ 10
— LWNet
150 —=/RadNet

100

Radiative Flux[W m~2]

1600 UTC 12/09 2000 UTC 12/09 0000 UTC 13/09 0400 UTC 13/09 0800 UTC 13/09

Fig. 8 Total incoming shortwave (SWNet), longwave (LWNet) radiation, and total radiation (RadNet)
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Fig.9 a Liquid water content (LWC), vapour content (Cyy,g), effective diameter (ED), median vol-
ume diameter (MVD), and droplet number concentration (Nd) measured by the fog monitor. Right-hand
side ordinate indicates the visibility level (grey solid line), and the 1-km threshold is indicated by the
horizontal dashed line. b, ¢ Number concentration for smaller (2 um<D <14 um) and larger droplets
(14 pm <D <50 um), and each micron bin labelled with a different colour. d, e Thirty-minute average of
DSDs during two fog episodes, with d 2330 UTC 12/09 to 0330 UTC 13/09, e 0400 to 0730 UTC 13/09.
The time period over which averaging was conducted is in the legend, and the number indicates the start of
the averaging period

r2

B = D, 7 Qe (r An(r)r Ar,
rl

where f,,, is the extinction coefficient (cm™!), Q,,, the extinction efficiency, » the drop-
let radius (um), A the visible light wavelength (um), n(r) the particle number density
(cm™ pum™"), and 12 representing the surface area of the droplet.
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Key variables that are measured and reported from the fog monitor are defined as below
and 1-min averaged results are used in accordance with the visibility time resolution of the
visibility sensor:

r2
Nd = Z n(r)Ar,
rl

r2
LWC = Z <§>7tpwn(r)r3Ar,
rl

r2
20 n(r)r*Ar
=
Y n(rr2Ar

r2 3 -3 -3
n(ryr’Ar
MVD:Z(Zrlrz() ) =2<4LWC ) ’
2 n(nAr 37puNd
where Nd is the number concentration of droplets per unit volume (cm™"), LWC the lig-

uid water content (gm_3), p,, the density of liquid water (gm_3), D, the effective diameter
(um), and MVD the mean volume diameter (um).

Dy=2

4.5.2 Key Observations

Figure 9a shows that during a fog period, all microphysical parameters (Nd, LWC, D,
MVD) increased significantly, with the value of Nd reaching a maximum of ~15 cm™ in
the first fog episode and 25 cm™ in the second episode, and the value of LWC reaching
0.04 gm~ in the first and 0.07 gm™ in the second episode. The parameters MVD and ED
experienced a sharp increase from ~7 to 30 um (MVD) and 25 um (D). The increases in
MVD and D, are due to the appearance of larger fog droplets, which are discussed below.

It can be observed that during the fog periods, in general, the variations of LWC and Nd
are more sensitive with regard to changes in visibility compared to those of D ; and MVD.
However, it should also be noted that while D (= 25pm) and MVD (= 30pm) remained
relatively constant during the first fog episode, both varied more significantly during the
second fog episode.

The temporal evolution of number concentration of smaller droplets (2 um < D < 14 pm)
and larger droplets (14 um <D <50 um) are further explored in Fig. 9b—e, where Fig. 9b,
¢ visualize the temporal variations with stacked number concentration values, Fig. 9d,
e show the 30-min averaged droplet size distribution (DSD) for the first and second fog
episodes. Bimodal DSDs were observed during the entire fog event, which was attributed
to the difference between larger fog droplets and smaller fog droplets. Based on the DSD
observed in Fig. 9d, e, the number concentration was divided into the smaller and the larger
droplets by D =14 ym.

Based on Fig. 9b, c, there were three periods with significant number concentration of
both the smaller and the larger droplets, although the first two as a whole are considered as
the first fog episode. It was previously noted that the values of MVD and ED experienced a
sharp increase in fog onset and maintained a relatively steady value particularly during the
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first fog episode. The reason is that in both MVD and ED formulation, the third moment of
the DSD about zero (i.e. the 3 term), equivalent to LWC, was more significantly attributed
to the larger droplets than the smaller droplets. Therefore, as the larger droplets increased
in number concentration, the parameters ED and MVD were weighted heavily towards the
larger side. In addition, it can also be clearly observed that during periods of non-fog, the
number concentration of larger droplets was a minimum (~0 cm™~>) while there were still a
limited number of smaller droplets. During periods of fog, there was a significant increase
in the larger droplets. Hence, both the values of MVD and ED experienced a sharp increase
in value at the start and end of the fog episodes.

Thirty-minute-average DSDs during the entire fog event are shown in Fig. 9d (the
first fog episode) and e (the second fog episode). First, as observed in Fig. 9a—c signifi-
cant increase or decrease in the number concentration of larger droplets (D> 14 um) was
observed as fog appeared (DSD profile 2330-0000 UTC in Fig. 9d, and 0400-0500 in
Fig. 9e) and disappeared (DSD profile 0300-0330 UTC in Fig. 9d, and 0700-0730 UTC
in Fig. 9e). Second, by comparing the temporal variations of the DSD profiles in Fig. 9d,
e, the two fog episodes differed in both the rate of vertical translation and the statistics of
the profiles. In the first fog episode (Fig. 9d), the DSD profiles are generally quite close
without abrupt changes from 0000 to 0300 UTC 13 September, while significant changes
were observed for the second fog episode. The more stable nature of the first fog episode
was also manifested in the more stable modal diameters of the smaller (=5 um) and larger
(=28 um) droplets, whereas there were observed changes in the modal diameters during
the second fog episode.

It is noted that Nd measured during the fog events (median with 6 cm™ with a maxi-
mum value 30 cm™ for LWC>0.005 g cm™) is low compared to previous measurements
of Isaac et al. (2020) over nearby Grand Banks (median value of Nd ~75 cm™), but sev-
eral differences are to be noted. First, the Isaac et al. (2020) measurements were from July
to August, a period of typical cold sea fog with strong southerly winds, while ours was a
warm sea fog generated by combining warmer southerly winds with cleaner, colder north-
erly winds within a low pressure area. Second, manufacturer-derived concentrations were
used without corrections in Isaac et al. (2020), while values used in our study were cor-
rected for wind direction and speed according to the method used by Gultepe et al. (2021).
Third, it should also be noted that the fog monitor used in Isaac et al. (2020) was installed
at a height of 69 m above the sea surface, which was significantly higher than the measure-
ment heights (= 10 m) in this study. It should be also mentioned that the value of Nd from
the current fog event is smaller compared to Gultepe et al. (2009, 2017).

4.5.3 Regression Analysis on Microphysical Parameters

Microphysical parameters such as Nd, LWC, and (Nd LWC)™" are known to be linearly cor-
related to visibility (Gultepe et al. 2009, 2017, 2021), hence a linear regression analysis is
performed on the three parameters against visibility in the log space for fog periods (2330
UTC 12 September to 0800 UTC 13 September) with the results shown in Fig. 10. Regres-
sion results from (Gultepe et al. 2017) are overlaid for comparison. Note that the regres-
sion results (Table 4) reaffirm the previous results that visibility is negatively correlated
with both Nd and LWC, and positively correlated to (Nd LWC)™'. Particularly, LWC has the
strongest correlation with visibility (r=—0.85) and Nd has the weakest correlation with
visibility (r=—0.61)
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Fig. 10 Scatter plots of 1-min visibility from the visibility sensor against a Nd, b LWC, and ¢ (LWC Nd)~".
Black lines are the linear best-fit line (with fitting parameters in Table 4) and the red lines are previous
results from Gultepe et al. (2017) for comparison

Table 4 Summary of linear regression of y=Ax” in the form of Iny = InA + blnx; y is taken as visibility
(m); R? is the coefficient of determination and RMSE is a measured based comparison of y in the logspace;
r is the Pearson correlation coefficient

X A b R? RMSE r

Nd 5028.65 —-0.66 0.37 0.57 —-0.61
LWC 143.68 —043 0.72 0.25 -0.85
(Nd LWC)™! 467.81 0.30 0.67 0.30 0.82

However, there are significant quantitative differences of the regression results in the
present study and Gultepe et al. (2017). As previously noted, Nd observed during this fog
event is significantly lower than previous results, which is also seen in Fig. 10a. In terms
of LWC, while the two fitted lines seem to agree when fog is present (Vis <1 km), they dif-
fer significantly in terms of gradients (Fig. 10b). With regard to Nd, the agreement is poor
at all visibilities (Fig. 10a). The combined effects of the differences in Nd and LWC lead
to the discrepancies observed in Fig. 10c. A more detailed investigation is required but is
beyond the scope of this study.

4.6 Turbulence and Microscale Dynamics
4.6.1 Processing Techniques

Turbulence properties of wind, temperature, and moisture were measured continuously
during the cruise with a three-dimensional sonic anemometer and a gas analyzer system
(Table 1). The cut-off frequency for spectral analysis of turbulent fluxes were dictated by
the spatial resolution (averaging length of sonic anemometer ~0.6 m) and the Nyquist fre-
quency (25 Hz). Two methods were employed for calculating turbulence parameters: Reyn-
olds averaging method and wavelet transform analysis. The former is traditional, typically
assumes stationarity and/or homogeneity with averaging periods selected based on the
ergodicity theorem and employs Taylor’s frozen turbulence hypothesis in the calculations
(Tennekes and Lumley 1972; Aubinet et al. 2012).
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In our case, however, the usage of Taylor’s hypothesis and homogeneity could not be
justified rigorously, given the significant changes of wind speed and direction sometimes
observed in 1-min averages (Fig. 5c, d). Therefore, in addition, a wavelet-transform analy-
sis was employed to examine turbulence dynamics in both space and time (Daubechies
1992; Farge 1992; Torrence and Compo 1998; Cuxart et al. 2002; Terradellas et al. 2005).
The wavelet-transform coefficients were first calculated for each variable, and their con-
jugate products were used for the computation of coefficients corresponding to fluxes as
described in Tardif and Rasmussen (2008). For wavelet transform, the TKE and fluxes
were divided into three periods: below 16 s, between 16 s and 3 min, and between 3 and
10 min. The three groups were summed together within a range below 10 min (the black
solid curve in Fig. 11).

For Reynolds averaging, a 15-min averaging period was used for flux calculations with
data quality control conducted using conventional quality assurance and control proce-
dures (Foken and Wichura 1996). To select an acceptable period, different averaging times
(30 min, 15 min, 5 min, and 2 min) were used to compute turbulent fluxes for five vari-
ables: northward, eastward and vertical velocity components, sonic temperature, and H,O
vapor content (g m~>). A threshold of 20% missing data in the time trace is set to filter out
the eligible data intervals. This was necessary as there was a tendency of sonic anemometer
data to drop out during thick fog. The mean values were removed from each interval with
a second-order spline-fitting algorithm (Krischer et al. 2015). Abnormal peak values were
removed from the detrended series with a moving window filter, which eliminates values
outside 3.5 standard deviations from the mean. Variance and eddy covariances were then
computed for each interval. For comparison, and considering limited data during some fog
periods, 15-min and 2-min averages were computed with a 50% missing data threshold, but
these data were used mainly for qualitative comparisons and the resulting data were con-
sidered as low quality.

The results from both techniques (Reynolds averaging and wavelet transform) are pre-
sented in Fig. 11. The TKE for the first fog event was very low, then increased weakly
through the second fog event.

The sensible heat flux was positive or upward for 0000-0200 UTC and peaked sharply
during the beginning of the first fog event. It reversed sign with a sharp downward peak
and remained negative or downward for the remainder of the first fog event and all of the
second fog event. The difference T,;.— T, was positive for 0000 to 0030 UTC and negative
for all fog thereafter (Fig. 5b). In contrast, the latent heat flux remained near zero for both
fog events.

4.6.2 Turbulence Kinetic Energy

The TKE generally followed the trend of wind speed, which in turn translates to a steeper
vertical gradient of wind speed (dS/dz) near the surface and a larger TKE production. This
was evident from Fig. 11a for the pre-fog period, where TKE decayed with a reduction in
wind speed starting from a secondary maximum at 2000 UTC 12 September correspond-
ing to a wind gust (Fig. 5d). The TKE during the rain was higher but decayed thereafter.
The wavelet analysis (Fig. 11a) reveals that, as expected, TKE decay was dominated by the
faster decay of smaller scales (eddies), although it was unclear why the energy of larger
scales did not increase during gust events. Low TKE (at around 2200 UTC 12 September)
is in part due to low wind speeds from the approaching low and establishment of surface
stable stratification as discussed earlier (Sect. 4.2). With the same TKE level, the visibility
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dropped suddenly to a minimum after midnight. Therefore, TKE or the turbulence intensity
at the surface level is not a determining factor for this fog event. However, a low TKE and
dissipation can be good indicators for fog when other criteria are satisfied (Gultepe et al.
2021).

The TKE during fog episodes remained small or modest (<1 m? s~2) with the trend of
enhanced values of € except during brief breaks. On the other hand, fog dissipation appears
to be associated with an increase of TKE (0300 UTC, 0700 UTC; Figs. 6e, 11a), which is
consistent with Gultepe et al. (2021). This TKE increase during the fog dissipation phase
could be mainly attributed to wavelets of period <3 min, indicating the dominant role of
smaller and intermediate scale eddies of the atmospheric boundary layer in the dissipa-
tion phase. The integral length scale of dominant eddies can be roughly estimated using a
characteristic velocity \/(_z~ 1 ms~!as ~ 10 m for the wavelets of T < 16 s and ~ 100 m for
T < 3 min. Interestingly, these are typical (vertical and horizontal) eddy sizes that deter-
mine atmospheric boundary-layer dynamics.

The stable stratification developed due to mixing of warm southerly air and colder
northerly air within the low might have kept the TKE low during and after fog formation,
as evident from the multi-layer structure observed at 0100 UTC in Fig. 6. The presence
of stably stratified turbulence is supported by reckoning the Ozmidov length scale in the
lower layers,

1/2 1/2
(i> z<0'03 ) ~ 60m,
N3 0.013

N being the Brunt—Viisild frequency, which is the height of the lowest inversion at 0100
UTC. According to previous studies, the height of a stable-stratification-affected turbulent
layer is on the order of the Ozmidov length scale (De Silva and Fernando 1992; Conry
et al. 2020).

4.6.3 Sensible Heat Flux

The air—sea sensible heat exchange from 2100 UTC 12 September to 0000 UTC 13 Sep-
tember was small, with a stable surface layer caused by air being warmer than the sea
surface, which is expected from air advection from the south (Fig. 6b) and the low wind
speed. The sign of the air—sea temperature difference changed at 0030 UTC following the
fog genesis, from the ocean surface being colder than the air to warmer than the air, mainly
due to colder air rather than an increase of SST. There was significant upward sensible heat
flux from the sea surface to the air from the start of the first fog episode at 0000 UTC until
0200 UTC (62% of the event). Then, the sensible heat flux (SHF) switched sign and was
negative (downward SHF) for the remaining 38% of the first fog event when the sea surface
was warmer, ending at 0315 UTC. The positive heat flux was not fully in sync with peri-
ods of colder air overlying warmer water that should have been convection driven by the
ocean-air heat flux, but governed by a complex set of processes. In fact, at the time when
the positive heat flux developed the ocean was colder and the time when the negative flux
developed the ocean was warmer. However, the onset of a positive heat flux was associ-
ated with an onset of a positive mean vertical velocity component and the transitioning of
a warmer air from the south to a colder air from north. This is similar to the ‘paint strip-
per effect’ described by Hunt et al. (2003; see their Fig. 3) wherein the arrival of colder
air undercuts and lifts existing warmer air locally, with enhanced mixing and overturning,
producing a positive heat flux in the near-surface layer topped by an inversion (between the

@ Springer



Analysis of Coastal Fog from a Ship During the C-FOG Campaign

shallow colder and warmer air layers). This is consistent with the low-level inversion evi-
denced by radiosonde profile in Fig. 6d, e. Once the shallow colder flow is established, the
wind speed increases (Fig. 5d), TKE rises, and enhanced turbulent mixing occurs between
colder air underlying the warmer layer, generating a negative heat flux, as seen in Fig. 11b.
This is consistent with the results of wavelet analysis that shows eddies of smaller (time)
scales involved in the positive heat flux (16 s <7 <3 min, local mixing at the undercutting
front) and larger (time) scales (3 min <7 < 10 min) involved in mixing between colder air
and warmer air aloft by mechanical turbulence. Accordingly, we postulate that the air—sea
temperature difference played a secondary role in establishing an intruding colder layer
near the sea surface and its dynamics, and hence in the formation and dissipation of fog.

In the second fog episode (0450 UTC to 0650 UTC 13 September), the difference
T,,.— T, remained negative (sea warmer) and increased from —0.25 to — 1.5 K, and SHF
was also increasingly negative (from —10 to —65 Wm™2) with SHF downward. Fog
appearance was coincident with the negative heat flux that appeared to be generated due to
accelerating winds (Fig. 5d) and high turbulence levels (Fig. 11a) that entrained warmer air
across the overlying inversion, bringing warmer air to the ocean surface and creating a neg-
ative heat flux. This was consistent with the upward migration (entrainment from below) of
the inversion, which continues well past the fog dissipation at 0650 UTC (Fig. 6). Again,
we hypothesize that the air—sea temperature difference plays a lesser role in this fog epi-
sode, as the turbulence in the fog layer in this case was determined by a saturated air layer
capped by an inversion with fluxes within. This was mainly determined by the shear gener-
ated turbulence near the surface that interacted with the inversion to produce entrainment
and a negative heat flux. It is noteworthy that observed counter-gradient (negative) heat
fluxes (e.g., between 0200 and 0500 UTC) have an oscillatory behaviour, which has been
observed in stably-stratified flows and during entrainment (Lienhard and Van Atta 1990;
Fernando 1991). They even appear in convective boundary layers driven by surface heating
(positive heat flux), where a negative heat flux was observed in the vicinity of the inversion
due to entrainment (De Roode et al. 2004). It is clear from the radiosonde profiles at 0519,
0623, and 0814 UTC (Fig. 6) that active entrainment was taking place at the inversion
bases due to an increase of the wind speed, thus elevating the inversion from 200 to 700 m.
We argue that such entrainment was a possible cause of the significant negative fluxes at
the bow-mast level.

4.6.4 Latent Heat Flux
For the latent heat flux, larger deviations were observed before 2030 UTC 12 September,
which included the precipitation period. However, during the fog event, the latent heat flux

remained near zero, although the data were designated low quality and so are not investi-
gated further.

5 Discussion
5.1 Timing with Cyclonic System
An eastward-moving cyclonic system controlled different aspects of the fog. However,

it is widely accepted that advection itself (warm air from the south traveling over colder
SST) controls fog in Atlantic Canada, which is not so in this case and others that we have
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examined. Although the surface winds at the ship were from the south starting at 1200
UTC 12 September, the first fog event began when the low crossed the coast and after
the 10-m ship winds were from the north. This first event ended 195 min later when the
6-h, backtracked parcel lifting ceased below 600 m. The second fog event started 90 min
later with a reduction in wind speed and vertical velocity component. The second fog event
ended 120 min later with decreasing 2-m humidity and increasing TKE as the surface low
moved further to the south-east.

5.2 Causes of Fog

The first fog event had fog in the lower layer and two cloud layers above. The lower layer
had a 24-h back trajectory (HYSPLIT, Reynold et al. 2002) from the south, but curved
around clockwise in the last 3 h of travel to arrive from the north-north-west at the ship
after 0000 UTC 13 September. Fog formation was a result of lifting caused by low-level
convergence or undercutting of warm air by colder intrusion (Hunt et al. 2003; Koracin
et al. 2014) supported by HYSPLIT back trajectories. The formation process was patchy, as
shown by the ceilometer image. The middle layer was separated from the lower layer by a
saturated air temperature inversion caused by differential advection (Byres 1959). The top
layer was the result of a stratus cloud forming and lowering.

The second, later fog event, with a single, shallower layer capped by an inversion may
have been caused by the colder saturated air from the north subjected to weakening of
winds and hence damping of turbulence. Entrainment at the inversion assisted this process
by generating a negative heat (buoyancy flux), and weak turbulence levels promoted drop-
let growth and maintenance. While the ocean surface was warmer, the heat flux is negative
during this fog period, and hence the role of air—sea temperature difference in the forma-
tion appears to be secondary. Fog in this layer was also supported by longwave radiation by
the top of the layer through the clear sky above (Kim and Yum 2017).

5.3 Boundary-Layer Structure During Two Fog Episodes

Two distinct fog structures are observed in the studied fog event based on the data analysis
from on-board instruments presented above. The first fog episode consisted of a surface fog
layer capped by a stable complex of neutral layers and air temperature inversions. The first
62% of this fog episode had upward sensible heat flux while the last 38% had downward
sensible heat flux.

After a transition period of high visibility, the second fog episode appeared with only
one fog layer with a neutrally stable profile capped by an air temperature inversion. Despite
the sea being warmer than the air, there was a downward sensible heat flux. Increasing
surface wind speed caused increased entrainment at the fog top and a negative heat flux,
which ultimately led to fog dissipation.

5.4 Synoptic Overview—Back Trajectories, Structure, and Forcing
The structures and forcing associated with fog episodes analyzed here are complex.

Therefore, schematic diagrams are presented as paths and profiles to summarize their
relationships.
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tracks originated in the south, passed the ship to the west, rotated clockwise, arrived at the ship from the
north, and travelled over water except for when the 350-m parcel travelled over the Avalon Peninsula, b ver-
tical profile showing horizontal surface convergence due to low (convergence), 6-h backtracks above 70-m
increased elevation (lift), upward longwave radiation from the top layer, T,; —7, was first positive then nega-

tive (changed at 0030 UTC 13 September), sensible heat was first downward then upward (changed at
~0200 UTC 13 September, double arrow)
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Fig. 13 Schematic of paths and profile of the second fog event 0450-0650 UTC 13 September 2018. a All
backtracks originated in the south, travelled over water, passed to the east of the ship, rotated counterclock-
wise, and arrived at the ship from the north, b vertical profile showing horizontal surface convergence due
to low (convergence), upward longwave radiation was from fog layer, T,;. was colder than the SST, and
sensible heat was upward

For the first fog event, the fog cloud consisted of a surface layer and two thick cloud
layers that are represented by back trajectories of air parcels over the ship at 50 m,
135 m, and 350 m. All air parcels travelled from the south as a SLP low approached
from the west (Fig. 12a). However, the last 6 h of the 50-m trajectory travelled hor-
izontally over the sea surface, the 135-m air parcel was lifted and traveling a longer
distance to the west of the low but still over water. In contrast, the 350-m back trajec-
tory originated farther west, travelling over the Avalon Peninsula. In the last portion of
their paths, all parcels moved around in a clockwise, curved arc, arriving over the ship
from the north in response to a low centre that was north of the ship moving eastward.
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The result was the profile over the ship with three neutral lapse layers and three inver-
sions (Fig. 12b). Contributing to condensation was convergence and lifting by the low,
stratus lowering of the upper layer to merge with the middle layer, longwave radiation
upward from the top layer, and advection of the still warmer surface layer air moving a
short-curved path over colder water and arriving at the ship from the north around 0030
UTC 13 September. Note that at 0030 UTC, the air temperature minus SST reversed.
Before 0030 UTC, the air temperature was greater than the SST and after was less than
the SST. The sensible heat flux was upward for 0000-0200 UTC and downward for the
remainder of this event.

The second fog event continued to be controlled by the low moving farther to the
south-east (Fig. 13a). Back trajectories also started in the south but passed the ship to
the east and curved counterclockwise to arrive at the ship from the north around 0500
UTC 13 September, all travelled over water and parcels above 10 m increased in eleva-
tion. The result was a single saturated surface layer with fog, capped by an inversion
(Fig. 13b). The factors contributing to fog were convergence and lifting by the low,
longwave radiation upward, mixing of the near sea surface air upward to condensation
by colder air moving southward over warmer water arriving at the ship from the north.

6 Conclusions

The goal of this study was to report detailed measurements of marine fog during the
event period, or SIOP 1, of the C-FOG field campaign that occurred off the coast of St
John’s, Newfoundland. The fog occurred at night from 0000 to 0315 UTC 13 September
2018, and 0450-0650 UTC 13 September 2018.

An eastward-moving synoptic scale cyclonic system controlled the synoptic-scale
circumstances for the fog. This involved a closed isobar at sea level around the low that
included a 2-m RH maximum. Above the low was an open cyclonic wave at 700 hPa
and subsidence. When the low crossed the coast, winds rotated from south to west to
north and then the first fog event started. A layer of low stratus was present above the
fog events.

There were two fog episodes with very different structure and conditions. The first fog
event had a surface fog layer capped by two equivalent potential neutral lapse rate cloud
layers separated by two saturated air temperature inversions and a subsidence inversion
capping the top layer.

The second fog episode was a single equivalent potential neutral lapse rate layer that
extended from the sea surface to the top of the layer. This fog layer was three times the
height of the first fog layer and capped by a subsidence inversion and dry layer.

During both fog events, there was a low stratus overcast, no upper clouds, longwave
upward and no sun. During 0000-1200 UTC 13 September, including during the fog event,
there was near-zero latent heat flux, low TKE, winds from the north and 24-h back trajec-
tories originated in the south, consistent with the conditions mentioned in Gultepe et al.
(2021) for fog prediction.

During the fog episode, microphysical parameters liquid water content, droplet number
concentration, effective diameter, and mean volume diameter evolved over time. A bimodal
distribution of fog DSD was observed with modal diameters around 30 um and 5 pum simi-
lar to the pre-fog peak MVD. As has been previously observed (Gultepe et al. 2017), the
visibility showed an indirect relationship to the droplet number concentration and liquid
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water content, however it should be noted that the values of Nd in this case are relatively
small compared to those in Gultepe et al. (2017).

During the first 30 min of the fog, the 10-m air temperature T,;, was higher than the
SST, and afterwards this reversed for the reminder of the fog events. Thereafter the SST
was higher than T ;. until after the fog events. On the other hand, the sensible heat flux was
from air to sea for 62% of the first fog episode and from sea to air for the remainder of the
first fog event and continued for the second fog event. The measured heat fluxes are poorly
related to the air—sea temperature difference, which plays a lesser role in fog formation and
dissipation compared to shear produced turbulence, stratification effects, and entrainment
in the lower region of the atmosphere. The negative entrainment heat flux appears to over-
shadow the influence of cloud top cooling and positive sensible heat flux from the ocean
surface to the air.

Overall, our analysis suggests that fog formation during these events was preconditioned
and governed by evolving synoptic systems that drive a mix of meso- (transport and hori-
zontal mixing) and small-scale (turbulence and three-dimensional mixing) processes con-
ducive for fog formation. Therefore, the appropriate scale continuum needs to be captured
by or accurately parametrized in predictive models for improved fog forecasting. Fernando
et al. (2020) presented a case where mesoscale modelling predicted the synoptic and mes-
oscale details accurately but closely missed the prediction of fog because of the deficien-
cies of subgrid turbulence parametrizations. Detailed case studies of the type presented
here will be useful for identification of physical processes that need to be included in fog
parametrizations.
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