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Abstract
The goal of this work is to summarize synoptic meteorological conditions during the 
Coastal Fog (C-FOG) field project that took place onshore and offshore of the Avalon 
Peninsula, Newfoundland, from 25 August until 8 October 2018. Visibility was measured 
at three locations at the Ferryland supersite that are about 1 km from each other, and at 
two additional sites 66 and 76 km to the north. Supporting meteorological measurements 
included surface winds, air temperature, humidity, pressure, radiation, cloud-base height, 
and atmospheric thermodynamic profiles from radiosonde soundings. Statistics are pre-
sented for surface measurements during fog events including turbulence kinetic energy, net 
longwave radiation, visibility, and precipitation. Eleven fog events are observed at Ferry-
land. Each significant fog event is related to a large-scale cyclonic system. The longest fog 
event is due to interaction of a northern deep low and a tropical cyclone. Fog occurrence is 
also examined across Atlantic Canada by including Sable Island, Yarmouth, Halifax, and 
Sydney. It is concluded that at Ferryland, all significant fog events occur under a cyclonic 
system while at Sable Island all significant fog events occur under both cyclonic and 
anticyclonic systems. The fog-formation mechanism involves cloud lowering and stratus 
broadening or only stratus broadening for the cyclonic systems while for the anticyclonic 
systems it is stratus broadening or radiation. Although widely cited as the main cause of 
fog in Atlantic Canada, advection fog is not found to be the primary or sole fog type in the 
events examined.

Keywords Atlantic Canada · Climatology · Coastal fog · Marine fog · Synoptic 
meteorology

1 Introduction

The study centres on Atlantic Canada, the site of the first organized marine fog investiga-
tion (Taylor 1917). With ship surface measurements and kite soundings, Taylor (1917) pro-
posed the fundamental dynamics of marine fog. After a century, fog still has the attention 

 * Clive E. Dorman 
 cdorman@ucsd.edu

Extended author information available on the last page of the article



 C. E. Dorman et al.

1 3

of sailors, even with radar and GPS navigation. We focus on fog formation in Atlantic Can-
ada, which is driven by frequent variations in the synoptic-scale conditions and modified 
by local surface and boundary-layer conditions. The dynamics include eastward moving, 
upper level waves that are linked to sea-level cyclones and anticyclones (Bluestein 1993). 
A review of marine-fog investigations and the development in understanding fog over 
the past 100 years are given in Wang (1985), Lewis et al. (2004), Gultepe et al. (2007), 
Koračin et al. (2014), Koračin (2017) and Dorman et al. (2017). Byers (1959) describes 11 
different fog types that are discussed by Gultepe et al. (2007). Those especially applicable 
to the focus area are: warm advection (air flows over colder water), cold air advection (air 
flows over warmer water), and radiation (surface or surface layer radiation—especially at 
night). Another process is cloud lowering, which Koračin et al. (2014) suggests should be 
reserved for the whole entity of cloud lowering, including the cloud top; (see Koračin et al. 
2001). This process at times is confused with cloud broadening, defined as a cloud extend-
ing downward through the effect of precipitation evaporating and moistening the subcloud 
layer below the cloud base (Gultepe et al. 2007; Tardif and Rasmussen 2008; Dupont et al. 
2012). Often, a fog occurrence has multiple causes and involves multiple processes.

During the summer, maximum fog occurrence is 45% over the Grand Banks of New-
foundland that is one of the world’s two greatest marine-fog occurrences based on ship 
weather measurements (Dorman et al. 2017, 2019). During the fall, the fog-occurrence dis-
tribution is similar to that in the summer, but the maximum is reduced to 16%. Around 
Ferryland on the eastern coast of Newfoundland’s Avalon Peninsula, the autumn fog occur-
rence based on ship measurement is about 8%. In comparison with Atlantic Canada airport 
stations (Wang 2006), Dorman et al. (2017) found that summer ship-fog occurrence values 
tended to be similar to land values, while winter values were an order of magnitude lower. 
The September occurrence values range between those of summer and winter.

St John’s airport is the only full meteorological surface station on the Avalon Peninsula. 
Diurnally, the maximum fog frequency occurs around sunrise for all year. The fog maximum 
occurs in May at sunrise (≈22%). In September, the fog occurrence is reduced to ≈10% at 
sunrise (Gultepe et al. 2007). However, St John’s airport is 134 m above sea level (a.s.l.), so 
that fog there is often part of a stratus cloud that does not extend down to sea level.

Our goal is to evaluate the relationship between coastal-fog occurrence and the synop-
tic-scale weather system activity over Atlantic Canada. Coastal-fog occurrence is assessed 
with respect to the dynamics of synoptic-scale systems during the autumn of 2018 and local 
weather conditions that occurred at the C-FOG project sites located along the Avalon Penin-
sula, Newfoundland, Nova Scotia, and Sable Island. Section 2 summarizes the C-FOG field 
project, its measurements, and the analysis used. Section 3 is for the results, and Sect. 4 is 
for discussions which includes the causes of fog. Conclusions are given in Sect. 5.

2  Measurements, Field Project, and Analysis

The main field site, Ferryland, is located on the eastern central coast of the Avalon Penin-
sula which is a small peninsula adjacent to the south-east tip of Newfoundland (Fig. 1). In 
this setting, the central Avalon Peninsula is exposed to westerly winds from the ocean. The 
C-FOG field project lasted from 25 August to 8 October 2018. A full overview of C-FOG, 
including the observation sites and instrumentation, is given in Fernando et al. (2021). Fer-
ryland contained three sites with visibility measurements using Vaisala PWD22 or PWD52 
present weather detectors (Gultepe et al. 2021). These are the Battery site at 2 m a.s.l. next 
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to the beach (Table 1), the Downs site at 32 m a.s.l. located on a narrow, eastward extend-
ing peninsula surrounded by the sea, and Judges’ Hill, the most western and most elevated 
site (95 m a.s.l.) on top of a low hill. All three sites were within about one km of each 
other. Both the Battery and Downs sites were further instrumented with 15-m meteoro-
logical flux towers including multiple levels of temperature, relative humidity, and wind 
sensors, and Vaisala CL31 ceilometers. Ceilometers can be used to detect fog (Gultepe 
et  al. 2009; Dabas et  al. 2012; Arun et  al. 2018) and these confirmed the Ferryland fog 
events primarily detected with the present weather and visibility measurements. The same 
instruments were also deployed at the Blackhead and Flatrock sites, 59 and 77 km north of 
Ferryland (Fig. 1). Additional observations were from Mt. Pearl, a RAdiosonde OBserva-
tion program (RAOB) upper air station, and St. John’s airport, both on an elevated plateau 
(Table 1, Fig. 1b).

Along with the Avalon Peninsula stations, four additional airport stations, some with 
RAOB soundings, will be used to investigate broader details of fog across the extent of 
Atlantic Canada facing the open ocean (Table  1). One is Sable Island, representing the 
open ocean conditions over an outer shelf (Fig. 1). Sable Island is a low sand island extend-
ing in a 43-km-long crescent shape and 1.2 km at its widest. The small size, scant elevation, 
and great distance away from Nova Scotia ensures minimal land influence on observations.

On south-western Nova Scotia is the Yarmouth airport at 43 m a.s.l. on a low coastal 
plain and 5.4 km from the open ocean. The nearby Yarmouth sounding station is at 9 m 
a.s.l. Other Nova Scotian station data used herein are from Halifax and Sydney airports 
which are higher and further inland than Yarmouth.

In the analysis, surface-based measurements at C-FOG sites and airports are used to 
describe fog occurrence. Lower atmospheric conditions are established through RAOB and 
C-FOG radiosonde observations. This integrated data are used to assess fog interaction 
with synoptic meteorological conditions using the North American Regional Reanalysis 

Fig. 1  The C-FOG Ferryland 
supersite on the eastern coast of 
the Avalon Peninsula consists of 
the instrumented sites Battery 
(B), The Downs (D), and Judges’ 
Hill (J) (a). C-FOG sites on the 
eastern Avalon Peninsula (AP) 
besides Ferryland (F) were 
Blackhead (L) and Flatrock (F). 
Also on the AP was the Mt. 
Pearl RAOB station (M) and St 
John’s Airport (S) (b). Other 
surface stations with visibility 
measurements are Sydney (N) 
and Halifax (H), and those with 
a nearby RAOB station facing 
the open Atlantic are Yarmouth 
(Y) and Sable Island (I) (c). See 
Table 1 for station details
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(NARR) and satellite observations. In the end, these local fog assessments are evaluated 
using climatological analysis of long-term observations.

3  Results

In this section, a climatology of local weather stations is performed, followed by a weather 
summary at Ferryland. After this, case studies will be presented for Newfoundland and 
Sable Island.

3.1  Climatology

The climate setting for the month of September was examined with the NARR 20-year 
mean climatology based on 32-km grid-point separation (https:// psl. noaa. gov/ cgi- bin/ data/ 
narr/ ploth our. pl. Mesinger et al. 2006). In September, Newfoundland lies under a steep cli-
matological zonal gradient from sea level to 500 hPa between the North Atlantic Subtropi-
cal Anticyclone at 30°N and a polar low at 80°N (Fig. 2).

The 500 and 700 hPa geopotential height (GPH) analyses (latter not shown) are very 
similar in details. Both have an open anticyclonic zone along 30° N and a cyclone centred 
on the north-west side of Greenland. At 850 hPa GPH (not shown) and above, dense iso-
heights are oriented west–east over Newfoundland and eastern Canada.

The sea-level pressure (SLP) analysis in the south of the domain is dominated by 
the North Atlantic Subtropical Anticyclone with a centre near 35° N 39° W. Far to the 

Table 1  Stations with elevation, distance to the Battery site, and number of fog events and fog hours during 
September 2018

“Field” are C-FOG surface meteorological stations with a visibility measurement; “Air” are airport surface 
stations; * = observation gaps less than 10% of record

Station Symbol Type Ht a.s.l. (m) Distance 
to battery 
(km)

# Fog events # Fog hours % Sept fog 
occur. [hrs]

Avalon Peninsula
 Battery B Field 6 0 6 31 4.3
 The Downs D Field 32 1.4 6 41 5.7
 Judges’ Hill J Field 95 0.8 13 73 10.1
 Mt Pearl M RAOB 133 54 – – –
 Blackhead L Field 10 59 7 13 1.8
 St Johns’ S Air 134 66 11 55 7.6
 Flatrock F Field 7 77 5 9 1.2

Nova Scotia
 Sydney N Air 56 563 3 8* 1.1
 Halifax H Air 145 864 7 26* 3.6
 Yarmouth Y Air 43 1088 10 44* 6.1
 Yarmouth Y RAOB 9 – – – –

Sable Island
 Sable I Air 4 660 6 22* 3.1
 Sable I RAOB 5 – – – –
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north, two low pressure systems are located over the Labrador Sea and between south-
ern Greenland and Iceland. Closely packed west–east-oriented isobars cover Newfound-
land and eastern Canada. Sea level climatological winds over Newfoundland are from 
west to west-south-west.

The sea-surface temperature (SST), the anchor on the bottom of the atmospheric 
sector over water, is asymmetrical, reflecting the role of the clockwise North Atlantic 
gyre with the warm, eastward Gulf Stream brushing along the North America shelf edge 
(Tomczak and Godfrey 2020). This is associated with densely packed isotherms starting 
at Cape Hatteras (35° N) and extending to the north-east. In contrast, a cold Labrador 
Current moves southward along eastern Canada, past Newfoundland where it comes in 
contact with the Gulf Stream.

The climatological NARR 2-m relative humidity (RH) is closely related to fog. Near-
surface air masses above the warm Gulf Stream are influenced by the western side of the 
North Atlantic anticyclone and thus advected from the south-west towards Newfound-
land. On the south-east tip of Newfoundland, the climatological 2-m relative humid-
ity reaches 86% which is elevated compared to humidities further south but below the 
threshold for fog (>90%) which will be discussed later in this paper.

In the summer, cyclones most frequently travel across Quebec and northern New-
foundland before moving over the Atlantic. A less frequent path is along the east coast 
of the U.S. and Canada. Anticyclones tend to be concentrated in the summer along east-
ern Canada and the adjacent Atlantic (Palmén 1969; Reitan 1974; Zishka and Smith 
1980). Anticyclones tend to form in the north-east U.S. and move eastward along Atlan-
tic Canada over water but avoid Newfoundland.

In the winter, cyclone paths are much farther south in the interior of North Amer-
ica and along the coast of eastern North America. However, both paths join over water 
north-east of Newfoundland. In September, the path of cyclones and anticyclones is 
between that of summer and winter.

Fig. 2  NARR mean September 1999–2018 of the 500 hPa height contours, SLP, SST, and relative humidity 
at 2 m. Images provided by the NOAA/ESRL Physical Sciences Division, Boulder, Colorado from http:// 
www. esrl. noaa. gov/ psd/.
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3.2  Newfoundland Fog Case Studies

3.2.1  Overview of All Ferryland Cases

As noted in Sect. 2, fog was detected by the visibility being less than 1 km at one or more 
of three Ferryland visibility instruments whose data were digitized into 1-min intervals. 
Before the visibility instruments were operational (8 September 2018), fog presence was 
detected by three additional sources. One was when the ceilometer maximum backscatter 
base was <100 m (Arun et al. 2018). The second was by radiometer measurements as the 
presence of fog reduces the expected inbound solar radiation during the day and increases 
the downward infrared radiation at night (Gultepe et al. 2009). The third was with auto-
mated cameras. Fog is presented as occurring in hourly units at a station in Table 2, where 
fog is shown if fog occurred more than 6% of that hour. This was found to be the minimum 
length of what was supported by other measurements and excluded anomalous spikes. Use 
of fog-hours was helpful for dealing with short-term visibility fluctuating between less than 
and greater than 1  km over periods of minutes to a few tens of minutes. Fog occurred 

Table 2  September 2018 Ferryland Fog events by hour

Fog is shown for a station if fog occurs during more than 6% of observations taken during that hour. The 
hour of day in UTC is shaded in the top row and bold denotes near sunrise (0900 UTC) and near sunset 
(1900 UTC). Left column is the day of September 2018 with Atlantic fog-free days not included. J = Judge’s 
Hill, D = The Downs, B = Battery, 3 = all 3. Colour indicates fog occurring at a single station or combina-
tions of stations: Blue = J, light blue = J & B, light green = J & D, pink = B&D, olive = D, orange = B, dark 
green = all 3 stations
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at Judges’ Hill for all September fog-hours either by itself or with others for all but 3 h 
(Table 2). Fog at all three stations occurred for 25 h and included the longest event, which 
lasted from 2200 UTC 28 September through 0500 UTC 30 September. A Ferryland fog 
event was defined as a period of fog-hours when fog occurred at any station or combina-
tions of stations without breaks.

To test the possible role of advection in generating the Ferryland fog events, back tra-
jectories were generated with the Hybrid Single-Particle Lagrangian Integrated Trajec-
tory model (HYSPLIT) analysis (Stein et al. 2015; Rolph et al. 2017). These trajectories 
were created with the HYSPLIT1 model, which utilized NARR to compute the path that a 
2-m air parcel above the ground at Judges’ Hill would take if moving backwards for 24 h. 
In addition to 2-m back trajectories, trajectories were also run for 300 m and 600 m (not 
shown), which produced similar results but from a more distant starting point. The results 
shown in Table 3 are for the radial direction (clockwise) and straight-line distance from 
Judges’ Hill to the point where the parcel originated 24-h earlier. Symbol “F” indicates that 
fog occurred during that hour. An asterisk indicates a significantly curved, cyclonic path 
in the last portion of the trajectory that reversed the parcel direction. The central column is 
the back trajectory at the start hour of the fog event and at the start of the last hour of the 
event. The last hour was left blank if the event only occurred during one hour. To further 
examine any possible near event shifts, the Judges’ Hill back trajectories are given 6 h and 
3 h before the fog event and 3 h and 6 h after the last hour of the fog event.

The advection type was determined using a long-term averaged SST for field Septem-
ber which is constructed from the NOAA OI SST V2 High Resolution data2 provided by 
the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA (Reynolds et  al. 2002). The SST 
isotherms offshore from Judges’ Hill were oriented along 280°–100° direction. Neutral sur-
face advection was oriented within   ±20° of this SST isotherm alignment. Warm air advec-
tion was from 120–180–260°.

For the start hour of the 12 fog events, back-trajectory warm-air advection occurred 
seven times resulting in fog, neutral air advection occurred three times, and cold air advec-
tion occurred two times. In spite of the warm air advection, it will be shown later that fog 
did not occur until a cyclonic structure was directly overhead. It is also of note that in the 
back-trajectory analyses for 3 and 6 h before and after the event, there were 28 cases of 
warm air advection events over cold water, 22 of them (pink colour) did not result in fog. 
There were many more of the latter cases occurring during the remainder of September 
not shown here. The overwhelming conclusion is that warm air advection does occur fre-
quently but, for the bulk of cases, does not result in a fog event. Advection is not a control-
ling factor for fog at Ferryland. It will be shown that a cyclonic feature crossing overhead is 
the triggering factor that controls Ferryland fog formation.

The 12 Ferryland September fog events are now examined for their characteristics 
(Table 4). The Downs soundings during or within 1 h of a fog event were examined for a 
stable layer capping a surface layer which has been cited a significant factor in for forma-
tion (Gultepe et al. 2007; Tardif and Rasmussen 2008; Dupont et al. 2012). The stable layer 
was a weak temperature inversion or an isothermal layer (both highlighted by pink in the 
table) and with a dry layer. There were also 2 cases of a fog layer capped by a dry layer but 
not an inversion (highlighted by yellow). A white box indicated a sounding within 4 h of 
the fog while a dash indicated that no sounding was available. A stable layer capping the 

1 https:// www. ready. noaa. gov/ HYSPL IT_ traj. php.
2 https:// psl. noaa. gov/ data/ gridd ed/ data. noaa. oisst. v2. highr es. html.
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surface fog layer occurred for seven of the events, as well as capping two of the surface lay-
ers before a fog event, which suggests that this boundary layer feature played a significant 
role in fog dynamics at this location.

GOES East Infrared (IR) cloud images were examined for a relationship to the Ferryland 
fog events. In Atlantic Canada, overcast cloud areas are associated with surface lows while 
narrower cloud bands extending southward are over surface troughs. In an image, these are 
usually white masses with orange topped cells in areas of more intense convection. The 
outer edges may be grey, which indicates a lower stratus top, or there may be a faint dark 
area, which indicates the lowest infrared detectable cloud top. The satellite infrared cloud 
temperatures were compared to soundings and the results presented in Table 4 are the cen-
tral values for a range of approximately  ±5 °C. Of the 12 fog events, nine had higher clouds, 
and three did not.

Table 3  Results from the HYSPLIT 24-h back trajectories for 2-m level at Judges’ Hill for the September 
2018 Ferryland fog events

Central two columns are the start of the fog event and the start of the last hour of the Ferryland fog event. 
The left two columns are 6 h and 3 h before the Ferryland fog event. The right two columns are 3 h and 6 h 
after the start of the last fog event hour. Text in squares is the compass direction relative to north in a clock-
wise sense and distance in km from Judges’ Hill of a 2-m air parcel starting 24 h earlier. An asterisk indi-
cates a significantly curved trajectory reversing the direction toward the end of the track. A blank indicates 
that the fog event lasted only 1 h. Red correspondence to warm air over colder water advection that ended 
with fog at Ferryland. Pink correspondence to warm air over colder water advection that ended without fog 
at Ferryland. Blue correspondence to cold air over warmer water advection. Yellow correspondence to neu-
tral air advection with air temperature near water temperature



Large-Scale Synoptic Systems and Fog During the C-FOG Field…

1 3

A study was done of the September 2018 NARR SLP analyses to detect if the condi-
tions within about 100 km of Ferryland were cyclonic, neutral, or anticyclonic. It was 
found that all fog events occurred with only cyclonic conditions and none occurred with 
neutral or anticyclonic conditions. All of the fog events occurred with the axis of a weak 
trough and GOES IR cloud band (one was a dark area) over Ferryland. For long lasting 
event 11, five cloud covers are given, one for each satellite image. Thus, the cause of all 
Ferryland significant fog events was related to the central axis of a cyclonic event passing 
overhead, indicated by GOES IR and NARR sea-level pressure analysis. Every instance 
of fog occurred with an eastward moving satellite detected infraredcloud overhead.

We now examine the conditions at the beginning of each of the 12 Ferryland fog events 
to delineate possible relationships. The measured variables around the starting time of each 
Ferryland fog event are shown in Table 5. The most sensitive is the visibility with its rapid 
response to boundary-layer changes. Judges’ Hill visibility was usually the first station to 
respond, with the lowest value for the event and often changing visibility from greater than 
10 km to less than 1 km within a few minutes noted with “fa” (fast in table). The other stations 
responded more slowly, not declining as much, and often not lowering to fog or sometimes 
not even mist visibilities at the start of the event. This is consistent with a cloud base lowering 
to Judges’ Hill first and usually not continuing downward to reach the lower stations of the 
Downs or Battery.

Consistent with the visibility response is the ceilometer maximum backscatter base 
height (a cloud base) that was formed or pre-existed, then descended to 100 m or the 
surface with the initiation of each fog event. This is evidence of the direct role of the 
stratus lowering and broadening in formation of fog for each event. At the same time the 
stratus lowered, the relative humidity increased from about 88–89% to 95–97% for eight 

Table 4  Characteristics of Ferryland fog events

Ev: event; Dur: Duration; Vis Stns: Stations with visibility <1 km; J = Judges’ Hill; D: The Downs; B: Bat-
tery. For The Downs sounding: S = saturated surface layer, I&D indicates saturated layer capped by air tem-
perature inversion and dry layer, D indicates saturated layer capped by dry layer only, pink highlights satu-
rated surface layer capped by an inversion and dry layer, yellow denotes saturated layer capped by dry layer 
only, white denotes sounding within 4 h of fog and dash indicates no sounding within 4 h of fog. Under Sat-
ellite IR Cloud: FC is false colour, T is cloud top temperature, CA? is there cloud layer above ? Under FC, 
W is white, G is grey, D is dark, DG is dark grey. CA? i there is a cloud layer above fog: Y is yes (blue), 
N is no. Syn is synoptic feature based on NARR SLP: Tr is trough, L is low. Under Fog Cause: CSCL is 
cyclonic system cloud lowering and SB is stratus base broadening downward
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of the 12 cases and was steady for two more. The two decreasing cases followed closely 
a previous fog event.

Precipitation was uneven, ranging from zero to near 4 mm for both the pre-event and 
event. Precipitation can have a role in instigating fog by cloud broadening (Tardif 2017; 
Koračin 2017). During the fog event, the visibilities at the three stations were uncor-
related with the precipitation rate, which varied widely (not shown)—consistent with 
Gultepe and Milbrandt (2010).

Wind directions at the onset were northerly about 1/3 of the time and about 1/3 were 
southerly. The latter is the direction associated with warm air advection. However, the 
HYSPLIT model back-trajectory analysis presented earlier shows that the bulk of these 
during non-event periods did not result in fog while other analysis show that the timing 
of fog was determined by a trough or low-pressure passage.

During the events, the median wind speeds ranged from 1.1 m  s−1 (weak) to 8.4 m  s−1 
(strong) see Table  6. The total kinetic energy, a function of the wind speed, also had 
a significant range. While this variable has been related to fog formation and mainte-
nance (Kim and Yum 2017a) there was no significant change in this variable around the 
onset nor was there a persistent value during the events, which suggests that its varia-
tion was not a major factor to fog formation. Similarly, net longwave radiation did not 
change systematically with fog onset while the median values of the events were mod-
est, between −13 to + 1 W  m−2 for all but one event. Air temperature median values also 
had a limited range and were not usually related to the wind direction.

The variables in this section are consistent with the fog being caused by cyclonic system 
cloud lowering and stratus broadening. This will be explained in Sect. 4.3.

Table 5  Ferryland variables around onset

Vis is visibility at J (Judges’ Hill), D (the Downs), and B (Battery). Transition is fa (fast), hr (over an hour). 
Precip Pre-ev is total precipitation 6 h before event, Precip Ev is total precipitation during event. RH is rela-
tive humidity: inc is increase, stdy is steady, dec = decrease before event. Base Ht is base height of Ceilom-
eter maximum backscatter, sfc is surface, re indicated that base disappears and reappears at lower level, irr 
indicates irregular strength

Ev # Vis J (km) Vis D (km) Vis B (km) Precipitation 
(mm)

WD (°) RH (%) Base Ht m × 100

Pre-Ev Ev Onset End

1 0.1 fa 0.3 0.7 0 0.06 240 170 inc –
2 0.2 fa 1.1 2.3 0.9 4.1 170 175 inc 13 to 1
3 0.5 fa 13.4 15.0 0 0 20 20 inc 4 to 1
4 0.2 fa 0.2 0.8 0 0.02 0 345 stdy 2 to 1
5 0.3 h 4.8 6.5 0 0 210 190 inc 3 to 1
6 0.1 0.8 1.4 3.6 0.5 50 15 inc 9 to sfc
7 0.1 fa 1.9 fa 2.6 fa 0 0.1 105 170 inc 3 to sfc
8 0.2 1.8 1.8 1.0 0.9 180 180 inc 5 to 1.8
9 0.2 fa 0.2 0.3 1.6 0.7 150 10 stdy 2 to sfc
10 0.1 h 0.2 0.4 0.5 2.2 350 60 inc 3 to sfc
11 0.1 0.1 0.1 fa 0.8 1.6 40 175 dec 8.5 re 1.5
12 0.4 fa 1.2 2.1 0.9 1.4 25 350 dec 10 irr to sfc
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3.2.2  Ferryland 12 September 2018 Fog Event # 2

A fog event occurred in Ferryland on 1500–1900 UTC 12 September (Fig. 3). Judges’ Hill 
was the only one of the three visibility sensors with values less than 1 km (Gultepe et al. 
2019) and lowest values were under 100 m. Visibility at the Downs decreased to 1–2 km 
(lower mist values). The Battery site reported visibility minima around 4–6 km (upper range 
in mist values). We find that 1–6 km visibility is a good marker of near-fog conditions due 
to water droplets (1 km and 6 km are marked on Fig. 3). This is also the range of “mist” 
visibility for the International Civil Aviation Organization present weather code (ICAO 
2007) although the Federal Aviation Administration defines mist as having the visibility of 
1.8–11.1 km (FAA 2017). Relative humidity increased quickly so as to exceed 93% when 
Judges’ Hill visibility first fell below 1 km. After an initial increase around sunrise (0904 
UTC), the air temperature decreased and remained rather steady during the fog period and 
increased again after the fog dissipated. Intermittent rain began around 1200 UTC as the vis-
ibility started to decrease. Rain was fairly continuous but irregular in rate from about 1500 
UTC to 2100 UTC. The onset of precipitation coincided with an increase in relative humidity.

The time-height cross-section of the ceilometer backscatter coefficient (β) at the Downs 
site is shown to give an impression about the boundary-layer structure and variability 
(Fig. 4). Before 1200 UTC, there was only a weak backscatter from within a 300–400 m 
deep surface layer. Shortly after 1200 UTC, precipitation results in higher backscatter 
extending to heights well above the 1500 m image limit. This precipitation may be related 
to stratus broadening. Around 1400 UTC a stratus cloud base layer formed at 600 m. With 
the second onset of precipitation around 1500 UTC, the stratus quickly lowered to form 

Fig. 3  Ferryland visibilities for Judges’ Hill, The Downs and Battery and meteorological variables for Bat-
tery for 12 September 2018. Horizontal lines mark the visibility thresholds for fog (visibility < 1 km) and 
mist (1–6 km). The green dots with a scale in the middle frame is the rain rate in mm  h−1
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fog at Judges’ Hill, lifted to 200 m, and then dropped again quickly to the surface after 
1600 UTC. After this, the cloud base was near or at the surface as β and base height varies 
with Judges’ Hill visibility. Just before 2100 UTC, with the cessation of precipitation, the 
cloud base promptly lifted up to 300 m. After this there are three oscillations of the cloud-
base height followed by its disappearance. The ceilometer data collected at the Downs 
visualizes the formation of the stratus cloud base and its descent to the surface and thus 
indicates that stratus-cloud lowering and broadening caused the fog.

Soundings at the Downs bracketing the 12 September Ferryland fog event are shown in 
Fig. 5. Before the event, the surface layer was deep, well mixed but not very moist with a 
14 m  s−1 wind jet from the 200 deg direction. This was capped by a very dry layer with a 
weak temperature inversion based at 1.5  km. After the event, the surface layer thinned to 
0.6  km while the upper half remained saturated. The maximum wind speed decreased to 
9 m  s−1 but was distributed over 0.2 km to 0.8 km, and the wind direction shifted to the north. 
The surface layer had near neutral stability while the base of the inversion was stable for both 
soundings. This is consistent with a trough passing overhead between the soundings.

The GOES IR images are useful for tracking the movement of cyclonic systems across 
Atlantic Canada. A number of cyclonic systems form in the north-east U.S., then move 
eastward. At 1200 UTC 12 September 2018, an eastward moving cloud mass covered New-
foundland, while the Gulf of St. Lawrence was clear of clouds (Fig. 6a). The Ferryland fog 
event was initiated under this cloud band 3 h later. The fog dissipated when the cloud band 
shifted east so that Newfoundland and surrounding waters were clear of clouds by 0000 
UTC 13 September (Fig. 6b).

The cyclonic system associated with this fog occurrence had its greatest amplitude at 
sea level as a closed low pressure system moving eastward. At 1800 UTC 12 September, 
the low was centred over the southern coastline of Newfoundland, producing stronger 
winds from the south at Ferryland, which is coincident with the densest fog at Judges’ Hill 
(Fig. 6c). By 0000 UTC 13 September, the low centre had moved to the eastern side of the 
Avalon Peninsula (not shown) and caused dryer surface air from the north-north-west to 
flow across Newfoundland, clearing the sky and dissipating the Ferryland fog.

Fig. 4  Time-height cross-section of the ceilometer backscatter coefficient (β) at the Downs site for 12 Sep-
tember 2018. Red colours show highest backscatter, indicating a cloud base. Note that the elevation of 
Judges’ Hill site is 95 m above mean sea level (MSL)
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Before the fog event, NARR analysis showed that an area with 2-m humidity greater 
than 95% moved eastward along the coast between New York and Newfoundland. At 1800 

Fig. 5  The Downs soundings at 1053 UTC 12 September 2018 (red) and 1309 UTC 13 September 2018 
(blue) taken before and after event # 2 fog occurred between 1500 and 2000 UCT on 12 September

Fig. 6  Analyses for the 12 September fog event. GOES East IR images for 1200 UTC 12 September (a) and 
0000 UTC 13 September (b). At 1800 UTC 12 September is the NARR sea-level pressure (c) and 2-m RH 
(d). NARR Reanalysis provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, at https:// www. 
esrl. noaa. gov/ psd/. Satellite images from Environment Canada at https:// weath er. gc. ca/ satel lite/ index_e. 
html
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UTC and the time of the fog, the 2-m humidity above 95% was concentrated around Fer-
ryland and all of Newfoundland except the western coast (Fig. 6d).

In summary, this case study showed that a cyclonic system formed and lowered stratus 
over an area around Ferryland (Fig. 6a, c). Stratus broadening with cloud-top radiation, pre-
cipitation (Fig. 3), and warm-air advection (HYSPLIT back trajectory Table 3) contributed 
to increasing the surface temperature (Table 6) and the surface relative humidity around 
the low pressure (Fig. 6d, Table 5), resulting in broadening the cloud base downward to the 
surface (soundings, Fig. 5, ceilometer image Fig. 4), and forming the fog (Fig. 3). When 
the cyclonic system moved on to the east (Fig. 6b) the fog dissipated.

3.2.3  Ferryland 28–30 September 2018 Extended Fog Event # 11

The longest fog event occurred from 2200 UTC 28 September to 0600 UTC 30 Sep-
tember 2018 (Fig.  7). The unusual length was on account of two large synoptic scale 
features: a deep polar low to the north and a tropical cyclone to the south. Visibility 
at all three Ferryland stations decreased after 2200 UTC 28 September and remained 
below 1 km until about 1400 UTC 29 September. Thereafter visibility at Battery varied 
between <1  km and 3  km while the other two remained mostly below 1  km. Around 
0600 UTC 30 September all visibility measurements increased to greater than 10 km. 
The winds were light and the direction switched from northerly to easterly. After 0900 
UTC 29 September the wind direction changed to south and remained so for the rest of 

Fig. 7  Ferryland visibilities for Judges’ Hill, the Downs, and Battery sites and meteorological variables for 
Battery for 28–30 September 2018. Horizontal lines in the lowest frame mark the visibility thresholds for 
fog (vis < 1 km) and mist (1–6 km). The purple dots in the upper frame are the rain rate and the scale in mm 
 hr−1 is the vertical line with tic marks in the central portion of the frame
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the event. The end of the event occurred when the wind direction switched to north-
west. However, rain was sporadic. There were periods of fog visibilities without rain 
from the beginning of the event until after 0400 UTC 29 September and from 0800 UTC 
29 September until after 1400 UTC 29 September. From 2100 UTC to after 0000 UTC 
30 September, there was continuous visibility less than 1 km but intermittent periods of 
precipitation. Fog occurred continuously but rain was intermittent, and rate varied con-
siderably—visibility and precipitation were not well related in this event.

The changes in the boundary layer for this event that extended from 1900 UTC 28 
September to 0800 UTC 30 September are revealed in the Downs ceilometer image 
(Fig. 8). Around 2100 UTC 28 September the boundary layer was clear from the sur-
face to 700 m. At 2200 UTC, a cloud base formed at 200 m and descended to the sur-
face after 0000 UTC 29 September. The base remained at the surface with a few short 
breaks, until around 0600 UTC 30 September when it disappeared. After this, it was 
clear at the surface with irregular backscatter returns at 500–900  m. The initial layer 
formation and its descent is consistent with stratus broadening.

The Downs soundings before and during Ferryland fog event # 11 reveal the struc-
ture of the lower atmosphere and boundary layer during fog (Fig. 9). The commonalities 
in the 8 soundings during the event highlight the fog boundary layer conditions. For 7 of 
the 8 soundings during the event, this included a surface-based inversion, a saturated (or 
nearly saturated) layer extending from surface to above 0.6 km, and a capping dry layer 
of various strength and depth. Wind speeds increased from the surface to a weak maxi-
mum around 0.5 km. Wind directions ranged from north-east, south, to north-west at the 
surface and converged to west-south-west above 1.5 km.

The 2123 UTC 28 September sounding (dotted line in Fig. 9) was before the event when 
visibilities were greater than 6 km and the ceilometer backscatter was low (Fig. 8). This 
pre-event sounding differed from the event soundings with a shallow well-mixed surface 
layer capped around 0.2 km by a subsidence inversion base and dry layer. Also, a surface 
jet was centred at 0.2 km, and surface winds were from the east.

The NARR SLP analysis for 0000 UTC 29 September shows a deep low to the north-
west of Ferryland along 70° W, a moderate low over central Nova Scotia that extended over 
Newfoundland, and tropical cyclone Leslie to the south-east (35.9°N 48.9°W) (Fig. 10a). 

Fig. 8  Time-height cross-section of aerosol backscatter coefficient at the Downs, Ferryland, 2000 UTC 28 
September 2018 to 0800 UTC 30 September 2018. Red colours indicate the strong backscatter in the stratus 
cloud/fog layer
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By 1200 UTC 29 September, the northern low moved eastward to 65° W and Leslie had 
moved west (34.7° N 50.6°) to form a trough that extended over western Newfoundland 
(Fig. 10b). This trough remained over Newfoundland on 0000 UTC 30 September, form-
ing a col to the south with Leslie (Fig. 10c). By 0600 UTC 30 September the northern low 
was along 50° W and Leslie had shifted eastward so that a trough axis was just off the east 
coast of the Avalon Peninsula and the col centred to the south (Fig. 10d). The overhead 
trough axis maintains low-level convergence, surface parcel lifting, condensation, and fog. 
The action of the two large-scale cyclones was to slow the eastward trough axis movement 
across Newfoundland to maintain fog at Ferryland for 32 h.

The GOES East IR cloud retrievals followed the surface cyclonic system as it moved 
eastward. Near the beginning of the event, 0000 UTC 29 September (Fig. 11a), there were 
two large cloud masses. The first was over northern Quebec with a cloud band extending to 
the south and west over the USA. The second was over eastern Quebec and Newfoundland 
with a cloud line extending to the south-west over Newfoundland and Nova Scotia and the 
surface low there. On 1200 UTC 29 September, the centre of the northern low had shifted 
to the east so that half of the northern low centre was over the Labrador Sea (Fig. 11b). 
By 0000 UTC 30 September the cloud-band centre shifted east and narrowed but it still 
extended across the Avalon Peninsula (Fig. 11c). Finally, at 0600 UTC 30 September, the 
northern cloud mass covered the Labrador Sea, Greenland, and extended into the north 
Atlantic (Fig. 11d). The southern cloud-band extension had narrowed, and its main axis 
was just east of the Avalon Peninsula, which coincided with the end of the Ferryland fog 
event.

In summary, this case study confirms the role of a cyclonic system for causing fog. An 
eastward-moving trough (Fig. 10) lowered clouds in a preceding fog event which included 
precipitation and high relative humidity (Table  5, event #10). Then there was a brief 

Fig. 9  The Downs radiosondes for event # 11 on 28–30 September 2018. Soundings for 0004 UTC 29 Sep-
tember through 0532 UTC 30 September were in fog. The black dotted line is the sounding just before the 
fog event at 2123 UTC 28 September
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visibility increase and partial lifting of the cloud base. This was followed by stratus-cloud 
broadening and descent to the cloud base to the surface for Event # 11 that was captured 
in the visibility (Fig.  7) and the ceilometer image (Fig.  8). The broadening was due to 

Fig. 10  NARR SLP analyses for 0000 UTC 29 September–0600 UTC 30 September. A trough axis is 
marked by red line. The southern low just off the southern edge of the analysis is Tropical Storm Leslie. 
Blue arrows point to Ferryland. NARR Reanalysis provided by the NOAA/OAR/ESRL PSD, Boulder, Col-
orado, USA, at https:// www. esrl. noaa. gov/ psd/

Fig. 11  GOES East IR images for 0000 UTC 29 September to 0000 UTC 30 September. Clouds in the 
images’ SE corner are with Tropical Storm Leslie. White circles are centred on Ferryland. Satellite images 
from Environment Canada at https:// weath er. gc. ca/ satel lite/ index_e. html
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increased low-level convergence, surface parcel lifting to condensation, assisted by warm-
air advection (Table 3) as well as stratus-top radiation into the clear sky (Fig. 11) encour-
aged by a capping inversion and dry layer (Table 4, Fig. 9). These conditions continued, 
maintaining the fog. The trough itself was slowed in its eastward movement by the interac-
tion of a low to the north and Tropical Storm Leslie to the south (Fig. 10). When the trough 
moved on to the east (Figs. 10 and 11, 0006 UTC 30 September) the fog dissipated.

3.2.4  Sea Level Pressure and 2‑m Relative Humidity Composites of Fog Events 
and Fog‑Free Days

NARR SLP composites were created to compare the differences between fog events and 
no-fog events (Fig.  12). For each fog event in Table  2, the 3-hourly time closest to the 
centre of the event was selected. For the 19 fog-free days during September 2018, the 1200 
UTC analysis was used. The resulting SLP composite of fog events (Fig. 12a) has a low-
pressure trough over mid-Newfoundland whereas this is replaced with a high on fog-free 
days (Fig. 12b). For the 2-m relative humidity, the fog events composite (Fig. 12c) had a 
humidity maximum greater than 90% on the eastern Newfoundland coast whereas this was 
replaced with a relative humidity minimum of less than 80% on no-fog days (Fig. 12d). 
In summary, Ferryland fog days are distinctively different from fog-free days in terms of 
NARR SLP and 2-m humidity.

3.2.5  Northern Avalon Peninsula Fog

Fog events recorded at northern Avalon Peninsula stations are presented for a comparison 
with Ferryland (Table  1, Fig.  1). St. Johns’ Airport had 55 fog hours in 10 events, the 
most of the three northern AP stations for September 2018 (Table 7). The C-FOG station 
at Blackhead had 22 fog-hours in five events while the Flatrock C-FOG station had 11 

Fig. 12  NARR composites of fog events (a, c) and fog-free days (b, d). Upper panels are sea-level pressure 
and lower panels are 2-m relative humidity. Red line in Fig. 12a shows the trough axis position over New-
foundland. Arrows point to the Ferryland site. NARR Reanalysis provided by the NOAA/OAR/ESRL PSD, 
Boulder, Colorado, USA, at https:// www. esrl. noaa. gov/ psd/
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fog-hours in six events. Blackhead and Flatrock had the least fog-hours compared to all 
other AP stations. The fog occurrences at northern AP stations were not especially related 
to the diurnal cycle nor to fog at Ferryland (Table 2).

The lack of a relationship between fog occurrence at Ferryland and the northern AP sta-
tions separated by less than 78 km was unexpected as they are close enough to be under the 
same synoptic weather conditions. This suggests that local topography, which affects the 
mesoscale, was a controlling factor on the processes that determine fog.

3.3  Sable Island Fog

3.3.1  Sable Island Overview

Sable Island is Atlantic Canada’s south-eastern most station that is on the outer edge of 
the continental shelf and has the least land influence. Sable Island fog events are listed 
in hourly blocks (Table 8) as was done for Ferryland (Table 2). In September 2018, there 
were 22 fog-hours in six events. The longest event lasted 12 h on September 29th, which is 
coincident with the longest fog event at Ferryland and SLP interaction between a deep low 
to the north and a tropical cyclone to the south.

To test the possible role of advection in generating the Sable Island fog events, back 
trajectories were generated with HYSPLIT (Table 9) as was done for Ferryland and was 
explained in Sect. 3.2.1. The central column is the back trajectory at the start hour of the 
fog event and at the start of the last hour of the event. The last hour was left blank if the 
event only occurred during one hour. To further examine possible near-event shifts, back 
trajectories are given 6 h before the fog event and 6 h after the last hour of the fog event.

The advection type was determined using an SST field for the September long-term 
mean constructed from the NOAA OI SST V2 High Resolution data provided by the 
NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, at https:// psl. noaa. gov/ (Reynolds et al. 
2002). The SST isotherms were oriented along 250°–085° in the vicinity of Sable Island. 
Neutral surface advection was oriented within ± 20° of this direction. Warm-air advection 
was from 105–175–230°

For the start hour of the six fog events, back-trajectory warm air over cold-water advec-
tion occurred with fog three times, cold air over warm water occurred two times and neu-
tral air advection once. It is also of note that in the six hours before and six hours after the 
fog events, there were five cases of warm air over cold water back-trajectory (pink colour) 
that did not result in fog. There were more of the latter cases occurring during the remain-
der of the September hours, not shown here. The conclusion is that advection is not a con-
trolling factor for fog at Sable Island. It will be shown that a cyclonic feature crossing or an 
anticyclonic centre overhead, are the factors that control fog formation here.

Four of the six Sable Island September fog events occurred when the axis of a weak 
trough passed overhead (Table  10). These coincided with GOES IR and visual cloud 
bands. The satellite IR cloud temperatures were compared to soundings and the results 
presented in Table 10 are the central values for a range of approximately ± 5 °C. Of the 
six events, two of the cloud tops in the satellite IR images were higher clouds and four 
were the fog–layer top itself. Events 1 and 4–6 followed the same sequence, starting with 
the formation of a low cloud base. The base gradually lowered while surface visibility 
remained high until the cloud dropped below 300  m elevation. After this, further cloud 
base lowering occurred with a decline in visibility and until fog formed under the trough 
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axis. This was followed by the lifting of the cloud base and increase in visibility. All of 
the fog events occurring during a sounding had an air temperature inversion (three cases) 
while the others (three cases) had an air temperature inversion in the sounding before or 
after, which suggests that this a significant aspect for fog formation as it did for Ferryland. 
Light rain occurred intermittently during the long event (# 5), continuously for events # 1, 
4, and 6, and also before for all 4 cyclonic events. Event 3 began as an ephemeral, weak 
surface trough with a moist surface layer under a low inversion and clear sky. Low-level 
convergence generated low stratus that cleared briefly, and fog formed at 0200 LST by sur-
face radiation without precipitation and under a clear sky. Event # 2 was a surface radiation 
event caused by fog occurring around sunrise under clear sky and a high centre.

3.3.2  Sable Island 4 September 2018 Cyclonic Fog Event #1

A case study is shown for a Sable Island cyclonic fog event. The fog event on this day 
was instigated by a trough axis passage at 2200 UTC 4 September (Table 11, Fig. 13). 
Before the trough passed, the sky was clear of clouds and winds were from the south. 
A cloud base formed by 1300 UTC, then multiple cloud layers developed as the lowest 
cloud base descended to 244 m, wind direction shifted westward, and pressure decreased 
to a minimum of 1017.3 hPa at 2030 UTC. The visibility remained mostly unchanged at 
14 km until the cloud base lowered to 244 m, after which both decreased until the cloud 
base reached 122  m and precipitation reached the ground. After this, the cloud base 

Fig. 13  Sable Island surface meteorological variables for 0600 UTC 4 September 2018–0600 UTC 5 Sep-
tember 2018. RH, sea level pressure, air temperature, and dew point are plotted in the upper frame, wind 
speed and direction are in the middle frame. Visibility and ceiling height are in the lower frame. Clear des-
ignates when there are no clouds. Observations with fog, mist, and light rain are designated with an asterisk 
below the middle panel
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remained nearly constant as the visibility declined to 0.61 km. At this point, there was 
fog, light rain, and the ceiling obscured (VV). These conditions lasted only 23 min, after 
which visibility and cloud base height increased until clear sky and high visibility at 
0400 UTC 5 September. Over this event, the wind direction shifted from south to west 
to north to north-east. The sea level pressure started high, decreased to a minimum at 
2030 UTC then increased. The air temperature and dew point both decreased after 1200 
UTC, with the air temperature equal to the dew point for 2149 – 2323 UTC.

The GOES IR image at 1200 UTC (Fig. 14a) shows a cloud mass with cells (areas 
with lower cloud-top temperatures) extending from the Labrador Sea, over Newfound-
land, and extending a narrow arm over Sable Island. The 1200 UTC NARR sea level 
pressure (Fig. 14b) shows that the clouds are related to a deep low over the Labrador 
Sea, and a trough passing over Newfoundland, eastern Nova Scotia and still west of 
Sable Island which it will pass over in 8.5 h. The Sable Island sounding at 0000 UTC 04 
September (Fig. 14c) shows a shallow moist marine layer capped by an air temperature 
inversion layer with dry air. Twelve hours later, as the first clouds were about to appear, 
the sounding indicated a moist layer up to 5  km elevation capped with an inversion 
(Fig. 14d). At 0000 UTC 5 September, after the fog and near the end of the clouds, the 
sounding had a shallow surface layer capped at 687 m by a saturated layer (Fig. 14e). 
Above this was an inversion base at 3036 m with a dry layer.

In summary, the Sable Island fog event # 1 was brief (Table 10). An eastward moving 
trough (Fig. 14b) caused convergence, cloud formation and lowering (Fig. 14a, Table 11, 
Fig. 13). Stratus-cloud broadening was caused by low-level convergence with surface air 

Fig. 14  Analyses for Sable Island 4–5 September fog event GOES East IR is for 1200 UTC 04 September 
(a). NARR sea level pressure is for 1200 UTC 04 September (b). Red line indicates the trough axis. Sable 
Island RAOB soundings for 0000 UTC 04 September before clouds at Sable Island (c), 1200 UTC 04 Sep-
tember at edge of approaching cloud band and before fog (d), and 0000 UTC 05 September after fog and 
as clouds were starting to clear e). Number in the blue box is the height of the air temperature inversion 
base. Circle surrounds and purple arrow point to Sable Island. Satellite image from Environment Canada at 
https:// weath er. gc. ca/ satel lite/ index_e. html. Sound ings are from the University of Wyoming at http:// weath 
er. uwyo. edu/ upper air/
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lifting to condensation. The RAOB sounding about 1  h after the fog ending had an air 
temperature inversion and very dry layer capping a deep saturated layer (Fig. 14e), which 
likely existed during the fog and supported cloud top radiation and buoyancy mixing. Light 
rain before and during the fog would have contributed to stratus broadening (Table 11). 
However, the HYSPLIT back trajectory indicated neutral advection with no significant 
support for condensation (Table 9). The short fog event lasting only 27 min was caused by 
the trough axis passing over quickly followed by decreasing convergence and a wind shift 
that resulted in cloud base lifting and fog dissipation.

3.3.3  Sable Island 15 September Anticyclonic Fog Event #2

An anticyclonic fog is presented for Sable Island as an example of radiation-caused fog 
in contrast to the cyclonic fog cases. At night on 15 September, the sky was clear and 
visibility was good up until 0600 UTC (Table  12, winds and pressure data were miss-
ing). By 0616 UTC, mist had formed and visibility decreased. The humidity was 100% for 
0702–1127 UTC. Fog was observed and visibility was 0.4 km or less under clear skies dur-
ing 0800–1053 UTC (sunrise was at 0939 UTC). At 1053 UTC the fog ended and visibility 
increased steadily above 1 km. At 1127 UTC a low ceiling formed and then lifted so that 
there was clear skies at 1500 UTC. However, the low cloud was well after the fog clearing 
and not directly related to it. No precipitation was recorded with this event.

The satellite visual image about an hour after the fog ended at 1200 UTC (Fig. 15a) had 
a few scattered clouds around Sable Island. The 0900 UTC NARR SLP (Fig. 15b) indicated 
that Sable Island was under a ridge axis during the fog (blue line in Fig. 15b).

The 0000 UTC 15 September Sable Island sounding before the fog had a low moist 
marine layer capped at 223 m by a subsidence inversion and dry layer (Fig. 15c). The 1200 
UTC sounding, only 33 min after the fog ended (Fig. 15d) showed a marine layer capped 
by a saturated cloud layer from 199 to 449 m. That layer was topped by a subsidence inver-
sion/dry layer.

In summary, this Sable Island fog event was formed by night radiation around sunrise 
under clear sky coincident with an anticyclone ridge overhead. This was accompanied with 
a low temperature inversion and cold-air advection from the north-east (Table 8).

4  Discussion

4.1  Advection and Fog Occurrence

It is a common practice to assume that fog along Atlantic Canada is caused by advec-
tion (Li et al. 2016; Dorman et al. 2017), that is by warmer air moving a long distance 
over colder water, one of the fog formation mechanisms cited in the introduction. It is 
assumed, with the temperature inversion capping the surface layer for part of the tra-
jectory, this would increase the moisture in the layer to the point that fog would form 
before arriving at any measurement location. However, this is contrary to the Atlantic 
Canada observations. The bulk of the air trajectories at all the stations (Fig. 2) for Sep-
tember 2018 were from an arc of south-west to south to south-east, which is a path of 
warmer air traveling over increasingly colder water. Therefore, the bulk of the obser-
vations should include fog. Instead, fog-hours were only 1 to10% of the observations. 
These low fog occurrences are consistent with ship-based climatology (Dorman et  al. 
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2017, 2019). Therefore, advection itself is an unlikely direct cause of fog. Instead, syn-
optic activity beyond the mean SST and flow conditions are necessary to generate fog 
along Atlantic Canada.

4.2  Fog Dependence on Synoptic System Paths

Cyclonic features tend to form in the west over North America or in northern Canada and 
move to the east with troughs extending to the south. In addition, there is a tendency for 
the centres to remain at higher latitudes and move toward lower latitudes when passing 
Newfoundland. This explains the smaller number of cyclonic features to the south at Sable 
Island. On the other hand, anticyclonic features tend to form in the west and move across 
at lower latitudes or to extend northward from a centre at lower latitudes. The result is that 
there are only cyclonic features with fog in Ferryland while Sable Island has both.

4.3  Cyclonic System Cloud‑Base Lowering and Stratus Broadening as Cause 
of the Atlantic Canada Cyclonic Fog Events

Aspects of the local surface and boundary-layer conditions at the onset of fog for Ferryland 
and Sable Island have been presented in previous sections. Here we provide a hypothesis 
for the cause of the cyclonic fog events. This combines the conventional cloud base lower-
ing by a cyclonic system (Bluestein 1993) with cloud base broadening (Pilié et al. 1979; 
Koračin 2017). The major points follow:

Fig. 15  Sable Island anticyclonic fog event on 0800–1100 UTC 15 September. GOES visual (a) image on 
1200 UTC 15 September. NARR SLP on 0900 UTC 15 September (b). Sable Island is in circle in (a) and at 
the asterisk in (b), Sable Island soundings are before the fog event (c) and after the fog event (d). Satellite 
images from Environment Canada at https:// weath er. gc. ca/ satel lite/ index_e. html. Soundings are from the 
University of Wyoming at http:// weath er. uwyo. edu/ upper air/
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• Cyclonic systems cloud lowering (Byers 1959)

– Cyclonic systems cross the area with overcast cloud systems centred on trough axis.
– Stratus clouds are capped by an air temperature inversion and dry layer.
– As a cyclonic system centre approaches, convergence lowers stratus cloud.

• Stratus cloud bases broaden downward to surface to form fog (Gultepe et al. 2007; Tar-
dif and Rasmussen 2008; Dupont et al. 2012).

– Cloud-top net longwave radiation upward cools cloud parcels that sink downward.
– Cloud drizzle and light rain fall into subcloud layer; this evaporates, saturates, and cools 

the subcloud layer.
– Stronger cyclonic systems have deeper convergence and deeper clouds that results in 

light rain or rain with evaporation into the subcloud layer.

• Surface layer assistance to saturation of surface layer top and cloud broadening to form 
fog (Koračin et al. 2014)

– Low-level convergence lifts surface air to the LCL and condensation.
– Warm air advection from the south encourages saturation at top of well mixed layer.
– Cold air advection from the north causes parcel buoyancy lifting to LCL and condensa-

tion.

– Low level convergence lifts surface air to the LCL and condensation.
– Warm air advection from the south encourages saturation at top of well mixed layer.
– Cold air advection from the north causes parcel buoyancy lifting to LCL and condensa-

tion.

4.4  The Cause of the Atlantic Canada Anticyclonic Fog Events

Under anticyclonic conditions, there are two causes of fog. One is under clear skies around 
sunrise where ground or surface longwave radiation upward cools the surface air to the dew 
point (Houze 1993) as well as radiation from the surface atmospheric layer (Kim and Yum 
2017b). This occurred at Sable Island (Ev #2) and Yarmouth.

The second cause is stratus broadening under a temperature inversion capped by a ridge or 
anticyclone. This occurred at Sable Island where a low overcast stratus layer was present. Stra-
tus broadened downward by cloud-top radiation and assisted by factors in 4.4.3 to form fog.

5  Conclusions

In this study C-FOG in-situ observations and meteorological data from several land stations 
together with NARR and HYSPLIT analysis were used to study marine/coastal fog occurrence 
conditions during September 2018. Atlantic Canada airports exposed to fog ranged from 1.1 
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to 10.1% for all September observations. Fog occurrence differed widely and the timing of fog 
was uncorrelated over Atlantic Canada sites and between stations as close as 60 to 70 km. This 
shows that fog occurrence during September was highly time- and space-dependent.

Based on the analysis, the following conclusions can be drawn:

1. The synoptic-scale structure and variations controlled the timing of fog occurrence at 
all Atlantic Canada stations examined.

2. Under cyclonic conditions, fog occurred with a trough axis passing overhead and nested 
within the clouds surrounding the trough axis.

3. Fog occurred under the central portion of an anticylone.
4. Ferryland had only cyclonic fog, while Sable Island and Yarmouth also had anticyclonic 

fog.
5. Surface and boundary-layer structure were presented for fog onset in Atlantic Canada. 

A temperature inversion capping a surface layer is a frequent occurrence with fog.
6. The fog cause for all cyclonic systems was a cyclonic system cloud-base lowering fol-

lowed by cloud-base broadening downward to the surface and fog.
7. For anticyclonic fog events, it was either surface radiation or the broadening of a low 

stratus cloud downward to the surface to form fog.
8. No evidence was found for the cause of any fog event to be only warm-air advection at 

the stations examined.

Appendix 1

See Tables 6, 7, 8, 9, 10, 11, 12.

Table 6  Statistics for meteorological surface variables at Battery during Ferryland fog events

Ta is 2-m air temperature, WS is 2-m wind speed, TKE is 2-m turbulence kinetic energy,
Net LW is net longwave energy

Ev # Ta (°C) WS (m  s−1) TKE  (m2  s−2) Net LW (W  m−2)

Min Max Med Min Max Med Min Max Med Min Max Med

1 11.3 14.0 12.0 1.1 4.7 2.1 0.1 0.6 0.2 -83.2 -34.0 -66.9
2 14.6 15.9 15.1 5.7 12.1 8.4 0.4 8.3 1.2 -5.8 -0.6 -2.6
3 13.6 14.2 13.9 3.1 4.6 3.9 1.3 2.5 1.9 -20.8 -9.5 -12.8
4 11.7 13.4 12.6 0.8 3.9 1.9 0.2 2.5 0.9 -31.2 -3.0 -4.3
5 10.4 11.5 10.8 0.4 2.7 1.8 0.0 0.6 0.1 -4.9 -3.0 -3.5
6 12.5 14.0 12.9 0.3 3.5 2.0 0.1 2.0 0.7 -29.7 1.4 -6.9
7 12.3 13.3 12.5 0.2 2.3 1.1 0.0 0.2 0.0 -14.9 -3.6 -7.3
8 12.1 14.1 12.4 0.9 4.3 3.2 0.0 0.6 0.2 -2.4 3.5 0.4
9 12.1 13.9 12.8 0.1 5.2 1.1 0.0 6.1 0.2 -14.8 5.7 -0.7
10 10.7 11.8 11.4 0.3 4.0 1.9 0.1 3.8 1.2 -7.3 1.0 -3.5
11 11.2 15.1 12.3 0.0 8.2 2.1 0.0 5.0 0.2 -45.5 5.9 -1.5
12 11.5 14.1 14.0 0.5 5.9 3.2 0.2 5.8 2.6 -7.8 -1.5 -3.3
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Table 7  September 2018 fog occurrences by hour at northern Avalon Peninsula stations of Blackhead (L), 
Flatrock (F) and St John’s Airport (S)

Yellow are Ferryland fog occurrences from Table 2. Hour of the day in UTC is shaded in the top row. Bold 
denotes near sunrise (0900 UTC) and near sunset (1900 UTC). Left column shows the day in September 
2018 when fog was observed
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Table 8  September 2018 fog occurrences by hour across Sable Island and Nova Scotia

Yarmouth (Y) and Sable Island (I) have surface and sounding stations while Halifax (H) and Sydney (N) 
have only surfce. Yellow is fog at Ferryland from Table 2. Hour of day in UTC is in the top row where bold 
denotes near sunrise (0900 UTC) and near sunset (1900 UTC). Left column shows the days in September 
2018 when fog was observed
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Table 9  Sable Island HYSPLIT 24-h back trajectory starting point direction and distance from Sable Island 
for September 2018

See Table 3 for explanation

Table 10  Characteristics of Sable Island September 2018 fog Events

Relative to fog event: B (before), D (during), A (after). Inversion base HT is air temperature inversion base 
HT at Sable Island sounding. Under Satellite IR Cloud categories are False Colour (Dark or Grey cloud), T 
is the cloud top temperature, and CA? is cloud layer above fog (Yes, highlighted blue or No). Under Satel-
lite Vis (Visible) Cloud, relative to fog event is: B (before), D (during), A (after), cb denotes cloud band, 
OVC denotes overcast, SCT denotes scattered. Synoptic Feature NARR SLP is the synoptic feature over 
Sable Island during fog event based upon NARR SLP analysis. Under Fog Type: CSCL denotes cyclonic 
system cloud lowering, SB denotes stratus broadening, Radiation indicates upward long wave radiation 
from surface layer and ground, LLC indicates low level convergence. Yellow denotes cyclonic events and 
white denotes anticyclonic events. Light purple denotes a weak surface trough under an air temperature 
inversion
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Table 11  Sable Island operational surface observations from 1200 UTC 4 September 2018 to 0400 UTC 5 
September 2018 that include afog event (highlighted yellow)

Variables are wind direction, wind speed, RH, horizontal visibility, weather (wx), precipitation, up to 3 
cloud layers with base height and amount of sky covered, and sea level pressure
CLEAR means no clouds, height of cloud base is given, amount of cloud cover is SCT (scattered), BKN 
(broken > 50%), OVC (overcast 100%), VV indicates cloud base at surface, distance is the vertical visibility. 
Blue is the lowest sea level pressure
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