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Marine fog impacts human health, naval strategy, and bi-
ological productivity. Despite its importance, the skill of
operational and global environmental models in forecast-
ing marine fog and its optical properties remain limited due
to our incomplete understanding of the physical processes
that drive fog, particularly over its broad range of temporal
and spatial scales. In this work, we present findings from
a 71-year climatological analysis covering a broad range
of spatial and temporal scales of marine fog over Atlantic
Canada and the Grand Banks of Newfoundland, Canada.
Using ICOADS observations from 1950-2020, ERAS reanal-
ysis products, and satellite imagery, we discuss fog forma-
tion in this region. Spatially, the Atlantic Canada conti-
nental shelf induces submesoscale ocean features along its
rapid variation in bathymetry, which influence fog forma-
tion. Sharp sea surface temperature gradients and air-sea
temperature differences coincide with the over-the-shelf
fog maxima in summer (June, July, and August). The air-
sea temperature differences show a clear signal that fog oc-
currence is higher with negative air-sea temperature differ-
ences (SST - air temperature). This higher occurrence of fog
is mainly isolated on the continental shelf, where colder SST
typically exists. Satellite imagery of a fog event during the
2022 Office of Naval Research (ONR) funded Fog and Tur-
bulence Interactions in the Marine Atmosphere (FATIMA)
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2 Formby-Fernandez et al.

Multidisciplinary University Research Initiative (MURI) cam-
paign highlights the complicated interplay of shelf break
dynamics and near-surface atmospheric conditions. A fog
bank is shown to form in the colder water regions over the
shelf, outlining the shelf break and pointing to boundary
layer and smaller-scale processes that are driving fog for-
mation. These observations are crucial in characterizing the
spatial and temporal structure of the fog life cycle and pro-

vide a better understanding of fog occurrence in this region.

KEYWORDS
marine fog, air-sea interaction, atmospheric boundary layer,

physical oceanography

1 | INTRODUCTION

Despite its societal importance, our understanding and ability to predict fog in coastal, offshore or in land environ-
ments remains limited. This is in part due to complexity of the multi-phase physical processes driving the fog life cycle
and the observational challenges of characterizing processes that span a broad range of spatio-temporal scales (i.e.
synoptic to microphysical turbulence scales). As fog reduces visibility at sea, improved understanding of the small-
scale structure of fog, including aerosol, droplet and turbulence properties, is necessary in order to better forecast
the propagation of optical and radio-frequency electromagnetic signals critical to operations at sea (both for aircraft
and vessels).

Fog is defined as a collection of airborne water particles or ice crystals of magnitude 5-50 um that collectively
reduce visibility to less than 1 km near the Earth’s surface (Gultepe et al., 2007). Fog can exist over land or water
and has been categorized into 11 main types (Willett, 1928; Byers, 1959) depending on formation mechanism and
location. This study explores advection marine sea fog, which occurs when warmer, higher humidity air is advected
over colder sea surface regions (Gultepe et al., 2007). The warmer air cools and condenses to become fog, extending
from the ocean surface to up to several hundreds meters in height (see Figure 1). The fog life cycle is constrained by a
range of multiscale processes both in the atmosphere and at the air-sea boundary: radiative cooling at the fog top, the
evolution of surface heat and turbulent moisture fluxes resulting from flows over ocean fronts, and other variations
in turbulence within the cloud (Findlater et al., 1989; Yang and Gao, 2020). Radiative cooling and turbulent mixing
of the overlying warm air leads to a more thermally stable internal boundary layer. This persists because the marine
boundary layer (MBL) is divided into two regions: 1) a turbulent layer near the sea surface due to mechanical drivers
(e.g. shear turbulence), and 2) a thermal radiation layer from long-wave cooling of the fog top (Koracin et al., 2014).
Vertical mixing increases within the MBL when air blows over a warm-to-cold SST front. The vertical mixing is due to
instabilities triggered by the change in air-sea temperature difference. This allows the MBL to deepen and allows for
more entrainment at the top of the MBL (Skyllingstad et al., 2007).

Fog formation is influenced by a combination of synoptic large scale weather patterns (Koracin and Dorman,

2017) and small-scale, local microphysical processes, making fog prediction and modeling particularly challenging
(see, e.g. Wainwright and Richter, 2021; Chen et al., 2021; Pithani et al., 2019; Taylor et al., 2021; Hu et al., 2014;
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FIGURE 1 Simplified schematic of warm advection sea fog formation over a cold boundary, such as a shelf break.
In the first panel, normal summer conditions are shown: low-level unsaturated temperature inversion with dry air
aloft, and cooling particles that are not saturated. The second panel shows conditions favorable for fog following an
atmospheric trigger: a saturated, low-level temperature inversion below a weaker inversion (A) with dry air aloft (B).
Stronger and more turbulent wind causes particle mixing within a deeper and saturated layer in which fog can form.

Park et al., 2022). Typically atmospheric temperature decreases with height. A temperature inversion exists when
temperatures above the sea surface increase with height. During normal summer conditions over the ocean, a low-
level, near surface temperature inversion exists with unsaturated air parcels. This marine boundary layer is stable,
such that convective motions between the layers are not expected (Nieuwstadt, 2005). Within the boundary layer,
horizontal movement of warm air over colder water creates and maintains an air temperature inversion, creating a
stratified layer between the sea surface and the boundary layer above. Winds blowing across an SST gradient, as
shown in Figure 1, result in the cooling of the sea surface and boundary layer such that saturation is not achieved. If
the dominant mean condition is a moist but unsaturated surface-based air temperature inversion, with drier air above,
winds from the warm side of the SST gradient with wind shear and turbulence increasing from the sea surface upward,
then a trigger is needed to convert this mean unsaturated surface air temperature inversion to a saturated surface air
temperature inversion. This trigger could be a mid-level trough axis crossing overhead, causing surface convergence
in the boundary layer and an increase in the surface wind speed and greater wind shear in the boundary layer. The
surface convergence generates a lift that extends the shallow moist boundary layer to a deeper, saturated layer with a
surface air temperature inversion below a layer with a saturated adiabatic lapse rate (labelled MALR in Figure 1). This
saturated layer is much deeper than the preceding, unsaturated but moist air temperature inversion. Finally, there
can be a weak saturated air temperature inversion at the top of the saturated layer, denoted by A in the right panel of
Figure 1. Above the weak inversion is another smaller inversion (denoted by B) that shows where the dry air begins
above the fog cloud. The transition from unsaturated to a saturated surface boundary layer is not well documented
and understood, though horizontal convergence and shear turbulence are likely playing a role in this process. In any
event this usually occurs within a stable surface layer wherein moisture is moved upward in a stable layer to cause
saturation, which defies conventional expectations. This process through narrow layers that are temporarily unstable,
with Kelvin-Helmholtz billowing and mixing that moves moisture upward, can make the layer return to being stable,

in a process described in Fernando et al. (2023). When the surface and atmospheric conditions are met, fog is formed.
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To the north of the Gulf Stream and the Kuroshio currents are the world’s most fog-prone regions (Dorman et al.,
2017). These regions coincide with sharp ocean sea-surface temperature (SST) gradients and regions of energetic sub-
mesoscale activity. The Grand Banks of Newfoundland, Canada, experiences a maximum of fog occurrence in June,
July, and August (45%) and a minimum in December, January, and February ( 13%) with the greatest occurrences over
the continental shelf (Dorman et al., 2020). This is a dynamically rich region of the western Atlantic, with cold water
from the Labrador Current meeting the warmer waters of the Gulf Stream. These currents then interact with the con-
tinental shelf and predominant southwesterly atmospheric winds which advect relatively warm air over these cooler
waters. In discussing a trip to the Grand Banks region in 1917, G.I. Taylor (Taylor, 1917) noted that he experienced
141 events of fog within the 804 days of the trip (including transit time to and from England). Prior to this, other
accounts going back as far as 1823 (Scoresby, 1823) and 1907 (Brodrick, 1907) comment on the consistency of fog in
the Grand Banks region during the summer. However, detailed spatial and temporal remote and in-situ measurements
of these conditions were not historically available, motivating large field programs recently to study the fog life cycle
through the lens of both synoptic meteorologists and micro-scale atmospheric scientists (Dorman et al., 2020, 2021;
Wainwright and Richter, 2021; Isaac et al., 2020; Gultepe et al., 2009; Dimitrova et al., 2021; Fernando et al., 2021)
with the aim of understanding fog dynamics.

Several recent projects, such as the Fog and Turbulence Interactions in the Marine Atmosphere (FATIMA) project,
the C-FOG project (Fernando et al., 2021), and the Fog Remote Sensing and Modeling (FRAM) project (Gultepe et al.,
2009) have set out to improve understanding of fog dynamics and forecasting through a better understanding of the
impact of smaller scale processes on the fog life cycle. FRAM was a three-part field campaign that explored con-
tinental and coastal fog in Canada in which in-situ and remote sensing observations were collected. C-FOG was a
multidisciplinary project that sought out to investigate coastal fog from multiple lenses, including air-sea interaction
processes, thermodynamics, microphysics, and dynamics. This campaign included a field deployment in Nova Sco-
tia and Newfoundland, from September to October 2018, in which various instruments collected atmospheric and
oceanic variables to include in improved numerical models of the fog life cycle. C-FOG was able to highlight the need
for further implementation of fog physics at smaller scales into models and forecasting schemes. This project led to
the Office of Naval Research (ONR) funded Fog and Turbulence Interactions in the Marine Atmosphere (FATIMA) Mul-
tidisciplinary University Research Initiative (MURI) program, that included a field campaign in that same region in July
2022 to explore fog from synoptic to microphysical scales. In-situ observations were collected during the foggiest
time of year in this region for optimal conditions to investigate the fog life cycle.

Coinciding with the locations of highest fog occurrence in this region is a cold sea surface temperature signature
aligned with the shelf break. The link between the location of high fog occurrence and the boundary of the shelf
break in the Grand Banks region (see figure 3a) motivates this work. In particular, understanding the oceans’ role in
providing a crucial surface boundary condition to the atmosphere is vital to being able to understand this phenomenon
as completely as possible (Fallmann et al., 2019).

This study aims to provide a broad perspective of the multi-scale air-sea interactions that are associated with the
fog life cycle that are driven by the atmospheric and oceanic properties. We present a novel outlook on advection
sea fog through a 71-year climatological analysis of fog occurrence and its sufficient components over the Grand
Banks region coupled with a small-scale investigation of an individual fog event over Sable Island. It is important to
evaluate the impact that the surface conditions have on fog, so that models and forecast schemes can accurately
predict this phenomenon. We find that the ocean plays a crucial role in the fog life cycle through its impact on the
surface boundary conditions needed for advection sea fog formation.

The oceanographic context of the Grand Banks Region is described in Section 2. Section 3 explains the data and

methods used in this study. Section 4 presents the results. Section 5 summarizes and discusses the findings from this
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paper.

2 | OCEANOGRAPHIC CONTEXT OF THE GRAND BANKS REGION

The Atlantic Canada shelf is positioned at a crucial location in the earth climate system where different water masses,
from the colder fresher Labrador Current water to the warmer Labrador Sea water and the warm Gulf Stream water,
interact above and along the continental shelf break, leading to complex and variable dynamical interplay that modu-
late the regional ecosystem (Loder, 1998; Richardson et al., 2001; Talley, 2011; Ricketts et al., 1931; Fratantoni and
Pickart, 2007; Clarke et al., 1980; Sheng and Thompson, 1996; Han et al., 2011). The Labrador Current brings in cold
and fresh water from the Labrador Sea into the Grand Banks region (Fratantoni and Pickart, 2007; Clarke et al., 1980)
over the Scotian Shelf, and south towards Cape Hatteras. There are two main outflow points, the first one at Flemish
Pass (at the northern edge of the Grand Banks) and the second one at the Tail of the Grand Banks (at the southern
edge) (Fratantoni and Pickart, 2007; Petrie and Anderson, 1983). The current that dominates the southern part of this
region is the Gulf Stream, which becomes the North Atlantic Current (NAC) further to the east (Clarke et al., 1980).
The Gulf Stream splits into three branches: 1) a southward stream that goes equatorward along the outer boundary
of the original Gulf Stream, 2) a southeastward portion of the North Atlantic Current that eventually becomes the
Azores Current, and 3) a northeastward portion that becomes the North Atlantic Current. This third branch is the
most relevant to this study, as this is the section closest to the Grand Banks (Talley, 2011). As the Gulf Stream moves
north and east, it splits into smaller features, such as the Mann Eddy, the North Recirculation Gyre, and other eastward

propagating currents.

FIGURE 2 (a) Mean SST map from the Group for High Resolution Sea Surface Temperature (GHRSST) Multiscale
Ultrahigh Resolution (MUR) Level 4 products showing the Labrador Current and Gulf Stream interaction over the
Grand Banks from July 10, 2022 2100Z to July 11, 2022 2100Z. (b) Mean Salinity from the Ocean Reanalysis
System 5 (ORAS5) data from July 1958-2020. (c) Atlantic Oceanographic and Meteorological Laboratory (AOML)
Surface Drifter currents for July 2012-2022 (Lumpkin and Centurioni, 2019). Contour lines for bathymetry are set
for every 1000 m down to 4000 m. The 2000 m depth contour is slightly thicker for clarity, as this will be the
reference contour for the rest of the paper. NAC: North Atlantic Current
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6 Formby-Fernandez et al.

This splitting of the Gulf Stream induces complex dynamics involving smaller scale processes. The meanders and
jets associated with the Gulf Stream Extension are highly energetic. Figure 2c shows some of these meanders and jets
occurring just south of the Grand Banks. This is also seen in the 24-hour composite of the sea surface temperature in
Figure 2a. The sea surface salinity shows a clear division between the fresh water on the shelf and the saltier water
off shelf (Figure 2b). Figure 2c shows the complexity of the surface currents east of the shelf, where the water exiting
the Gulf Stream merges with the Labrador water flowing southward. As the surface currents from the Gulf Stream
are driven northward due to winds, this warmer, saltier water is able to mix and interact with the colder shelf water.
This creates a region where mesoscale and energetic submesoscale activity is heightened and supported. With the
presence of sharp, submesoscale features (McWilliams, 2016) found near the continental shelf (Bower et al., 2013),
increased air-sea interactions is expected (Su et al., 2018). These air-sea interactions involve the exchange of heat
between the atmosphere and ocean. In particular, it has been established that the air-sea temperature difference is a
driving mechanism for advection fog formation (Gultepe et al., 2007; Wainwright and Richter, 2021; Isaac et al., 2020;
Dorman et al., 2020).

3 | DATA AND METHODS

A combination of in-situ (e.g. ship, autonomous surface vehicles, platforms, buoys) and remote sensing observations

are used in this analysis, along with two reanalysis products (ERAS5 and ORAD5). They are described below.

3.1 | ICOADS Archive

Following the approach of Dorman et al. (2020), we used archived observations as part of the International Com-
prehensive Ocean and Atmospheric Dataset (ICOADS) (Freeman et al., 2017) v3.0.0. This archive combines global
in-situ observations collected from ships, buoys, and other ocean-based platforms since 1662. Here we use a subset
of observations spanning from January 1, 1950 through December 31, 2020 over the region of Grand Banks and the
northwest Atlantic, from 35-65°N and 30-70°W. For reference, figure S1 (supporting information) shows the density
of observations binned in binned in 1°x 1°used in this analysis, along with the type of platforms that recorded these
observations (figure S2). Sampling rates varied greatly throughout the span of the record, ranging from subhourly to 3-
hour intervals. Due to the nature of the dataset, i.e. a combined record from all vessels in the area, some observations
occurred within a few seconds of each other, while others were taken only daily. For this analysis, the time sampling
was not an issue as data is averaged monthly. Monthly average maps of selected variables are over a 1°x 1°grid, while
observations from on and off the shelf are averaged spatially in different subregions to analyze the temporal evolu-
tion of the state variables and fog over the course of the 71-year record. To compute fog occurrence, we divide the
number of present weather observations categorized as "fog" (ICOAD codes 40-49) over the total amount of present
weather observations within the 1°x 1°grid box. These codes follow from the WMO Code Table 4677 (WMO, 2019;
Dorman et al., 2020). The 2000 m depth contour is used to identify the location of the continental shelf break in the

figures.

The ICOADS observations are quality controlled using the NCDC QC flags. Specific thresholds to remove outliers
are added as a secondary check. These criteria are shown in Table 2. Observations where sea surface temperature
(SST) and surface air temperature (SAT) is above 35°C or below -5°C are removed. The difference between SST
and SAT (AT) is also limited to -10°C and 10°C. The surface wind speed upper threshold is set at 30 m/s to limit

contributions from energetic storms in the climatology.
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TABLE 1 ICOADS variables used with their respective resolutions. The time resolution is variable due to the
nature of the dataset being collected from many sources. ERA5 single level data is taken from the surface (or lowest
level available). ERA5 pressure level data includes all the levels in the atmospheric model. ORAS5 data is taken from
0-10 m depth.

Period Covered  Time Resolution  Grid Resolution  Variable Units
ICOADS v3.0.0

1950-2020 Variable 1°x 1° SST °C
Air Temperature °C
Present Weather (WW) N/A
Wind Speed (W) m/s
Wind Direction (D) °

1950-2014 Salinity (OSV) g/kg

ERAS5 Single Level
1950-2020 Hourly 0.25°x 0.25° SST °C
Air Temperature °C
Surface Latent Heat Flux kW m~2
Surface Sensible Heat Flux kW m~2

ERADS Pressure Levels

1950-2020 Hourly 0.25°x 0.25° Air Temperature °C
Air Pressure mb
ORAS5
1958-2020 Monthly 0.25°x 0.25° Potential Temperature °C
Salinity PSU

3.2 | ECMWF ERA5 and ORAS5 reanalysis products

The ICOADS dataset is augmented with hourly, gridded products from the ECMWF Reanalysis v5 (ERA5) (Hersbach
et al., 2018) products for 1950-2020. A list of all considered variables is included in Table 1. Additional ocean state
products are also obtained from the ORAS5 Global ocean reanalysis monthly data from 1958-2020 (Zuo et al., 2018).
All reanalysis data is averaged through all years for each corresponding month within a 0.25°by 0.25°grid box.

3.3 | ONR FATIMA 2022 field program

The first campaign of the ONR FATIMA MURI program occurred from July 3rd to August 3rd, 2022 in the Grand Banks,
combining observations from a research vessel, autonomous surface vehicles (Grare et al., 2021), and an extensive

suite of atmospheric sensors installed on Sable Island, including a ceilometer CL31 used in the present analysis.
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TABLE 2 Quality check and additional thresholds and criteria set on the ICOADS data to ensure storm bias and
other errors were not included in the analysis.

Variable Quality Check Variable Name  Threshold Criteria
ICOADS v3.0.0

SST SNC -5 to 35°C

Air Temperature ANC -5to0 35°C

Present Weather (WW)  XNC Fog Code = 40-49

Wind Speed (W) WNC 0-30ms!

Wind Direction (D) WNC N/A

Salinity (OSV) N/A 0-10 m depth

3.4 | GOES geostationary satellite (GOES-16) observations

Geostationary Operational Environmental Satellites (GOES) 16 is a satellite operated by NASA and the National
Oceanic and Atmospheric Administration (NOAA). GOES-16 serves as the operational geostationary weather satel-
lite in the GOES East position at 75.2° W, providing a view centered on North America, extending to the Atlantic and
Pacific oceans with a nominal 2 km and 5 minute spatial and temporal resolution. GOES-16 provides observations
both in the visible and infrared wavelength through 16 spectral bands (Advanced Baseline Imager - ABI). Following
the approach of Amani et al. (2020), we use two of these ABI bands, the thermal infrared (~11 pm) and mid-infrared
(~3.9 um), to compute brightness temperature difference by subtracting the thermal infrared band by the mid-infrared
band. The thermal infrared band shows a higher brightness temperature for fog than the mid-infrared band, but clouds
appear the same in both. After subtracting the two bands, clouds are removed and fog can be more clearly seen, if
there are no clouds above the fog layer. The algorithm is modified to enable daytime fog detection by adjustments

made to the detection threshold, following the approach described in Mahdavi et al. (2020).

4 | RESULTS

4.1 | July Fog climatology over the Grand Banks region

Observational data from 1950-2020 from ICOADS and ERAS is analyzed spatially to characterize the climatology of
fog within this region. The mean monthly spatial patterns present for fog occurrence and other surface conditions for
July are shown in Figure 3. We find that the high probability of fog occurrence (over 20% of the time) is concentrated on
the Grand Banks continental shelf region, with a sharp drop in fog occurrence remarkably collocated with the location
of the shelf break (denoted by the 2000 m depth contour in black) in Figure 3a. This region of high probability of
occurrence on the shelf coincides with negative air-sea temperature differences (Figure 3b). The air-sea temperature
difference (AT) is defined as SST minus surface air temperature. We find that fog occurs over 40% of the time on
the shelf, with some areas experiencing up to 60%. The sharp delineation between the high fog occurrence zone on
the shelf is most prevalent on the south side of the Grand Banks. Very limited occurrence of fog is found south of

the shelf. This is complemented with an equally sharp delineation of air-sea temperature differences on and off the
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shelf. Figure 3b shows this with negative values (down to —2°C) on the shelf, and positive values off the shelf (up to
+2°C). There is a remarkable correlation between the locations of the continental shelf break and the region where
the air-sea temperature difference changes sign. This clear spatial pattern on and off the shelf is also seen in the sea
surface (Figure 3c) and surface air temperature (Figure 3d) maps. From these, the cold temperature signature is seen
occurring on the shelf and to the north of the Grand Banks. The warm Gulf Stream is clearly seen to the south of
the shelf. The gradual warming of the air temperature across the shelf versus the stronger temperature gradient of
the sea surface at the shelf break is the main contributor to the sharp air-sea temperature difference along the shelf
break.

0 10 20 30 40 50 60 -2 -1 0 1
Fog Probability (%) AT (C)

o

0 5 10 15 20 25 30 0 5 10 15 20 25 30
SST (°C) Air Temp (°C)

FIGURE 3 ICOADS July maps from averaged 1°x 1°boxes across 71 years of data. (a) Fog Occurrence. (b)
Average Air-Sea Temperature Difference (AT) per grid point in °C. (c) Average SST per grid point in °C. (d) Average
Air Temperature per grid point in °C with the average wind overlaid in dark blue.

Mean wind direction for the month of July is shown overlaid in Figure 3d. Note, wind observations archived in
ICOADS are subject to height measurement bias, that are not accounted here. The wind is generally coming from the
southwest, with monthly averaged wind speed ranging from 1 to 14 m/s, bringing warm air above the much colder
waters present on the shelf. These conditions enable the generation of the negative air-sea temperature difference
on the shelf.

Here we find that the regions with highest fog occurrence are concurrently found in regions of negative air-sea
temperature differences and wind that brings in warmer air over colder water. The surface boundary conditions

present during July allow for more opportunities of fog formation, which is proven by the high fog probability of
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occurrence. Previous work done in this region confirms the existence of this optimal setup during July (Dorman et al.,
2020, 2021).

4.2 | May through August fog climatology over the Grand Banks region

Extending the climatological analysis to encompass the northern hemisphere summer, we present the fog probability
of occurrence and air-sea temperature differences for May, June, July, and August in Figure 4, with each column
corresponding to a different month. Fog occurrence increases from May through July, with the peak in July (up to
60%, Figure 4c) as previously shown. The fog probability of occurrence decreases in August, down to less then 40%.
In July, a significant amount of fog (20-25%) also occurs in the higher latitudes within the Labrador Current, hinting at
either the role of local submesocale processes in this region extending away from the shelf or due to synoptic scale
patterns interacting with the land and the ocean. Regardless of the month, fog occurrence remains limited off the shelf
to the south of the Grand Banks. Along with this temporal trend in fog probability of occurrence, we find that negative
air-sea temperature differences coincide with areas of high fog occurrence in each of the months. From May through
July, we see a decrease in the magnitude of the air-sea temperature difference (Figure 4e through g) associated with
a slow seasonal warming of the waters on the shelf. Coincident with decreasing occurrence of fog, the magnitude
of air-sea temperature difference increases in August as the continent starts to cool slightly earlier than the ocean
(Zhang et al., 2009) (see subsection 4.3). This relationship between fog probability of occurrence and the magnitude

of air-sea temperature difference is further explored in Figure 5.

(a) May

(d) August
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FIGURE 4 Spatial and temporal variability of fog occurrence (top row) and air-sea temperature difference (AT,
second row). The air-sea temperature difference is defined as the SST minus the surface air temperature. The first
column is for May, second is for June, third is for July, and the fourth column is for August. The 2000 m depth
contour is shown.

Figure 5 shows the fog probability of occurrence averaged within a box located on the shelf, from 43°N to 47°N
and -51°W to -43°W, binned in 0.5°C air-sea temperature difference increments. We find a negative correlation of
fog probability with air-sea temperature differences. Each month shows this correlation pattern with a decrease in

fog probability from at least -2°C to 1°C. May is a slight exception, with a consistent decrease in fog regardless of the
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air-sea temperature difference. The maximum amount of fog probability occurs in July when the air-sea temperature
difference range is between -4°C and -2°C. However, each month shows this pattern of highest fog probability within
this air-sea temperature difference range. The temporal pattern of fog probability increasing from May to July, and
decreasing in August, is also seen in this analysis (as shown in Figure 4).
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FIGURE 5 Fog occurrence with respect to varying air-sea temperature difference (AT) values for July.

Overall, fog occurs more frequently when the temperature gradient across the air-sea interface is largest. This is
partly due to the transfer of heat, in which cooler water chills the air particles above it, making them condense, releas-
ing more latent heat, and increasing their buoyancy. As these particles become more buoyant they rise, eventually
forming a stably stratified layer in which fog can form. The threshold for this temperature gradient has been examined
in LES models (Wainwright and Richter, 2021). In July, warmer air from the Gulf Stream tends to blow over the Grand
Banks, and thus intensifies the negative air-sea temperature differences which can cause greater fog occurrence.

We have shown that the surface conditions during the summer months in the Grand Banks have an impact on
the amount of fog occurrence. Fog formation and existence is dependent on air-sea differences, as well as favorable
atmospheric conditions. The heat and energy exchange between the ocean surface and the atmosphere are critical
for sea fog formation. In particular, surface latent and sensible heat fluxes can indicate regions that are consistent
with fog formation and dissipation.

A climatology of monthly averaged surface latent and sensible heat fluxes obtained from ERA5 over the 71-year
record used for the analysis of the ICOADS data are shown in Figure 6. These fluxes are positive into the ocean.
Positive latent heat flux corresponds to conditions where water is condensing in the lowest section of the atmosphere,
and negative values indicate evaporation from the sea surface. On the shelf, we find the small surface latent heat flux
to be positive where particles are releasing latent heat through condensation (Severini et al., 1986) into a stable
boundary layer with visibilities mostly in the range of 1-10 km (Gultepe et al., 2009). Most of this heat is lost through
sensible heat back to the colder ocean surface. Further, during all conditions, moisture droplets in the usually very

stable surface boundary layer are moved upward into the drier air above by a process proposed by Fernando et al.
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FIGURE 6 Average Surface Latent Heat Flux (kW m~2) (top row) and Surface Sensible Heat Flux (kW m~2)
(bottom row) for May to August from 1950-2020 from ERA5. Positive fluxes are into the ocean. The 2000 m depth
contour is shown.

(2023) which explains why the summer stable marine boundary layer is not saturated all the time.

The role of sensible heat flux in the context of the fog life cycle has been extensively studied (e.g. Yang et al.
2019; Thompson et al. 2005; Yun and Ha 2022). Positive sensible heat flux within fog or cloudy conditions acts as
dissipation of the feature. Again, positive values indicate fluxes into the ocean for this analysis. In Figure 6(e-f). we
find that higher positive values of surface sensible heat are found on the shelf, correlated with the areas of negative
air-sea temperature differences and high fog occurrence. In particular, the surface sensible heat flux denotes areas
where fog dissipation is occurring more frequently. South of the shelf, we find negative sensible heat fluxes, which
show were the Gulf Stream brings warm water to that region.

From this summer analysis of the climatology of the Grand Banks region, we find that the surface conditions con-
tribute to the occurrence of fog. A stronger air-sea temperature difference directly correlates to higher fog occurrence.
Similar spatial and temporal patterns of surface heat fluxes show the interaction between the air-sea interface, which

aids in fog formation or dissipates existing fog events.

4.3 | Monthly climatology over the Grand Banks region

To further explore the impact of the surface conditions on fog occurrence, a monthly climatology of key variables
in the fog life cycle is shown in Figure 7. A combination of ICOADS, ERA5, and ORASS5 data is used to show a
broad perspective of the average conditions found during each month from 1950-2020. These variables include the
fog probability of occurrence (from ICOADS), the probability of occurrence of atmospheric temperature inversions
(from ERADS), sea surface temperature (from ICOADS), surface air temperature (from ICOADS), air-sea temperature
difference (from ICOADS), wind speed and direction (from ICOADS), and salinity (from ORASS5). These averages are
computed over two small regions on the shelf (blue, 51°W to 48°W and 45°N to 48°N) and off the shelf (red, 55°W
to 52°W and 39°N to 42°N).

The July and summer climatologies show the correlation of surface variables, such as sea surface temperature,
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surface air temperature, and winds on fog probability of occurrence. The surface conditions impact surface heat

fluxes, and the spatial variation of these variables correlates with the fog probability of occurrence. Warm season

marine fog depends critically on the presence of a stable layer in the lower atmospheric boundary layer (Dorman

etal., 2017). Usually this is a surface-based, or near surface-based air temperature inversion but could be an isothermal

layer (Dorman et al., 2024). The presence of an inversion layer is computed from ERA5 atmospheric profiles that are

averaged per month over the 71-year record considered. For each hourly atmospheric profile, the pressure levels
dT

during the occurrence of temperature inversion (47 > 0) is identified. The fraction of times when this occurs is then

computed per month. Figure 7 shows the components sufficient for fog occurrence for each month.

The fog probability of occurrence (Figure 7a) shows a clear difference between on (blue) and off (red) shelf fog
amounts during the summer months, experiencing up to 50% of fog on the shelf, and less than 10% of fog off the
shelf. The temporal pattern of an increase in fog probability starting in April, peaking in July, and decreasing in August
is shown in the on shelf (blue) line.

The probability of occurrence of temperature inversions on (Figure 7b) the shelf show the existence of low-level
(below 500 m) temperature inversions up to 80% of the time on the shelf during the summer. In contrast off the shelf
(Figure 7c), only 200 km away, we find temperature inversions limited to less than 15%, and extending to much larger
altitudes (1000-2000 m) and quasi nonexistent during the late July-August.

The sea surface (Figure 7d) and surface atmospheric temperatures (Figure 7e) follow an expected pattern of
warmer temperatures in the summer months. The cooler temperature signature expected on shelf from the influence
of the Labrador Current is seen in both panels. The warmer temperatures off shelf are from the Gulf Stream. The
difference between the two variables (Figure 7f) shows an interesting pattern in which the on shelf (blue) averages
are much lower in magnitude than the off shelf (red) ones, and becomes negative in the summer months. As previously
discussed, warm advection sea fog forms more often when the air-sea temperature difference is negative, which is

being shown here.
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FIGURE 7 Monthly-averaged climatology from 1950-2020 on shelf (blue) and off shelf (red) for (a) Fog
probability of occurrence from ICOADS data. (b) On shelf Temperature Inversion probability of occurrence from
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The surface wind properties in Figure 8g show an interesting change in wind direction across the year. In January
to April, a clear difference in the angle between the on and off shelf winds are seen. This is also seen in September
through December. From May to August, during the months with the highest fog occurrence, the wind vectors on and
off shelf are aligned. This is evidence that the wind is blowing warm air from over the Gulf Stream over the shelf break
onto the cold water on the shelf. This is contributing to the air-sea temperature difference, aiding in the existence of a
low-level temperature inversion, and providing sufficient conditions for fog formation. The strongest winds occurring
in July further set-up fog formation by providing the turbulence needed for saturation and particle mixing.

The monthly-averaged salinity computed from ORASS5 in Figure 7h highlights the difference in ocean surface
properties between the two subregions. For the on shelf (blue) subregion, the salinity ranges from 32 and 34 g/kg. It
becomes slightly fresher from May through August, likely due to contribution from summer melting of sea ice to the
north, freshwater discharge from rivers, and general seasonal advection of the fresher Labrador Current water further
south (Hu and Zhao, 2022). This is shown slightly in the off shelf (red) subregion during this same time frame. Off
shelf, the salinity is much higher, around 36 g/kg, with some modulation in the late summer.

Ultimately, we find that as the water on the shelf continues to warm throughout the season, the difference in
temperature from the air brought in by the southwesterly winds and the ocean sea surface temperature decreases.
The monthly-averaged winds vary only slightly in magnitude and direction between July and August, hinting at the
role of ocean surface conditions in driving fog generation during the summer season. When this air-sea temperature
difference becomes smaller in magnitude (less negative, or zero), the marine boundary layer becomes more neutral,
decreasing convective motion within the layer, and limiting fog formation. As the air-sea temperature difference
becomes positive, the marine boundary layer is considered unstable and advection sea fog formation continues to be
limited. While this climatology provides insight into the importance of surface boundary conditions for fog formation,
the scales associated with changes to these conditions vary widely. The ocean sea surface temperature changes occur
on different time and space scales than winds and air temperature changes. This motivates the analysis presented in

the next section, which explores an individual fog event, captured with high temporal and spatial resolution.

4.4 | High-resolution observations of a fog event near Sable Island during the FATIMA
field campaign

To investigate the smaller-scale impacts of the surface conditions on fog, high resolution observations of an individual
fog event are analyzed. This event was selected as it corresponds to a period of time during the FATIMA field program
when the region was clear of high-level clouds, in turn enabling orbital observations of both fog and SST near Sable
Island, where the in-situ observations were collected. Based on the in-situ observations, this is a representative
example of a fog event in this region.

A ceilometer mounted at the South Tower on Sable Island provided observations of the structure of the atmo-
spheric boundary layer during the FATIMA 2022 experiment (Fernando et al., 2024). Measurements collected from
July 10, 2022 00:00 UTC to July 11, 2022 06:00 UTC are shown in Figure 8a, identifying an initially intermittent
shallow fog layer (from 20-150 m in depth off the surface) that lasted for close to 30 hours.

Fog spatial extent, computed from the GOES imagery product, along with coincident and collocated in-situ im-
agery of fog conditions collected from the South Tower at Sable Island, are presented for specific times (07/10/2022
17:47 UTC, 07/10/2022 20:06 UTC, 07/10/2022 23:32 UTC, 07/11/2022 01:01 UTC, and 07/11/2022 03:32 UTC)
in Figure 8(i-iv). The red dot in the satellite imagery on the left represents the location of Sable Island, while the white
dot represents the position of an instrumented wave glider deployed as part of the experiment (Grare et al., 2021);

white arrows are used to show wind direction and relative magnitude during these times. The fog extent is overlaid
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on top of the mean SST from July 10-12, 2022 which was computed from averaged brightness temperature (ABI
band 14) for areas not contaminated by clouds or fog over the 48 hours considered. Though the 2-day averaging
leads to some smoothing, we can clearly identify submesoscale features such as filaments and fronts. The warmer
waters typically follow the shelf break though submesoscale features extend to the north and south of it, and are
more generally also located throughout the region. This includes the colder water on the shelf, and around Sable
Island, where island wakes are present. Note, fog dissipation and the generation of a fog-free region downstream of
the island is associated with the development of a daytime thermal internal boundary layer that grows with distance
from the leading shoreline Bardoel et al. (2024). Both orbital, in-situ and visual imagery products were collected at
the same time. The fog event in Figure 8 shows the following:

(i) 07/10/2022 17:47 UTC: The ceilometer captured a fog event where the cloud extends from the surface up to
around 130 m. The orbital imagery shows a fog bank extending from the shelf break up to the north of Sable
Island with weak southwesterly winds. Fog is visually observed on the south tower camera, though it is clearly
spatially inhomogeneous, as blue sky is visible on the top right corner of the image.

(ii

07/10/2022 20:06 UTC: The fog bank has dissipated over the island, as shown in the ceilometer and visual obser-
vations. Nevertheless, camera imagery shows the presence of a fog bank off the island (in the horizon), consistent
with the orbital product still showing presence of fog around the island. It appears that fog has dissipated over
the island, as the land surface conditions experienced significant daytime warming, annihilating (locally) this fog
bank. Note the extent of the fog bank to the south starting to move south of the shelf break southeast of Sable
Island.

(iii

07/10/2022 23:32 UTC: A well-defined fog bank has re-formed, extending from the surface to 90 m, more

homogeneous horizontally as compared to the observations earlier in the day.

g

07/11/2022 01:01 UTC: During the earlier part of the evening, the height of the fog bank decreased to about
15 m at Sable Island. The lateral extent of the fog bank continues to follow the structure of the SST, ending at
the warmer water to the south. Fog droplets are visible in the camera imagery though interpretation is limited at
night.

=<

07/11/2022 03:02 UTC: The fog bank started dissipating from the north, with no fog observed at Sable Island
from the camera and ceilometer.

In these observations of an individual fog event, we find that the fog extent follows the location of strong gradients
of SST more so than the location of the shelf break, in contrast to the statistics discussed in the previous sections.
The evolution of the fog cloud bank between the times presented in Figure 8(ii) and Figure 8(iii) shows the growth
of the cloud to start on the far side (offshore) once the air mass passes into the colder water pool off shelf. On the
northern side, we identify in Figure 8(iii) and (iv) where the fog begins to dissipate. The extent of the fog bank in
relation to surface temperature conditions is summarized in Figure 9. Here the location of the shelf break, the extent
of the fog probability of occurrence, and the percentage of time during which the fog persisted over a certain area is
plotted with different colors over the 48 hours of observation considered here. It can be seen that 17% of the time
or more (black contour), the fog stays primarily in the cold water, extending past the shelf break around -59°W. The
growth of the fog in the cold water areas hint at the rapid response to the change in the surface boundary conditions,
i.e. submesoscale features such as fronts and filaments, present near the shelf break. The changes in the surface

boundary conditions are likely affecting the marine boundary layer processes at play (Vredica et al., 2022).
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FIGURE 8 Fog characterization from GOES imagery over Sable Island from July 10-11, 2022. (a) Ceilometer data
taken from the South Tower at Sable Island, (i)-(iv) (left) Satellite imagery of fog clouds where Sable Island is the red
dot, the white dot is a waveglider, wind directions are shown by the arrows, and background mean SST is also
plotted. Five specific times during the event are shown, correlating with the dashed lines in (a). (right) Visual imagery
from a camera on the South Tower at Sable Island at similar times as the satellite imagery.
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FIGURE 9 Fog persistence over the course of the 48 hour record of this individual fog event. Each contour
shows the percentage of time that the fog persisted within the contour. The white arrow denotes average wind
direction during these 48 hours. The 2000 m depth contour is shown in grey.

5 | CONCLUSIONS

In this study, we present a spatio-temporal climatology of fog probability of occurrence and its sufficient components
in the Atlantic Canada region from 1950-2020. Using an archive of in-situ observations, reanalysis products, and
remote sensing observations, we explore the influence of multi-scale air-sea interaction processes on the fog life

cycle in the Grand Banks.

We show that fog occurs most during the summer months in the Atlantic Canada and Grand Banks region, highly
concentrated along the continental shelf and correlated with the bathymetry. The fog probability of occurrence in-
creases from May to July, reaching up to 60% in localized areas. In August, the probability decreases to below 40%,
remaining concentrated on the shelf. Similarly, a strong negative air-sea temperature difference is also correlated with
the bathymetry in this region. We find that the fog probability of occurrence increases as the magnitude of the air-sea
temperature difference strengthens, as shown spatially in Figure 4 from May to July. As the fog occurrence decreases
in August, the air-sea temperature difference becomes closer to 0. The highest occurrence coincides with an air-sea
temperature difference between -2 to -4°C, as shown in Figure 5. Fog still occurs up to 50% of the time with a neutral
and/or positive air-sea temperature difference, indicating that fog in this region is also driven by different mechanisms
not explored here. Fog does not form in the southern part of this region, where the SST tends to be the warmest,
around the Gulf Stream. The presence of an air-sea temperature difference is related to the stability of the marine
boundary layer, as it aids or inhibits fog formation.

From an atmospheric perspective, two other essential conditions for fog formation include surface winds bringing
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warmer air over the colder ocean region and the existence of low-level atmospheric temperature inversions above this
region. During the summer, winds on average are directed from the southwest, bringing warmer air from over the Gulf
Stream above the colder shelf water and Labrador Current waters to the north. From May to July, wind speeds tend
to increase (Figure 7g). From July to August, the wind speed decreases which points to a different mechanism causing
the fog occurrence to decrease. Above the surface, there is a high occurrence of low-level atmospheric temperature
inversions (over 70%) during the summer, which occurs primarily on the shelf. These inversions occur over 50% of the
time from May to August below a height of 500 m. Upwind of the shelf, the probability of occurrence of these low-
level inversions drops below 20% during the summer. The spatial and temporal consistency of these two parameters
with the air-sea temperature difference points to the prevalence of fog on the shelf during the summer.

Analysis of surface heat fluxes show another dimension of the air-sea interaction processes involved in the fog
life cycle in this area. Fog formation is associated with a positive surface latent heat flux, which is found to occur with
the same spatial pattern as the fog occurrence and the negative air-sea temperature difference. The sharp negative
to positive surface latent heat flux gradient across the shelf break shows the transition from evaporation to conden-
sation over a relatively short spatial scale of a few degrees latitude. The surface sensible heat flux associated with
fog dissipation follows this same pattern of a strong gradient along the shelf. The natural time scales of these two
processes are much smaller than what can be resolved by this analysis. Since these processes are also dependent on

the air-sea temperature differences, the spatial and temporal patterns are closely related.

From a climatological perspective, the consistent spatial distribution of the negative air-sea temperature differ-
ences, low-level atmospheric temperature inversions, and surface heat fluxes combined with the steady warm winds
create a region with an ideal setup for advection sea fog formation. Temporally, surface and atmospheric conditions
becomes ideal in the summer, particularly July, being the most probable month for fog occurring in the Grand Banks.
The ocean is a crucial boundary condition, as the air-sea temperature difference is the main factor in fog formation in
this region. The air-sea temperature difference is a product of the dynamic current interactions on the shelf from the
Gulf Stream and the Labrador Current and the steady warm winds flowing from the Gulf Stream. Additional studies
conducted on a smaller spatial and temporal scale exploring the impact of surface shelf water mixing on fog occurrence

aid in further understanding the role of the ocean on fog dynamics.

The relationship between the ocean and fog occurrence was explored during the fog event that occurred near
Sable Island. This analysis provided insight into the impact that sharp SST fronts have on fog. High-resolution satellite
imagery and in-situ observations of fog structure and winds during a specific fog event show how the fog cloud
was impacted by the ocean. As moist air passed over a sharp SST front, which was concurrent with the shelf break
bathymetry, a fog cloud formed and evolved over the region near Sable Island. The fog continued to build along the
SST front boundary, being advected to the northwest and dissipating along the further edge from the shelf break.
Over the 48 hour fog event, the southern boundary of the fog bank closely followed the boundary of the colder
water, which is mostly trapped on the shelf. We find here that the behavior of the fog event clearly depends on
the location of the SST front, which tends to follow the bathymetry in this region. This stresses the importance of
including accurate surface boundary conditions on the submesoscale when forecasting and modeling fog.

We find that this type of fog is dependent on ocean surface conditions and favorable atmospheric conditions.
Smaller-scale, accurate surface boundary conditions must be considered in modeling schemes to aid in precise fore-
casting of this phenomenon. Understanding fog dynamics in scales between the microphysical and synoptic ranges is

essential.
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