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Abstract An automated method to classify Arctic fog into distinct thermodynamic profiles
using historic in-situ surface and upper-air observations is presented. This classification is
applied to low-resolution IntegratedGlobal RadiosondeArchive (IGRA) soundings and high-
resolution Arctic Summer Cloud Ocean Study (ASCOS) soundings in low- and high-Arctic
coastal and pack-ice environments. Results allow investigation of fog macrophysical proper-
ties and processes in coastal East Greenland during melt seasons 1980–2012. Integrated with
fog observations from three synoptic weather stations, 422 IGRA soundings are classified
into six fog thermodynamic types based on surface saturation ratio, type of temperature inver-
sion, fog-top height relative to inversion-base height and stability using the virtual potential
temperature gradient. Between 65–80% of fog observations occur with a low-level inversion,
and statically neutral or unstable surface layers occur frequently. Thermodynamic classifica-
tion is sensitive to the assigned dew-point depression threshold, but categorization is robust.
Despite differences in the vertical resolution of radiosonde observations, IGRA and ASCOS
soundings yield the same six fog classes, with fog-class distribution varying with latitude and
environmental conditions. High-Arctic fog frequently resides within an elevated inversion
layer,whereas low-Arctic fog ismore often restricted to themixed layer.Using supplementary
time-lapse images, ASCOS microwave radiometer retrievals and airmass back-trajectories,
we hypothesize that the thermodynamic classes represent different stages of advection fog
formation, development, and dissipation, including stratus-base lowering and fog lifting.
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This automated extraction of thermodynamic boundary-layer and inversion structure can be
applied to radiosonde observations worldwide to better evaluate fog conditions that affect
transportation and lead to improvements in numerical models.

Keywords Arctic fog · Fog development · Greenland · Radiosonde observations ·
Temperature inversion

1 Introduction

Low-level clouds and fog are ubiquitous throughout the Arctic melt season, significantly
influencing the surface energy budget including that of the cryosphere (Curry et al. 1996;
Van Tricht et al. 2016). Clouds both cool the surface by reducing the amount of incoming
shortwave radiation and warm the surface by increasing the downward longwave radiation
(Nardino and Georgiadis 2003; Shupe and Intrieri 2004). The net result is usually a warming
effect at the surface (Zhang et al. 1996; Serreze and Barry 2011; Bennartz et al. 2013),
except for a few weeks in summer when surface albedo is low and solar elevation angle
high (Curry et al. 1988; Shupe and Intrieri 2004). The influence of fog (which reduces
horizontal visibility <1 km: National Oceanic and Atmospheric Administration (NOAA)
1995) on the surface energy budget is also complex, and depends on the thermodynamic
structure, microphysical properties and concurrent temperature inversion and cloud cover.
Fog and low-level temperature inversions can decrease glacier ablation (Alt 1979; Braun et al.
2004; Koerner 2005; Mernild et al. 2008; Hulth et al. 2010), but have also been correlated
with episodes of intensified sea-ice and glacier melt (Gardner and Sharp 2007; Chutko and
Lamoureux 2009; Tjernström et al. 2015). Despite extensive research onArctic clouds (Curry
et al. 1996; Vavrus et al. 2011; Tjernström et al. 2012; Van Tricht et al. 2016), few have
focused on Arctic fog (e.g. Nilsson and Bigg 1996; Hanesiak and Wang 2005; Heintzenberg
et al. 2006; Gultepe et al. 2014). Fog and other boundary-layer clouds are still considered
difficult to predict and remain a significant uncertainty in climate modelling (IPCC 2013).
Fog research is also important for improved weather and visibility forecasting, which aids
in the mitigation of transportation hazards (Bendix 1995; Gultepe et al. 2007). Over polar
oceans, fog and low-cloud cover are expected to increase in frequency due to warmer oceans
and the declining extent of seasonal sea-ice, but regional patterns of change remain uncertain
(Deser et al. 2010; Eastman and Warren 2010; Palm et al. 2010; Vavrus et al. 2011; Liu et al.
2012).

Fog is most frequent in the Arctic melt season, with sea-fog being the most common type
(Nilsson and Bigg 1996; Cappelen et al. 2001; Svendsen et al. 2002; Hanesiak and Wang
2005; Tjernström et al. 2012). Sea-fog can originate from the advection of a warm and moist
airmass over a cold surface or by the subsidence of low-level clouds (Cotton and Anthes
1989; Koračin et al. 2001; American Meteorological Society 2015; World Meteorological
Organization 2017). Arctic sea-fog peaks when sea-ice breaks up because the open water
provides both moisture and heat fluxes to the boundary layer while remaining sea-ice offers
a cooling surface. The presence of sea breezes may advect the fog up to tens of kilometres
inland before it dissipates (Alt 1979; Cappelen 2015). Under clear-sky conditions, overnight
longwave radiative cooling favours fog development, while after sunrise, shortwave heat-
ing exceeds longwave cooling and the mixing of warm dry air from aloft into the fog layer
evaporates the fog droplets. This mixing can eventually penetrate the entire fog layer and
lead to its dissipation providing relative humidity is decreased sufficiently (e.g. Gultepe et al.
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2016). Dissipation can also occur through fog lifting into a low-level stratus cloud due to
increased mechanical or thermal turbulence (Cotton and Anthes 1989; Koračin et al. 2001).
Conversely, air subsidence can favour fog formation through the establishment of a temper-
ature inversion from adiabatic warming of the subsiding air, and through the presence of a
humidity inversion (Telford and Chai 1984; Curry et al. 1988). Synoptic-scale anticyclones
can, therefore, enhance fog formation through the lowering of an entire cold stratus deck
(Koračin et al. 2001), but a high rate of subsidence can accelerate fog dissipation because
the dry and warm subsiding air causes the fog droplets to evaporate (Roach et al. 1982).

Fog and low-level stratiform clouds are usually associated with a stable boundary layer
and frequently occur in the presence of a temperature inversion (Oke 1987). Temperature
inversions occur in over 80% of Arctic summer soundings (Kahl 1990; Devasthale et al.
2010) and, while not a prerequisite for fog formation, they promote the development and
maintenance of fog (Telford and Chai 1984; Cotton and Anthes 1989; Croft et al. 1997).
Because Arctic sea-fog forms over a cold surface, after which the fog may advect over land
and penetrate into warmer continental air, it often displays a thermodynamic structure with
a surface-based inversion (Pilié et al. 1979; Leipper 1994; Lewis et al. 2003; Huang et al.
2015). As fog grows vertically, radiative cooling at its top generates instability and turbu-
lence within the fog layer, whichmay result in a transition from a surface-based to a low-level
inversion (Cotton and Anthes 1989; Sotiropoulou et al. 2014; Kim and Yum 2017). Mature
fogs, therefore, often coincide with low-level elevated inversions (Leipper 1994; Zhang et al.
2009;Huang et al. 2015). Fog can also form through lowering of a stratus base and subsequent
increase of relative humidity in the mixed layer below the inversion base (Pilié et al. 1979;
Leipper 1994). Few studies have systematically investigated the thermodynamic structure
of Arctic clouds in relation to temperature inversions using upper-air measurements. Sedlar
and Tjernström (2009) classified Arctic stratocumulus clouds with respect to inversion-base
height and identified two cloud regimes with distinct microphysical and radiative properties:
(1) optically-thick and liquid-bearing clouds capped by the inversion base, and (2) mixed-
phase clouds penetrating into deep and strong inversions, characterized by a smaller optical
thickness and a longer lifetime. Similar thermodynamic structures have been observed for
Arctic fog, where the fog-top extended above the inversion base (Sotiropoulou et al. 2016).
None of these studies used long-term or low-resolution upper-air measurements, systemat-
ically investigated the variability in the fog-top relative to the inversion layer or evaluated
transition processes between the thermodynamic regimes.

The aim of the present study is to develop an automated classification of the thermody-
namic structure of melt-season Arctic fog in relation to thermal inversions and air-parcel
stability. Using only archived surface and upper-air observations, this classification is first
applied to high-resolution radiosonde data from the Arctic Summer Cloud Ocean Study
(ASCOS: Tjernström et al. 2014), and subsequently to lower-resolution radiosonde pro-
files from the Integrated Global Radiosonde Archive (IGRA) measured twice-daily at three
East Greenland stations over the period 1980–2012. Supported by the analysis of time-lapse
images and airmass back-trajectories, we argue that the classification improves our under-
standing of the formation, development, and dissipation of liquid-phase Arctic coastal fog.
Our results also help to assess how future changes in sea-ice and poleward advection of mois-
ture and heat may affect fog occurrence. The thermodynamic classification presented here
is applicable to any polar radiosonde station. The subsequent investigation of fog processes
and macrophysical properties will aid in improving fog parametrization in weather forecast
models for these regions.
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2 Study Sites and Observations

2.1 Study Area

One region with a particularly high fog frequency is coastal East Greenland, where fog is
present on average 20% of the time in July (Cappelen 2015). Along the East Greenland coast,
three World Meteorological Organization (WMO) synoptic weather stations with concurrent
radiosonde data were selected to cover a latitudinal range from low-Arctic to high-Arctic
environments (Circumpolar Arctic VegetationMap 2003). From north to south, these stations
are Danmarkshavn (WMO identifier 4320, 11 m a.s.l., 76.77°N, 18.67°W), Ittoqqortoormiit
formerly Scoresbysund (WMO identifier 4339, 70 m a.s.l., 70.48°N, 21.95°W) and Tasiilaq
(WMO identifier 4360, 54 m a.s.l., 65.61°N, 37.64°W) (Fig. 1). Danmarkshavn and Itto-
qqortoormiit stations are characterized by a 24-h daylight period during summer and sea-ice
concentrations over 80% throughout the year due to the East Greenland Current transport-
ing sea-ice south through the Fram Strait (Vinje 2001). The climate at Tasiilaq station is
influenced by the proximity of the Icelandic Low and the warm Irminger Current (Hanna
and Cappelen 2003; Cappelen 2015) and has a seasonal sea-ice cycle and more pronounced
diurnal solar cycle. South-east Greenland is also more affected by katabatic flows, especially
when the Icelandic Low is located between the East Greenland coast and Iceland (Klein and
Heinemann 2002). In addition to weather and radiosonde observations at these three stations,
time-lapse images near the Tasiilaq station and ASCOS data (Tjernström et al. 2014) from
theOden research icebreaker were used (Fig. 1). In summer, the local solar time at Danmark-
shavn and Ittoqqortoormiit stations is UTC–1.5 h, and at Tasiilaq station it is UTC–2.5 h. All
time indications used herein are given as UTC.

2.2 Data Observations and Instruments

We use a combination of ground and radiosonde data collected at three synoptic weather
sites in East Greenland from 1980 through 2012. These datasets are complemented by a
month of time-lapse images near Tasiilaq station to identify major fog physical processes,
and observations from radiosondes with higher sampling rates collected in the central Arctic
Ocean during an Arctic ship campaign (Fig. 1). The purpose of using this second dataset
is to test the developed algorithm on high-resolution radiosondes profiles before applying
the algorithm to the more widely-used lower-resolution radiosonde dataset. In addition, 500-
hPa geopotential-level weather charts (http://www1.wetter3.de/Archiv/) and 120-h airmass
back-trajectories from the NOAA HYSPLIT model (Stein et al. 2015) were analyzed to
identify mesoscale and synoptic conditions during fog and evaluate airmass origin, in order
to describe large-scale dynamical effects on Arctic sea-fog formation.

2.2.1 Surface Weather Observations

Fog conditions were extracted from a combination of archived present weather and horizontal
visibility observations provided by the Danish Meteorological Institute (DMI). Observations
were made every three hours, starting at 0000 UTC. In the early 2000s, the sampling reso-
lution switched to hourly observations, coincident with a change from manned to automated
observations as reported inMETAR (airport) and DMI files (Bødtker 2003). Present weather,
ww, and horizontal visibility, vv, are reported as codes (WMO 1995: tables 4677, 4680 and
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Fig. 1 Locations of WMO synoptic weather stations with radiosonde observations along the East Greenland
coastline (1980–2012) and of the Oden cruise track in the central Arctic Ocean during the ASCOS cam-
paign (Aug–Sept 2008, Tjernström et al. 2014). The sea-ice limit represents the average minimum September
extent (National Snow and Ice Data Center: https://nsidc.org, NSIDC-0051). The Greenland Ice Sheet was
reconstructed from hydrologic outlets (NSIDC-0372, Lewis and Smith 2009) and peripheral glaciers from
the Randolph Glacier Inventory (http://www.glims.org/RGI/, Pfeffer et al. 2014). The time-lapse camera was
located 15 km to the north-west of Tasiilaq station; with a south-west oriented viewshed across Sermilik Fjord

4377). Current automated synoptic weather stations use the forward-scatter FD12P Vaisala
Present Weather Sensor (Claus Nehring, pers. comm, May 2016), which has an accuracy of
±10% for measurements of meteorological optical range (Vaisala 2002).

The majority (66–82%) of fog observations in East Greenland occur between May and
August (Cappelen et al. 2001; Gueye 2014), coinciding with the Arctic melt season (Serreze
et al. 2007). Our analysis is, therefore, restricted to warm fog, defined as liquid or supercooled
fog with a temperature above −10 °C (Petterssen 1956). Fog at a distance or in patches was
excluded, as the fog might be missed by the radiosonde. One month of 30-min interval time-
lapse images (downsampled to 1800×1200 pixels) from Sermilik Fjord, 15 km north-west
of Tasiilaq were used to complement weather and upper-air observations from the Tasiilaq
station, with the main aim of determining fog type, and formation and dissipation processes.
The 15.1 megapixel Canon EOS 50D 28-mm single-lens reflex camera was set up between
5 July and 5 August 2011 to overlook the 9-km-wide fjord mouth in a south-westward
direction.
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2.2.2 Upper-Air Observations

Historic radiosonde data for the three East Greenland synoptic WMO sites were
acquired through the quality-controlled Integrated Global Radiosonde Archive (IGRA por-
tal: https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-
archive, Durre et al. 2006; Durre and Yin 2008). IGRA measurements used herein include
pressure, geopotential height, dry-bulb temperature, dew-point depression, virtual potential
temperature (gradient), and zonal and meridional wind components. Radiosonde balloons
were launched twice daily, usually at about 1100 and 2300UTC. IGRAprofiles were reported
at mandatory pressure levels (1000, 925, 850, 700, 500 hPa, etc.) as well as significant ther-
modynamic levels, in order to account for significant changes in temperature and humidity
gradients betweenmandatory levels (Durre et al. 2006). All downloaded raw IGRAsoundings
have gone through user-input pre-processing in which some lower-level sondemeasurements
may have been adjusted using surface station data. In addition, although IGRA reports obser-
vations at a surface level, these are not always measured by the radiosonde and may be taken
froma nearbyweather station (Durre et al. 2006).All stations changed from radiosondemodel
RS18/21 to RS80 in the early 1980s (Gaffen 1993), with an increase in sonde accuracy (e.g.
Antikainen et al. 2002). For this reason, and to minimize data and location inhomogeneities,
our analysis was restricted to data from 1980 onwards. After this main sonde switch, there
has been an alternate use of Vaisala sonde types RS80, RS90 and RS92, which have an
accuracy of 1 hPa, 0.5 K, 5% (relative humidity) and 25 m (derived resolution for geopoten-
tial height). In order to account for data inaccuracies introduced by the pre-processing of the
radiosonde data, the potential use of weather station data for the surface level, and instrument
switches, a sensitivity analysis was conducted (see Sect. 5.3) to verify the robustness of the
thermodynamic profile classification.

In addition to Greenland radiosondes, two upper-air datasets from the Arctic Summer
Cloud Ocean Study (ASCOS: www.ascos.se, Tjernström et al. 2014) aboard the Swedish ice-
breakerOden in the northernGreenlandSea andArcticOcean pack ice forAugust–September
2008, were used in this analysis (Fig. 1). The six-hourly 5-m reported vertical resolution
Vaisala RS92 radiosondes were analyzed in combination with 5-min 7-m vertical resolution
temperature profiles obtained from a 60-GHz scanning radiometer (near the surface; the verti-
cal resolution decreases with height). Temperature retrievals from that microwave radiometer
were found to be sufficiently accurate to be used in combination with radiosonde profiles
(Sotiropoulou et al. 2014). The purpose of this analysis was to validate the interpretation of
fog thermodynamic profiles from IGRA soundings and to determine the short-term evolution
of the boundary layer.

3 Methods

Each radiosonde profile thatwas simultaneouswith a fog event reported in the presentweather
data (ww) of the DMI synoptic station was extracted. Additionally, radiosonde launches
occurring 2 h after and 1 h before two consecutive fog present weather observations were ana-
lyzed since it was assumed that fog persisted over this entire 3-h time interval. Hereafter, these
long-duration fog events are referred to as non-simultaneous sounding observations. Total
numbers of melt season (May–August) fog soundings, simultaneous and non-simultaneous
with surface weather observations, are reported in Table 1. Non-simultaneous soundings rep-
resent the majority of extracted radiosonde fog profiles over Ittoqqortoormiit and Tasiilaq
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Table 1 Total number of soundings and fog soundings in the melt seasons (May–August) of 1980–2012

Danmarkshavn Ittoqqortoormiit Tasiilaq

All ≥5 levels All ≥5 levels All ≥5 levels

All melt-season
soundings

6745 6556 7013

Total fog 236 [187] 152 [121] 149 [114]

Simultaneous 103 [99] 41 [39] 35 [28]

Non-simultaneous 133 [88] 111 [82] 114 [86]

Fog frequency (%) [3.5] [2.3] [2.1]

Simultaneous refers to soundings occurring at the same time as surface weather observations, and non-
simultaneous to those in between two consecutive surface weather observations. Numbers in brackets exclude
missing soundings (majority of exclusions), soundings with surface temperature <−10 °C (Petterssen 1956),
and soundings with fewer than five levels below the 700-hPa pressure level in either the dry-bulb temperature
or the dew-point depression profiles (after Kahl et al. 1992). Fog frequency is the percentage of all melt-season
soundings retained for fog analysis

stations, occurring 68 and 75% of the time, respectively. After the year 2000, more soundings
coincidedwith the timing of synoptic fog observations because of the increased sampling rate
in ground observations. Only radiosondes with a minimum of five levels between the surface
and the 700-hPa pressure level in both the dry-bulb temperature and dew-point depression
profiles were included in this analysis (Table 1, numbers in brackets). Fewer levels may either
result in a correct but smooth profile or in an unreliable sounding. Since Kahl et al. (1992)
determined five levels to be aminimum to study low-level inversion properties, it was decided
to use this strict threshold, with the risk of excluding several reliable smooth soundings. This
resulted in the exclusion of 19 soundings (<5% of all soundings).

Each radiosonde profile was analyzed for saturation gradient, temperature inversion
type, stability, and approximation of fog-top height with respect to the inversion base. The
radiosonde data were used to obtain the following parameters:

• Dew-point depression (Tdd �T −Td, where T is the dry-bulb air temperature and Td is the
dew-point temperature) profiles were used to calculate air parcel saturation. A Tdd value
for saturation was determined from the lowest tropospheric level of the 166 soundings
coinciding with fog observations (Table 1) and this was defined as the surface dew-point
depression Tdds. A Tdds threshold of 1 °C, commonly used in the literature (e.g. Meyer and
Rao 1999; Kim and Yum 2010; Koračin et al. 2014), captured almost 100% of fog observa-
tions at Danmarkshavn and Tasiilaq stations, and about 75% at the Ittoqqortoormiit station
(Fig. 2). Despite having to exclude approximately one quarter of potential fog soundings at
the Ittoqqortoormiit station (most likely due to a combination of environmental conditions
and instrument differences), a fixed Tdds �1 °C threshold was used for all stations and
applied throughout the entire Tdd profiles. This threshold corresponds to relative humidity
(RH) with respect to liquidwaterRHw >93% (Hardy 1998) and corresponds toRHw values
recorded in IGRA soundings during warm fog in our study region. The fog-top height was
assigned the radiosonde-derived geopotential height corresponding to the location where
Tdd first exceeds the saturation threshold Tdds.

• Dry-bulb temperature (T ) was used to classify the inversion type. The height of the inver-
sion base above sea level was determined from the geopotential height; surface-based
inversions (positive temperature gradient from the ground surface up) were separated
from low-level inversions (elevated inversion base below the 700-hPa pressure level (Kahl
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Fig. 2 Surface dew-point depression (Tdds) statistics during fog from surface level of soundings simultaneous
with fog observations at the nearby weather station (1980–2012). Box-and-whisker plots show the median
(vertical line), lower and upper quartiles (left and right edge of box), and 5th and 95th percentiles (range)

et al. 1992)). By extension, the term “low level” is used herein to refer to the atmosphere
above the surface but below the 700-hPa level.

• The virtual potential temperature (�v) gradient (μ=d�v/dz) was used to determine air-
parcel stability. A saturated air parcel at the surface is statically stable (unstable) if μ is
positive (negative), or neutral if zero (Stull 1988). For this analysis, neutral lapse rates
were regarded as unstable lapse rates, and the stability of the surface layer,μs, was defined
as the stability of the air parcel delimited by the surface level and the next level aloft. By
extension, the term surface layer is used to refer to the air parcel delimited by the first two
sounding levels. Even though other studies have used the equivalent potential temperature
to describe the stability of the boundary layer (e.g. Sedlar et al. 2012; Shupe et al. 2013;
Sotiropoulou et al. 2014), choosing �v was motivated here by its availability in IGRA
files; therefore, reducing the potential for introducing additional calculation errors, as well
as to remain consistent with boundary-layer theory (Stull 1988) and previous studies on
sea-fog turbulence (Telford and Chai 1984; Nilsson 1996; Nakanishi and Niino 2006).

For each of the fog events captured by radiosonde (Table 1) a standardized graph was
generated by combining panels of surface weather observations and upper-air profiles of
T , Td, wind direction and specific humidity (not shown here). A skew-T log-P diagram was
used to plot T and Td, facilitating the initial identification of distinct thermodynamic profiles.
Ultimately, all thermodynamicprofileswere automatically classified into oneof six distinctive
fog sounding types, through a script developed for this purpose. This classification was
based on their thermodynamic vertical profile differences in saturation gradient, temperature
inversion type, stability, and approximation of fog-top height with respect to inversion base,
as explained above. This automated thermodynamic characterization was inspired by the
classification of stratiform clouds capped by a low-level inversion or residing inside a low-
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level inversion by Sedlar and Tjernström (2009), who discriminated these two distinct types
of clouds based on their physical, optical, and temporal properties.

The fog-sounding type classification was first performed on the 46 high-resolution
radiosonde profiles with identified fog events from ASCOS soundings, in an attempt to
validate the classification applied to IGRA data. The identification of fog events during
the ASCOS campaign was derived from a subjective probability product (Tjernström et al.
2012), in which only observations with horizontal visibilities <5 km and ceilings <100 m
above ground level (a.g.l.), or horizontal visibilities <1 km, or horizontal visibilities <2 km
and ceilings<80 m a.g.l., and no concurrent precipitation with either one, were retained for
the classification of fog. To determine saturation and classify the identified fog events, it
was decided to apply two different Tdds thresholds: at 1 °C and at 0.5 °C. The second Tdds

threshold was chosen because the radiosonde model Vaisala RS92 used during the ASCOS
campaign (Tjernström et al. 2014) provides more accurate humidity measurements than the
older models used at WMO synoptic stations (Antikainen et al. 2002; Steinbrecht et al. 2008;
Vaisala 2017).

4 Results

4.1 Fog Thermodynamic Profiles

Using an automated characterization of each sounding, thermodynamic profiles from both
ASCOS (Sect. 4.2) and IGRA (Sect. 4.3) radiosondes could be classified into six major fog
classes as described in Fig. 3. Class 1 are excluded events because the dew-point depression
threshold suggests there is no saturation in the radiosonde profile; Class 2 is fog with a
surface-based inversion; Classes 3–5 are fog events with a low-level inversion, with the fog-
top below (Class 3), at (Class 4) or above (Class 5) the low-level inversion base; and Class
6 has fog with an overlying saturated (stratus) layer within the low-level inversion. Class 2
exhibits some variability in humidity profiles (not shown), but the differences are small and
there are too few observed cases to further subdivide Class 2. In addition, fog occasionally
occurs without any inversion (stable layer with isothermal or positive temperature lapse rate
profile), but these arise in <1% of IGRA fog observations at all stations and are, therefore,
not considered further in the analysis.

4.2 Thermodynamic Profiles During the ASCOS Campaign

The proposed thermodynamic classification was first applied to 1 month of high-resolution
radiosonde data from the ASCOS campaign, of which 46 fog soundings were identified. The
relative frequencies of each fog class using the two Tdds thresholds are presented in Fig. 4,
and typical profiles in Fig. 5. The vast majority of fog occurs with a low-level inversion,
of which Class 5 is observed most frequently and is the most vertically extensive fog type.
Transitions between Classes 5 (fog) and 1 (stratus) are common. Although Class 6 occurs in
only 7–20% of all ASCOS fog observations (Fig. 4), at the onsets of fog lifting or stratus-base
lowering (Fig. 5a), Class 6 occurs in >75% of the time. In these cases, fog was not reported
in Fig. 4. Class 4 predominantly occurs in the dissipating stages of fog events (Fig. 5e), as
does Class 3. Changing the Tdds threshold does not change the number of fog cases, but the
Tdds �0.5 °C threshold results in more fog classified as Classes 1 and 6, and less Class 5.
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Fig. 3 Six fog classes (red numbers) based on surface dew-point depression threshold (Tdds), lower tropo-
spheric inversion type, and fog-top height relative to the inversion base. White box: fog events not captured by
radiosonde (Tdds >1 °C). Yellow boxes: fog with a surface-based inversion. Blue boxes: fog with a low-level
inversion, described for fog-top below (<), coinciding with (=) or above (>) the inversion base (INV). Classes
2–5 have no significant low-level cloud layer above the fog, thus are classified as single layer cases. Class 6
corresponds to a thin fog layer overlain by a low stratus in a low-level inversion (multiple layers). Red lines are
stability profiles for each class:�v is the virtual potential temperature andμs the virtual potential temperature
gradient at the surface (μs ≤0: unstable or neutrally stratified, μs >0: stably stratified)

Multiple low-level cloud layers are frequently observed based on ASCOS soundings (e.g.
Fig. 5e, f).

Visual analysis of temperature profiles retrieved from the ASCOS microwave radiometer
between the 6-h interval ASCOS radiosonde launches provided us with information on the
short-term (5-min interval) evolution of the boundary layer during fog, or when fog was
forming or dissipating. The following key observations on the relationship between Arctic
fog and temperature inversions weremade from the combination of these ASCOS radiosonde
and microwave radiometer profiles:

• Fog usually requires a low-level or surface-based temperature inversion to form as opposed
to that stated by Telford and Chai (1984);
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Fig. 4 Fog class occurrence statistics from ASCOS soundings, for a surface dew-point depression threshold
of a 0.5 °C and b 1 °C

Fig. 5 Examples of ASCOS radiosonde profiles during a–c fog formation (Classes 6 and 5; 22 August 2008),
and d–f fog dissipation processes (Classes 5 and 4; 23 August 2008). Note that f is the transition of Class 5
to the inversion being eroded. The solid black line is the dry-bulb temperature T , the dashed blue line is the
dew-point temperature Td, and grey shadings represent fog and/or low stratus layers determined with Tdds
≤1 °C. Time (upper right corner) is given in UTC

• Erosion of the inversion (profile becoming isothermal, e.g. Figure 5f) often occurs during
the dissipating stages of fog;

• Transitions between surface-based and low-level inversions are observed during fog.

4.3 Thermodynamic Profiles from IGRA Soundings

The same automated method used for the high-resolution ASCOS radiosonde profiles was
then applied to IGRA lower-resolution radiosonde data over the three East Greenland loca-
tions for the summers of 1980–2012. A total of 422 IGRA soundings corresponding to fog
conditions were analyzed. Occurrence statistics are reported in Fig. 6 and Table 2. Compar-
isons between stations were tested through Chi square statistical tests (χ2), while statistics
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Fig. 6 Fog occurrence statistics representing Danmarkshavn, Ittoqqortoormiit and Tasiilaq stations. See
Table 2 for details

for each single station were tested through binomial tests at the 95% confidence interval.
Results for class frequencies are displayed in Table 3.

The same six fog classes were observed during both the ASCOS campaign and based on
IGRA profiles over East Greenland. As with ASCOS profiles (Sect. 4.2), most fog in East
Greenland occurs with a low-level inversion (Classes 3–6: 66–79% of station soundings, p
<0.001). Fog with a surface-based inversion (Class 2) represents only 12–14% of station
soundings and does not differ significantly between stations. Excluded soundings (Class 1)
are most common at the Ittoqqortoormiit station (21% of soundings, χ2 �4.98, p�0.015, df
�2), which is related to the 1 °C Tdds threshold (see Fig. 2). Deep fog layers penetrating the
inversion base (Class 5) are dominant (p <0.001) over the Danmarkshavn station, where they
reach 28% of occurrence, and this was also the dominant class over the Arctic Ocean. There
is a non-significant (p �0.054) tendency towards a higher occurrence of this class over the
Danmarkshavn station compared to the other stations. For all three stations combined, Class 5
was the most dominant class (23%, p=0.002). Shallow fog-layer occurrence below an inver-
sion base (Class 3) significantly increases with decreasing latitude (χ2 range�6.52–9.85,
p <0.001, df �2, see Table 3), where Class 3 is also the dominant class (33%, p <0.001).
This class was more frequent in East Greenland than during the ASCOS campaign. Class 6
was the least frequent class reported for all stations combined (10%, p<0.001). While all
fog with a surface-based inversion (Class 2) was characterized by stably-stratified conditions
(μ >0), fog with a low-level inversion (Classes 3–6) may occur under either stable (μ >0)
or neutral/unstable conditions (μ ≤0) (Table 2). There is a tendency towards more unstable
surface conditions for classes with a low-level inversion (Classes 3–6); however, this was
only significant for Class 6 (p range≤0.001–0.021). Even though there is a tendency for
fog at the Ittoqqortoormiit station to occur most often under unstable conditions, this is not
statistically significant and it is concluded that all sites present similar characteristics in terms
of stability occurrence for each specific class.

Figure 7 displays 120-h (5-day) airmass back-trajectories at 600 m a.g.l. (after Tjernström
et al. 2015) for the most common fog types (Table 2) at Tasiilaq (Class 3) and Danmarkshavn
stations (Class 5) over the period 2000–2012, with concurrent 850-hPa wind directions for
the entire study period (1980–2012). All distributions were tested for their significance using
binomial statistical tests at the 95% confidence level. This analysis of back-trajectories and
frequency distributions of upper-air wind directions suggests that certain fog classes coincide
with distinct airmass origins. Class 5 at the Danmarkshavn station is mostly of oceanic origin
(18 out of 27 back-trajectories). The majority of these airmasses originated from lower
latitudes, but some originated from the Arctic Ocean. Approximately 60% of soundings

123



The Thermodynamic Structure of Arctic Coastal Fog Occurring… 455

Ta
bl

e
2
St
at
is
tic
s
of

fo
g
cl
as
se
s
fo
r
D
an
m
ar
ks
ha
vn
,I
tto

qq
or
to
or
m
iit

an
d
Ta
si
ila
q
st
at
io
ns

D
an
m
ar
ks
ha
vn

It
to
qq

or
to
or
m
iit

Ta
si
ila

q

n
f
(%

)
F
(%

)
n

f
(%

)
F
(%

)
n

f
(%

)
F
(%

)

C
la
ss

1
21

11
25

21
10

9

C
la
ss

2
26

14
17

14
14

12

C
la
ss

3
22

12
25

21
38

33

μ
s
≤0

15
68

17
68

24
63

μ
s
>
0

7
32

8
32

14
37

C
la
ss

4
43

23
23

19
19

17

μ
s
≤0

26
60

17
74

13
68

μ
s
>
0

17
40

6
26

6
32

C
la
ss

5
52

28
20

17
23

20

μ
s
≤0

25
48

14
70

14
61

μ
s
>
0

27
52

6
30

9
39

C
la
ss

6
23

12
11

9
10

9

μ
s
≤0

22
96

11
10

0
9

90

μ
s
>
0

1
4

0
0

1
10

To
ta
l

18
7

10
0

12
1

10
0

11
4

10
0

C
la
ss
es

3–
6
ca
n
ha
ve

ne
ut
ra
l/u

ns
ta
bl
e
(μ

s
≤0

)
or

st
ab
le

(μ
s
>
0)

su
rf
ac
e
la
ye
rs
.
C
la
ss

2
al
w
ay
s
ha
s
st
ab
le

su
rf
ac
e
la
ye
rs

(μ
s
>
0)
.
n
is
th
e
nu
m
be
r
of

ob
se
rv
at
io
ns
,
f
is
th
e

fr
eq
ue
nc
y
of

oc
cu
rr
en
ce

of
a
su
bc
la
ss

(μ
s
≤0

or
μ
s
>
0)

w
ith

re
sp
ec
tt
o
th
e
to
ta
ln

um
be
r
of

ob
se
rv
at
io
ns

fo
r
a
st
at
io
n’
s
cl
as
s,
an
d
F
is
th
e
fr
eq
ue
nc
y
of

oc
cu
rr
en
ce

of
a
cl
as
s
w
ith

re
sp
ec
tt
o
th
e
to
ta
ln

um
be
r
of

ob
se
rv
at
io
ns

fo
r
th
at
st
at
io
n

123



456 G. F. Gilson et al.

Table 3 Observed number of
occurrence, expected values
(italics) and χ2 values (in
brackets) of fog thermodynamic
classes over Danmarkshavn,
Ittoqqortoormiit and Tasiilaq
stations

Danmarkshavn Ittoqqortoormiit Tasiilaq

Class 1

21 25 10

24.82 16.06 15.13

(0.59) (4.98) (1.74)

Class 2

26 17 14

25.26 16.34 15.40

(0.02) (0.03) (0.13)

Class 3

22 25 38

37.67 24.37 22.96

(6.52) (0.02) (9.85)

Class 4

43 23 19

37.67 24.37 22.96

(0.76) (0.08) (0.68)

Class 5

52 20 23

42.10 27.24 25.66

(2.33) (1.92) (0.28)

Class 6

23 11 10

19.50 12.62 11.89

(0.63) (0.21) (0.30)

Significant χ2 values at the 95%
confidence level are in bold. The
overall χ2 and p values of the
contingent table are 31.043 and
0.0006, respectively

of Class 5 (Fig. 7c) and Class 6 (not shown) at the Danmarkshavn station were related
to flow from the ice sheet (westerly to northerly wind directions between 225° and 360°).
Nevertheless, this airmass origin is not as prevalent as for Classes 2–4 at the Danmarkshavn
station, for which over 80%of airmasses originated from the ice sheet (p�0.028). At the time
of the soundings, Classes 5 and 6 are in fact the only classes for which upper-level flow has a
predominantly southerly direction (56% frequencywith p�0.001, and 52% frequencywith p
�0.011, respectively), although there is a large variability of airmass origin as demonstrated
by the back-trajectories in Fig. 7a. These combined observations suggest that Classes 5 and
6 are mostly associated with oceanic airmasses.

For Class 3 over the Tasiilaq station, 11 out of 15 back-trajectories originate from the ice
sheet and are associated with anticyclonic conditions over Greenland (Fig. 7b). Compared to
other classes at the Tasiilaq station, Class 3 has the highest frequency of airmasses originating
from the ice sheet (65%; p �0.002). This is in contrast with the Danmarkshavn station,
where Class 2 is almost always associated with airmasses originating over the ice sheet
(92% frequency of upper winds, p <0.001, not shown). When Class 2 is observed, surface
conditions are predominantly calm, with backing (counterclockwise change with altitude)
or neutral vertical wind profiles, and clear anticyclonic conditions occurring over Greenland
according to the back-trajectories and weather charts. Based on these three conditions and
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Fig. 7 All 600-m a.g.l. 120-h back-trajectories of air masses in 2000–2012 associated with a Class 5 over
the Danmarkshavn station, and b Class 3 over the Tasiilaq station. Black lines are predominantly oceanic air
masses and red lines have travelled over the Greenland ice sheet. Lower panels are the frequency distributions
of wind directions at the 850-hPa radiosonde level for the entire period 1980–2012 for c Class 5 over the
Danmarkshavn station, and d Class 3 over the Tasiilaq station. Numbers of observations (n) are displayed in
the upper right corner of each panel. Back-trajectories are from the NOAA HYSPLIT model (http://www.
ready.noaa.gov)

the Class 2 thermodynamic profiles, we infer that some Class 2 fog cases may be radiation
fog (e.g. Roach et al. 1976; Croft et al. 1997).

4.4 Support for IGRA Fog-Process Interpretation from Time-Lapse Images

One month of time-lapse observations (1452 30-min interval images) collected during
July–August 2011 were analyzed visually to understand fog processes at the mouth of Ser-
milik Fjord near the Tasiilaq station. Of 151 images with fog, 16 could be classified as being
of the advective type and nine occurred through stratus-base lowering (Fig. 8a, b). Fog often
displayed a sharp top, which is typical of thermally and dynamically stable atmospheric con-
ditions (e.g. Koračin 2017). Dissipation processes included fog retreat towards the ocean (12
images), fog lifting to a stratus (eight images, Fig. 8d), or dissipation from top by radiative
heating or mixing processes (five images) (cf. Gultepe et al. 2016). Multiple low-level cloud
layers were observed during both formation (five images) and dissipation stages (six images,
Fig. 8c, d). Stratus-base lowering and fog lifting processes were found to occur within a
period of 1.5–3 h.
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Fig. 8 Examples of fog observations obtained from the time-lapse camera located at the mouth of Sermilik
Fjord: a advection fog entering the fjord, b stratus-base lowering into fog, c dissipating fog with several layers
of low stratus, and d fog separating from stratus via subsaturation between the two layers (dissipation). The
camera is approximately facing south-west, the open ocean is to the left and the inner fjord to the right

5 Discussion

5.1 Comparison with Arctic Stratocumulus Clouds

Studies of sea-fog thermodynamic structure havemostly been restricted to mid-latitudes (e.g.
Pilié et al. 1979; Zhang et al. 2009; Huang et al. 2015) and the thermodynamic structure of
Arctic summer fog using in-situ radiosonde observations has previously not been published.
The only available field measurements of Arctic fog-top with respect to inversion-base height
are from Sotiropoulou et al. (2016). We, therefore, mainly discuss our results in relation to
studies of Arctic stratocumulus clouds. This is justified because, (i) both aremarine stratiform
boundary-layer clouds usually capped by an inversion (Cotton and Anthes 1989; Gultepe
2007;Wood 2012); (ii) both frequently originate fromwarm-air advection (Nilsson and Bigg
1996; Sedlar et al. 2012; Shupe et al. 2013; Sotiropoulou et al. 2014, 2016; Huang et al. 2015;
Tjernström et al. 2015); (iii) fog has geometrical characteristics similar to stratocumulus
clouds (Welch and Wielicki 1986); (iv) transitions can occur between these cloud types
(Koračin et al. 2001, 2014; Gao et al. 2007; Huang et al. 2015); and (v) stratocumulus clouds
are the predominant cloud type in the Arctic melt season (Eastman and Warren 2010) and
studies over theArcticOcean have, therefore,mainly focused on the thermodynamic structure
of these clouds (Sedlar and Tjernström 2009; Sedlar et al. 2012; Sotiropoulou et al. 2014).

Similarities between our findings and other studies of Arctic fog or stratocumulus clouds
over Arctic pack ice during the melt season lead us to four main conclusions: (i) the majority
of fog/stratocumulus events occur with a low-level inversion (cf. Sedlar and Tjernström 2009;
Sedlar et al. 2012); (ii) vertically-extensive fog or stratocumulus penetrating the inversion
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layer are themost common type at high-Arctic locations. These can be related to the poleward
advection of heat and moisture over cold surfaces (cf. Sedlar and Tjernström 2009; Sedlar
et al. 2012; Shupe et al. 2013) and are facilitated by a higher year-round sea-ice concentration
at these northern locations (Sotiropoulou et al. 2016); (iii) fog/stratocumulus below, or capped
by, an inversion layer is more frequent at locations closest to the coast and at lower latitudes,
where sea-ice concentrations are lower (cf. Sedlar et al. 2012; Sotiropoulou et al. 2016);
and (iv) surface layers are frequently statically neutral or unstable during fog/stratocumulus
cloud conditions (cf. Sedlar et al. 2012; Shupe et al. 2013; Sotiropoulou et al. 2014).

5.2 Arctic Fog Formation and Dissipation Process Interpretation

The integrated analysis of time-lapse images, airmass back-trajectories, ASCOS microwave
radiometer temperature retrievals and fog-process literature, suggests that fog thermodynamic
classes in coastal East Greenland represent stages of development of advection fog, stratus-
base lowering, or fog lifting. We infer two main mechanisms of fog formation and three
mechanisms of fog dissipation, and illustrate these in Fig. 9 by specific transitions between
thermodynamic profiles. Figure 9a displays a typical development of advection fog from a
warm and moist airmass cooled down to its dew-point temperature by contact with sea-ice
or cold water (e.g. Fig. 8a) transported inland by a sea breeze (Alt 1979; Cappelen 2015).
As this fog grows, radiative cooling at its top results in a transition from a surface-based to a
low-level inversion (cf. Sotiropoulou et al. 2014; Kim and Yum 2017). Figure 9b illustrates
fog formation by stratus-base lowering (e.g. Fig. 8b). The turbulence generated by cloud-top
radiative cooling, combined with the evaporation of cloud droplets below the cloud base,
results in an increase in humidity and the downward migration of the cloud base (Cotton and
Anthes 1989). In Fig. 9c, d, dissipation of fog due to drying and/or warming at the fog-top
results in thinning of the fog layer. This reduction in relative humidity may be caused by
entrainment of warm, dry air from aloft into the fog layer or by solar heating at the fog-top
(Gultepe et al. 2016). Both processes result in a drier profile in the mixed layer (i.e. Classes 3
and 4). This profile transition fromClass 5 to 4 to 3 is also observed when fog retreats towards
the ocean (Fig. 9c). In Fig. 9e, large subsidence warming strengthens the inversion, lowers its
base, and eventually switches the thermodynamic profile from a low-level to a surface-based
inversion. This results either in thinning of a fog layer and a transition from Class 5 to Class
2 (Koračin et al. 2001; Lewis et al. 2003; Fig. 9e), or in fog formation when the initial stage
is a stratus cloud (Class 1 instead of Class 5 on Fig. 9e, not shown). Altogether, Fig. 9c–e
represent fog dissipation by heating and mixing. In contrast, Fig. 9f depicts the dissipation
mechanism of fog lifting to a stratus. Here, Class 6 is a transition profile between the stages
of a mature fog (Class 5) and a stratus cloud (Class 1). Class 6 almost exclusively occurs
under statically unstable surface conditions over East Greenland, which is consistent with
increased turbulence at the surface that leads to a fog-lifting mechanism (Cotton and Anthes
1989; Koračin et al. 2001).

Since Class 3 is the dominant fog class over the Tasiilaq station only, we infer that fog
dissipation processes presented in Fig. 9c, d occur more frequently in south-east Greenland.
This enhanced dissipation is consistent with the shorter fog duration at the Tasiilaq station
compared to that at the Danmarkshavn and Ittoqqortoormiit stations (Gueye 2014). Sedlar
et al. (2012) found that stratocumulus clouds capped by or occurring below an inversion
base were more frequent over Barrow, coastal northern Alaska, than over the Arctic Ocean.
Our results also show that fog Classes 3 and 4 are more frequent over East Greenland than
in the high-Arctic Ocean ASCOS data. The majority of back-trajectories for Class 3 over
the Tasiilaq station (Fig. 7b) are associated with drier and colder airmasses originating from
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Fig. 9 Fog formation a, b and dissipation c–f mechanisms based on thermodynamic profiles: a advection
fog development and growth, b stratus-base lowering into fog, c fog thinning and dissipation through drying
out due to entrainment of drier air from aloft, d fog thinning and dissipation due to warming aloft driven by
entrainment of warm air and/or solar heating, e fog thinning and dissipation through large-scale subsidence
(vertical arrows), and f fog lifting to stratus. Fog classes are shown in red. Black curves are temperature profiles
and dashed blue curves are dew-point temperature profiles

the ice sheet. This airmass origin, in combination with the fjord topography of south-east
Greenland, likely promote fog dissipation through strong seaward katabatic flow (Klein and
Heinemann 2002; Cappelen 2015). Another factor that could lead to increased fog dissipation
is the latitudinal effect: theTasiilaq station has stronger diurnal variations of the solar elevation
angle and lower sea-ice concentrations in summer, leading to less fog formation and shorter
fog duration at the Tasiilaq station than at the Danmarkshavn station (Gueye 2014). Lastly,
land surface heating and turbulence can enhance fog dissipation in coastal environments
(Serreze and Barry 2014; Cappelen 2015), in part by generating stronger land-breeze and
sea-breeze cycles. The coastward advection and seaward retreat of fog associated with these
breezes (Cappelen et al. 2001) result in a stronger diurnal fog cycle at the lower-latitude
coastal stations than at the higher-latitude stations and over Arctic pack ice (Uttal et al. 2002;
Tjernström et al. 2014). In summary, we hypothesize that Classes 3 and 4 at the Tasiilaq
station represent dissipating stages of fog driven by a combination of the more pronounced
solar diurnal cycle and land- and sea-breeze cycles, and the more frequent katabatic flow
enhancing turbulence at this station. It cannot be determined from our analysis which of
these environmental factors is dominant in causing fog dissipation, and the concepts need to
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be further examined using numerical fog models (e.g. Gao et al. 2007; Bergot 2016; Koračin
2017).

5.3 Data Uncertainties and Dew-Point Depression Threshold Sensitivity

Uncertainties linked to data collection, analyses and instrumental errors may limit the value
of process-related observations and understanding. In addition to IGRA sounding sensor
accuracy and pre-processing uncertainties that include the surface-level sounding being a
mixture of radiosonde data and adjacent weather station data, the major uncertainty in our
method is in assigning an optimal surface dew-point depression (Tdds) threshold. In order
to quantify this uncertainty, a sensitivity analysis was performed to explore whether the
dominant classes under the Tdds �1 °C threshold remain the same under a range of Tdds

thresholds (Tdds �0 to 2 °C, based on 1°±1 °C to account for instrument uncertainties
corresponding to RHw �85–100%). For all Tdds thresholds, we constrained the sum of
soundings in all fog classes together for each station to the sum of fog soundings that were
captured by the original Tdds �1 °C threshold at each respective station (see Table 1). We
applied this restriction in order to better assess the proportional changes between fog classes
at each station. The frequency distribution for each fog class under each threshold is reported
in Fig. 10. Optimal Tdds thresholds were calculated based on the frequency distribution
of Class 1, by maximizing the distance between the Class 1 curve and the straight line
connecting Tdds �0 and 2 °C (Fig. 10 upper left panel). The calculated optimal thresholds are
0.7 °C for the Danmarkshavn and Ittoqqortoormiit stations and 0.4 °C for the Tasiilaq station.
These optimal thresholds remained unchanged when selecting a smaller domain (e.g. from
0 to 1.5 °C). Different optimization techniques could have resulted in marginal differences
between optimal thresholds, but the shapes of the Class 1 curves in Fig. 10 demonstrate that
the optimal threshold is always below 1 °C. Relative frequency of fog Classes 3–6, fog with
a low-level inversion, is most affected by modifying the optimal threshold relative to Tdds

�1 °C (Fig. 10). Yet, Classes 3 and 5 remain dominant for all thresholds. The consistent
choice of a Tdds �1 °C threshold instead of an optimal threshold unique to each station,
therefore, neither affects our overall interpretation of fog classes as related to the spatial
distribution of fog processes, nor does this choice affect our inferred transitions between
classes.

The automated fog classification method presented herein requires the use of synop-
tic weather observations at stations collocated with the radiosonde launch site. When the
Tdds �1 °C threshold was applied to all IGRA summer soundings at the three East Green-
land stations, irrespective of weather type, more apparent fog cases were returned than the
25–36% actual fog occurrence reported from the synoptic weather codes. These false pos-
itives included precipitation (31–48%), mist (14–20%) and no significant weather reported
(7–13%). The last category is the only unexplained false positive, since small Tdds values in
the precipitation and mist categories can result from evaporation of the precipitation.

Radiosonde profiles that are not simultaneous with surface observations will likely result
in more Class 1 assignment of fog, particularly when fog is discontinuous in space or time.
To investigate this, we compared the frequency of fog thermodynamic Class 1 for sound-
ings simultaneous with synoptic observations to the frequency of Class 1 in all soundings.
Although its proportion remained unchanged for the Ittoqqortoormiit station (25% exclu-
sions), soundings simultaneous with synoptic fog observations only have 2% of excluded
events at the Danmarkshavn station and no exclusions at the Tasiilaq station.

Due to increased vertical resolution through time, radiosonde instrument changes and
sounding station relocations, IGRA soundings are suggested to be poorly-suited for longi-
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Fig. 10 Frequency of fog classes as a function of surface dew-point depression threshold (Tdds). Red dots are
optimal Tdds determined from the maximum orthogonal distance (lines perpendicular to straight line joining
first and last point) of Class 1 distribution. Note that the vertical scale for Class 1 is different, as the lowest
values in the range of Tdds lead to a high frequency of exclusions

tudinal studies (Durre and Yin 2008; Zhang and Seidel 2011). However, these three main
data inhomogeneities are negligible for post-1992 Greenland IGRA data (Box and Cohen
2006). Applying our fog classification to the post-1992 period only does not change the
relative proportion of fog classes at Tasiilaq and Ittoqqortoormiit stations, while at the Dan-
markshavn station it results in fewer excluded events (Class 1). Thus, despite possible data
inhomogeneities in the 1980–1992 period, our fog classification method is found to be robust
and its results are valid for the entire 1980–2012 period analyzed.

The IGRA dataset is considered appropriate for studying the structure of the boundary
layer (e.g. Zhang et al. 2011) and Ingleby et al. (2014) determined that significant levels from
IGRA soundings accurately reproduce the original high-resolution soundings. However, we
question the ability of IGRA’s significant levels to capture small-scale structures such asmulti-
layer low-level clouds. These features are frequently observed in our time-lapse imagery, but
were never detected in any of the East Greenland IGRA data. Yet, we frequently observed
multi-layer low-level clouds in the higher-resolution ASCOS radiosonde profiles.

6 Summary and Conclusions

This study presented a novel automated method for classifying Arctic fog using thermo-
dynamic profiles taken from the Integrated Global Radiosonde Archive (IGRA) database
andWorldMeteorological Organization (WMO) present-weather observations. Observations

123



The Thermodynamic Structure of Arctic Coastal Fog Occurring… 463

from the period 1980–2012 at three stations in coastal East Greenland were classified into
six distinct fog classes using the following conditions to separate thermodynamic profiles:
a 1 °C surface dew-point depression threshold, static stability of the surface layer, lower
tropospheric inversion type, and fog-top height with respect to the inversion-base height.
Despite differences in vertical resolution and environmental conditions of ASCOS (Arctic
Ocean) and IGRA (coastal East Greenland) radiosonde observations, the same fog classes
were inferred. Using these six fog classes together with airmass back-trajectories, time-lapse
images, and ASCOSmicrowave radiometer temperature retrievals, we hypothesize that these
classes represent different stages of advection fog formation, development, and dissipation,
including stratus-base lowering and fog lifting.

The thermodynamic structure of fog occurring during the Arctic melt season was charac-
terized and found to be consistent with earlier work on Arctic fog (Sotiropoulou et al. 2016)
and on Arctic stratocumulus clouds (Sedlar and Tjernström 2009; Sedlar et al. 2012; Shupe
et al. 2013; Sotiropoulou et al. 2014). Both boundary-layer cloud types usually occur under
unstable surface-layer conditions and with an elevated inversion base. At high latitudes, fog
and stratocumulus clouds frequently penetrate the inversion base. The analysis of airmass
back-trajectories supports the poleward advection of heat and moisture hypothesized by Sed-
lar et al. (2012) to explain the persistence of such vertically-extensive fog and low-level
clouds at high latitudes, while melting sea-ice may be an additional local factor promoting
this thermodynamic characteristic (Sotiropoulou et al. 2016). At lower latitudes, fog and stra-
tocumulus below or capped by the inversion layer are more frequent. This is likely caused
by enhanced dissipation processes, resulting from a higher solar elevation angle, a higher or
more complex topography and airmasses originating from the ice sheet and adjacent land.
Additionally, fog and stratocumulus below or capped by the inversion could be due to a more
local or regional fog-formation process, which is in contrast to the long-range advection of
moisture (e.g. Sedlar et al. 2012).

The thermodynamic classification described here can be applied to any polar weather sta-
tion and allows investigation of predominantly liquid-phase fog processes andmacrophysical
properties at high latitudes. In future studies, our results could be used in combination with
data from cloud satellites, vessel-based and ground-based projects (e.g. Gultepe et al. 2014)
to extend fog research in polar regions. Outcomes from such multi-faceted research may lead
to improvement in detection, monitoring and prediction of Arctic fog, as well as to a better
understanding of fog and low-cloud microphysical and dynamical processes, which play an
important role in the Arctic surface energy budget.
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