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Abstract We present temperature inversion characteristics during fog and nonfog conditions at three east
Greenland coastal weather stations during Arctic melt seasons 1980–2016. For this purpose, we developed a
novel automated method to extract fog-top height (FTH) from Integrated Global Radiosonde Archive data,
which is applicable to any fog thermodynamic profile and includes an improved interpolation of saturation
between sounding levels. From the analysis of >22,000 melt-season soundings we conclude that inversions
occur 85–95% of the time, are predominantly elevated, and have median depths>200 m. Fog at high-Arctic
locations often penetrates the inversion layer, especially in the late melt season, and is commonly several
hundred meters thick. At low-Arctic locations fog is thinner and generally restricted to the mixed layer.
Inversions during fog are deeper and stronger compared to nonfog conditions. This effect is more
pronounced at higher latitudes, which we attribute to distinct local boundary layer conditions and large-scale
processes. The Integrated Global Radiosonde Archive-extracted FTHs have a cumulative error of 56 m and are
in reasonable agreement with retrievals from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation satellite cloud top data. The novel FTH extraction method can be applied to any polar sounding
with>5 significant levels below 700 hPa and can be extended to boundary layer clouds other than fog, which
represent the majority of cloud occurrence in the Arctic melt season. This study advances the understanding
of interactions between low clouds and temperature inversions and improves retrieval of cloud geometrical
thickness from radiosondes: both have important implications for the Arctic surface energy budget.

Plain Language Summary Understanding how air temperature changes with height is important
for weather forecasting and climate prediction. Usually air becomes colder as it rises in the atmosphere,
except during temperature inversions when air near the ground is coldest. Inversions are common in polar
regions, where they often occur together with fog during summer. Fog is a cloud at the Earth surface and
influences temperature inversions bymodifying air temperature and the amount of solar energy reaching the
Earth surface. Up until now we did not have an adequate method to calculate fog thickness from weather
balloon measurements (radiosondes). In this study we present an innovative method to calculate fog-top
height using >22,000 summer radiosonde measurements taken at three stations in east Greenland from
1980 to 2016. Temperature inversions are almost always present, more than 200 m in vertical depth, and their
base often starts more than 100 m above the ground. Fog is commonly 75- to 250-m deep and often
penetrates the inversion layer. Temperature inversions during fog are deeper and have a larger temperature
difference between top and base compared to nonfog conditions. We tested our method using independent
techniques and recommend that it can be applied to most radiosonde measurements worldwide.

1. Introduction

The Arctic region is particularly sensitive to climate change and is in turn important for the global climate sys-
tem (AMAP, 2017; Ford & Furgal, 2009; Intergovernmental Panel on Climate Change, 2013; Serreze et al.,
2007). High northern latitudes have been warming at more than twice the rate of the rest of the planet, which
is an accelerating phenomenon coined the Arctic amplification (Serreze & Francis, 2006). Arctic amplification
is governed by positive feedback mechanisms such as albedo, lapse rate, water vapor, and cloud forcing and
feedbacks (AMAP, 2017; Pithan & Mauritsen, 2014; Screen & Simmonds, 2010; Serreze & Barry, 2011; Taylor
et al., 2013). Because of the complex interactions between these mechanisms and their spatial and
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seasonal variability, the representation of the Arctic climate system in regional and global climate models
requires improvement (Bintanja & Krikken, 2016; Flato et al., 2013; Kattsov & Källén, 2005). The main aim of
this paper is to provide measurements and improve understanding of the interaction between two phenom-
ena influencing these feedback mechanisms: temperature inversions and fog. Near-surface temperature
lapse rates, low cloud thermodynamic structure, and their interactions play a key role in the surface energy
balance. Although several studies have increased our understanding of the interactions between low-level
clouds and inversion characteristics during the Arctic melt season, interactions between fog and temperature
inversions have not been fully explored (e.g., Devasthale et al., 2010; Kahl et al., 1992; Mernild & Liston, 2010;
Sedlar & Tjernström, 2009; Sedlar et al., 2012).

Low-level temperature inversions (i.e., increase of temperature with altitude; Oke, 1987) are frequent year
round in the Arctic but dominant in winter (Bintanja et al., 2011; Devasthale et al., 2010; Marshall et al.,
2007; Serreze et al., 1992). Inversions can have complex effects on the Arctic surface energy budget, depend-
ing on their structure, coincidence with clouds, and seasonality. Wintertime inversions intensify Arctic ampli-
fication, because the ability of the clear-sky atmosphere to cool to space decreases with inversion strength.
(Bintanja et al., 2011; Lesins et al., 2012). Summertime inversions can have contrasting temperature and radia-
tive effects and have been observed to reduce glacier ablation as well as cause episodes of intense sea ice
melt (Chutko & Lamoureux, 2009; Mernild & Liston, 2010). In the Arctic melt season, inversions with an ele-
vated base are most common over the Arctic Ocean and coastal areas (Kahl, 1990; Kahl et al., 1992, 1996)
and mainly originate from subsidence or advection processes (Busch et al., 1982). Surface-based inversions
can also occur and usually result from ice and snow melt (Kahl et al., 1992; Miller et al., 2013). Surface turbu-
lence, precipitation, topography, warm-air advection, and the presence of low-level clouds and fog can all
influence temperature inversion characteristics (Bourne et al., 2010; Bradley et al., 1992; Hudson & Brandt,
2005; Kahl, 1990; Mernild & Liston, 2010; Miller et al., 2013; Serreze et al., 1992). Of these, the interaction
between inversions and low-level clouds is the least studied.

Low stratiform clouds are the most common cloud type during the Arctic melt season and significantly influ-
ence the surface energy budget (Curry et al., 2000; Eastman &Warren, 2010; Klein & Hartmann, 1993). Among
these clouds, Arctic sea fog (visibility lower than 1 km, National Oceanic and Atmospheric Administration,
1995) occurs often (Alt, 1979; Hanesiak & Wang, 2005; Nilsson & Bigg, 1996; Rae, 1951; Sotiropoulou et al.,
2016; Svendsen et al., 2002). Sea breeze may advect fog onto coastal areas, where it becomes capped by
warm continental air, creating strong stability conditions (Alt, 1979; Cappelen, 2015; Lewis et al., 2003;
Mernild et al., 2008). The high reflectivity of low clouds and fog cools the surface while their emissivity warms
the surface. The net effect is usually a warming of the surface, although this depends on the droplet size,
liquid water path, surface albedo, and the solar zenith angle (Mauritsen et al., 2011; Nardino & Georgiadis,
2003; Shupe & Intrieri, 2004). Over the Greenland ice sheet, liquid-bearing low-level clouds are attributed
to enhance mass loss over the accumulation zone (Bennartz et al., 2013; Miller et al., 2015; Van Tricht et al.,
2016), while over low-albedo zones of the ablation area they may suppress melt (Hofer et al., 2017; Wang
et al., 2016).

The Integrated Global Radiosonde Archive (IGRA, Durre et al., 2006) has been widely used to study tempera-
ture inversions in the Arctic (e.g., Bradley et al., 1992; Chutko & Lamoureux, 2009; Fochesatto, 2015; Kahl,
1990; Serreze et al., 1992; Zhang et al., 2011). While IGRA-derived temperature and humidity profiles have
been used to study Arctic low-level stratiform cloud and fog macrophysical structure (e.g., Dorman et al.,
2017; Nygård et al., 2014), the thermodynamic structure of these clouds has mostly been investigated
from ship campaign measurements (Sedlar et al., 2012; Sedlar & Tjernström, 2009; Shupe et al., 2013;
Sotiropoulou et al., 2014) and only recently from archived radiosonde observations (Gilson et al., 2018).
Two fog-top retrieval techniques from temperature profiles have been documented to date: the mixing ratio
method (MRM, Bauer & Howlett, 1995) and the temperature convergence method (TCM; e.g., Román-Cascón
et al., 2015). The MRM uses the intersection of the average mixing ratio between the bottom and top of the
inversion with the dry-bulb temperature curve to calculate fog-top height (FTH) and is presented for applica-
tion to radiation fog with a surface-based inversion (Bauer & Howlett, 1995). The MRM has not been applied
to sea fog or fog with an elevated inversion, both of which frequently occur during the Arctic melt season
(Kahl, 1990; Kahl et al., 1992; Serreze et al., 1992). In the TCM, fog top is estimated from the height of the cap-
ping inversion or from the first layer where the thermal profile is near neutral or unstable. The TCM cannot be
applied to shallow fog or fog with a surface-based inversion and, in addition, requires either high vertical-
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resolution or high temporal-resolution profiles (Román-Cascón et al.,
2015). Several other techniques have been proposed to retrieve cloud
base, top, and thickness from low- and high-resolution radiosonde profiles
(e.g., Chernykh & Eskridge, 1996; Minnis et al., 2005; Poore et al., 1995;
Wang & Rossow, 1995; Zhang et al., 2010, 2013). These techniques use
dew point depression thresholds or variations in relative humidity (RH)
but disregard fog and do not perform well over Arctic locations (Jin
et al., 2007; Zhang et al., 2013). Development of a cloud top height detec-
tion method from radiosondes for Arctic fog or low stratiform clouds spe-
cifically would therefore fill an important scientific gap.

In this paper, we quantify lower tropospheric inversion characteristics dur-
ing fog and nonfog weather conditions in the Arctic. To achieve this goal, a
novel dew point depression method (DDM) to retrieve FTH from IGRA low-
resolution radiosonde observations is introduced and applied to the per-
iod 1980–2016 at three east Greenland synoptic weather station locations
with fog observations. Verification of our results and methods used
include (i) a sensitivity analysis of the dew point depression threshold, (ii)
a comparison of the DDM to the established MRM (Bauer & Howlett,
1995), and (iii) a comparison of IGRA cloud top and fog-top retrievals to
those from collocated Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO).

2. Study Site

Three radiosonde stations associated with World Meteorological
Organization (WMO) synoptic weather stations were selected along
the east coast of Greenland (Figure 1), where fog is most prevalent in
summer (Cappelen, 2015). These stations are operated by the Danish
Meteorological Institute (DMI) and are part of the IGRA (network portal:

https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-archive, Durre et al.,
2006). The climate zone type ranges from low Arctic, with seasonal sea ice and a strong diurnal solar cycle
(Tasiilaq: WMO ID 4360, 54 m above sea level, asl, 65.61°N, 37.64°W), to high Arctic, with year-round sea ice
concentrations above 80%, 24-hr daylight, and a dominance of low clouds and fog (Ittoqqortoormiit: WMO
ID 4339, 70 m asl, 70.48°N, 21.95°W; Danmarkshavn: WMO ID 4320, 11 m asl, 76.77°N, 18.67°W) (Cappelen
et al., 2001; Circumpolar Arctic Vegetation Map, 2003; Vinje, 2001). The climate at Tasiilaq is strongly influ-
enced by the presence of the Icelandic Low and the warm Irminger Current as well as the passage of cyclones,
which generally result in optically thicker clouds compared to more northern locations (Cappelen, 2015;
Hanna & Cappelen, 2003; Van Tricht et al., 2016).

3. Data and Methodology
3.1. Temperature Inversions
3.1.1. Upper-Air Observations From IGRA Radiosonde Data
The analysis of radiosonde data in this work is restricted to the period 1980–2016 in order to remove data
inhomogeneity due to major changes in sonde type, radiation correction, and station relocations
(Antikainen et al., 2002; Durre & Yin, 2008). In addition, only the Arctic melt season months of May to
August are considered (hereafter referred to as summer), when two thirds to three quarters of annual fog
occurs in east Greenland (Cappelen et al., 2001; Gueye, 2014). Radiosonde data were acquired through the
quality-controlled IGRA network. Launch times were either at 1100 and 2300 UTC or at 1200 and 0000
UTC. Each radiosonde records temperature, humidity, atmospheric pressure, and wind speed and direction.
Soundings contain data at mandatory pressure levels (1000, 925, 850, 700, 500 hPa, etc.) and at additional sig-
nificant thermodynamic levels capturing all slope breaks in temperature and humidity profiles betweenman-
datory levels (Durre et al., 2006). We restrict our data analysis to below the 700-hPa pressure level or
approximately below 3,000 m asl. Between 1980 and 2016 there has been an alternate use of Vaisala sonde
types RS18/21 (until early 1980s), RS80, RS90, and RS92, which have an accuracy of 1 hPa-, 0.5 K-, 5% RH-, and

Figure 1. Location of radiosonde stations along the coast of east Greenland:
Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), and Tasiilaq (TASI). The
September sea-ice extent represents the median minimum seasonal extent
(http://nsidc.org/data/nsidc-0051). Land ice extent is mapped by combining
the Randolph Glacier Inventory (Pfeffer et al., 2014) with the hydrologic
outlets of the Greenland ice sheet (Lewis & Smith, 2009).
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25-m derived resolution for calculated geopotential height (Vaisala, 2017). We did not apply a correction for
the temperature sensor response time, but given a response time of <0.4 s and a balloon ascent rate of
5 m s�1 (Vaisala, 2017), the error in calculated height due to the response time is always <2 m, which is an
order of magnitude smaller than the uncertainty in derived measurements of geopotential height.
3.1.2. Radiosonde Analysis Methodology
IGRA variables used for the analysis of temperature inversions include dry-bulb temperature (T in kelvin, con-
verted to degree Celsius), atmospheric pressure (P in hectopascal), and geopotential height that is only
reported at mandatory pressure levels (Z in meter). IGRA computes the thickness of the layer ΔZL between
level i of reported Z and level i + 1 of unknown Z via the hydrostatic balance formula, which requires knowl-
edge of T and P at levels i and i + 1:

ΔZL ¼ R
g

Ti þ Tiþ1

2

� �
ln

Pi
Piþ1

; (1)

where R is the ideal gas constant (287 J·K�1·kg�1) and g is the gravitational acceleration (9.81 m s�2, Durre &
Yin, 2008). Throughout this analysis calculated Z will be used only. Surface wind speed (ws in meter per
second) at the first sounding level will be used to analyze its effect on inversion characteristics. Soundings
with fewer than five levels below the 700-hPa level in T profiles are discarded, as these are considered unreli-
able for the analysis of low tropospheric inversions (Kahl et al., 1992).

Low tropospheric temperature inversions are characterized on the basis of their base height (Zbase), top
height (Ztop), depth (ΔZ), and intensity (ΔT) using the method from Kahl (1990). Zbase is determined as the first
level where T starts to increase with height. The inversion is classified as a surface-based inversion when Zbase
is at ground level and as a low-level inversion when Zbase is elevated but below the 700-hPa pressure level
(Kahl et al., 1992). Ztop is the altitude above the ground level at which T starts to decrease with height above
Zbase. As recommended by Kahl (1990) and Zhang and Seidel (2011), thin layers (< 100 m) of positive tem-
perature lapse rates between two inversion layers are considered to be part of the same inversion layer.
Multilayered inversions in high vertical resolution profiles could be calculated using methods from
Fochesatto (2015), but these were not applied here. Ultimately, ΔZ is obtained by subtracting Zbase from
Ztop, and ΔT is calculated as the difference in T between Ztop and Zbase.

3.2. Fog, Cloud Cover, and Wind
3.2.1. Surface Observations of Fog and Cloud Cover From Synoptic Weather Stations
Fog conditions are extracted from a combination of archived present weather (ww) and visibility (vv) data
provided by DMI for the three WMO synoptic weather stations. Manual observations were made every 3 hr
starting at 0000 UTC until the early 2000s, when observations became automated and reported hourly
(Bødtker, 2003). The manual and automated ww and vv fog and visibility codes used here are from tables
4677, 4680, 0, 20, 003, and 4377 of World Meteorological Organization (1995). Automated ww and vv obser-
vations are currently reported using a forward scatter FD12P Vaisala Present Weather Sensor, with a
Meteorological Optical Range accuracy of ±10% (C. Nehring, personal communication, 2016). We restrict
our analysis to summer liquid or supercooled fog (surface T from radiosondes > �10 °C: Petterssen, 1956),
which represents >95% of summer fog observations in this region (Gilson, 2018).

For the analysis of the general effects of clouds other than fog on temperature inversion characteristics, we
use DMI cloud cover fraction data (Cappelen, 2015). We distinguish three cloud cover categories: (1) clear-sky
conditions (0 okta), (2) few and scattered clouds (1–4 oktas), and (3) broken and overcast conditions (5–8
oktas). Neither cloud type nor cloud altitude is available from DMI files, but given that low-level clouds are
dominant in Arctic coastal regions in summer (Eastman & Warren, 2010; Key et al., 2004; Klein & Hartmann,
1993) we assume that cloud cover fraction, especially when broken to overcast, is mainly representative of
low-level cloud conditions.
3.2.2. FTH Calculation From IGRA Soundings
From all IGRA summer soundings over the period 1980–2016, profiles coincident with fog were retrieved
based on the combined analysis of synoptic fog observations (ww and vv) from DMI archived data and the
dew point depression (Tdd) data available in IGRA files. Soundings with fewer than five levels in Tdd profiles
below the 700-hPa level were excluded. Because of the combined use of manned and automated synoptic
ww and vv observations in this analysis, some soundings correspond to ground observations (0000 UTC

10.1029/2018JD028886Journal of Geophysical Research: Atmospheres

GILSON ET AL. 9574



and 1200 UTC: soundings before automation and all soundings after automation) while others do not (1100
UTC and 2300 UTC: soundings before automation).

Based on Tdd, ww, vv, and the time lag between ground and upper-air observations, three sounding cate-
gories, including two categories of fog (fog conditions), were defined for this analysis.

1. Real fog: soundings corresponding to synoptic fog observations at the station with vv < 1 km or occur-
ring at sounding times between two consecutive synoptic fog observations at the station with vv< 1 km.
Real-fog soundings were additionally restricted to a surface dew point depression of Tdds ≤ 1 °C, a
common value for saturation of advection fog (Koračin et al., 2014). This restriction captures almost all
synoptic real-fog observations at Tasiilaq and Danmarkshavn and about 75% of fog observations at
Ittoqqortoormiit (Gilson et al., 2018, Figure 2). By extension, saturation will be defined in this paper as
Tdd ≤ 1 °C. It corresponds to a RH with respect to water >93% (Hardy, 1998).

2. Marginal fog: soundings corresponding to ww codes of fog in patches, fog from a distance, shallow fog
<2m above ground level (agl, cf. Croft et al., 1997), or, in the case of soundings not coincident with synop-
tic observations, real fog either immediately before or after the balloon launch, but not both. For marginal
fog no threshold was set for Tdds or vv given the thin, patchy, or noncontinuous nature of the fog that
suggests that the radiosonde data may not coincide with the fog occurrence in either time or space.

3. Nonfog: soundings during all other weather conditions during summer.

For both real and marginal fog, soundings that were not coincident in time with synoptic fog observations
represented 50–70% of analyzed upper-air observations over the study period (1980–2016).

Fog-top pressure (FTP) and FTH for real fog were computed with a method based on IGRA’s Tdd profiles,
which will hereafter be referred to as the DDM (see Figure 2). First, the pressure of the uppermost saturated
sounding level (Psat), with Tdd ≤ 1 °C, corresponding to the geopotential height Zsat is determined as the
uppermost level above a continuous saturated layer (Figure 2, gray shading). FTP is the level where
Tdd = 1 °C. Tdd at Psat is either 1 °C (Cases 1a and 1b) or < 1 °C (Case 2). In Case 1a, Psat is at ground level
and Tdd = 1 °C. Here FTP is at the ground level, and FTH is the geopotential height at the ground level (Z0).
In Case 1b, Psat is above the surface and Tdd = 1 °C. Here fog is delimited by at least two saturated sounding
levels, and FTH corresponds to Zsat. In Case 2, Psat is elevated and Tdd < 1 °C. The pressure difference (ΔP)

Figure 2. Dew point depression method (DDM) of determining fog-top pressure (FTP) and fog-top height (FTH) from dew
point depression Tdd on a schematic Skew-T Log-P diagram. The solid black curve is the dry-bulb temperature T, and the
dashed blue curve is the dew point temperature (Td = T � Tdd). The uppermost saturated pressure level Psat (red dot)
corresponds to a geopotential height Zsat and is determined as the uppermost level above a continuous saturated layer
(gray shading) where Tdd ≤ 1 °C. FTP is the level where Tdd = 1 °C. Nsat is the number of saturated levels between the surface
pressure P0 and Psat.
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between Psat and FTP is determined geometrically on the Skew-T Log-P
diagram by linear interpolation at 0.1-hPa intervals between Psat and the
next subsaturated level aloft (Psat + 1), until Tdd = 1 °C. In this case, FTH is
the sum of Zsat (from IGRA data files) and the calculated saturated thick-
ness above that level, which is obtained from amodification of equation (1)
under the assumption of hydrostatic balance and linear variation of T and
Td between two consecutive sounding levels. Thus, FTH for Case 2 is
calculated as follows:

FTH ¼ Zsat þ R
g

T sat þ FTT
2

� �
ln
Psat
FTP

; (2)

where FTH and Zsat are in m asl, R is 287 J·K�1·kg�1, g is 9.81 m s�2, tem-
peratures at Psat (Tsat) and at the fog top (FTT) are in K, and Psat and FTP
are in hectopascal.

The DDM was used instead of the established MRM (Bauer & Howlett,
1995) because of the inability of the MRM to calculate FTH in cases of
negative Td gradients above one single saturated sounding level (FTH
below Zbase). These occur in up to 57% of radiosonde profiles with fog over
east Greenland (Gilson et al., 2018). A comparative analysis of the DMM
and MRM is presented in section 5.1.

Inversion characteristics during fog conditions were calculated using the
method explained in section 3.1.2 for all-weather cases, with one excep-
tion: when a secondary weak inversion was present inside a fog layer
below the main capping inversion (occurring in <3% of soundings), the
inversion characteristics of that capping inversion were retained. Zbase,
ΔZ, and ΔT were analyzed for all real, marginal and nonfog soundings. In
addition, for a better understanding of regional differences of inversion
characteristics during fog conditions, statistics for Zbase, ΔZ, and ΔT were
computed for two categories of wind speed (< 5 and ≥ 5 m s�1) for

all-weather, real-fog, and nonfog conditions (see section 4.1.2). We statistically analyzed the significance of
differences in Zbase, Ztop, ΔZ, and ΔT among all-weather, nonfog, and fog conditions, as well as the FTH
among the three stations using the nonparametric Wilcoxon Rank Sum and the combined Kruskal-Wallis
and Tukey’s Honest Significant Difference tests at the 99% confidence level.
3.2.3. Fog and Low Clouds From CALIPSO
IGRA-derived FTH were compared to an independent cloud altitude data set from the CALIPSO Level 2 cloud
layer product at 1 km along-track resolution (CAL_LID_L2_01kmCLay-Standard_V4–10 from https://www-
calipso.larc.nasa.gov/). CALIPSO provides vertical profiles of aerosols and clouds with a vertical resolution
of 30 m (Winker et al., 2009) and has been found to accurately capture fog frequency and spatial distribution
when no upper clouds are present (Cermak, 2016; Kawai et al., 2015).

We selected CALIPSO tracks and times that coincide closest to the three radiosonde locations and launch
times. For Tasiilaq the closest CALIPSO track timing is >3 hr earlier or later than its radiosonde launches,
and we therefore exclude this station from our comparison. Danmarkshavn and Ittoqqortoormiit have the
nearest CALIPSO track lines at 1230 UTC and 1330 UTC, respectively, which is approximately coincident with
their 1200 UTC radiosonde balloon launches. For these two stations, three or four grid points on the nearest
CALIPSO tracks (Figure 3) were selected to account for spatial variability in fog thickness. Although
Danmarkshavn’s nearest track line point is only 2 km north of the station (Figure 3a, point 4), the coastal
mountainous topography can affect FTH, and we therefore also extracted the nearest three coastal grid
points, approximately 8 km east of the station (Figure 3a, points 1–3). The nearest optimal track line to
Ittoqqortoormiit passes 28 km to the southwest over the wide fjord Scoresby Sund, from which three coastal
grid points were selected (Figure 3b, points 1–3). For each of the 16-day repeat tracks between April and
October 2006–2016, all corresponding IGRA radiosonde profiles and DMI ww data were checked for fog
occurrence so as to cover all liquid fog in the early to late melt season (cf. Gilson, 2018). Thin fog

Figure 3. Schematic representation of selected grid points (yellow dots)
from the optimal CALIPSO track line (yellow line) in the vicinity of (a)
Danmarkshavn (DANM) and (b) Ittoqqortoormiit (ITTO). Grid points 1–3 are
the nearest coastal locations on a CALIPSO track to each IGRA station (8 and
28 km, respectively). Grid point 4 in Figure 3a is the nearest CALIPSO point on
land, 2 km north of Danmarkshavn. IGRA = Integrated Global Radiosonde
Archive; CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation.

10.1029/2018JD028886Journal of Geophysical Research: Atmospheres

GILSON ET AL. 9576

https://www-calipso.larc.nasa.gov
https://www-calipso.larc.nasa.gov


(FTH < 100 m asl) was excluded due to its spatial and temporal variability. Since only four fog observations
correspond to the CALIPSO timing, we expanded our comparison analysis to include cloud top heights from
low stratiform clouds without precipitation. Fog and cloud top heights were extracted using the maximum
altitude of the lowermost cloud level in the CALIPSO Level 2 cloud layer product.

4. Results and Interpretation
4.1. Temperature Inversion Characteristics
4.1.1. All-Weather Conditions
In total, 7,786 summer soundings were retrieved and analyzed for Tasiilaq, 7,271 for Danmarkshavn, and
7,453 for Ittoqqortoormiit. Lower tropospheric inversions occur in 84% of soundings at Tasiilaq, 91% of
soundings at Danmarkshavn, and 95% of soundings at Ittoqqortoormiit. Most inversions are elevated, with
frequencies ranging from 69% at Tasiilaq to 79% at Ittoqqortoormiit. Median inversion-base altitudes
(Zbase) are highest at Tasiilaq (164 m asl) and lowest at Ittoqqortoormiit (129 m asl) compared to
Danmarkshavn (149 m asl; p < 10�3, Figure 4a). Median inversion depths (ΔZ) range from 225 to 249 m
(Figure 4b) and are significantly lower over Tasiilaq compared to the other two stations (p < 10�8).
Inversion intensities (ΔT) are significantly different among all stations, with Ittoqqortoormiit and
Tasiilaq exhibiting the highest (ΔT = 2.6 °C) and lowest (ΔT = 1.6 °C) median values, respectively
(Figure 4c, p < 10�9).

Over the period 1980–2016, no linear trend occurs in ΔT, but median Zbase decreased over Danmarkshavn
and Ittoqqortoormiit by 98 and 115 m (adjusted R2 = 0.17–0.22; p < 0.01) and median ΔZ decreased over
all stations by 109–124 m (adjusted R2 = 0.11–0.32; p < 0.05). Conversely, 1981–2015 summer ERA-Interim
reanalysis data over Ittoqqortoormiit present a positive trend in surface-based inversion ΔT and no trend
in surface-based inversion ΔZ (Palarz et al., 2018). Without homogenization of our IGRA data sets (e.g.,
Haimberger, 2007; Lanzante, 1996), which is beyond the scope of this paper, we cannot determine whether
our apparent trends are due to actual changes in inversion characteristics or because of the gradual increase
in significant sounding levels since 1980 (Antikainen et al., 2002; Durre & Yin, 2008; Gilson, 2018).
4.1.2. Fog Conditions
Real fog occurs with a lower tropospheric inversion over 99% of the time, with 84–86% of real-fog cases cor-
responding to low-level inversions. Inversion characteristics during real fog, marginal fog, and nonfog

Figure 4. Inversion characteristics for summers of 1980–2016 during all-weather conditions for Danmarkshavn (D),
Ittoqqortoormiit (I), and Tasiilaq (T). Box-and-whisker plots show the median (horizontal line), lower and upper quartiles
(bottom and top of box), and 5th and 95th percentiles (range) for (a) inversion base (Zbase), with ground elevation (light
gray shading below boxes), (b) inversion depth (ΔZ), and (c) inversion intensity (ΔT).
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conditions are shown in Figure 5. At each station these include about 150, 800, and 5,000 observations, for
each fog condition, respectively. Median Zbase altitudes during real fog are at 176–200 m asl (Figure 5a).
Even though they appear marginally higher under fog conditions, no significant difference transpires
among real-fog, nonfog, or marginal fog conditions (p = 0.05–0.19), nor among stations. Median ΔZ during
marginal and real fog are 335–357 m and similar at all stations, but inversions are deeper during fog
conditions than during nonfog conditions (by 111–126 m on average, p < 10�10, Figure 5b). At all stations
inversions are stronger during real fog than during nonfog conditions (Figure 5c, p < 10�9), but at
Danmarkshavn and Tasiilaq they are also stronger than during marginal fog (p < 10�2). During nonfog
conditions, inversions are strongest at Ittoqqortoormiit (median = 2.3 °C, p < 10�9) and weakest at Tasiilaq

Figure 5. Inversion characteristics for summers of 1980–2016 during nonfog (NF), marginal fog (MF), and real-fog (F) con-
ditions over Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), and Tasiilaq (TASI). Box-and-whisker plots are for (a) inversion
base (Zbase), with ground elevation (light gray shading below boxes) and median fog thickness above ground (dark
gray shading, see section 4.2), (b) inversion depth (ΔZ), and (c) inversion intensity (ΔT).
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(median = 1.4 °C, p< 10�7). Under marginal fog conditions, inversions are weakest at Tasiilaq (median = 3 °C,
p < 10�7) but do not differ significantly between Ittoqqortoormiit and Danmarkshavn (medians = 4.1 and
4.2 °C, respectively, p = 1). Inversions are weaker during real-fog conditions at Tasiilaq than at
Danmarkshavn (median ΔT = 3.8 °C versus 5.5 °C, p < 10�5), while Ittoqqortoormiit is intermediate, though
not significant (median ΔT = 4.9 °C, p range = 0.05–0.09). The largest differences in ΔT and ΔZ between
fog and nonfog conditions occur at Danmarkshavn.

Inversion characteristics during nonfog conditions under different categories of wind speed (ws) and cloud
cover fraction are presented in Figure 6. These statistics include over 1,000 observations for all cloud and
wind speed categories, except for ws > 5 m s�1 at Tasiilaq where n = 279. Only results for nonfog conditions
are shown because these results are nearly identical to those for all-weather conditions, and because fog in
East Greenland typically occurs atws< 5 m s�1 (Gilson, 2018), and fog prevents observers frommaking cloud
observations. At all stations, Zbase is the highest under broken-overcast conditions (Figure 6a, p < 10�9). The
median difference ranges from 100 to 306 m, with the highest inversion base at highest latitudes. At
Ittoqqortoormiit and Tasiilaq inversions are weaker under cloudy conditions (median ΔT = 0.6 °C) than during
clear-sky conditions (median ΔT = 1.6 °C, p < 10�9), but this difference is not observed at Danmarkshavn
(Figure 6c). Low ws is associated with stronger (up to 1.2 °C on average, p < 0.01; Figure 6f) and deeper
(30–61 m, p < 10�5; Figure 6e) inversions over all stations. Increased ws significantly elevates Zbase over
Ittoqqortoormiit and Tasiilaq (p < 10�6) but not over Danmarkshavn (Figure 6d). These conclusions remain
unchanged when grouping ws into three classes (< 5, 5–10, >10 m s�1, not shown) instead of two. During
fog, however, inversion characteristics do not differ between low or high ws conditions (not shown). Biases
in this statistical analysis may exist due to the unequal sample sizes between the two distributions because
ws above 5 m s�1 is not common during fog.

4.2. FTH and the Inversion Layer

Median summer-averaged FTH is at 123, 145, and 182 m asl over Tasiilaq, Ittoqqortoormiit, and
Danmarkshavn, respectively (Figure 7). Fog thickness (FTHminus station elevation) is significantly higher over
Danmarkshavn (p < 0.01), but FTH does not differ from the other two stations. Danmarkshavn is character-
ized by significant differences between early (May–June) and late (July–August) melt season (p = 0.0031),
with a median late melt season FTH at 220 m asl (not shown). At Danmarkshavn, median summer-averaged
FTH extends slightly above the median Zbase; in the late melt season, fog penetrates the inversion layer by on

Figure 6. Box-and-whisker plots for inversion base (Zbase), inversion depth (ΔZ), and inversion intensity (ΔT) during nonfog
weather conditions for (a–c) cloud cover classes (clr, clear sky; few-sct, few and scattered clouds; bkn-ovc, broken and
overcast) and (d–f) wind speed categories (ws). DANM = Danmarkshavn; ITTO = Ittoqqortoormiit; TASI = Tasiilaq.
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average 47 m. In contrast, the median FTH is below the median Zbase at Ittoqqortoormiit and Tasiilaq. This
coincides with thermodynamic classification results presented in Gilson et al. (2018). There is no significant
linear trend in FTH between 1980 and 2016.

5. Discussion
5.1. Sensitivity Analysis of FTH Calculation

The DDM for calculation of FTH presented in this paper uses a dew point depression (Tdd) threshold of 1 °C to
determine air parcel saturation and the presence of fog. Even though this threshold is commonly reported for
liquid fog over midlatitude locations (e.g., Kim & Yum, 2010; Koračin et al., 2014; Meyer & Rao, 1999), it is smal-
ler than thresholds traditionally used for cloud detection at subzero temperatures (Poore et al., 1995). In this
section we verify the FTH calculations through a comparison with the MRM (Bauer & Howlett, 1995) using a
Tdd threshold of 1 ± 0.5 °C and through a sensitivity analysis using a range of Tdd threshold values between 0.5
and 1.5 °C.

The MRM does not explicitly require knowledge of Tdd because it was developed to be applicable to radia-
tion fog with a surface-based inversion (Bauer & Howlett, 1995). However, knowledge of the saturation at
Zbase is necessary to apply this method to fog with a low-level inversion. The comparison between the
DDM and the MRM was therefore performed using three Tdd thresholds (0.5, 1, and 1.5 °C), and on soundings
with at least two saturated sounding levels (Tdd ≤ Tdd threshold) or with one saturated level and a positive
dew point temperature gradient immediately above that level. Results for Danmarkshavn are displayed in
Figure 8a. There is a systematic tendency of the DDM to lead to higher FTH values compared to the MRM
(13- to 20-m higher on average). Even though this difference appears more pronounced at higher Tdd thresh-
olds, it is not statistically significant at the 99% confidence level and, moreover, is lower than the vertical
accuracy of the calculated geopotential height (25 m). Despite the fact that DDM and MRM give consistent
results for vertically extensive fog, it is unsure how accurate either method is for FTH calculation of thin fog
(< 100 m agl). Although high-resolution radiosondes can detect shallow fog thicker than 10 m, low-
resolution radiosondes have limited capability to detect fog or clouds thinner than a few tens of meters

Figure 7. Fog-top height (box-and-whisker plots) and median inversion layer (dark gray shading) over Danmarkshavn
(DANM, n = 175), Ittoqqortoormiit (ITTO, n = 105), and Tasiilaq (TASI, n = 111) for summers of 1980–2016. The light gray
shading below the boxes is the ground elevation.
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(Dorman et al., 2017; Zhang et al., 2010). Some thin fog retrieved in this
analysis has a thickness < 5 m, which is lower than the accuracy for geo-
potential height. Moreover, DMI reports invisible sky at the time of these
observations, further suggesting an underestimation of the calculated
FTH in the case of thin fog.

The sensitivity of the DDM to varying Tdd thresholds was analyzed for Tdd
ranging from 0.5 to 1.5 °C and for soundings with a surface Tdds ≤ 0.5 °C
(Figure 8b). Results show that FTH increases with a larger Tdd threshold,
where differences between medians are 30–80 m when the Tdd threshold
is changed by only 0.5 °C (which is also the uncertainty in T measure-
ments). The average error induced by the choice of Tdd threshold is there-
fore approximately 50 m. Together with the uncertainty in the calculated
geopotential height (25 m), this represents an estimated cumulative error

in calculated FTH of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
502 þ 252

p
= 56 m. The uncertainty linked to the

choice of Tdd threshold is larger when FTH is lower because shallow fog
is usually determined by only one saturated sounding level. Our interpola-
tion algorithm might have limited capability to accurately calculate FTH of
shallow fog, particularly fog restricted to the mixed layer, because
neglecting hydrostatic balance terms at the local scale can result in the
underestimation of FTH. The choice of the Tdd threshold, however, does
not change the overall conclusions of this study since Danmarkshavn
always has the highest FTH values, followed by Ittoqqortoormiit and
Tasiilaq (Figure 8b). Nevertheless, the large differences in FTH under a
same Tdd threshold indicate that the choice of an accurate Tdd threshold
is the most crucial parameter for precise FTH calculation. Over Arctic
locations, we recommend to calibrate Tdd threshold relative to surface
observations to avoid underestimation (Tdd threshold too low) or overesti-
mation of FTH (Tdd threshold too high).

5.2. Comparison of FTH With CALIPSO-Derived Cloud Top Height

A total of 149 and 146 CALIPSO tracks were analyzed in the vicinity of Ittoqqortoormiit and
Danmarkshavn, respectively, for the melt seasons of 2006–2016. From these, four fog and six low stratus
cases were identified for comparison between IGRA and CALIPSO data sets (Table 1). In the very rare cases
were Z was reported, it was within 5 m of calculated Z. Four cases (#1, #4, #5, and #8) have cloud top

height values within the cumulative error range (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
302 þ 252

p
= 39 m), or for very thick fog within 10%

(#4), and in addition have the same number of cloud layers (good agreement). For cases #2, #3, #6, #7,
and #9, both data sets identify the low cloud layer, although CALIPSO reports a cloud top height that
is 60–589 m lower. In some cases this may be due to spatial variability in the fog or cloud layers (reason-
able agreement). In one case (#10), CALIPSO does not report the lower cloud layer detected by IGRA,
which could be attributed to the attenuation of the signal by optically thick clouds aloft (Mace &
Zhang, 2014).

Overall, in spite of the spatial and temporal differences between CALIPSO and IGRA, FTH from IGRA via the
DDM is in reasonable to good agreement with CALIPSO retrievals for vertically extensive fog and low stratus,
under Tdd threshold = 1 °C. However, CALIPSO’s vertical resolution of 30 m and the considerable distance
between the IGRA station and nearest CALIPSO track line points prevent us from reliably verifying the
DDM method results for shallow fog (< 100 m agl) or to determine which method (DDM versus MRM) is
the most accurate to calculate FTH from radiosondes. Both methods are more suitable over Arctic locations
compared to methods using higher Tdd thresholds (Poore et al., 1995) or RH thresholds (Wang & Rossow,
1995; Wang et al., 1999; Zhang et al., 2010), and because the DDM and MRM interpolation algorithms are
more accurate than using half the distance between saturated and subsaturated sounding levels as the cloud
boundary (Wang & Rossow, 1995). Still, we suggest the use of the DDM instead of the MRM because the DDM
can be applied to any fog thermodynamic profile.

Figure 8. (a) Statistics of fog-top height (FTH) retrieved from IGRA files over
Danmarkshavn with the mixing ratio method (MRM, Bauer & Howlett, 1995)
and the dew point depression method (DMD, this study) for three dew
point depression (Tdd) thresholds (n= 72). (b) Median FTH over Danmarkshavn
(DANM), Ittoqqortoormiit (ITTO), and Tasiilaq (TASI) as a function of Tdd
threshold (DDM; n = 115, 74, 94). Standard deviations in Figure 8b are 165–
734 m, which is on the lower range of standard deviations in Figure 8a.
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5.3. Temperature Inversion Characteristics Comparison and Interpretation
5.3.1. All-Weather Conditions
Results from this study show that temperature inversions are frequent (> 85%) and mostly elevated over east
Greenland during the melt season. Overall, the frequency of temperature inversions over east Greenland
compares well with values reported with similar melt season low-resolution radiosonde observations over
the Arctic Ocean and the Russian Arctic (> 85%, Kahl et al., 1996; Serreze et al., 1992) but is generally higher
than over Arctic coastal sites in Canada, Eurasia, and Alaska, where inversions occur in >60% of soundings
(Kahl, 1990; Kahl et al., 1992; Serreze et al., 1992). The inversion frequency reported over Tasiilaq is the same
as obtained by Mernild and Liston (2010) from field measurements over summers 2005–2006 in front of a
valley glacier within 25 km of that station. These comparisons suggest that post-1980 IGRA sounding signifi-
cant levels are able to capture the frequency of low-tropospheric temperature inversions at Tasiilaq.

IGRA data display an increase in vertical resolution through time because major instrument changes affect
the number of significant levels (Antikainen et al., 2002; Durre & Yin, 2008). While only the post-1992 period
is considered to be sufficiently accurate for longitudinal analysis of inversions depth over Greenland (Box &

Table 1
Comparison of CALIPSO and IGRA Low Stratiform Cloud Top Heights Derived Using the DDM

Datea
CALIPSOb cloud top

height (m asl)
IGRA cloud top range from

calculated Zc (m asl)
IGRA inversion-base

height (m asl)
DMI wwd

11 UTC
DMI wwd

12 UTC
DMI/IGRA
cloud typee

Danmarkshavn
20/05/2016
#1

NA
411f

352f

382f

411–426f 411 110 100 Stratus with mist

05/08/2009
#2

-
113f

-
-

173–180f 38 34 30 Fog

Ittoqqortoormiit
03/07/2007
#3

178f

148f

-

737f 737 NA NA Stratus

05/07/2008
#4

1,190g

1,190g

2,747g

1,044–1,095f 618 NA NA Stratus

07/09/2008
#5

1,100f

1,071f

1,131f

964–1,013f 640 NA NA Fog

12/10/2009
#6

1,160g

1,101g

1,131f

1,351–1,355g 1351 NA NA Stratus

27/07/2010
#7

232g

262f

-

409–412f 351 NA 0 Stratus

27/05/2011
#8

352f

382f

412f

449–471f 449 80 0 Stratus

31/08/2011
#9

1,160g

1,190g

1,190g

1,363g 990 34 33 Fog

20/04/2015
#10

4,663f

4,693f

4,693f

454–457g 395 110 131 Stratus and fog

Note. NA is no data; - is no cloud top height detected. IGRA = Integrated Global Radiosonde Archive; CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation; DMI = Danish Meteorological Institute.
aObservation time IGRA 1200 UTC; CALIPSO 1230 UTC (Danmarkshavn) or 1330 UTC (Ittoqqortoormiit). bCALIPSO data retrieved from three or four grid points
(Figure 3). cZ is the geopotential height. dww is the present weather code. eCloud type from DMI (surface) and IGRA profiles (aloft). fOne cloud layer.
gTwo cloud layers.
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Cohen, 2006; Zhang et al., 2011) found that inversion depth and intensity records are also inhomogeneous
within that period. For the IGRA data set in east Greenland we found that the 1980–2016 period is mostly
homogeneous in terms of number of levels, and excluding the 1980–1992 time period from our analysis
did not alter the statistical results of the inversion characteristics presented here. We therefore proceed with
a comparison of inversion characteristics with other Arctic regions.

Inversion-base altitudes (Zbase) over east Greenland are within the lower range of values reported over
Alaskan sites (50–300 m agl, Kahl, 1990) but are much lower than those reported for the Canadian Arctic
where the range is 100–400 m agl (Kahl et al., 1992). Inversion-top heights (Ztop) are higher than values mea-
sured by Mernild and Liston (2010) near Tasiilaq (500 versus 300 m asl), even when comparing the same
years, suggesting either spatial variability or a limited vertical resolution of IGRA profiles. Similar to what
Zhang et al. (2011) found for annual surface-based inversions, inversion depths (ΔZ) for all summer inversions
are lower over southeast Greenland compared to northeast Greenland. Contrary to the hypothesis of Kahl
et al. (1992), cloud cover fraction does not impact ΔZ in coastal east Greenland. ΔZ values are similar to those
measured over the Arctic Ocean (150–350 m, Sotiropoulou et al., 2016) but are shallower than over
Eurasian/Russian (250–350 m, Serreze et al., 1992), Alaskan (300–500 m, Kahl, 1990), and most of the
Canadian Arctic sites (200–500 m, Kahl et al., 1992). Danmarkshavn has stronger inversions than Tasiilaq,
which is consistent with results obtained by Zhang et al. (2011) over east Greenland for surface-based inver-
sions. In addition, we highlight that Ittoqqortoormiit is characterized by even stronger inversions, which may
be due to the proximity of the cold waters of the Scoresby Sund (Sandell & Sandell, 1991). Inversion intensi-
ties (ΔT) over east Greenland are similar to those reported in Arctic Canada (1–3 °C, Kahl et al., 1992) and the
Eurasian-Russian coastal Arctic regions (2–3 °C, Serreze et al., 1992) but in the lower range of values measured
over the Arctic Ocean (2–4 °C, Sotiropoulou et al., 2016). Inversions are 2–3 times weaker than over Alaskan
Arctic sites (4–7 °C, Kahl, 1990).
5.3.2. Fog Conditions
Fog over east Greenland is commonly 200-m thick, which is comparable to geometrical thicknesses reported
for Arctic advection fog over the pack ice (Sotiropoulou et al., 2014, 2016; Tjernström et al., 2015) and
Antarctic coastal advection fog (Gajananda et al., 2007). Extreme fog events can reach an altitude of
700 m asl, which is comparable to cases of midlatitude marine fog (Gao et al., 2007; Huang et al., 2015; Liu
et al., 2016). At higher latitudes and during the late melt season, fog over east Greenland frequently resides
inside the inversion layer. This corroborates observations of fog originating from warm and moist advection
over melting ice surfaces (Sedlar et al., 2012; Sotiropoulou et al., 2016).

The presence of both fog and higher clouds tends to be associated with an elevated Zbase. However, fog and
clouds have a contrasting effect on ΔT: while clouds generally weaken the inversion due to increased down-
ward longwave radiation (Kahl, 1990), fog is associated with stronger inversions compared to nonfog condi-
tions. Median ΔT is similar whether fog is below, capped or inside the inversion layer (not shown), suggesting
an environmental control on lower-tropospheric stability conditions, which in turn favors fog formation. Fog
tends to be associated with more stable conditions because inversions efficiently trap moisture (e.g., Miller
et al., 2013). High ΔT during fog can also in part be due to low wind speeds, which are associated with stron-
ger inversions (Figure 6f). Similarly, the deeper inversions encountered during fog could be the result of calm
conditions that allow the inversion to develop and settle.

The apparent latitudinal gradient in ΔT during fog conditions can be due to local- and regional-scale envir-
onmental factors promoting fog formation. The weather in northern Greenland is dominated by a presence
of year-round sea ice, resulting in the persistence of fog and low-level clouds (Cappelen, 2015).
Danmarkshavn is therefore under the influence of distinctly different local boundary layer processes com-
pared to the other two stations. The strong thermal gradient between the cold ocean and a warmer land sur-
face creates stronger and more frequent sea breezes associated with fog at Danmarkshavn (Gilson, 2018),
which result in fog occurring throughout the day. At Tasiilaq fog is mostly restricted to morning hours
(Gueye, 2014). Summer fog in east Greenland is almost always associated with sea breezes, which are mostly
easterly surface wind directions at Danmarkshavn, southerly at Tasiilaq, and southwesterly at Ittoqqotoormiit
(Gilson, 2018). At the last station, fog originates from the Scoresby Sund fjord instead of the open ocean.
Gilson et al. (2018) found that east Greenland fog is generally associated with anticyclonic conditions and that
the most frequent vertically extensive fog at Danmarkshavn is associated with veering winds and the block-
ing of oceanic flow by a high-pressure system over the ice sheet. The presence of a high-pressure ridge over
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northeast and central Greenland contributes to establishing strong capping inversions by subsidence pro-
cesses (Ohmura & Reeh, 1991; Steffen & Box, 2001), which, in combination with strong sea breezes, promotes
the occurrence of fog (Koshiro & Shiotani, 2014; Miller et al., 2013). Finally, the lack of influence of cloud cover
on ΔT over Danmarkshavn compared to the southern stations could be due to regional differences in cloud
properties (e.g., Van Tricht et al., 2016).

6. Summary and Conclusions

Based on the combined analysis of surface synoptic weather data and twice-daily upper-air observations
from the IGRA, we presented melt-season inversion characteristics under fog, nonfog, and all-weather condi-
tions at three east Greenland coastal sites over the period 1980–2016. In addition, a novel and robust auto-
mated method, the DDM, was introduced and tested. It allows for the retrieval of predominantly liquid or
supercooled fog geometrical thickness from low-resolution IGRA radiosondes over any Arctic location.

Temperature inversions occur in >85% of east Greenland summer soundings and are generally elevated
(150 m asl) with a median inversion depth of 240 m and an inversion intensity of 2 °C. Retrieved FTH is com-
monly 150–200 m asl but can reach an altitude of 700 m asl. Fog frequently penetrates the elevated inversion
layer over coastal regions during the late melt season (see also Gilson et al., 2018). Compared to nonfog con-
ditions, fog occurs during stronger and deeper inversions. Low wind speed could in part explain these differ-
ences. At higher latitudes, fog is thicker and inversions are stronger during fog than during clear-sky or cloudy
conditions. We postulate that these regional differences are due to a combination of distinctly different
boundary layer and large-scale processes favoring fog formation.

FTH calculated with the DDM from IGRA and retrieved from CALIPSO cloud top product is in reasonable
agreement. These results suggest that FTH for vertically extensive fog (> 100 m) can be estimated reliably
by the DDM with a dew point depression threshold of 1 °C from IGRA’s low-resolution soundings.
However, changing this threshold by only 0.5 °C changes the median FTH by 30 to 80 m, leading to a cumu-
lative error of 56 m due to the choice of dew point depression threshold. Despite these uncertainties, the
DDM is more suitable to retrieve FTH over Arctic locations compared to current fog and cloud detection
methods from low-resolution radiosondes (Bauer & Howlett, 1995; Poore et al., 1995; Wang & Rossow,
1995; Wang et al., 1999).

The sensitivity of radiosonde sensors, and measurement practices and conditions at a station can impact
measured dew point depression during fog. The strength of the DDM introduced here is the required calibra-
tion of a dew point depression threshold using local WMO station surface observations, making it applicable
to any remote coastal Arctic (or Antarctic) WMO location where present weather, visibility, and upper-air mea-
surements exist together. The DDM can additionally be used to detect cloud base and top height from other
Arctic boundary layer clouds, such as the more common stratocumulus clouds. In conjunction with the ana-
lysis of temperature inversion characteristics, the retrieved geometrical cloud thickness would then allow for
quantification of the relationship between all Arctic low-level clouds and temperature inversions. These
results will contribute to a deeper understanding of low-level liquid-bearing Arctic stratiform cloud macro-
physics and, together with detailed inversion characteristics, will serve in improving Arctic surface energy bal-
ance, ice sheet, and regional atmospheric climatemodels (e.g., Marshall et al., 2007; Van Tricht et al., 2016; van
Wessem et al., 2018).
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