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ABSTRACT 
 

Arctic summer fog is a major transportation hazard and has implications for the 

cryospheric energy balance. In this thesis, the climatology and macrophysical properties 

of fog along the coast of East Greenland are explored, and local to mesoscale 

environmental conditions studied to explain regional differences. Using a combination of 

long-term synoptic weather observations and Integrated Global Radiosonde Archive data, 

novel automated methods were developed to classify liquid fog thermodynamic structure 

and calculate fog top elevation. Six fog types were identified; several of which could be 

associated with advection fog formation and dissipation processes. Temperature 

inversions during fog were deeper and stronger compared to non-fog conditions. At Low-

Arctic locations fog was geometrically thin and occurred below the temperature 

inversion. Fog was thicker in the High-Arctic, often penetrating the inversion layer. The 

radiosonde data analysis and automated methods presented are applicable to any synoptic 

Arctic weather station with present weather codes. 
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CHAPTER 1.    INTRODUCTION 
	

1.1 Motivation 
	

1.1.1 Importance of fog for humans and ecosystems 
	
	
Fog poses a major hazard for transportation because it reduces horizontal visibility and it 

is hard to forecast (Bendix, 1995). It is responsible for economic losses equivalent to 

those of hurricanes (Gultepe et al., 2007). In the Arctic, fog also impacts traffic safety, 

particularly affecting the aviation industry (Gultepe et al., 2014). Fog is associated with 

pollutant transportation, including sea salt and heavy metals that can be deleterious to 

human health, crops and ecosystems (Inoue et al 1997; Sträter et al., 2010). As a 

consequence, fog in urban areas is often associated with poor air quality (e.g. Meng et al., 

2010). Fog over land has decreased over the past decades, possibly due to the 

combination of global and regional increases in temperature and an increase in air quality 

(Klemm and Lin, 2016). Over the oceans, fog has become more frequent because warmer 

and ice-free oceans evaporate more water and, as dictated by the Clausius-Clapeyron 

equation, warmer air can contain more moisture (Kawai et al., 2016; Vihma et al., 2016). 

With the reduction in summer sea ice, fog is expected to increase over the Arctic seas 

(Palm et al., 2010; Vavrus et al., 2011), with direct impacts for the new sea routes such as 

the Northwest Passage. 

 

Despite these adverse effects, fog also has beneficial impacts on human communities and 

ecosystems in arid environments through its influence on the hydrological cycle. Fog has 
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both positive and negative influences on plant growth, especially in (semi-)arid regions 

including Polar regions (e.g. Gajanada et al., 2007). While photosynthesis is decreased 

due to lower shortwave radiation amounts, evapotranspiration is also reduced. Fog water 

can also be deposited on leaves and directly be absorbed by plants, providing both 

freshwater and essential nutrients (e.g. Lange, 2003). Fog therefore constitutes an 

important freshwater supply in semi-arid to arid environments, sometimes providing the 

majority of freshwater to flora (Desmet and Cowling, 1999; Garreaud et al., 2008; Hill et 

al., 2015), therefore also influencing higher trophic levels in these habitats. Additionally, 

some desert beetles have developed mechanisms to directly uptake fog water from the air 

(Guadarrama-Cetina et al., 2014). The beneficial ecological role of fog is not limited to 

arid regions at low latitudes. In coastal Polar regions also, fog can contribute to plant 

growth and metabolic activity (Billings and Peterson, 1992; Gajananda et al., 2007). The 

study of fog collection mechanisms in arid ecosystems has inspired humans to develop 

fog collectors for human use (e.g. Parker and Lawrence, 2001; Ju et al., 2013). Fog and 

dew are nowadays becoming important freshwater supplies for communities in semi-arid 

and arid regions around the world (e.g. LeBoeuf and de la Jara, 2014; Baguskas and Loik, 

2015; Fessehaye et al., 2017).  

	

1.1.2 Importance of fog for the cryosphere 
	
	
The Arctic has been receiving a lot of consideration because of its vulnerability to climate 

change and implications for global climate (e.g. IPCC, 2013; AMAP, 2017). The 

enhanced warming of the Arctic, or Arctic Amplification, has resulted in recent increases 

in temperature at twice the rate of the global average and is driven by a variety of climatic 
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feedbacks (Serreze and Barry, 2011; Pithan and Mauritsen, 2014; AMAP, 2017). 

Although Arctic clouds are an important climate feedback, cloud-feedback does not 

constitute a first-order control on Arctic Amplification (e.g. Kay et al., 2016). However, 

fog and low clouds do play a major role in the Arctic surface energy budget, particularly 

on the cryospheric components, through their influence on the surface energy balance 

(Klein and Hartmann, 1993; Curry et al., 2000; Eastman and Warren, 2010; Cesana et al., 

2012). The energy available for glacier and sea ice, firn and snow melt QM (in W m-2) is 

calculated with the surface energy balance equation: 

	
													 ,                   (Equation 1-1) 

where SWin is the incoming shortwave radiation, SWout the reflected shortwave radiation, 

LWin the incoming longwave radiation, LWout the outgoing longwave radiation, SHF the 

sensible heat flux, LHF the latent heat flux and Gs the subsurface heat flux (usually 

negligible on glaciers: Hock, 2005). For glaciological applications, fluxes are positive 

when directed towards the glacier surface, while for meteorological applications the 

convention is reversed. If QM is negative, there is a net loss (gain) of energy from the 

surface (atmosphere), whereas if QM  is positive and ice, firn, or snow temperature has 

been raised to the melting point, glacier melt can occur and there is a net loss of energy 

from the atmosphere.  

	

Fog is often associated with temperature inversions (i.e. increase of temperature with 

elevation: Oke, 1987). Fog and temperature inversions affect glacier, sea ice and snow 

melt rates through their direct or indirect influence on several components of the surface 

energy balance equation (Equation 1-1 and Figure 1-1). Direct influences include the 
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cloud albedo effect, reducing SWin, and the cloud longwave radiation forcing, trapping the 

longwave radiation emitted by the Earth’s surface (LWout) and backscattering it to the 

surface (LWin). Fog and temperature inversions both have an indirect effect on LWin and 

SHF by influencing the air temperature. Fog can also affect LHF through its influence on 

the vapour gradient. If very dense fog is present, the air can become supersaturated and 

condensation can occur. The energy released in the surrounding environment by this 

process raises the ice temperature and can contribute to glacier melt (e.g. Hock and 

Holmgren, 1996). Temperature inversions and fog also influence each other, but the exact 

influence remains an open question (Mernild et al., 2008; Hulth et al., 2010). During the 

Arctic melt season, the advection of cold oceanic air over coastal areas both creates 

temperature inversions, because the cold and dense air settles below the warmer air of the 

land (Busch et al., 1982), and brings fog inland (Alt, 1979). The vertical structure of the 

boundary layer and the presence of temperature inversions also determines the vertical 

extent of fog.  
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Figure 1-1. Schematic of the effect of fog and temperature inversions on glacier surface energy balance. 
Variables outside the thick line box are factors other than fog and temperature inversions influencing the 

glacier surface energy balance. Double arrows indicate two-way relationships, and single arrows 
unidirectional influences. Each variable influences one or more components of the glacier surface energy 

balance equation (see also Equation 1-1). QM is the energy available for melt in W m-2. 

 

 
Several studies have highlighted reduced glacier melt due to the presence of sea fog and 

temperature inversions (Alt, 1979, Braun et al., 2004; Koerner, 2005; Mernild et al., 

2008; Hulth et al., 2010; Mernild and Liston, 2010). However, temperature inversions and 

fog are sometimes associated with increased melt over sea ice surfaces (Chutko and 

Lamoureux, 2009; Tjernström et al., 2015). 

 

Because many glaciers are located, or terminate, in coastal Arctic regions, and glacier 

melt occurs in summer when solar radiation and ocean and atmospheric temperatures are 

at their maximum (Nilsson and Bigg, 1996), and glacier albedo at the minimum, sea fog 
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can potentially significantly influence the ablation over those glaciers (Jiskoot et al., 

2012). Although the effects of clouds have recently been incorporated into current glacier 

and ice sheet surface energy balance models (e.g. Jiskoot and Mueller, 2012; Conway and 

Cullen, 2016; Van Tricht et al., 2016), neither fog radiative effects nor temperature 

inversions are accounted for, and the traditionally assumed linear lapse rate may not 

accurately predict glacier melt rate (Hulth et al., 2010). It is therefore important to 

improve the understanding of Arctic fog and related temperature inversions in order to 

refine glacier melt calculations (Mernild and Liston, 2010). Also, a better understanding 

of fog processes in the Arctic is necessary to improve fog forecasting and nowcasting, 

hence transportation safety, in those remote regions. 

	

1.2 Background 
	

1.2.1 The definition, characteristics and classifications of fog 
	

1.2.1.1 Definition 
 

Fog is a low-level hydrometeor with the base at or very near the Earth’s surface. It is 

composed of suspended liquid or supercooled water droplets or ice crystals that lead to a 

reduction of horizontal visibility below 1000 m (NOAA, 1995; WMO, 1995). Although 

fog is often classified as a low-level stratiform cloud, fog and clouds are strictly speaking 

different types of hydrometeor (WMO, 2017). Based on visibility ranges, fog can be 

classified in up to four categories: light fog (> 1000 m, or > 5/8 mile = mist), moderate 

fog (500 - 1000 m, or 5/16-5/8 mile), thick fog (320-500 m, or 1/5-5/16 mile), and 

dense/heavy fog (< 320 m, or < 1/5 mile) (Baliles, 1959). The visibility threshold between 
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fog and mist is somewhat arbitrary, and in practice both can have a visibility range of 1-5 

km (Baliles, 1959; NOAA, 1995). For traffic safety applications, dense fog is usually 

defined as causing a visibility lower than 400 m (e.g. Friedlein, 2004; LaDochy, 2005; 

Hautiére et al., 2006). Following Baliles (1959), fog is defined as having horizontal 

visibility < 1000 m and dense fog is classified as visibility < 500 m. 

1.2.1.2 Microphysical properties 
 

The formation of liquid fog requires condensation of liquid water onto condensation 

nuclei, and thus requires both saturation of the air and the presence of aerosol particles 

near the Earth’s surface.  

 

Saturation with respect to liquid water refers to the state of equilibrium between the water 

vapour and a liquid water surface. It is expressed by the mixing ratio r (g kg-1): 

																																																															 0.622  ,                  (Equation 1-2) 

where e is the vapour pressure (mb) and P is the atmospheric pressure (mb). P-e 

represents the dry air pressure.  

 

Saturation is reached when the mixing ratio r becomes equal to the saturation mixing ratio 

with respect to liquid water rw (g kg-1), which is a function of both T and P: 

																																																						 	 , 0.622    ,  (Equation 1-3) 

where T is the dry-bulb air temperature (K) and ew the saturation vapour pressure with 

respect to liquid water (mb). 



8 
	

 

The saturation vapour pressure ew is a function of T, which is expressed in the well-

known Clausius-Clapeyron relation: 

 ,   (Equation 1-4) 

where DHvap is the enthalpy of vapourisation, R is the ideal gas constant (8.3145 J mol-1 

K-1), and ew1 and ew2 are saturation vapour pressures corresponding to temperatures T1 and 

T2, respectively. T1 and T2 are different temperatures at local or regional spatial scales. 

 

The state of saturation in the air is expressed in terms of relative humidity with respect to 

liquid water RHw: 

																																																																									 100	 	                    (Equation 1-5) 

RHw during fog is generally near 100 % over mid-latitudes. In the Arctic, where subzero 

temperatures are common, RHw can be lower than 100 % while the air is saturated with 

respect to ice (RHi ≥ 100 %) (Hardy, 1998). The air can become saturated with respect to 

ice without being saturated with respect to liquid water because the saturation mixing 

ratio with respect to ice ri (g kg-1) is smaller than rw for a given T (Triplet and Roche, 

1986). In this particular case, Equation 1-3 becomes: 

 

																																																									 	 , 0.622    ,  (Equation 1-6) 

where ei is the saturation vapour pressure with respect to ice (mb). 
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In this case, Equation 1-5 becomes: 

																																																														 100	                                            (Equation 1-7) 

 

From the above relationships it can be derived that three mechanisms can lead to 

saturation and subsequent condensation: (1) the addition of water vapour to the air, (2) 

cooling of the air to its dew point temperature, or (3) mixing of two air parcels close to 

saturation. 

 

Low visibility is an important parameter related to fog because it is responsible for 

important economic losses due to traffic disruptions and accidents (e.g. Gultepe et al., 

2007). The reduction of visibility due to the suspension of water droplets (or ice crystals) 

in the air has been measured in the field and parameterised as a function of both the liquid 

(or ice) water content and the water (or ice) droplet number concentration (Gultepe et al., 

2006; Gultepe et al., 2014; Gultepe et al., 2015). Visibility for liquid fog is parameterised 

as follows: 

 

                                               
.

	 	 . ,                                  (Equation 1-8) 

where vv is the horizontal visibility (km), LWC is the liquid water content (g m-3) and Nd 

the cloud droplet number concentration (cm-3) (Gultepe et al., 2006).  

 
Under very cold conditions (T < -30°C: ice fog), only ice crystals are present so that the 

moisture content is described in terms of ice water content. Visibility in ice fog can then 

be parameterised with the following equation for ice crystals between 10-200 µm in size:  
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.

	 	 . 	,                                  (Equation 1-9) 

	
	
where IWC is the ice water content (g m-3) and Ni the ice crystal number concentration 

(cm-3) (Gultepe et al., 2014: Eq. 1).  

 

For particles smaller than 50 µm another parameterisation of vv in ice fog is given 

(Gultepe et al., 2015: Eq. 6): 

 

          
.

	 	 . 	                        (Equation 1-10) 

 
Fog microphysical properties depend on the conditions in which fog forms, hence they 

are significantly different over land and over sea (Gultepe et al., 2009). For example, Nd 

is highly variable in marine fog (Lewis, 2004). The droplet radius size depends on the 

amount of water and the number of condensation nuclei available. Marine fog forms on 

marine aerosols, such as sea salt and sulfuric acid, and is composed of fewer condensation 

nuclei, therefore forming bigger water droplets than in the case of land fog. As a result, 

sea fog is generally denser and leads to a lower visibility compared to land fog. Since fog 

formation requires condensation, RHw of the air is generally at 100 %. However, RHw can 

be lower than 100 % in marine fog because water droplets condense on soluble aerosols. 

Droplet effective size for mid-latitude marine fog is below 30 μm in 90 % of the time 

(Gultepe et al., 2006; Gultepe et al., 2009). A few measurements made at McMurdo 

Station, Antarctica, during the austral summer, revealed a range in droplet size of 2.5-3.8 

μm, which is less than approximately half the size of droplets measured by Gultepe et al. 
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(2009) in marine fog off the coast of Nova Scotia, Canada. Several studies have been 

conducted on the droplet size of summer Arctic coastal fog in Alaska and Greenland. 

Over Barrow, Alaska, Kumai (1973) found fog to have a wide range of droplet sizes 

between 3.3-65 μm, a maximum Nd of 24 droplets cm-3 and LWC values up to 0.15 g m-3. 

Over Greenland, measured ranges of droplet effective size, Nd and LWC were 1-33 μm, 3-

18 droplets cm-3 and 0.02-0.17 g m-3, respectively (Reiquam and Diamond, 1959; Kumai 

and Francis, 1962). Values of LWC in Arctic marine fog are typically lower than in mid-

latitude marine fog because of the lower specific humidity of the air at lower temperatures 

(e.g. Kawai et al., 2016). Nd is also typically lower over Polar regions, where the aerosol 

loading can even be a limiting factor for condensation and fog formation (Mauritsen et 

al., 2011).  

 

1.2.1.3 Classifications of fog 
 

Fog can be classified based on its temperature (T) as warm fog (T > -10°C) or cold fog (T 

< -10°C) (Petterssen, 1956). Warm fog consists of liquid water droplets (liquid fog: T > 

0°C) or supercooled water droplets (freezing fog: T < 0°C). Cold fog includes mixed-

phase fog (T > -30°C) and ice fog (T < -30°C). Mixed-phase fog is composed of 

supercooled water droplets and ice crystals, whereas ice fog is formed from the deposition 

of water vapour onto ice nuclei. Ice fog is mainly observed in the Arctic winter under 

clear-sky and calm conditions. Liquid fog has a significantly larger radiative effect on the 

Arctic surface energy budget than ice fog has due to the higher emissivity of liquid water 

(Cesana et al., 2012). Chapter 2 of this thesis will present summer fog types in coastal 

East Greenland, based on statistics of fog temperature. 
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Fog can also be classified based on the processes leading to its formation, with the most 

common types being radiation, advection, and steam or evaporation fog (Gultepe et al., 

2007; WMO, 2017). Radiation fog forms overnight, by radiative cooling of the Earth 

surface to dew point temperature, and under conditions of subsidence and light wind to 

calm conditions. In the morning, the solar elevation angle is low and sun rays are 

reflected at the fog top thus keeping the atmosphere inside the fog layer cool. During the 

day, the sun warms the fog which raises the saturation vapour pressure and evaporates 

droplets, eventually penetrating the fog and leading to its dissipation. This dissipation 

mechanism occurs in all fog types. Advection fog, also called sea fog or marine fog, is a 

type of fog which forms when a warm moist marine air mass travels over a cold surface, 

which can be a cooler water mass, sea ice, or land surface. The dry-bulb temperature of 

the air mass decreases as mixing occurs in contact with the cold surface. Saturation is 

reached and fog can form once the dry-bulb temperature decreases to the dew point 

temperature value of the air mass. Steam or evaporation fog originates from the presence 

of cold air with low water vapour pressure over warmer water. As a result of the 

difference in water vapour pressure, evaporation occurs and mixing allows the cold air to 

become supersaturated and form fog by condensation (Saunders, 1964; Gultepe et al., 

2007). Over marine waters steam fog is also coined sea smoke. Other fog types include 

valley, upslope, hill and frontal fog (WMO, 2017). Valley fog occurs in valley bottoms or 

topographic depressions due to differential cooling, but usually dissipates in late morning 

hours (e.g. Dorninger et al., 2011). Upslope fog forms as moist air masses are forced to 

ascend and cool adiabatically until saturation is reached. Hill fog is when a cloud base is 

lower than the tops of hills or mountains (e.g. Camanchacas in Chile: Garreaud et al., 
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2008); this fog may be viewed from below as a stratus cloud deck (WMO, 2017). Frontal 

fog or precipitation fog is formed when warm rain falls in colder air, such as under warm 

frontal inversions (Toth et al., 2010). Saturation occurs through evaporation of warm 

droplets that add water vapour and saturate the cold surrounding air. Chapter 3 of this 

thesis will analyse fog types and processes occurring in coastal East Greenland during the 

Arctic melt season from upper-air data analysis. 

	

1.2.1.4 Macrophysical properties 
	
	
Fog can be a very local phenomenon as well as cover an entire country. In the Arctic, our 

understanding of the spatial extent of fog is limited because most measurements are made 

at specific locations or over small areas (Przybylak, 2016). Satellite imagery provides an 

opportunity to quantify fog spatial extent, although it is difficult to distinguish from low 

stratus clouds (Bendix, 1995; Gultepe et al., 2007). Determination of fog spatial extent 

has been done over mid-latitude regions using Moderate-Resolution Imaging 

Spectroradiometer (MODIS) (Bendix et al., 2005) and the Cloud-Aerosol Lidar and 

Infrared Pathfinder Satellite Observation (CALIPSO) (Kawai et al., 2015; Cermak, 2016). 

Lazzara (2008) developed a fog detection method from MODIS over Antarctica using 

principal component analysis, but did not quantify fog coverage over large areas. Jiskoot 

et al. (2015) modified the MODIS fog detection algorithm developed by Bendix et al. 

(2005) and applied it to East Greenland. Results from case studies showed that advection 

fog can penetrate up to 90 km inland and a fog event can cover up to 5000 km2 of 

glacierized terrain (Jiskoot et al., 2015). 
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Radiation fog, formed by radiative cooling of the ground, can be as shallow as 1 m thick 

or can reach thicknesses over 150 m (Bendix et al., 2005). Advection fog is generally the 

most vertically extensive fog type. Over both mid-latitude and Polar regions, advection 

fog can reach elevations of 200-700 m a.s.l., thus fog thickness up to several hundreds of 

metres (e.g. Gajananda et al., 2007; Gao et al., 2007; Huang et al., 2015; Tjernström et al., 

2015; Sotiropoulou et al., 2016). 

Apart from steam fog, which occurs in a convective boundary-layer (Pilié et al., 1979), 

fog often displays a sharp top level because it occurs under stable boundary-layer 

conditions (Koračin, 2017). Fog therefore frequently occurs concurrently with low-level 

tropospheric temperature inversions (i.e. increase of temperature with elevation: Oke, 

1987). The most common process leading to the establishment of temperature inversions 

is radiative cooling over land which occurs frequently at night or in winter. In summer, or 

during the day, common mechanisms of temperature inversions involve subsidence or 

advection processes (Busch et al., 1982). Temperature inversions are characterised by 

their base height, top height and intensity. The inversion base height gives useful 

indication of the geostrophic drag coefficient (Overland, 1985), which has important 

consequences for boundary-layer dynamics (Oke, 1987). Knowledge of the inversion top 

height is useful for aerosols and pollution tracking (Oke, 1987; Shaw, 1995), tropospheric 

ozone destruction monitoring (Tarasick and Bottenheim, 2002) as well as surface energy 

balance considerations (Mernild and Liston, 2010, O’Neill et al., 2015; Smith and 

Bonnaventure, 2017). The inversion intensity, the temperature difference between the top 

and the bottom of the inversion, influences turbulent heat and moisture fluxes between the 

low atmosphere and the surface (Oke, 1987; Zhang et al 2011; Pithan et al., 2014).  
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1.2.2 Geography of fog  
	
	
Observations of fog are commonly done with the use of WMO present weather codes 

from synoptic weather stations worldwide, which include ship measurements (Dorman et 

al., 2017), and Aviation Routine Weather Reports (METAR) (e.g. Pagowski et al., 2004). 

Details of the identification of fog from WMO present weather codes are given in Chapter 

2. Global distributions of land and marine fog from a combination of these sources are 

summarised in Figures 1-2 and 1-3, respectively. Note that observations of fog over land 

include coastal regions, which are influenced by the advection of fog of oceanic origin 

(e.g. Cappelen et al., 2001). The general global pattern of fog frequency can be 

summarised as follows. As a note of caution, land fog seems to be overrepresented in 

densely populated areas due to a bias in the density of weather observations. In addition, 

urban areas have higher pollution levels and thus more condensation nuclei (e.g. Klemm 

and Lin, 2016). In winter, radiation fog, including valley fog, is common in central 

Europe. Fog is also frequent in coastal areas where moderate topography (1000-2000 m 

a.s.l.) allows ascending air to condensate (upslope fog). Typical examples include 

Germany, Poland, Taiwan, Korea, California and Oregon. Additionally, fog is 

occasionally observed in winter over less populated regions, such as the Arctic and 

Antarctica. During the summer months, the majority of fog occurs along coasts or in areas 

of moderate topography, and advection fog and upslope fog are frequent in coastal 

mountain ranges bordering cold oceanic upwelling zones. This is the case for the Chilean 

and Namibian coasts, where fog water is also an important freshwater resource (see Sect. 

1.1.1).  
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Summer coastal fog frequently occurs across the Arctic (Figure 1-2b) and along the 

Antarctic Peninsula (Figure 1-2a) due to the presence of cold polar oceanic currents and 

broken sea ice (Dorman et al., 2017). The highest marine fog frequencies are encountered 

in summer under stable boundary-layer conditions overlying cold oceanic currents 

(Dorman et al., 2017). In the northern hemisphere, these conditions occur in the following 

regions: on the western side of the North Atlantic (Grand Banks and Labrador Current) 

and in the North Pacific oceans (Sea of Okhotsk and Kuril Islands, northeast of Japan) 

(Fig. 1-3b).  
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Figure 1-2. Maximum number of fog days observed on land during (a) December, January, February 

(DJF), and (b) June, July, August (JJA) between 1991 and 2010 (adapted from Sobik and Błaś, 2016). The 
dotted line is the Equator and the dashed line is the Arctic Circle (66°33’ N). 
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Figure 1-3. Percentage of marine fog occurrence per 1° grid point during (a) December, January, February, 

and (b) June, July, August between 1950 and 2007 (from: Dorman et al., 2017). 
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1.2.3 Fog in the Polar regions 
	
 

The Polar regions include the Arctic and Antarctic. The Arctic is the region of the Earth 

situated north of the Arctic Circle (66°33'N – see dashed line on Figure 1-2). However, 

alternative but more commonly used definitions of the Arctic exist, depending on the 

subject of study or application (e.g. climatology, ecology). The Arctic Monitoring and 

Assessment Programme (AMAP) defines the Arctic as the area located north of the Arctic 

Circle, supplemented by all marine and terrestrial areas north of 60°N in north America 

and north of 62°N in Asia. In addition, it is extended to the Hudson Bay, the Labrador 

Sea and the Aleutian Islands (AMAP, 2017). The Antarctic defines the region of the Earth 

located south of the Antarctic Circle (66°33'S). A broader definition of the Antarctic 

describes the region south of the Antarctic Convergence, which is approximately 60°S 

(Hanessian, 1960). 

 

Fog is ubiquitous in summer in the Polar marine regions, particularly along the marginal 

sea ice zone (Figure 1-4a). The Greenland Sea and Denmark Strait area between Iceland 

and Greenland has one of the highest fog occurrences in the Polar regions during summer 

(Figure 1-4a). Even though observation density is low in the Southern Ocean, a region of 

high fog occurrence is visible around and north of the Antarctic Peninsula (Figure 1-4b). 

More information on marine fog occurrence can be found in Dorman et al. (2017).  
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Figure 1-4. Percentage of marine fog occurrence per 1° grid point during the warm season for (a) the Arctic 
(JJA) and (b) the Antarctic (DJF) between 1950 and 2007 (from: Dorman et al., 2017). 

 

 

Several general climatologies of Arctic and Antarctic fog occurrence exist (Prik, 1960; 

Ukhanova, 1971; Hanesiak and Wang, 2005; Lazzara, 2008; Khalilian, 2016). Marine fog 

is more frequent in the Arctic than over mid-latitudes during summer and fall (June-

November). In the Arctic, typical marine fog occurrences are 15-25 %, whereas in the 

Antarctic region fog occurs 2-15 % of the time (Dorman et al., 2017). During the warm 

season, fog in the Polar regions is predominantly in the liquid or supercooled phase (> -

10°C: Petterssen, 1986). Fog in that season mainly originates from the advection of warm 

oceanic air over cold surfaces (sea ice, ice shelves, cold land masses, or cold oceanic 

currents) and is therefore of the advective type (Nillson and Bigg, 1996; Svendsen et al., 

2002, Hanesiak and Wang, 2005; Gajanada et al., 2007; Lazzarra, 2008). Note that 

radiation fog can still occur at night during the warm season and it is frequent over the 

Greenland Ice Sheet (Miller et al., 2013). In the cold season, ice fog and steam fog are the 

predominant fog types in the Polar regions. Ice fog occurs through intense radiative 



21 
	

cooling of the surface under strong anticyclonic conditions, although it can also be related 

to locally increased anthropogenic emissions (Gotaas and Benson, 1965; Bowling et al., 

1968; Lazzara, 2008; Gultepe et al., 2014). Steam fog or “Arctic sea smoke” usually 

occurs during cold air outbreaks over relatively warm water or over areas with high 

sensible heat fluxes, such as polynyas or open leads within the pack ice.  

 

1.2.4 Integrated Global Radiosonde Archive balloon soundings 
	
	
Balloon soundings with radiosonde instruments provide vertical profiles of temperature, 

humidity and wind conditions in the troposphere and lower stratosphere, and are therefore 

excellent vehicles to measure fog macrophysical properties. Long-term worldwide 

records of standardised low-resolution radiosonde observations are available since the 

1940s through the Integrated Global Radiosonde Archive (IGRA: Durre et al., 2006) for 

about 2700 locations (https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-

global-radiosonde-archive, accessed December 2017). Figure 1-5 shows the current 

network of IGRA radiosondes as of 2017. In addition, higher-resolution radiosonde 

observations are available from select field campaigns over land or sea, which provide 

detailed vertical structure of the boundary layer over short temporal windows (e.g. the 

Arctic expeditions Surface Heat Budget of the Arctic Ocean (SHEBA): Uttal et al., 2002; 

and the Arctic Summer Cloud Ocean Study (ASCOS): Tjernström et al., 2014). In this 

thesis, data from low-resolution profiles taken at three IGRA stations in East Greenland 

and the high-resolution profiles during fog from the ASCOS expedition will be used. 
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Figure 1-5. Locations of Integrated Global Radiosonde Archive stations in 2017 (black dots). The dotted 

line is the Equator and the dashed line is the Arctic Circle (66°33' N). IGRA data from: 
https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-archive. 

	

1.3 Thesis aims, objectives and structure 
	

1.3.1 Rationale  
	
	
Both fog and temperature inversions have implications for climate studies and more 

specifically for calculation of the earth surface energy balance. However, our 

understanding of the exact association between fog and temperature inversions remains 

limited, which complicates our ability to quantify their influence on the surface energy 

balance, which is particularly important for glacier and sea ice studies (Norris, 1998; 

Mernild et al., 2008; Hulth et al., 2010). The analysis of inversion characteristics and fog 

vertical extent is therefore one of the aims of this thesis (Chapters 3 and 4). Additionally, 

while fog and temperature inversions in Arctic coastal areas have been associated with a 

decrease in glacier melt at lower elevations (Alt, 1979; Braun, et al. 2004; Koerner, 2005; 

Mernild et al., 2008; Mernild and Liston, 2010), their influence on each component of the 
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surface energy balance remains to be quantified (e.g. Tjernström et al., 2015). This 

requires measurements of fog microphysical properties such as droplet effective size, 

droplet size distribution, droplet number concentration and liquid water content (e.g. 

Gultepe et al., 2006). In the absence of such field measurements in large parts of the 

Arctic, fog macrophysical properties such as visibility, fog top elevation and fog 

development processes derived from archived weather and radiosonde data can be used as 

proxies for fog microphysical properties, and eventually of their radiative effect on 

surface energy balance. Furthermore, compared to winter season and ice fog (e.g. Gultepe 

et al., 2014), summer Arctic fog has not been extensively studied (e.g. Prik, 1960; Kumai, 

1973; Gathman and Larson, 1974; Alt, 1979; Nilsson and Bigg, 1996; Hanesiak and 

Wang, 2005; Heintzenberg et al., 2006). It is therefore crucial to establish a climatology 

of Arctic fog during the melt season to move toward better understanding of the influence 

of liquid fog on the radiative and turbulent flux components of the surface energy 

balance. Establishing such melt season fog climatologies in combination with an increase 

in knowledge of fog formation and dissipation processes is crucial both for glacier surface 

energy balance studies and for fog forecasting in Polar regions (Gultepe et al., 2006; 

Hulth et al., 2010). Establishing a summer fog climatology for East Greenland is therefore 

a second main aim of this thesis (Chapter 2). 
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1.3.2 Aims 
	

This thesis will present a climatology of fog and its macrophysical properties over coastal 

East Greenland, one of the Arctic regions with the highest summer fog occurrence. The 

dissertation aims to answer the following research questions: 

1. What is the annual and seasonal frequency of occurrence of fog in East Greenland 

over the past 20 to 60 years? 

2. What are the annual and daily timing patterns of fog, and how do these relate to 

wind and sea ice conditions? 

3. Which types of fog occur in East Greenland and what are their temperature, 

humidity and visibility characteristics? 

4. Can we classify fog according to their thermodynamic profiles from radiosondes 

and can we infer fog processes from specific profiles? 

5. Can we optimise fog top elevation retrievals from IGRA radiosonde profiles so 

that they can be applied to all thermodynamic profiles?  

6. How thick is fog in East Greenland and how does this compare to fog in other 

Polar regions? 

7. How often do temperature inversions occur in East Greenland, what are their 

characteristics and how do these compare with temperature inversions in other 

Polar regions? 

8. How do fog and temperature inversion properties relate to each other?  

9. What are the regional differences in all the above characteristics of fog and 

temperature inversions along the East Greenland latitudinal transect? 
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10. How much glacier surface area in East Greenland can potentially be affected by 

overlying fog and temperature inversions? 

	

1.3.3 Objectives and structure 

 
To answer these ten research questions three main research objectives were formulated 

and each of these objectives will be dealt with in a separate chapter.  

 

Objective 1 (Chapter 2) is to establish a climatology of Arctic fog in coastal East 

Greenland based on present weather and visibility data between 1958-2016. It will 

address the first two research questions and, in part, questions 3 and 9. For this analysis, 

present weather codes corresponding to fog at the station with a visibility below 1000 m 

are considered to be representative of true fog conditions.  

 

Objective 2 (Chapter 3) is to extract thermodynamic profiles from radiosonde data to 

characterise and understand fog macrophysical properties and processes. It will address 

research question 4, and in part, 3 and 9, and is composed of four sub-objectives (2a-d): 

 Objective 2a is to extract IGRA soundings corresponding to fog occurring in 

surface present weather and visibility observations at three East Greenland coastal 

locations. For soundings launched between two synoptic fog observations, it is 

assumed that fog is present at the time of the launch. For all soundings, the surface 

level is analysed and the dew point depression at that level is considered to be 

representative of saturation and thus fog conditions;  
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 Objective 2b compares fog thermodynamic profiles from low-resolution IGRA 

radiosondes over coastal East Greenland with high-resolution profiles from a field 

campaign over the Arctic pack ice (ASCOS). To validate whether IGRA is 

suitable for thermodynamic profile identification, it is hypothesised that coastal 

East Greenland is influenced by similar environmental conditions as the central 

Arctic Ocean (i.e. oceanic influence); 

 Objective 2c is the development of a novel automated classification method of fog 

thermodynamic profiles into distinct classes from archived radiosonde profiles; 

 Objective 2d is to infer fog processes for some or all of the fog thermodynamic 

classes generated under Obj. 2c by i) applying process-understanding from fog 

literature to characteristic thermodynamic profiles; ii) by directly comparing the 

thermodynamic profiles at one station to a series of nearby time-lapse images of 

fog, and iii) by analysing air mass back-trajectories corresponding to select fog 

thermodynamic profiles. 

 

Objective 3 (Chapter 4) is to understand the relationship between fog and temperature 

inversions over East Greenland. It will attempt to answer research questions 5-10 and 

includes four sub-objectives (3a-d): 

 Objective 3a is to extract melt-season temperature inversion characteristics from 

archived radiosonde profiles; 

 Objective 3b is to develop an automated method to calculate fog top height from 

archived radiosonde profiles, under the assumption that temperature and humidity 

gradients vary linearly between sounding levels, and that fog top elevation 
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corresponds to the elevation at which the atmosphere becomes subsaturated above 

a continuous saturated fog layer;  

 Objective 3c, the main part of this chapter, is to understand and quantify the 

relationship between fog and temperature inversion characteristics; 

 Objective 3d relates fog occurrence and inversion characteristics to land-

terminating glacier hypsometry in East Greenland. This comparison assumes that 

average fog and temperature inversion conditions retrieved from radiosonde 

profiles are representative of average fog and temperature inversion conditions 

above coastal glaciers in the area. It is assumed that fog top elevation and 

inversion characteristics are uniform in space over a region within 400 km of the 

weather station, although both are usually affected by topography (e.g. Gultepe, 

2015). A linear extrapolation of radiosonde profiles constitutes a very simplistic 

approach for a first assessment of the potential impact of fog and inversions on 

coastal glaciers, which is nonetheless useful for future applications in glacier 

surface energy-balance models.	 

 

Chapter 5 is the final chapter in this thesis and provides an overall summary, general 

conclusions, and perspectives for further work on Arctic fog and temperature inversions 

using synoptic weather observations and archived radiosonde records.  

 

Because each of the results chapters is constructed as a stand-alone manuscript there is 

some overlap between the introduction, background, and data source sections, as well as 

between these and the introductory material presented in Chapter 1.	  
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CHAPTER 2.    A CLIMATOLOGY OF ARCTIC FOG IN EAST GREENLAND 
	
	

2.1 Introduction  
	

This chapter provides an exploratory analysis of Arctic fog climatology at four 

meteorological stations along the coast of East Greenland since 1958. It is meant to serve 

as a background for Chapters 3 and 4, which focus on fog macrophysical properties 

retrieved from upper-air observations at three of the four stations. General climatological 

analysis of all Greenland meteorological stations can be found in various reports from the 

Danish Meteorological Institute (e.g. Cappelen et al., 2001; Cappelen, 2015). Over the 

period 1961-1990, fog mostly occurred from May to September and peaked in July over 

all Greenland locations. Ittoqqortoormiit, central East Greenland, had the highest 

frequency of fog occurrence, with on average 21 fog days and 20 % of fog observations 

in July (Cappelen et al., 2001). Further preliminary research on fog climatology in East 

Greenland was done by Gueye (2014) in an MSc thesis under the supervision of Dr H. 

Jiskoot, using synoptic-time (3-hourly) observations between 1958 and 2005. The work 

by Gueye (2014) included analysis of fog frequency of occurrence, fog timing and 

duration, air temperature, relative humidity, sea ice break-up and climate indices. This 

study showed that most summer fog occurred at temperatures around 0°C and with 

relative humidity above 90 %. Fog occurrence and duration were higher at northernmost 

latitudes, where temperatures were lower, sea ice more extensive and summer daylight 

duration longer. Gueye (2014) found some marginally significant increase fog frequency 

in Southeast Greenland and decrease in fog frequency and duration in Northeast 

Greenland. In this chapter, we expand upon the work by Gueye (2014) by: i) including 
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the weather observations between 2005 and 2016; ii) exploring additional conditions 

during fog, including analyses of vertical and horizontal visibility and wind speed and 

direction during fog, and the relationship between fog and sea ice concentration; and iii) 

optimising data presentation and providing statistical analysis of differences among 

locations and fog types. Both a switch from manned to automated observations and a 

switch from synoptic to hourly observations took place at the start of the 2005-2016 

period (Bødtker, 2003). In addition, this most recent decade was warmer than normal in 

Southeast Greenland (Cappelen, 2015; Abermann et al., 2017) and increased surface mass 

loss from the Greenland Ice Sheet was observed (van den Broeke et al., 2016; AMAP, 

2017).  

 

The fog climatology details provided by this thesis research will lead to a better 

understanding of environmental conditions during fog occurrence at high-latitude 

locations during the melt season. Results from this chapter will be used throughout this 

thesis to better understand regional differences in fog formation and dissipation 

mechanisms (Chapter 3), as well as fog macrophysical properties (Chapter 4). More 

generally, an established climatology can be used to better predict fog occurrence at high 

latitudes and improve fog forecasting and nowcasting, both of which are crucial for 

aviation and marine activities in these remote locations where observational data are 

scarce (Gultepe et al., 2006). This knowledge is also important for an accurate 

representation of fog and low clouds in global and regional climate models (Kattsov et al., 

2005; Flato et al., 2013), and for glacier and ice sheet energy balance and mass balance 

models (Braithwaite et al., 2006; Hulth et al., 2010). 	
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2.2 Background  
 

Fog is a suspension of water droplets or ice crystals near the Earth surface that leads to a 

reduction of horizontal visibility to below 1000 m (WMO, 1995). It constitutes a major 

hazard for aviation, maritime and land transportation, including in the Arctic where new 

sea routes are opening (Smith et al., 2013; Gultepe et al., 2014). Fog has been frequently 

reported in summer over the Arctic Ocean (Nilsson and Bigg, 1996; Tjernström et al., 

2012; Przybylak, 2016) and in coastal regions of Greenland (Cappelen et al., 2001), 

Svalbard (Svendsen et al., 2002), Jan Mayen (Hulth et al., 2010), the Canadian Arctic 

(Hanesiak and Wang, 2005; Khalilian, 2016), the Eurasian Arctic (Przybylak, 2016), and 

even Antarctica (Lazzara, 2008). Fog is more frequent in the Arctic summer compared to 

the Antarctic summer (15-25 % vs. 2-15 %), and both are more frequent than summer fog 

at mid-latitudes (Dorman et al., 2017). Highest fog occurrences are along the marginal sea 

ice zone and where strong ocean temperature gradients exist. One region with frequent 

fog occurrence is along the East Greenland coast, in part because of the persistent 

summer sea ice (Cappelen, 2015; Dorman et al., 2017). 

 

Summer fog in the Polar regions originates from the advection of warm moist oceanic air 

over cold sea water, sea ice or ice shelves that provide a cooling surface on which the air 

mass can condensate. As such, it can be classified as “sea fog”, “marine fog” or 

“advection fog”. Another type of sea fog can occur, when a cold and dry air mass advects 

over open water. This is referred to as “steam fog” or “Arctic sea smoke” (Przybylak, 

2016), but is usually restricted to the cold season (Saunders, 1964; Cappelen et al., 2001). 

Over the land, fog formed by radiative cooling of the ground is the dominant type and 
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mainly occurs in winter, when it is composed of ice crystals at temperatures below -30°C 

(Glickman, 2000). As opposed to winter fog, summer high-latitude fog is primarily 

composed of liquid droplets (e.g. Kumai, 1973; Lazzara, 2008). The terms “sea fog” and 

“summer fog” used in this chapter refer to Arctic summer sea fog. 

 

The onset of summer fog in the Polar regions has been linked to the timing of sea ice 

break-up (Brooks, 1979). Over the Arctic Ocean, Prik (1960) observed a correlation 

between the number of fog days in July and August and sea ice concentration, with an 

average maximum of 9 fog days per 10-day period for sea ice concentrations from 70 to 

90 %. In Antarctica, Lazzara (2008) found an increase in fog occurrence at McMurdo 

Station after 2001, during which time two icebergs detached from the Ross Ice Shelf, 

creating favourable conditions for local landfast sea ice expansion. However, only a 

limited correlation was found between fog occurrence and local sea ice concentration, 

suggesting remote moisture sources for fog formation.  

 

Sea ice and low clouds exert a strong influence on each other as well as on the Arctic 

surface energy budget. While sea ice break-up provides moisture and aerosols for 

condensation, longwave radiation emission from low clouds causes sea ice to melt (Shupe 

and Intrieri, 2004; Eastman and Warren, 2010; Tjernström et al., 2015). The decreasing 

trend in Arctic sea ice cover contributes to the enhanced warming of the Arctic, known as 

the “Arctic Amplification” (Serreze and Barry, 2011). Arctic low clouds and fog usually 

exert a net warming effect on sea ice surfaces, except over low albedo areas and with high 

solar elevation angles during the middle of the melt season (Curry et al., 1988; Shupe and 

Intrieri, 2004). Fog and low clouds are also important for the surface energy and mass 
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balance of Arctic glaciers because they can reduce or suppress melt at lower elevations 

(Alt, 1979; Braun et al., 2004; Koerner, 2005; Mernild et al., 2008; Hulth et al., 2010). 

Low clouds enhance mass loss from the Greenland Ice Sheet (Bennartz et al., 2013; Van 

Tricht et al., 2016), except over low albedo areas of the ablation zone (Wang et al., 2016; 

Hofer et al., 2017). Arctic glaciers and the Greenland Ice Sheet are important freshwater 

reservoirs, representing 0.27 m and 7.36 m of sea-level equivalent, respectively (Vaughan 

et al., 2013). It is of crucial importance to accurately model glacier and ice sheet surface 

energy and mass balance and their response to fog and low clouds, in order to better 

constrain the timing and magnitude of global sea-level rise, which is a concern for coastal 

infrastructures and populations worldwide. 

 

Fog and low cloud occurrence can change due to changes in the amount of water in and 

the temperature of the atmosphere. These factors both affect relative humidity and 

potential saturation. In addition, atmospheric aerosol concentration also influences fog 

occurrence. Over the mid-latitudes, summer sea fog has increased over the past decades 

(Kawai et al., 2016), while (mostly radiation) fog in populated and urban areas has 

generally decreased due to a combination of warming and a reduction in air pollution 

(Klemm and Lin, 2016). In the Polar regions, trends in fog occurrence vary regionally. 

Summer fog at McMurdo Station, Antarctica, has significantly decreased since the 1970s 

(Lazzara, 2008). Hanesiak and Wang (2005) found a decrease in fog in the eastern 

Canadian Arctic between 1950 and 2004, but an increase in the southwest Canadian 

Arctic over the same period. In the western Canadian Arctic Archipelago, Khalilian 

(2016) found a decrease in the proportion of fog occurrence relative to all low visibility 

events between 1980 and 2015. Along the East Greenland coast, Gueye (2014) found a 
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slight though significant increase in fog occurrence in the southeast and a decrease in the 

northeast for the period 1958-2005. Over the Arctic Ocean, cloud cover and fog 

frequencies are expected to increase significantly with climate change, as sea ice is 

decreasing (Palm et al., 2010) and the subsequent open-ocean evaporation and 

temperature are increasing (Vavrus et al., 2011), although current and future regional 

changes are uncertain (Eastman and Warren, 2010). There is, therefore, a need to 

establish a precise fog climatology in the Arctic and further examine environmental 

conditions in which fog forms. 

 

2.3 Study Site 
 

Four World Meteorological Organization (WMO) synoptic weather stations, operated by 

the Danish Meteorological Institute (DMI), with archived present weather and visibility 

observations along the coast of East Greenland were selected. These are, from north to 

south: Danmarkshavn (WMO number 4320), Ittoqqortoormiit (WMO number 4339, 

formerly Scoresbysund), Tasiilaq (WMO number 4360, formerly Ammassalik/ 

Angmagssalik) and Prins Christian Sund (WMO number 4390, presently also named 

Ikerasassuaq) (Table 2-1;	 Figure 2-1). These stations represent a latitudinal gradient in 

temperature, sea ice and daylight conditions (e.g. Abermann et al., 2017). Climate ranges 

from Low Arctic in Southeast Greenland, with seasonal sea ice, to High Arctic in central 

east and Northeast Greenland (CAVM, 2003), where sea ice concentration is over 80% 

most of the year and 24-hour daylight is characteristic of the summer months (Cappelen, 

2015).  
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Figure 2-1. (a) Location of the four WMO synoptic weather stations operated by DMI along the coast of 
East Greenland: Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI) and Prins Christian 
Sund (PRINS). The sea ice limit represents the average minimum September extent (shapefile from the 

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 surrounding glaciers 

from the Randolph Glacier Inventory (http://www.glims.org/RGI/, Pfeffer et al., 2014). (b) Schematic maps 
representing the distribution of land (brown) and water (white) around each station. 

 
  



35 
	

Wind circulation in Greenland is strongly influenced by the presence of the Greenland Ice 

Sheet, which acts as a topographic barrier so that winds generally blow along the coasts 

(Cappelen et al., 2001). The thermal gradient between sea ice in the Arctic Basin and the 

open ocean further south establishes a predominately northerly wind direction in the Fram 

Strait region (van Angelen et al., 2011). This northerly wind in turn affects the export of 

sea ice from the Arctic Ocean, hence sea ice distribution in East Greenland through the 

cold and low-salinity East Greenland Current (Vinje, 2001). In addition to these large-

scale circulation patterns, smaller scale thermal wind regimes influence the weather in 

Greenland. The strong thermal gradient between the ice sheet and the ocean triggers 

katabatic winds that flow from the centre of the ice sheet towards its margins (Steffen and 

Box, 2001). On average, a permanent snow cover is present for much of the year in 

coastal East Greenland except in July and August in Danmarkshavn, and between June 

and September for the three southern stations (Cappelen et al., 2001). When land is snow 

free, strong local sea breezes are established by the thermal gradient between the sun-

heated land and the cold and frequently ice-covered offshore waters. 

 
Moisture and heat transport in the Arctic occurs through low-level (970-990 hPa) 

poleward advection from lower latitudes (Jacobson and Vihma, 2010). The advection of 

heat and moisture to the Arctic is mainly dependent on large-scale circulation, and hence 

on the location of the high and low pressure systems. Three major centres of action 

determine large-scale atmospheric circulation in the Arctic: the Siberian High, the 

Aleutian Low and the Icelandic Low (Serreze and Barry 2005). In addition, a high 

pressure system is frequently observed above the Greenland Ice Sheet (Hanna et al., 

2013). Because of the general position and relative strengths of these high and low 
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pressure areas, one of the major transport routes is through the North Atlantic cyclone 

track (Serreze and Barry, 2005). Greenland climate variability is influenced by internal 

oscillation patterns in atmospheric circulation. The strength of the poleward advection of 

moisture is strongly correlated with the Arctic Oscillation (AO) index, which describes 

the major mode of variability in the Arctic (Serreze and Barry 2005). The AO is an 

indicator of the strength of the polar vortex, a stratospheric low-pressure area which acts 

to keep the cold Arctic air near the geographic North Pole (Thompson and Wallace, 

1998).When the AO is in a positive phase, the polar vortex is intensified, restricting the 

cold arctic air to northernmost latitudes and causing horizontal advection of moisture 

towards the pole, resulting in enhanced precipitation rates (Rogers et al., 2001; Grove and 

Francis, 2002). During a negative phase of the AO, meridional transport is reduced and 

local processes such as evaporation have a larger contribution to the atmospheric moisture 

content of the Arctic (Zhong et al., 2018). Another mode of variability closely related to 

the AO is the North Atlantic Oscillation (NAO) (Ambaum et al., 2001). NAO describes 

the gradient of sea level pressure between the Icelandic Low and the Azores High, the 

two centres driving the atmospheric circulation in the North Atlantic (Serreze and Barry, 

2005). During the positive phase of the NAO, these two centres of action are strengthened 

and a poleward shift in cyclone activity occurs in the North Atlantic (Serreze and Barry, 

2005), together with reduced precipitation in southeast Greenland (Box, 2006). During 

the negative phase, the Icelandic Low shifts to the southwest, favouring the advection of 

warm air in southern Greenland (Serreze and Barry, 2005; Hanna et al., 2013). Finally, air 

temperature in Greenland is particularly sensitive to the Greenland Blocking Index (GBI), 

which describes the obstruction of regional air circulation due to the presence of an 

impermanent, but frequent, high pressure system centred over the Greenland Ice Sheet. A 
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strong GBI corresponds to a blocked meridional circulation and high summer 

temperatures in Greenland (Hanna et al., 2013). 

 

The North Atlantic region is Greenland’s main heat and moisture source, which is driven 

by low-level easterly winds from the Nordic Seas to eastern Greenland, although 

evapotranspirative processes in Arctic Canada and Eurasia provide some additional 

moisture in spring and summer (Koenig et al., 2014). Therefore, changes in sea ice extent 

in the North Atlantic directly affect temperature, precipitation, and fog in Greenland, 

which in turn affects climate in other parts of the Arctic (Koenig et al., 2014). Climate in 

southeast Greenland is strongly influenced by the proximity of the semi-permanent 

Icelandic Low, the warm Irminger Current and the passage of lows, whereas local 

environmental conditions such as the presence of sea ice have a stronger impact on 

climate in northeast Greenland (Grove and Francis, 2002; Hanna and Cappelen, 2003; 

Cappelen, 2015). In addition, each of the four East Greenland stations is under the 

influence of distinct local climatic conditions that are determined by distance from the 

coast (Table 2-1) and to the Greenland Ice Sheet, as well as local topography and fjord 

configuration.  
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Table 2-1. Geographic coordinates and distance to open water of WMO synoptic weather stations in East 
Greenland. 

  
WMO ID 

Latitudea 
(°N) 

Longitudea 
(°W) 

Elevationa 
(m a.s.l.) 

Distance from 
shore (km) 

Distance from 
ocean (km) 

Danmarkshavn 4320 76.7694 18.6681 11 0.12 6.47 
Ittoqqortoormiit 4339 70.4844 21.9511 70 0.17 12.60 
Tasiilaq 4360 65.6111 37.6367 53 0.25 2.24 
Prins CS 4390 60.0500 43.1667 88 0.80 2.21 

a From Cappelen (2015)  
 

 

2.4 Data Sources and Methods 
	

2.4.1 Data and observations 
	
Fog was identified from the combination of present weather (ww) and horizontal visibility 

(vv) data (WMO, 1995) available at the four WMO synoptic coastal weather stations in 

East Greenland. Data were acquired by H. Jiskoot from DMI for the period 1958-2016, 

but were quality-controlled by DMI for the period 1958-2012 only. Observations started 

in 1958 at three of the stations (Figure 2-2) but synoptic observations started in 1981 at 

Ittoqqortoormiit, after this station replaced nearby station 34339 (Cappelen et al., 2001).  
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Figure 2-2. Time period of available DMI manned and automated present weather and visibility 
observations at Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI) and Prins CS (PRINS). 
The yellow box is the longest overlap period for predominantly manned observations for the three stations 

Danmarkshavn, Ittoqqortoormiit and Tasiilaq. The red box is the time period for which upper-air 
observations from the Integrated Global Radiosonde Archive (IGRA) were extracted at these three stations. 

 

Present weather (ww) is the weather that is experienced at the time of observation, and 

includes various types of fog. Horizontal visibility (vv) is reported as the prevailing 

visibility, defined as the maximum visibility over at least one-half of the horizon circle 

(table 4377: WMO, 1995). Two types of observations and formats of ww and vv were 

used in this chapter. Between 1958 and the early 2000s, ww and vv were reported by 

human observers at synoptic times (3-hourly sampling resolution) and are hereafter 

referred to as “manned observations” (Figure 2-2). Automation of East Greenland 

weather stations started in the early 2000s (Bødtker, 2003), when ww and vv became 

reported hourly through the Vaisala FD12P present weather sensor with an accuracy of ± 

10 % of Meteorological Optical Range (Claus Nehring, pers. comm, May 2016). These 
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data are hereafter referred to as “automated observations” (Figure 2-2). Manned 

observations of fog were reported as ww codes 11, 12, 28 and 40-49 (table 4677 from 

WMO, 1995; Table 2-2). Automated observations of fog between the start of the 

automation and 2012 were reported as ww codes 20 and 30-35 (table 4680 from WMO, 

1995; Table 2-2), and from 2013 onwards as BUFR codes (these raw data have not gone 

through DMI quality assurance). For this research BUFR ww codes 130-135 

corresponding to fog (table 0 20 003 from WMO, 1995) were converted to the standard 

automated ww codes 30-35. In all cases vv is reported in 100-m increments (table 4377 

from WMO, 1995).  

 

Table 2-2. Present weather (ww) codes corresponding to fog observations at a manned and automated 
weather station. After WMO (1995: tables 4677, 4680 and 0 20 003). 

  ww (manned observations) ww (automated observations) 

  Sky visible Sky invisible   

  Shallow fog, in patches1 11 - 

  Shallow fog, continuous 12  - 

  Fog in the past hour2 28 20 

  Fog, unspecified - 30 

  Fog at a distance3 40 - 

  Fog in patches 41 31 

  Fog, thinning4 42 43 32 

  Fog, unchanging5 44 45 33 

  Fog, thickening6 46 47 34 

  Fog depositing rime 48 49 35 
 

1Shallow fog or ice fog not deeper than 2 m. 2Fog or ice fog during the preceding hour but not at the time of 
observation. 3Fog or ice fog at a distance at the time of observation, but not at the station during the 
preceding hour, or fog or ice fog extending to a level above the observer. 4Fog which visibility increased 
during the past hour. 5Fog which visibility did not change during the past hour. 6Fog which visibility 
decreased during the past hour. Real fog codes are indicated in bold font. “-” indicates no code available 
(WMO, 1995). 
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Fog is further classified in separate codes based on whether it “has become thinner or 

thicker during the preceding hour”, hereafter referred to as “thinning” and “thickening” 

fog, or as “no appreciable change during the preceding hour”, hereafter referred to as 

“unchanging fog” (Table 2-2). In addition, manned ww observations distinguish fog based 

on sky visibility, which is an approximation of fog opacity or vertical visibility in 

METAR aviation weather reports. All these fog codes represent fog conditions observed 

at the weather station, with a horizontal visibility < 1000 m, and will be hereafter referred 

to as “real fog” cases. Present weather codes to describe shallow fog thinner than 2 m 

above ground level, fog at a distance and fog in patches also exist. These fog codes, 

together with “fog in the past hour” (Table 2-2) are either not observed directly at the 

weather station or horizontal visibility is only < 1000 m within fog banks (WMO, 1995). 

These will hereafter be referred to as “marginal fog” cases. Together, real fog and 

marginal fog will be referred to as “all fog” cases. 

 

Although fog depositing rime has a distinct ww code, there is no distinction among liquid 

fog, freezing fog and ice fog in the codes. Therefore, weather data for the same four 

synoptic weather stations were also acquired from DMI (free of charge from 

http://research.dmi.dk/data/). In this thesis, dry-bulb air temperature (T) and relative 

humidity with respect to liquid water (RHw) simultaneous with the fog observation were 

used, as well as mean wind speed (ws) and direction (wd) over the 10-minute period 

preceding the observation (Cappelen, 2015). Accuracies of the T/RHw sensors HMP45D 

and HMP155 that are currently in use vary between 0.4°C at -20°C and 0.2°C at 20°C, 

and the RHw accuracy is ± 3 % for a RHw = 90-100 % (Vaisala, 2006).  
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In addition to surface meteorological observations, two data sources were used to 

investigate upper-air and sea ice conditions. Wind speed and direction were extracted at 

the 850 hPa pressure level from the Integrated Global Radiosonde Archive (IGRA) 

radiosonde database for Danmarkshavn, Ittoqqortoormiit and Tasiilaq only, as Prins CS 

does not operate a radiosonde (Durre et al., 2006; see also Chapters 3 and 4). This upper-

air analysis was performed to understand air mass origin and dynamics during fog. In 

order to investigate the relationship between sea ice and fog frequency of occurrence and 

fog geometrical thickness at coastal locations, sea ice concentration (SIC) was extracted 

from the daily 25-km resolution passive microwave sea ice concentration product from 

the National Snow and Ice Data Center (NSIDC-0051, Cavalieri et al., 1996) based on 

outputs from the Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) and 

the Special Sensor Microwave Imager/Sounder (SSM/I-SSMIS) onboard the Defense 

Meteorological Satellite Program (DMSP) satellites. The accuracy of this sea ice product 

is generally ± 5 % in winter and ± 15 % in summer, and it is higher for high SIC and/or 

highly reflective or thick sea ice (Cavalieri et al., 1992). 

 

All data in this chapter are presented in Coordinated Universal Time (UTC). In summer, 

the local solar time in Danmarkshavn and Ittoqqortoormiit is 1.5 hours after UTC, and in 

Tasiilaq and Prins CS it is 2.5 hours after UTC. In winter, the local solar time in 

Danmarkshavn is 1.5 hours after UTC, in Ittoqqortoormiit it is 2.5 hours after UTC, and 

in Tasiilaq and Princ CS it is 3.5 hours after UTC. 
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2.4.2 Methodology  
 

2.4.2.1 Missing data 
	
	
Prior to analysing fog climatology in coastal East Greenland, monthly sums of missing 

present weather (ww) and visibility (vv) observations (“NaN” counts) at synoptic times or 

intermediate synoptic hours (i.e. every 3 hours starting from 0000 UTC, hereafter referred 

to as “synoptic times”) were calculated for the entire period of record (Figure 2-2). These 

missing data are reported in checkerboard plots for all four stations to highlight months 

and years of missing observations. NaN counts for ww and vv observations were analysed 

every three hours only to allow for a continuity between manned (three-hourly) and 

automated (hourly) observations. If the monthly sum of NaNs was higher than zero in 

both ww and vv, this month was reported as having missing observations. For months 

with synoptic observations where ww was missing but vv was available, the proportion of 

vv < 1000 m was calculated in order to quantify the maximum proportion of missing fog 

observations. This comparison between monthly sums of NaN in ww and vv allowed us to 

highlight real gaps in the data as well as to calculate the maximum potential proportion of 

missing fog data, and therefore assess the effect of missing data on the presented 

climatology. 

 

2.4.2.2 Frequency of occurrence 
 

Fog was identified from present weather codes ww corresponding to fog (see Table 2-2) 

with a visibility vv < 1000 m. Shallow fog, fog at a distance and fog in patches represent 
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fog types with vv generally > 1000 m or only partially obscuring the field of view and 

were therefore deemed to not represent “real” and continuous fog conditions. In addition, 

fog seen over the ocean might not reach coastal areas, and “fog at a distance” is 

sometimes used to indicate low stratus cloud above the observer instead of fog. These 

“marginal” fog types were therefore not included in the presented coastal fog climatology 

to avoid overestimating fog frequency. However, an analysis of macrophysical properties 

including these marginal fog types is presented in Chapter 4 to investigate the differences 

in inversion characteristics among these fog codes and those representing proper and 

continuous “real” fog cases.  

 

For the analysis of fog frequency, a time series of yearly sum of fog observations reported 

at synoptic times were first used to identify possible discontinuities in the data due to 

change in recording or measurement practices. Fog frequency was then analysed through 

monthly sums of fog observations at synoptic times (“synoptic fog observations”), and 

monthly sums of days with one or more synoptic fog observations (“fog days”). Both 

analyses were performed over the entire study period (Figure 2-2) and, thus, only include 

fog observations at synoptic times. These frequencies were reported in checkerboard plots 

for each of the four stations to highlight months and years of high fog frequency. For this 

purpose, the monthly number of synoptic fog observations was calculated relative to the 

total number of fog observations over the entire period to quantify the monthly 

distribution of synoptic fog observations over the year. The average monthly number of 

real fog days and all fog days (marginal plus real) were plotted for all four stations to 

investigate regional differences in the timing of fog onset. Subsequent analyses were 

focused on the summer months (May-August) only because fog peaks in the melt season 
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and has its main influence on the Arctic surface energy budget during this time. In order 

to determine the relative fog frequency among stations chi-square tests (χ2) at the 95 % 

confidence level were performed on summer synoptic fog observations and fog days at 

Danmarkshavn, Ittoqqortoormiit and Tasiilaq with data between 1981 and 2003, the 

longest period of overlap of predominantly manned observations (see Figure 2-2). Note 

that, as none of the distributions presented in this chapter were normally or lognormally 

distributed, all statistical tests used are nonparametric.  

 

2.4.2.3 Timing and duration 
	
	
The seasonal and daily timing of fog events can provide an indication of environmental 

conditions promoting fog formation and dissipation mechanisms (e.g. Gultepe et al., 

2009). To explore regional differences in the timing of fog occurrence, monthly sums of 

hourly fog observations were calculated for the 2006-2016 automated observation period 

and reported in checkerboard plots. The proportion of morning fog was used to 

investigate the diurnal variation of fog occurrence. It was calculated as the ratio between 

the sum of hourly fog observations between 0000 UTC and 1100 UTC and the total daily 

sum of hourly fog observations. Chi-square statistical tests (χ2) were performed at the 95 

% confidence level to determine whether the relative proportion of morning fog differed 

among stations for the entire melt season (May – August). Additionally, binomial tests 

were performed at the 95 % confidence level for each station, to investigate a possible 

difference in morning fog proportion between the early (May – June) and late melt 

seasons (July – August) linked to environmental conditions. The same analysis was 
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performed on local time instead of UTC time to account for meridional variations in solar 

noon. 

 

As an estimation of fog duration, the frequency distribution of sequential hourly, 

automated, fog observations was calculated for the 2006-2016 time period, as well as the 

frequency distribution of sequential three-hourly manned fog observations for the two 

longest periods of overlap among stations (1958-1977 and 1993-2003, Figure 2-2). 

Average fog durations were compared among stations for significance through Kruskal-

Wallis tests at the 95 % confidence level for each period of overlap. 

	

2.4.2.4 Air temperature 
	
	
Air temperature is an important variable to analyse because it gives an indication about 

the fog phase and, therefore, its microphysical and radiative properties (Petterssen, 1956; 

Gultepe et al., 2007). The frequency distribution of dry-bulb air temperature during fog, 

rounded to the nearest integer, was retrieved at each DMI station for the summer months 

(May – August). Median dry-bulb air temperature values during fog were then calculated 

for each station and relative proportion of summer fog occurring at temperatures above    

-10°C, between -30°C and -10°C and below -30°C was used to estimate the proportion of 

liquid or supercooled, mixed-phase and ice fog, respectively (c.f. Petterssen, 1956). 
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2.4.2.5 Relative humidity 
	
	
Relative humidity indicates the level of saturation of the air and is important for fog 

formation (see Chapter 1). Statistics of RHw during fog were represented as box and 

whisker plots at each station for the summer months (May – August) to investigate 

possible regional differences in saturation. In addition, time series of the yearly range of 

RHw were plotted to examine possible biases in RHw measurements. 

 

2.4.2.6 Visibility 
 

Visibility during fog is dependent on fog microphysical properties, such as the liquid 

water content, fog droplet size and droplet number concentration (See Chapter 1). In 

addition to its proxy for these properties, it is an important variable to analyse because the 

reduction of horizontal visibility linked to fog occurrence is a major hazard for 

transportation. The analysis of visibility was divided into three parts.  

A) The frequency distribution of visibility for each manned fog code was 

calculated at all stations (1958-2004). Manual observations have the advantage of 

distinguishing fog types based on vertical visibility (sky visible or invisible). Vertical 

visibility measurements made with Vaisala CT25K ceilometer exist over East Greenland 

coastal sites during sky-obscuring conditions after 2004 (automated observations) but 

were not included in this analysis. This frequency analysis allows investigation of 

possible correlations between horizontal and vertical visibility. For this purpose, statistics 

(mean and standard deviation) were calculated for the three main fog types (thinning fog 

ww = 42, 43; unchanging fog ww = 44, 45; or thickening fog ww = 46, 47: see Table 2-2) 
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under each sky regime (visible vs. invisible), as well as for all three fog types combined 

under each sky regime. Wilcoxon Rank-Sum tests were performed at the 95 % confidence 

level on each fog type between sky regimes to investigate whether sky-obscuring fog was 

associated with lower vv. In addition, the sum of very dense fog events (vv ≤ 100 m) with 

an invisible sky was calculated for all manned fog observations and for all stations.  

B) Three fog types from automated present weather codes, i.e. ww = 32 (thinning 

fog), ww = 33 (unchanging fog), ww = 34 (thickening fog), were analysed for differences 

in visibility. The purpose of this analysis is twofold. First, its comparison with the 

frequency distribution of visibility reported from manned codes facilitated identification 

of possible biases in either dataset. Second, it allowed investigation of possible 

correlations among distinct fog stages and horizontal visibility ranges. For this purpose, 

Kruskal-Wallis tests were performed at the 95 % confidence level on visibility data from 

2006-2016 (automated observations) during the three fog type present weather codes for 

each station, and on each of the fog present weather codes (ww = 32, ww = 33, ww = 34) 

among the four stations to highlight possible regional differences in visibility for each fog 

stage. 

C) All manned and automated fog weather codes for the period 1958-2012 were 

used in combination, to investigate visibility. Statistical results were presented as box and 

whisker plots, and Kruskal-Wallis tests at the 95 % confidence level were used to test 

whether horizontal visibility during all combined fog stages significantly differed among 

stations. The same analysis was used for the automated observations from the 2006-2012 

time period only, and results compared to those from the combined manned and 

automated fog codes. 
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2.4.2.7 Wind 
 

To investigate the origin and dynamics of fog over East Greenland coastal locations, 

summer wind roses were created for wind at the surface (DMI) and at the 850 hPa 

pressure level (IGRA) for each station during both foggy conditions and all weather 

conditions (including fog). Surface observations only included manned ww codes, 

spanning the period 1958 to approximately 2003, and fog codes used were ww = 42-49 

(Table 2-2). Upper-air observations were extracted from IGRA from 1980 to 2012 when 

fog was reported at the synoptic weather station from ww observations (Table 2-2) or 

when fog was reported both immediately before and immediately after a balloon launch 

(see Chapter 3). The time period selected for IGRA data starts in 1980 to avoid 

inhomogeneities due to sonde changes (see Chapter 4). The wind roses obtained were 

used to identify the origin of surface and upper winds during fog and compare it to the 

general climatology for each site. However, wind roses did not include calm wind 

conditions (ws = 0 m s-1), which frequency of occurrence was calculated for each station 

from surface wind observations. Mean and standard deviation of ws were calculated both 

including and excluding calm conditions. Kruskal-Wallis tests were performed at the 95 

% confidence level to determine which station had the lowest or highest ws during both 

foggy and all-weather (including foggy) situations in summer.  

 

Because fog in coastal East Greenland is often associated with local sea breeze 

(Cappelen, 2015), it is of interest to examine whether there is a latitudinal variation in sea 

breeze occurrence and how this relates to varying environmental conditions. Sea breezes 
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are typically more frequent in the afternoon because the thermal gradient between the 

heated land and the cold ocean is greater at that time of the day. To explore this, separate 

summer wind roses excluding calm wind conditions were constructed for the morning 

(defined as 0000 – 1100 UTC) and the afternoon (1200 - 2300 UTC), under both foggy 

and all weather (including foggy) conditions. Predominant directions of sea breezes were 

visually determined as the main onshore afternoon wind direction during fog using the 

coastal geography (e.g. Figure 2-1b), using wind roses with 16 cardinal points (see 

Appendix 1). In this way, sea breeze directions were delimited as sectors 80-190° for 

Danmarkshavn, 170-280° for Ittoqqortoormiit, 100-190° for Tasiilaq and 55-100° for 

Prins CS. The frequency of sea breeze occurrence was then calculated as the proportion 

of wd corresponding to those sectors. Binomial tests at the 95 % confidence level were 

used to analyse if significant differences exist in the frequency of occurrence of morning 

and afternoon sea breezes at each station during both all-weather and fog conditions. In 

order to establish which station had the most frequent sea breeze during either fog or all-

weather conditions, chi-square statistical tests (χ2) were performed on the frequency of 

occurrence of morning and afternoon sea breeze at all four stations. The proportion of 

morning and afternoon sea breezes were further tested for significance at each station 

through binomial tests in order to determine which station had the strongest diurnal 

variation in sea breeze during either fog or all-weather situations. Finally, the last 

observation of each long-duration fog event was compared to its subsequent non-fog ww 

observation, and both these “last fog observations” and “post-fog observations” were 

plotted on wind roses. Binomial tests were used at each station on these two categories to 

investigate whether winds after the end of fog events switched from onshore to offshore 

or other.  
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2.4.2.8 Sea ice 
	
	
Since the peak frequency in summer fog in coastal East Greenland varies among locations 

(See Table 2-3 and Figure 2-9), and because it is known that Arctic sea fog occurrence is 

related to sea ice break-up (Brooks, 1979), the possible link between sea ice and fog was 

investigated. The daily average sea ice concentration (SIC) was obtained for the nearest 

offshore pixel at each location from the 25 by 25-km NSIDC-0051 grid. For this purpose 

the nearest pixel to the east of each station was selected (Figure 2-3). Only SIC data after 

1988 were selected in order to avoid data gaps in the sea ice product (Cavalieri et al., 

1996). 

 

SIC was first averaged over the melt seasons of 1988-2012, and its mean and standard 

deviations plotted as time series between the onset (1 May: DOY 121) and end (31 Aug: 

DOY 243) of the melt season, in conjunction with the time series of average cumulative 

fog day occurrence over the same period. The purpose of these overlapped time series is 

to highlight a possible relationship between fog onset (or significant increases in fog 

occurrence) and sea ice break-up. Additionally, average cumulative fog day frequency 

was plotted as a function of offshore SIC during the melt season (1988-2012), to examine 

whether there was a direct or lagged correlation between rapid changes in either variable. 

Finally, examples of time series of daily offshore SIC and individual hourly fog events for 

the melt season of 1998 were presented for Danmarkshavn and Tasiilaq. The purpose of 

analysing time series over a specific season is to gain insight into the timing of fog 

occurrence relative to sea ice break-up, and to determine if increased occurrence of fog 

occurs before sea ice breaks up (SIC close to 100 %).  
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In Chapter 4 of this thesis a novel method developed to retrieve fog top elevation (FTE) 

from radiosonde data (IGRA) is presented. We, therefore, used retrieved FTE in this 

chapter to investigate possible correlations between fog macrophysical properties and sea 

ice. After verifying that SIC and ws were not statistically correlated, the relationship 

between SIC and FTE was investigated. A linear correlation analysis was performed over 

the 1988-2016 time period only to avoid data gaps in the sea ice product. In addition, two 

other conditions were applied: SIC ≥ 20 % because of a ± 15 % data accuracy in summer 

(Cavalieri et al., 1992; Cavalieri et al., 1996), and FTE < 800 m, as higher values tend to 

be outliers (from Chapter 4). Correlations between FTE and offshore SIC were performed 

for each summer month at Danmarkshavn, Ittoqqortoormiit and Tasiilaq. The 

nonparametric Spearman’s rank correlation coefficient at the 95 % confidence level was 

used because none of the distributions were normally or log-normally distributed. 
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Figure 2-3. NSIDC sea ice product 25 by 25-km pixel grid (https://nsidc.org, NSIDC-0051). Red pixels 

represent the nearest offshore sea ice pixel east of Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), 
Tasiilaq (TASI), and Prins CS (PRINS).  
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2.5 Results 
	

2.5.1 Frequency of fog occurrence 
 

2.5.1.1 Data coverage and missing synoptic observations 
 

 
The total number of observations of “real” fog (see Sect 2.4.2.2) available in the period 

1958-2016 at the four East Greenland synoptic stations are: 4564 for Danmarkshavn, 

1994 for Ittoqqortoormiit, 3613 for Tasiilaq and 1965 for Prins CS. A considerable 

number of ww observations are missing at each station, particularly after the switch to 

automated observations in about 2004 (Figure 2-4). This corresponds to 4-10 % of ww 

data over the entire study period. However, fewer vv data than ww data are missing over 

the same time period (Figure 2-5). This can be explained by a large number of missing 

ww being coincident with visibilities > 30 km. Only 6-9 % of missing ww data correspond 

to vv < 1000 m, in which case it is not clear whether this low visibility is due to fog, 

snow, rain or other low-visibility weather conditions. Over the period 1958-2016, these 

low-visibility occurrences represent a maximum of 2 % of missing ww observations.  

 

From the combination of missing observations in both vv and ww data, it appears that the 

only real data gaps (when both vv and ww are missing) occur in January 2011 at 

Danmarkshavn, from August 2007 to January 2009 at Ittoqoortoormiit and Tasiilaq, and 

from 1981 to 1992 at Prins CS. These time periods will therefore be excluded from the 

subsequent analysis in this chapter.  
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Figure 2-4. Monthly sum of missing synoptic present weather codes (NaN counts) at (a) Danmarkshavn 

1958-2016, (b) Ittoqqortoormiit 1981-2016, (c) Tasiilaq 1958-2016, and (d) Prins CS 1958-2016. 
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Figure 2-5. Monthly sum of missing synoptic visibility observations (NaN counts) at (a) Danmarkshavn 
1958-2016, (b) Ittoqqortoormiit 1981-2016, (c) Tasiilaq 1958-2016, and (d) Prins CS 1958-2016. 

 

2.5.1.2 Frequency of synoptic fog observations 
 

 
Figure 2-6 displays the time series of the yearly sum of synoptic fog observations at 

Tasiilaq, and is given as an example to highlight observation-frequency inhomogeneities 

in the data. There are two discontinuities (vertical red dashed lines): one that corresponds 

to the automation of weather stations in the early 2000s, and one that corresponds to the 

year 2013, after which data were not verified by DMI. The same pattern is observed for 
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all four stations. Trend analysis without adjustment for inhomogeneities on these data can 

therefore only be performed on the time period corresponding to manned observations, 

1958-2004. This was done by Gueye (2014) and will not be repeated in this thesis.  

 
Figure 2-6. Yearly sum of synoptic fog observations at Tasiilaq. Vertical red lines indicate the switch from 
manned to automated observations (left line) and the switch to the 2013-2016 unchecked present weather 

dataset. 

 

In total, only 1-2 % of present weather observations at each of the four stations represent 

real fog conditions. Analysis of monthly sum of fog observations reveals that fog in East 

Greenland mainly occurs in the summer months between May and August/September 

(Figure 2-7). The highest fog counts occur after 2001 for Danmarkshavn, and after 2005 

for the other three stations, which coincides with the switch from manned to automated 

observations. This reflects a data inhomogeneity, but, since this chapter is not focused on 

trend analysis, no adjustment was made for this.  
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Figure 2-7. Monthly sum of synoptic fog observations for (a) Danmarkshavn, (b) Ittoqqortoormiit, (c) 

Tasiilaq, and (d) Prins CS. White is the median fog count value, blue is frequencies below the median, and 
red is frequencies above the median. Note the different colour bar ranges for each panel. 

 

Between two thirds and three quarters of fog observations in coastal East Greenland occur 

between May and August (Table 2-3). The month with highest fog frequency (based on 

the sum of synoptic observations) is July for Prins CS and Danmarkshavn, May for 

Ittoqqortoormiit, and June for Tasiilaq. In Table 2-4, synoptic fog count frequencies are 
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compared among Danmarkshavn, Ittoqqortoormiit and Tasiilaq for the longest overlap 

period available with a minimum of missing data (1981-2003). Prins CS was excluded 

from this analysis because of its high number of missing observations during this period. 

Based on synoptic observation counts, fog at the station (real fog) occurs only 2-6 % of 

the time during summer. Tasiilaq has highest real fog frequency of occurrence in all 

months (4.1-6.1 %). In May, however, fog frequency of occurrence at Tasiilaq is not 

statistically different from Ittoqqortoormiit and in August, Tasiilaq and Danmarkshavn 

have similar fog frequencies. In the early melt season (May-June), Danmarkshavn is the 

station with the lowest fog occurrence (2.1-3.4 %), while in the late melt season (July-

August), the lowest fog frequencies are encountered at Ittoqqortoormiit (2.9 %). When 

considering all fog codes (marginal and real fog), Ittoqqortoormiit is the station with the 

highest fog occurrence (on average 29 % of summer synoptic observations and 15 % of 

annual observations). Frequencies of summer and annual all fog observations are 11 % 

and 5 % at Danmarkshavn and 13 % and 6 % at Tasiilaq. 
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Table 2-3. Monthly sums of synoptic fog observations and relative annual frequency in percentages 

(brackets) at Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI) and Prins CS (PRINS) for 
the period 1958-2016. Statistics for summer are the sum of the months of May, June, July and August. 
Numbers in bold are the months of highest fog occurrence. Total numbers are not comparable among 

stations due to missing years of observations. 

  
DANM 
sum (%) 

ITTO 
sum (%) 

TASI 
sum (%) 

PRINS 
sum (%) 

  Jan 53 (1) 51 (3) 43 (1) 20 (1) 

  Feb 107 (2) 77 (4) 52 (1) 48 (2) 

  Mar 46 (1) 52 (3) 69 (2) 52 (3) 

  Apr 139 (3) 124 (6) 209 (6) 103 (5) 

  May 593 (13) 456 (23) 647 (18) 281 (14) 

  Jun 875 (19) 446 (22) 793 (22) 342 (17) 

  Jul 1119 (25) 217 (11) 728 (20) 466 (24) 
  Aug 1030 (23) 237 (12) 580 (16) 351 (18) 

  Sep 373 (8) 172 (9) 240 (7) 161 (8) 

  Oct 110 (2) 83 (4) 157 (4) 55 (3) 

  Nov 47 (1) 52 (3) 58 (2) 61 (3) 

  Dec 72 (2) 27 (1) 37 (1) 25 (1) 

  Summer 3617 (79) 1356* (68) 2748 (76) 1440** (73) 

* Fog data only reported from 1981 to 2016. 
** Missing fog data between 1981 and 1992. 

	
 
Table 2-4. Monthly frequency of synoptic fog observations relative to all present weather observations (%) 

at Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), and Tasiilaq (TASI) for 1981-2003. Sign. diff 
indicates stations with significantly lower (-) or higher (+) relative fog frequencies compared to other 

stations (p < 0.05). Stations with blanks are not statistically different from each other for a specific month. 

  
DANM 

Sign.  
diff 

ITTO 
Sign.  
diff 

TASI 
Sign.  
diff 

%   %   %   

  May 2.1 - 4.8 5.0 

  Jun 3.4 - 5.0 6.1 + 

  Jul 4.4 2.9 - 5.3 + 

  Aug 4.5   2.9 -  4.1   

	
 
  



61 
	

2.5.1.3 Fog days 
 

 
Maximum cumulative sums of real fog days per month are 18 at Danmarkshavn (July 

2002), 14 at Ittoqqortoormiit (June 1985), 17 at Tasiilaq (June 2012), and 13 at Prins CS 

(July 1973) (Figure 2-8). Figure 2-9a shows the average sum of real fog days per month 

(expressed as count and percentage) at each station for the period 1958-2016, and 

includes temporal data gaps. The range in percentages of fog days occurring in summer is 

8-22 % (Table 2-5). Real fog is most frequent over Danmarkshavn, occurring up to 20 % 

of the time or 7 days a month in July and August. Danmarkshavn is also the only location 

that has a significantly higher number of real fog days in August. This late melt season 

peak in fog days contrasts with an earlier melt season peak in fog days at the more 

southern stations Ittoqqortoormiit (May-June) and Tasiilaq (June-July). A similar 

seasonal north-south pattern was found when only the longest period of overlap among 

stations (1981-2003) was considered (results not shown). However, when considering all 

fog codes (real and marginal), the average monthly number of fog days, peak in fog 

occurrence and station with the highest fog frequency differ. In this case, Ittoqqortoormiit 

has the highest fog occurrence (up to 15 all fog days instead of 6 real fog days, see Figure 

2-9). This all fog frequency peaks in June at Ittoqqortoormiit, though at Tasiilaq and 

Danmarkshavn it peaks in July with 8 to 12 average monthly number of fog days, 

respectively. 
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Figure 2-8. Monthly sum of real fog days for (a) Danmarkshavn, (b) Ittoqqortoormiit, (c) Tasiilaq, and (d) 
Prins CS. White is the median fog day value, blue is frequencies below the median, and red is frequencies 

above the median. Note the different colour bar ranges for each panel. 
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Figure 2-9. Monthly average number of days with fog (left y-axis) and monthly average percentage of days 
with fog (right y-axis) at Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI) and Prins CS 
(PRINS) for (a) fog at the station (real fog) and (b) fog at the station and marginal fog (all fog). See Table 

2-2 for WMO fog codes used.  
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Table 2-5. Average monthly frequency of fog days at Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), 
and Tasiilaq (TASI) for 1981-2003. “-” and “+” denote the station with significantly lowest and highest fog 

days, respectively, in comparison with other stations. Stations with blanks have no significant difference 
with each other for a specific month. 

  
DANM   ITTO   TASI   

days   days   days   

  May 4.1 4.9 5.2 
  Jun 7.0 5.8 6.1 
  Jul 7.7 4.0 - 6.1 
  Aug 8.0  + 4.0   4.4   

	
	

2.5.2 Time and duration of fog occurrence 
 

At each station, fog displays a diurnal cycle, with a daily maximum in the late morning, 

before solar noon, and a daily minimum in the late afternoon (Figure 2-10). At Tasiilaq, 

fog has the highest diurnal variation, with 90 % of summer fog occurring between 0000 

and 1100 UTC (Table 2-6). However, this only significantly differs from Danmarkshavn, 

where 35 % of fog observations occur between 1200 and 2300 UTC (χ2 = 18, df = 1, p < 

0.001). During the early melt season (May-June) at Ittoqqortoormiit, fog displays a 

similar daily timing distribution as Danmarkshavn, with 29 % of fog occurring after 1200 

UTC. This is significantly different from the late melt season (July-Aug) daily timing 

distribution at Ittoqqortoormiit, where only 15 % of fog occurs in the afternoon (χ2 = 86, 

df = 1, p < 0.001). Additionally, there is a non-significant tendency for fog at the other 

three stations to be less restricted to morning hours in the early melt season compared to 

the late melt season (χ2 range = 0.3-2.8, df = 1, p range = 0.09-0.60) and a non-significant 

tendency for fog at Prins CS to be less restricted to morning hours compared to fog at 

Tasiilaq (χ2 = 0.8, df = 1, p = 0.38). Fog timing conclusions from tests performed on local 

time instead of UTC time remain the same (not shown). 
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Figure 2-10. Time of fog occurrence with the count of hourly observations in the period 2006-2016 at (a) 
Danmarkshavn, (b) Ittoqqortoormiit, (c) Tasiilaq, and (d) Prins CS. White is the median fog count value, 
blue is frequencies below the median, and red is frequencies above the median. Note the different colour 

bar ranges for each panel. 

Table 2-6. Total number of fog observations (n) in early summer (May-June), late summer (July-Aug), and 
all summer (May-Aug); frequency of morning fog occurring between 0000 and 1100 UTC (% in brackets). 
Percentages in bold are significantly different (p < 0.01) between early and late melt season (“May-June” 

vs. “July-Aug”) or among stations (“Tot summer”). 

 DANM ITTO TASI PRINS 

  
n (morning 

fog %) 
n (morning 

fog %) 
n (morning 

fog %) 
n (morning 

fog %) 
  May-June 482 (60) 520 (71) 400 (88) 312 (71) 
  July-Aug 625 (68) 179 (85) 386 (92) 434 (76) 
  Tot summer 1107 (65) 699 (74) 786 (90) 746 (74) 

	
 

The results discussed above suggest a longer fog duration at Danmarkshavn compared to 

Tasiilaq, because Danmarkshavn has less of a diurnal variation in fog occurrence and may 

therefore occur throughout the day. Using hourly observations in the automated 

observation period average fog duration was calculated as ~ 1.5 hours. Tasiilaq has the 

longest average fog duration (1.6 ± 1.7 h, Figure 2-11c), although this is not significantly 
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different from the other stations. Conclusions obtained from three-hourly observations 

(not shown) are comparable to those obtained from hourly observations. We, therefore, 

conclude that, even though fog at Danmarkshavn is not as restricted to the morning as fog 

at Tasiilaq, it is not more continuous and the average fog duration is the same at all sites.  

 
 

	
Figure 2-11. Fog duration determined from the sum of subsequent hourly automated fog observations 

(summers of 2006-2016) at (a) Danmarkshavn (DANM), (b) Ittoqqortoormiit (ITTO), (c) Tasiilaq (TASI), 
and (d) Prins CS (PRINS). 
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Since the majority of synoptic fog observations and fog days occur between May and 

August, the remainder of the climatological analysis in this chapter will be restricted to 

these melt season months, which will be referred to as “summer”. Additionally, unless 

stated otherwise, the analysis will be performed using synoptic observations up to 2012 

only, because data from 2013 onwards were not quality-checked by DMI.  

	

2.5.3 Temperature during summer fog 
	
 

Temperature during fog is reported in Figure 2-12 for all four stations. Fog usually occurs 

around 0°C for all stations (median values are -0.6°C, -0.8°C, 0.5°C for Danmarkshavn, 

Ittoqqortoormiit and Tasiilaq, respectively), except the southernmost (Prins CS, median = 

3°C). All fog temperature distributions are negatively skewed. The long tails in the 

negative values for Danmarkshavn and Ittoqqortoormiit signify that even in summer very 

low temperatures can occur during fog at higher latitudes. Table 2-7 summarises 

frequencies of synoptic fog observations with temperatures above -10°C (supercooled or 

liquid fog), between -30°C and -10°C (mixed-phase fog), and below -30°C (ice fog) 

(Petterssen, 1956). According to these temperature thresholds, summer fog is 

predominantly liquid or supercooled (> 95 %), with mixed-phase fog only occurring 

sporadically in early summer months at the two northernmost stations while ice fog does 

not occur. 
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Figure 2-12. Frequency distribution of dry-bulb air temperature during summer fog at Danmarkshavn 
(DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI), and Prins CS (PRINS). The red vertical line is 0°C. 

 

Table 2-7. Frequencies in percentages of supercooled/liquid (T > -10°C), mixed-phase (-10°C ≥ T > -30°C) 
and ice fog (T ≤ -30°C) during summer at Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq 

(TASI), and Prins CS (PRINS). After Petterssen, 1956. 

  
DANM 

% 
ITTO 

% 
TASI 

% 
PRINS 

% 
T > -10°C 96 99 100 100 
-10°C ≥ T > -30°C 4 1 0 0 
T ≤ -30°C 0 0 0 0 

 

	

2.5.4 Relative humidity during summer fog 
	
 
Most summer fog in East Greenland occurs with high relative humidity with respect to 

liquid water (RHw > 93 %: Figure 2-13), which corresponds to a dew point depression 

threshold Tdd < 1°C (Hardy, 1998). This will become of importance in Chapters 3 and 4, 

where a method will be developed to detect fog from saturation in radiosonde data. The 

two Low-Arctic stations display median RHw values close to or equal to 100 % suggesting 

fog is in the liquid or supercooled phase (Table 2-7). The relatively lower RHw values at 

Prins CS compared to Tasiilaq are due to problems with RHw sensors at that location, as 
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emphasized in Figure 2-14. Most of these issues correspond to the use of the hygroscopic 

hair (Ulrik, pers comm, 1 March 2016). RHw at High-Arctic locations can be as low as 85 

%, which is directly related to lower temperatures at these stations (Figure 2-12). 

 

 

 
 
Figure 2-13. Frequency distribution of relative humidity with respect to liquid water during summer fog at 

Danmarkshavn (DANM), Ittorqoortoormiit (ITTO), Tasiilaq (TASI), and Prins CS (PRINS). Box and 
whisker plots show the median (horizontal line), lower and upper quartiles (bottom and top of box), and 5th 

and 95th percentiles (range). 

 

 
 

Figure 2-14. Time series of the yearly range of relative humidity with respect to liquid water during 
summer fog at Prins CS.  
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2.5.5 Visibility 
 

Figure 2-15 shows the distribution of horizontal visibilities for each manned present 

weather observation code representing fog. The peak at 500-m visibility is not seen in the 

automated fog present weather code distributions (Figure 2-16) and may point to a human 

observer bias in the measurements. The analysis of visibility distributions reveals that 

unchanging and thickening fog display similar positively skewed distribution frequencies, 

in contrast to the normal to negatively skewed pattern observed for thinning fog. This is 

seen under both the visible (ww = 44, 46 vs. 42) and invisible sky regimes (ww = 45, 47 

vs. 43), which suggests that fog microphysics differ among fog stages. When the sky is 

invisible, horizontal visibility is significantly lower (by 150-180 m on average), except 

for thinning fog at Danmarkshavn and Ittoqqortoormiit (Table 2-8). This suggests that 

vertical and horizontal visibilities are related to each other. Under very dense fog (vv ≤ 

100 m), fog events with sky invisible indeed occurred 5 to 13 times more frequently than 

fog events with sky visible (Table 2-9). This confirms that very dense fog is usually also 

sky-obscuring.  
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Figure 2-15. Horizontal visibility (km) for each fog code (ww, see Table 2-2) in summer from the manned 

weather stations between approximately 1958 and 2003 at Danmarkshavn (DANM), Ittoqqortoormiit 
(ITTO), Tasiilaq (TASI), and Prins CS (PRINS). Paired panels from top to bottom: fog thinning; 

unchanging; thickening; and depositing rime.  
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Figure 2-16. Horizontal visibility (km) for each automated fog code in summer at (a) Danmarkshavn, (b) 
Ittoqqortoormiit, (c) Tasiilaq, and (d) Prins CS. “Thinning” is ww 32, “unchanging” is ww 33, and 

“thickening” is ww 34 (See Table 2-2). 
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Table 2-8. Horizontal visibility number of observations (n), and mean and standard deviation (km) during 
summer fog when the sky is visible and invisible from manned observations and for all fog stages (ww = 42, 
44, 46 vs. 43, 45, 47), thinning fog (ww = 42 vs. 43), unchanging fog (ww = 44 vs. 45), and thickening fog 

(ww = 46 vs. 47) at Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI), and Prins CS 
(PRINS). Means in bold significantly differ under the visible and invisible sky regimes (p < 0.01). 

Horizontal Visibility 

    DANM   ITTO   TASI   PRINS 
  n km n km n km n km 

All fog stages 
  Sky visible 766 0.63 ± 0.24 470 0.51 ± 0.26 557 0.55 ± 0.25 319 0.52 ± 0.28 
  Sky invisible 2205 0.48 ± 0.25 641 0.34 ± 0.26 1871 0.37 ± 0.24 673 0.35 ± 0.25 
Thinning fog 
  Sky visible 125 0.70 ± 0.21 91 0.63 ± 0.25 161 0.58 ± 0.26 43 0.72 ± 0.20 
  Sky invisible 132 0.70 ± 0.22 29 0.63 ± 0.26 152 0.52 ± 0.26 55 0.50 ± 0.26 
Unchanging fog  
  Sky visible 274 0.60 ± 0.24 159 0.46 ± 0.26 114 0.53 ± 0.26 114 0.47 ± 0.28 
  Sky invisible 1197 0.47 ± 0.24 303 0.31 ± 0.25 771 0.33 ± 0.22 298 0.32 ± 0.25 
Thickening fog 
  Sky visible 367 0.63 ± 0.25 220 0.51 ± 0.26 282 0.54 ± 0.25 162 0.49 ± 0.27 
  Sky invisible 876 0.47 ± 0.26 309 0.35 ± 0.25 948 0.38 ± 0.24 320 0.36 ± 0.25 

 

Table 2-9. Number of observations of very dense summer fog events (vv ≤ 100 m) with invisible (“inv”) 
and visible (“vis”) sky, and the ratio between very dense fog with invisible and visible sky at 
Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI), and Prins CS (PRINS). 

  DANM ITTO TASI PRINS 
  ninv 142 401 150 143 
  nvis 31 30 29 13 

 

 

The analysis of combined manual and automated station visibility observations (Figure 2-

17) reveals that fog over coastal East Greenland occurs with the majority of observations 

below 500 m, which is classified as dense to very dense fog (see Chapter 1). However, 

fog at Danmarkshavn, the northermost station, is significantly less dense than fog at the 

other three stations (Figure 2-17: significant at p < 0.001). This is also clear from the 

stronger negative skew of Danmarkshavn’s horizontal visibility distribution frequencies 

in the manned observations (Figure 2-15) and the absence of positive skew in the 

automated observations at Danmarkshavn (Figure 2-16). Even though the shapes of 



74 
	

distributions differ between automated and manned observations, the general conclusion 

of higher visibility at Danmarkshavn remains the same when performing the statistical 

analysis on automated observations only (not shown). Higher visibility conditions at that 

site could possibly be caused by either a higher proportion of thinning fog (Table 2-8) or 

different environmental conditions, such as the presence of sea ice during most of the 

summer. Table 2-10 further explores the tendency for fog at Danmarkshavn to have 

higher visibility values compared to the other three stations, and reveals that this is 

significant for unchanging and thickening fog only. Additionally, thinning fog has 

significantly higher visibilities than the other two types of fog at all sites except Prins CS, 

where visibility does not differ among fog types. However, Danmarkshavn had one of the 

lowest proportion of thinning fog (high visibility values) and the highest proportion of 

thickening fog (low visibility values), suggesting that, if visibility only depended on the 

relative frequency of fog type, Danmarkshavn should have the lowest average visibility.  
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Figure 2-17. Horizontal visibility during summer fog from 1958-2012 at Danmarkshavn (DANM), 

Ittoqqortoormiit (ITTO), Tasiilaq (TASI), and Prins CS (PRINS). 

 
 

Table 2-10. Horizontal visibility mean and standard deviation (km) during summer fog from automated 
observations (2006-2016) and for thinning fog (ww = 32), unchanging fog (ww = 33), and thickening fog 
(ww = 34) at Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI), and Prins CS (PRINS). 

Means in bold significantly differ among stations (black) or among fog stages (italics red) (p < 0.01). 

Horizontal Visibility 

 DANM ITTO TASI PRINS 
ww n (%) km n (%) km n (%) km n (%) km 

32 75 (15) 0.47 ± 0.18 101 (20) 0.47 ± 0.21 116 (19) 0.47 ± 2.18 70 (14) 0.38 ± 0.21 
33 143 (28) 0.39 ± 0.18 180 (35) 0.31 ± 0.20 210 (35) 0.30 ± 1.94 190 (38) 0.33 ± 0.21 
34 297 (58) 0.39 ± 0.19 235 (46) 0.35 ± 0.21 273 (46) 0.37 ± 2.40 245 (49) 0.38 ± 0.23 

 
 

2.5.6 Wind 
	
 
A large proportion of fog events occur under calm conditions (ws = 0 m s-1): 42 % at 

Danmarkshavn, 58 % at Ittoqqortoormiit, 72 % at Tasiilaq and 49 % at Prins CS.  The 

vast majority of fog events not taking place under calm conditions occur with surface 

wind speeds between 1-4 m s-1 and wind directions predominately from the nearest open 

water source (Figure 2-18). At Danmarkshavn (average ws = 2.5 ± 1.4 m s-1), fog comes 

from an easterly-southerly direction which corresponds to the open ocean (Figure 2-18). 

At Tasiilaq (ws = 2.1 ± 1.2 m s-1), the predominantly southerly wind direction during fog 

also denotes an oceanic origin; the secondary peak in northerly directions may represent 
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fog originating from Sermilik or Ammassalik fjords, or fog retreating from these fjords 

towards the ocean. Surface wind directions are similar under foggy and all-weather 

conditions at Tasiilaq. When considering the frequency of fog occurring under calm 

conditions (not included in Figure 2-18), the calmest conditions for all fog events occur at 

Tasiilaq (ws = 0.58 ± 1.14 m s-1, p < 0.001). This site is also the calmest under all weather 

conditions, with an average summer wind of 1.4 m s-1 (Cappelen et al., 2001). Fog at 

Prins CS (ws = 2.7 ± 2.0 m s-1) has a predominant easterly wind direction, which can be 

explained by the channeling of fog formed over the ocean into the E-W oriented Prins CS 

fjord. This contrasts with the predominant northerly wind direction and high wind speeds 

occurring at that location during all weather conditions. Fog occurs at the lowest wind 

speeds at Ittoqqortoormiit (ws = 1.8 ± 1.5 m s-1: significantly different than the other 

locations at p < 0.001), where it originates from the large Scoresby Sund fjord and not 

from the open ocean. Fog at Danmarkshavn and Prins CS have the highest wind speeds (p 

< 0.001). These are also the windiest places under all weather conditions, especially at 

Prins CS where average wind speed is 5 m s-1 in summer (Cappelen et al., 2001).  

 

The comparison between surface and higher-level winds during fog reveals a 90° rotation 

clockwise from the surface up over Danmarkshavn and Tasiilaq. These predominantly 

veering winds suggest the prevalence of warm air advection processes during fog (Croft 

et al. 1997). Upper-level winds during fog at these locations contrast with their upper-

level winds during all weather conditions: southerly (ocean) vs. northwesterly (ice sheet) 

over Danmarkshavn and westerly (ice sheet) vs. easterly (ocean) directions over Tasiilaq. 

Upper winds typically originate from the north over Ittoqqortoormiit during both fog and 

all-weather conditions.  
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Figure 2-18. Wind speed and direction for all summer weather (ALL WEATHER) and summer fog 
observations (FOG) at the surface (surf. from DMI) and aloft (850 hPa level from IGRA) over 

Danmarkshavn (DANM), Ittoqqortoormiit (ITTO), Tasiilaq (TASI), and Prins CS (PRINS). Top panels 
show schematic maps representing the distribution of land (brown) and water (white) around each station. 

Surface winds are from 1958 to the end of manned observations (appr. 2003) and upper winds are from 
1980 to 2012. Note that the scale is different for Prins CS, with the outermost circle representing 50 % 

frequency instead of 40 % for the other stations. 
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Sea breezes are significantly more frequent during fog than under all weather conditions, 

at all sites, both in the morning and afternoon (Figure 2-19). Sea breezes are more 

frequent in the afternoon compared to the morning, under both foggy and all weather 

conditions, and for all sites. Under all weather conditions, Tasiilaq has the highest 

frequency of sea breezes, followed by Danmarkshavn, Ittoqqortoormiit and Prins CS 

(morning and afternoon). The diurnal variation in sea breeze occurrence is also strongest 

with decreasing latitude. When fog is present, Danmarkshavn has the highest frequency 

of sea breezes, with 75 % of occurrence in the morning and 86 % in the afternoon. 

Nevertheless, Tasiilaq has the highest diurnal variation in sea breeze frequency during 

fog, with an increase of 52 % of sea breeze occurrence in the afternoon compared to the 

morning. In contrast, Danmarkshavn only has a 15 % increase in sea breeze occurrence in 

the afternoon. There is a tendency for sea breeze frequency during fog to decrease with 

decreasing latitude, although this is not statistically significant. In the morning, sea 

breezes are dominant during fog at Danmarkshavn only, whereas in the afternoon, they 

are dominant over all locations. There was no significant difference in sea breeze 

frequency between foggy conditions and immediately after the end of fog, though winds 

were slightly stronger after fog and there was a higher proportion of offshore winds at 

Ittoqqortoormiit and Prins CS (see Appendix 2). 
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Figure 2-19. Wind roses with surface wind speed and direction for all summer weather (ALL WEATHER) 
and summer fog (FOG) observations in the morning (AM: 0000-1100 UTC) and afternoon (PM: 1200-2300 

UTC) from 1958 to the end of manned observations (appr. 2003) over Danmarkshavn (DANM), 
Ittoqqortoormiit (ITTO), Tasiilaq (TASI), and Prins CS (PRINS). The outermost circle represents 40 % 

frequency of occurrence. The percentages displayed next to each wind rose correspond to the frequency of 
sea breeze. Top panels show schematic maps representing the distribution of land (brown) and water 

(white) around each station. 
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2.5.7 Sea ice concentration  
	
 
The timing of sea ice break-up is highly variable from year to year (Figure 2-20, grey 

shading) and depends on atmospheric and oceanic heat fluxes, oceanic currents, pressure 

and winds (Marshall, 2012). On average, sea ice starts to break up in June around 

Tasiilaq, while it starts to break up later in the melt season at Danmarkshavn (Figure 2-

20, black lines). This is related to the colder climate and a sustained flux of sea ice from 

the Arctic Ocean through the Fram Strait in northeast Greenland. At Danmarkshavn, there 

is generally offshore sea ice remaining throughout the melt season. Further south, at 

Tasiilaq, sea ice is usually absent by August, although this station exhibits a very high 

interannual variability. Ittoqqortoormiit has an average maximum concentration of 75 % 

early in the melt season. This lower SIC denotes the presence of the year-round Scoresby 

Sund Polynya (Sandel and Sandel, 1991). Sea ice starts to break up even more by the end 

of May and is mostly gone by August. Even though Prins CS is located at the southern tip 

of Greenland, it is influenced by the presence of seasonal sea ice (Cappelen, 2015), 

reaching a maximum average of 25 % in the early melt season. The sea is usually 

completely ice-free in August at that location. 

 

The red line in Figure 2-20 confirms that the vast majority of fog days take place during 

the melt season (see also Table 2-3 and Figure 2-9). The month of sea ice break-up 

coincides with the month of highest fog occurrence at Danmarkshavn, Ittoqqortoormiit 

and Tasiilaq. From Figure 2-20, fog onset graphically corresponds to the onset of sea ice 

break-up at these locations. On average, 50 % of cumulative yearly fog day occurrence is 

reached by DOY 198 (17 July) at Danmarkshavn, by DOY 174 (23 June) at Tasiilaq, and 
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DOY 163 (12 June) at Ittoqqortoormiit. These approximately correspond to a SIC of 50 

%. At Prins CS, 50 % of cumulative yearly fog day occurrence is reached by DOY 188 (7 

July) when SIC is generally no more than 10 % (Figure 2-20d). 

 
Figure 2-20. Average (black curve) and standard deviation (grey shading) of daily sea ice concentration, 

and average cumulative frequency of fog days (red curve) between 1 May (DOY 121) and 31 August (DOY 
243) in 1988-2012 in a pixel offshore of (a) Danmarkshavn (DANM), (b) Ittoqqortoormiit (ITTO), (c) 

Tasiilaq (TASI), and (d) Prins CS (PRINS). The horizontal dotted line is 50 % frequency in both sea ice 
concentration and average cumulative fog day occurrence. Gridded sea ice concentration data from NSIDC 

(https://nsidc.org, NSIDC-0051). 
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Figure 2-21 shows that most fog days at Danmarkshavn, Ittoqqortoormiit and Tasiilaq 

occur at the time of initial sea ice break-up, when leads start to form. Even though most 

fog at Prins CS occurs during the melt season, sea ice break-up is not as strongly related 

to fog onset as at the other stations. The initial inflection points in Figure 2-21 (e.g. for 

Danmarkshavn at cumulative fog day frequency of 30 %) also denote a rapid increase in 

fog occurrence before the rapid sea ice break-up starts. This might suggest a common 

atmospheric control on the onset of both parameters. 

 
Figure 2-21. Average cumulative fog day frequency (in percentage) as a function of offshore sea ice 

concentration averaged over the melt seasons of 1988-2012 at Danmarkshavn (DANM), Ittoqqortoormiit 
(ITTO), Tasiilaq (TASI), and Prins CS (PRINS). Gridded sea ice concentration data from the offshore pixel 

is from NSIDC (https://nsidc.org, NSIDC-0051) 
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Figure 2-22 shows the time series of individual fog observations in relation to offshore 

SIC at Danmarkshavn and Tasiilaq for the melt season of 1998. Even though the vast 

majority of fog events occur after sea ice starts to break up (yellow arrow), fog onset at 

Danmarkshavn starts before break-up.  

 

 
Figure 2-22. Time series of fog events (grey bars) and daily offshore sea ice concentration (red curve) at 

Danmarkshavn (DANM) and Tasiilaq (TASI) for the summer of 1998. Gridded sea ice concentration data is 
from NSIDC (https://nsidc.org, NSIDC-0051). The yellow arrow represents the start of sea ice break-up for 

each location. Vertical dotted lines separate months.  

	
 

At Danmarkshavn, FTE is significantly negatively correlated with SIC during the month 

of sea ice break-up (July, Figure 2-23). Although the data are scattered, the regression 

slope suggests that FTE increases by ~ 60 m for every 10 % decrease in SIC. Note that 

the very thin fog in this graph (~ 20 m) is likely only from one sounding level (Chapter 4) 
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and may therefore not be accurate. Removing these would not change the overall 

inferences made from this graph.  

 
 

 
 

Figure 2-23. Relationship between IGRA-derived fog top elevation (see Chapter 4) and offshore sea ice 
concentration during the month of sea ice break-up (July) at Danmarkshavn. Gridded sea ice concentration 
data is from NSIDC (https://nsidc.org, NSIDC-0051). The blue line is the least-square regression line and R 

is the Pearson product-moment correlation coefficient. 

 
	  



85 
	

2.6 Discussion 
	
 
Fog occurring along the coast of East Greenland is mainly a summer phenomenon, as for 

other high-latitude coastal regions (Lazzara, 2008; Khalilian, 2016; Dorman et al., 2017). 

The highest frequencies of fog at the station are observed in the early melt season at 

Ittoqqortoormiit and Tasiilaq, and in the late melt season at Danmarkshavn, which is the 

same as what Gueye (2014) reported using the same dataset as used in this chapter, but 

only up to 2005. The average fog day frequencies are up to 7 fog days per month during 

the late melt season, which is similar to values reported by Ukhanova (1971) over coastal 

East Greenland. However, these statistics are lower than the 21 average monthly fog days 

published by Cappelen et al. (2001), who in addition suggest that Ittoqqortoormiit has the 

highest number of fog days, and not Danmarkshavn as presented here. They also report 

that fog usually peaks in July. Differences between their study and the one presented in 

this chapter may in part be explained by the fact that the former includes fog at a distance, 

fog in patches, shallow fog and fog in the past hour (J. Cappelen, pers. comm. Nov. 

2017). This is less restrictive than our identification of “real fog”, which was restricted to 

fog occurring at the stations only for the purpose of the concurrent analysis of upper-air 

conditions presented in Chapters 3 and 4. In order to facilitate the comparison of fog 

frequencies between and among studies in different regions, where it is common practice 

to include all fog-related weather codes to establish annual and seasonal fog climatologies 

(Dorman et al., 2017), we also established the average monthly number of fog days over 

the period 1958-2016 for all fog-related weather codes in our study region. Results 

obtained from this analysis are similar to Cappelen et al. (2001) for East Greenland: fog 

peaks in July at most locations and is most frequent at Ittoqqortoormiit, although the 
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average fog frequency does not exceed 15 monthly fog days. The average number of days 

with fog per month over coastal East Greenland is similar to values found for other 

coastal areas across the Arctic, yet higher than fog days at inland or lower-latitude 

locations (Cappelen, 2015; Dorman et al., 2017) and lower than over the Arctic Ocean, 

and the Greenland Sea and Eurasian seas. In these Arctic marine locations fog occurs on 

average 20 days or more in July (Ukhanova, 1971).  

The occurrence of Arctic summer fog along the East Greenland coast is strongly related 

to sea ice break-up, which is in accordance with previous studies at other Arctic locations 

(Prik, 1960; Brooks, 1979). The majority of fog starts to occur once sea ice breaks up 

because more moisture (e.g. Eastman and Warren, 2010; Palm et al., 2010), sea salt 

(Struthers et al., 2010; Hudson et al., 2011) and biogenic cloud condensation nuclei (Leck 

and Bigg, 1999; Orellana et al., 2011) become available, while a cooling surface (sea ice 

and cold water) remains in the local environment to cool the air mass down to its dew 

point temperature. The differential timing of fog onset along the East Greenland coast 

corresponds to the onset of sea ice break-up at each site. A late season peak in fog 

occurrence at Danmarkshavn is associated with a later onset of sea ice break-up at that 

high-latitude location, which is characterised by sea ice concentrations above 80 % for 

most of the year (Cappelen, 2015). The early fog onset at Ittoqqortoormiit may be related 

to the occurrence of year-round open waters of the Scoresby Sund Polynya at the mouth 

of Scoresby Sund (Sandel and Sandel, 1991). Early in the melt season, the fjord surface 

waters are usually cold due to glacier melt and icebergs from the numerous tidewater 

glaciers draining into Scoresby Sund (e.g. Dowdeswell et al., 1992; Murray et al., 2010). 

This provides the cold surface needed for advection fog to form. Fog can sometimes 
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occur before sea ice break-up because melt ponds and leads start to form a few days 

before the actual break-up (Petrich and Eicken, 2010). Also, the fog moisture source may 

be located further away than the nearest offshore 25 x 25 km sea ice grid cell. For 

example, at Tasiilaq, the moisture source could be located further offshore, beyond the 

“sea ice corridor” separating the coast from the open ocean. Even though Danmarkshavn 

has pack ice reaching further offshore compared to Tasiilaq, the presence of the nearby 

North East Water Polynya (Schneider and Budéus, 1994) can provide moisture to that 

area. In a future study, sea ice concentration could be averaged over these regions of year-

round open water and, in combination with back-trajectory analysis, investigated in 

relation to fog occurrence to determine whether these regions are moisture sources for 

fog.  

The analysis of surface and upper wind directions, together with the analysis of sea ice 

concentration, strongly suggests that fog in coastal East Greenland is mostly of the 

advective type and that local sea breeze brings fog inland. Surface winds during fog are 

usually < 4 m s-1, which are typical of advection fog in both mid-latitude and polar 

regions (Lazzara, 2008; Kim and Yum, 2017), and originate from the ocean at all 

locations except at Ittoqqortoormiit where they come from the 29-km wide and 300-km 

long Scoresby Sund fjord at low wind speeds (typically < 2 m s-1). Tasiilaq generally has 

the calmest conditions, and Danmarkshavn and Prins CS the windiest conditions, which 

concurs with Cappelen et al. (2001). Sea breezes during fog are stronger at 

Danmarkshavn and are sustained during the day, which can be explained by a strong 

thermal gradient between the cold ice-covered ocean, and the snow-free and sun-heated 

land. However, the highest diurnal variations in sea breeze occurs at the two southern 
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sites, which is likely related to the diurnal solar cycle in combination with local katabatic 

wind influence.  

Fog occurrence displays a diurnal cycle at all locations, which is a characteristic similar 

to that of mid-latitude marine fog (e.g. Hansen et al., 2007). This is related to daily 

variations in shortwave heating that lead to fog dissipation in late morning and prevent 

fog from forming before the night (Gultepe et al., 2009). North of the Arctic Circle, fog 

still displays a diurnal cycle although it is less restricted to morning hours and can take 

place throughout the day (Gueye, 2014; Khalilian, 2016). Fog is 2 to 9 times as frequent 

in the morning compared to the afternoon, which is higher than the 50 % increase in fog 

frequency in the morning reported for Antarctic fog at 78°S (Lazzara, 2008). This higher 

morning fog frequency over East Greenland compared to Antarctica for corresponding 

austral latitudes is difficult to explain with the influence of the diurnal solar cycle only. 

Mesoscale systems, horizontal advection and local topography all influence the sensitivity 

of fog to the solar diurnal cycle (e.g. Eastman and Warren, 2014). In East Greenland, the 

lower sensitivity of fog to the solar diurnal cycle at Danmarkshavn and Ittoqqortoormiit 

can be due to a combination of factors. Firstly, diurnal variations of temperature (related 

to the solar diurnal cycle) are smaller with increasing latitude during the melt season. A 

comparison of surface air temperature among stations during June 2013 reveals a 

temperature amplitude of ~ 6°C at Tasiilaq, ~ 4-5°C at Ittoqqortoormiit and ~ 2°C at 

Danmarkshavn. An amplitude of 2°C, even though it is not negligible, has a weaker 

impact on fog dissipation than a 6°C amplitude. Secondly, the concentration of sea ice, 

which is higher at Danmarkshavn and in the early melt season at Ittoqqortoormiit, 

promotes fog formation. The presence of sea ice also increases thermal gradients between 
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the ocean and the snow-free land in the late melt season (Cappelen et al., 2001), leading 

to a stronger sea breeze. Sustained sea breeze throughout the day could maintain or 

enhance fog occurrence during afternoon hours. The influence of sea ice and cold waters 

in promoting fog formation throughout the day has previously been discussed by Gueye 

(2014) and Khalilian (2016). From the combined results on diurnal fog patterns it can be 

hypothesised that the combination of high latitude and a strong across-shore thermal 

gradient makes afternoon fog less likely to dissipate at High-Arctic locations during the 

melt season.  

Despite the fact that fog is less restricted to morning hours at high latitudes, fog duration 

does not differ among stations, as opposed to results obtained by Gueye (2014) for the 

period 1958-2005. This can be explained by the difference in calculating fog duration 

between that study and the present study. Gueye (2014) analysed “non-continuous” fog 

duration, whereas we restricted our analysis to sequential fog observations only. On 

average, fog lasts 1.5 hour but long-duration fog events can last up to 13 hours, even 

though several days to weeks of fog can occur sequentially (e.g. Figure 2-22). The 

average fog duration is similar to statistics reported for Antarctic fog (Lazzara, 2008), 

although extreme fog events were reported to last up to 30 hours at McMurdo Station. 

This difference can either reflect shorter long-duration fog in East Greenland or 

differences in fog identification methods. Lazzara (2008) used only manned fog 

observations at synoptic times and included fog at a distance, fog in patches, shallow fog, 

and fog in the last hour, which can possibly result in more extensive long-duration fog 

events. No firm conclusion can be drawn with respect to long-duration fog events because 
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either different fog codes were included or different methodologies were used. 

Nevertheless, the average fog duration compares well between both regions.  

On average, summer fog in East Greenland occurs at air temperatures around the freezing 

point, which corresponds to findings from Gueye (2014). To our knowledge, a 

climatology of air temperatures during summer fog over other Arctic locations does not 

exist. Nonetheless, fog in East Greenland takes place at higher temperatures compared to 

Antarctic summer fog, which occurs at average air temperatures around -6°C over a 

permanently snow-covered ground (Lazzara, 2008). The lowest summer temperatures 

during fog in East Greenland are recorded at Danmarkshavn and the highest temperatures 

at Prins CS, which is directly related to latitude. This impacts statistics of relative 

humidity with respect to liquid water (RHw) because saturation with respect to ice can be 

reached at RHw below 100 % at subzero temperatures (Hardy, 1998). Although RHw 

below 100 % are typically encountered at the two High-Arctic locations, summer fog in 

East Greenland is predominantly liquid or in the supercooled phase (> -10°C). This is 

consistent with direct observations of liquid fog made at other Polar locations (Kumai, 

1973; Lazzara, 2008), and has important climatic implications because liquid-bearing 

clouds, due to their high emissivity, exert a strong influence on the Arctic surface energy 

budget and particularly the cryosphere (Shupe and Intrieri, 2004; Bennartz et al., 2013). 

 

Fog is generally dense over coastal East Greenland, with visibility typically below 500 m. 

These are similar to values reported during coastal summer fog in the western Canadian 

Arctic (Khalilian, 2016). Dense fog conditions are characteristic of marine fog because of 

the dominance of sea salt condensation nuclei on which large droplets form (Gultepe et 
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al., 2009; Liu et al., 2016). Even though detailed fog microphysics are not available from 

standard WMO synoptic weather stations, the analysis of visibility in relation to different  

fog codes in this chapter revealed possible indications for microphysical differences in 

fog stages: i) vertical visibility is related to horizontal visibility: the sky is usually 

invisible during dense fog, ii) thinning fog has significantly higher visibility than 

unchanging or thickening fog, iii) there is a tendency for unchanging fog to have lower 

visibility than other types although results were not significant, iv) visibility is higher at 

Danmarkshavn than at other stations, and v) horizontal visibility does not differ among 

fog codes at Prins CS. These results suggest that fog microphysics differs under thinning 

fog and unchanging or thickening fog. With its highest horizontal visibility, thinning fog 

could represent fog dissipation stage but also spatial variability in fog density, 

unchanging fog mature fog stage (lowest vv), and thickening fog developing fog stage 

(intermediate vv). Further analysis on this process interpretation is done in Chapter 3: 

even though this analysis did not include a systematic comparison of vertical profiles with 

fog codes, manual checking of multiple profiles did not reveal a direct correlation 

between fog codes and fog onset or dissipation. Fog geometrical thickness, which is 

inversely related to vertical visibility, is higher at Danmarkshavn (see Chapter 4), 

although visibility during fog is still higher at that location. This suggests that fog 

microphysical properties are distinct at Danmarkshavn compared to the other locations, 

which can be due to different environmental conditions such as lower temperatures, 

longer distance moisture transportation, and the presence of sea ice throughout the 

summer. Cold air has a lower specific humidity compared to warm air, leading to a lower 

LWC (e.g. Kawai et al., 2016) and, hence, a higher visibility (Chapter 1). Additionally, 

cloud condensation nuclei are less dense over the Arctic pack ice, compared to the open 
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ocean (Heintzenberg et al., 2006; Mauritsen et al., 2011). With perennial sea ice cover 

near Danmarkshavn, it is possible that the boundary layer has a lower aerosol load, which 

could lead to a higher visibility at that location (Chapter 1). However, detailed and 

comprehensive field measurements of fog microphysics would be needed to confirm this. 

 

The analysis presented in this chapter further revealed that there are several data gaps and 

inhomogeneities in present weather and visibility observations at the WMO standard 

synoptic weather stations operated by DMI in East Greenland. We recommend that 

homogenisation methods such as those described in Zhang and Seidel (2011) or Hanesiak 

and Wang (2005) be applied to this dataset before long-term analysis of fog frequency is 

attempted. It is of particular importance to include data from the 2000s onwards because 

of the warmer than normal conditions observed in Southeast Greenland during this period 

(Hanna et al., 2013; Abermann et al., 2017), which are consistent with future climate 

projections (IPCC, 2013). This time period also corresponds to the transition from 

manned to automated observations and from three-hourly to hourly sampling resolution. 

Adjustment for data inhomogeneities resulting from the transition from visual to 

automated parameters is necessary in order to understand long-term trends and variability 

in fog frequency and to establish an accurate fog climatology. It is, however, more 

difficult to adjust for possible manual visibility biases (e.g. 500 m peak, see Figure 2-15). 
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2.7 Summary and conclusions  
	
 

In this chapter, the climatology of Arctic coastal fog was investigated from archived 

synoptic present weather and visibility data available at four WMO weather stations along 

the East Greenland coast between 1958-2016. Fog predominantly occurs in the melt 

season, when it is mostly in the liquid or supercooled phase and hence can have important 

implications for the Arctic surface energy budget (Shupe and Intrieri, 2004; Bennartz et 

al., 2013). Fog is generally dense (visibility < 500 m) and is associated with local sea 

breezes and advection of oceanic air over sea ice and cold waters. Sea ice break-up and 

fog onset are near-coincident in timing along the East Greenland coast, except at the 

southernmost station. Further analysis is necessary to establish this more firmly, and 

should include a more thorough regional analysis of sea ice cover (i.e. more pixels around 

each station) and a simultaneous analysis of air temperature, sea surface temperature, 

back trajectories and terrestrial snow melt patterns (e.g. Pedersen et al., 2016). 

 

Danmarkshavn, the northernmost station, is characterised by lower temperatures and 

relative humidity with respect to liquid water during fog, as well as higher sea ice 

concentrations and stronger sea breeze than at the other stations. Together with a lower 

diurnal thermal amplitude, this may result in a reduction of fog dissipation processes in 

the afternoon. In addition, visibility during fog is higher at Danmarkshavn, which 

suggests fog at this location has different microphysical properties such as aerosol 

properties and/or liquid water content, which in part may be related to the lower air 

temperature and more northern latitude.  
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The fog observation and visibility data used in this chapter are plagued by 

inhomogeneities resulting from changes in instrumentation, reporting practices, and 

relocation of stations. Data homogenisation techniques must be applied to these datasets, 

especially if including data after 2000. Nonetheless, these data represent a unique 

opportunity to access decades of fog observations in remote Arctic locations. In future 

studies, extensive field campaigns would be useful to investigate fog microphysics over 

different Arctic sites to understand spatial differences in aerosol sizes and composition, 

and their impact on fog and low-cloud formation (e.g. Gultepe et al., 2004). In-depth 

studies of Arctic coastal fog would offer an opportunity to better understand micro- and 

macrophysical properties of fog throughout the Arctic. Because of its oceanic origin, 

Arctic coastal fog can give a glimpse of Arctic sea fog properties over the ocean, which is 

only sparsely sampled due to logistic constraints (Ukhanova, 1971; Dorman, 2017). 

However, fog is ubiquitous over Arctic seas in the melt season and exerts a strong 

influence on sea ice energy budget (Tjernstrӧm et al., 2015). It is important to establish a 

comprehensive climatology of fog throughout the Arctic, including regional trends in fog 

occurrence, to assess how Arctic fogginess will change as a result of decreasing sea ice, 

warming air and water temperature, and increased poleward advection of heat, moisture 

and aerosols (e.g. Eastman and Warren, 2010; Vavrus et al., 2011; AMAP, 2017), as well 

as how Arctic fogginess will impact the Arctic surface energy budget during the melt 

season.  

	
	  



95 
	

CHAPTER 3.    ARCTIC FOG TYPES AND PROCESSES FROM RADIOSONDE 
DATA OVER EAST GREENLAND 

	
	

3.1 Introduction 
	
 
Climate models highlight the Arctic as a region of crucial importance and vulnerability to 

global climate change because it responds to anthropogenic radiative forcing at a much 

higher rate than do lower latitudes. This “Arctic Amplification” is driven by positive 

climatic feedback (Serreze and Barry, 2011; Pithan and Mauritsen, 2014). Although the 

main contributor to Arctic Amplification in summer is the ice-albedo feedback (Serreze 

and Francis, 2006; Taylor et al., 2013), clouds also play an important role as they affect 

the surface energy budget through competing mechanisms. Clouds cool the surface by 

reducing the amount of incoming shortwave radiation (shortwave cloud forcing), while 

the associated increase in downward longwave energy flux warms the surface (longwave 

cloud forcing) (e.g. Nardino and Georgiadis, 2003; Shupe and Intrieri, 2004). Because 

low-level clouds are ubiquitous during the Arctic melt season (e.g. Curry et al., 1996) 

when solar radiation is at its highest level, they exert a strong influence on the Arctic 

surface energy budget. The net result is usually a warming effect at the surface (Zhang et 

al., 1996; Nardino and Georgiadis, 2003; Serreze and Barry, 2011; Bennartz et al., 2013), 

except for a few weeks in mid-summer when surface albedo is low and solar elevation 

angle high (Curry et al., 1988; Shupe and Intrieri, 2004). Despite the recent extensive 

research on Arctic clouds (e.g. Curry et al., 1996; Eastman and Warren, 2010; Vavrus et 

al., 2011; Tjernström et al., 2012; Van Tricht et al., 2016), fog and boundary-layer clouds 

are still considered difficult to predict and remain one of the largest uncertainties in 

climate modelling (IPCC, 2013). Fog and low-level cloud cover and frequency over the 
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oceans are expected to increase via more moisture becoming available from declining 

seasonal sea ice, though regional changes are uncertain (Eastman and Warren, 2010; Palm 

et al., 2010; Vavrus et al., 2011; Liu et al., 2012). It is therefore necessary to establish the 

thermodynamic structure and a precise climatology of Arctic fog to better understand 

processes leading to its formation and dissipation, and to assess how future changes in sea 

ice conditions and poleward advection of moisture and heat will affect its occurrence. 

 

Fog is a cloud at the Earth’s surface which reduces horizontal visibility below 1 km 

(NOAA, 1995). It can be a major transportation hazard and is responsible for important 

economic losses, especially in the Arctic (Gultepe et al., 2007). Formation and dissipation 

of fog can be very important for prediction applications. Fog is frequent in the Arctic 

summer, with sea fog being the most common fog type (e.g. Rae, 1951; Alt, 1979; 

Nilsson and Bigg, 1996; Cappelen et al., 2001; Svendsen et al., 2002; Hanesiak and 

Wang, 2005; Tjernström et al., 2012). Summer sea fog can originate from two processes: 

the advection of a warm and moist air mass over a cold surface (sea ice, cold waters, or 

cold land surface) or by the downward migration of a low cloud base (Cotton and Anthes, 

1989; Koračin et al., 2001). Arctic sea fog peaks when sea ice starts breaking up because 

this condition provides both moisture and heat fluxes to the boundary layer while the 

remaining ice offers a cooling surface. A cold sea breeze created by the gradient of 

temperature between the heated land and the cold ocean advects fog up to a few tens of 

kilometers inland before it dissipates due to increased thermal turbulence (Alt, 1979; 

Cappelen, 2015). Overnight and early morning infrared cooling favours fog development 

and growth. During daytime, shortwave heating counteracts infrared cooling and the 

mixing of warm dry air from aloft into the fog layer by eddies evaporates fog droplets. 
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This mixing can eventually penetrate the entire fog layer and lead to its dissipation (e.g. 

Gultepe et al., 2016). Dissipation can also occur through fog transferring to a low stratus 

cloud due to increased mechanical (wind speed and shear) or thermal (heating) turbulence 

(Cotton and Anthes, 1989; Koračin et al., 2001). Topography is an additional factor for 

fog formation and dissipation, through its influence on wind circulation and differential 

cooling processes (Gultepe et al., 2016). In addition, subsidence can favour fog formation 

through the establishment of a strong inversion from adiabatic warming of the subsiding 

air (Telford and Chai, 1984) and moisture fluxes into the boundary layer due to the 

presence of a humidity inversion (Curry et al., 1988). Synoptic-scale high pressure 

systems act to enhance fog formation through lowering of an entire cold stratus deck 

(Koračin et al. 2001). However, a large subsidence rate can accelerate fog dissipation 

because the dry and warm subsiding air causes fog droplets to evaporate (e.g. Roach et al. 

1982). 

 

Fog is generally associated with temperature inversions (an increase of temperature with 

elevation: Oke, 1987), which occur in over 80 % of Arctic summer soundings (Kahl, 

1990; Gardner and Sharp, 2007; Deser et al., 2010; Devasthale et al., 2010). Although 

thermal inversions are not a prerequisite for fog formation (Telford and Chai, 1984), fog 

development and maintenance are promoted by the presence of a temperature inversion 

(Cotton and Anthes, 1989; Croft et al., 1997). Advection fog often displays a 

thermodynamic structure with a surface-based inversion because it forms over a cold 

surface (Pilié et al., 1979; Leipper, 1994; Huang et al., 2015). Cold sea breeze may then 

transport sea fog over land where it penetrates into the low layer of the warm continental 

air, which also establishes a temperature inversion (Alt, 1979; Lewis et al., 2003; 
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Cappelen, 2015). Fog grows vertically when radiative cooling results in an increase in 

liquid water content at the fog top. This radiative cooling also generates instability and 

turbulence in the fog layer (Cotton and Anthes, 1989), which can lead to a transition from 

a surface-based inversion to an inversion with an elevated base (Sotiropoulou et al., 2014; 

Kim and Yum, 2017). In the case of stratus-base lowering, fog forms in the mixed-layer 

below the inversion base as cloud-top radiative cooling generates instability and mixing 

of cool air below the cloud layer, which results in an increase of relative humidity (Pilié 

et al., 1979; Leipper, 1994). Mature fog, conversely, can occur in the presence of elevated 

temperature inversions (Leipper, 1994; Zhang et al., 2009; Huang et al., 2015).  

 

Since most fog occurs in the Arctic melt season, it can have important implications for the 

cryosphere. Warm advection fog has been correlated with episodes of intense sea ice melt 

(Tjernström et al., 2015), while fog advected over coastal areas, in combination with 

temperature inversions, has been found to significantly decrease glacier ablation at lower 

elevations (Alt ,1979; Braun et al., 2004; Koerner, 2005; Mernild et al., 2008; Hulth et al., 

2010; Mernild and Liston, 2010). However, temperature inversions influence the Arctic 

surface energy budget in a complex way, depending on their structure (surface-based vs. 

elevated) and concurrent cloud cover. In the Canadian Arctic, temperature inversions 

were found to be correlated with enhanced episodes of melt of sea ice and glaciers, 

potentially due to a more frequent poleward advection of heat associated with a weaker 

polar vortex (Gardner and Sharp, 2007; Chutko and Lamoureux, 2009). 

 

Despite its hazard for transportation and interactions with the cryosphere, few studies 

have focused on Arctic fog (e.g. Prik, 1960; Kumai, 1973; Gathman and Larson, 1974; 
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Alt, 1979; Nilsson and Bigg, 1996; Hanesiak and Wang, 2005; Heintzenberg et al., 2006; 

Gultepe et al., 2014). Due in part to a lack of detailed understanding of its physical 

processes, fog, and in particular Arctic fog, remains difficult to predict (Bendix, 1995). 

Although fog and low-level stratiform clouds are usually associated with stable boundary-

layer conditions and frequently occur in the presence of temperature inversions, few 

studies have investigated the exact relationship between them. Most of these studies have 

focused on the common Arctic stratocumulus summer clouds, though some have included 

fog in their analysis. Sedlar and Tjernström (2009) suggested a classification of Arctic 

stratocumulus clouds with respect to inversion base height, and they identified two cloud 

regimes with distinct microphysical and radiative properties over the Arctic pack ice: 

optically thick, liquid-bearing clouds capped by the inversion base, and the more 

frequently observed mixed-phased clouds penetrating into deep and strong inversions, 

characterised by a smaller optical thickness and a longer lifetime. These distinct 

thermodynamic structures were also observed for Arctic fog, where fog top extended 

above the inversion base over melting sea ice (Sotiropoulou et al., 2016). Sedlar et al. 

(2012) hypothesised that warm and moist horizontal advection was responsible for the 

penetration and persistence of clouds inside the inversion base. Despite the identification 

of distinct cloud thermodynamic profiles, transition processes between such regimes have 

as of yet not been investigated. 

 

The aim of this chapter is to develop a novel classification of the thermodynamic 

structure of melt season Arctic fog types in relation to thermal inversions and air parcel 

stability, to aid in our understanding of fog macrophysical properties and development 

processes. For this purpose, an automated classification method for fog thermodynamic 
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structure was developed based on a combination of surface weather observations and 

radiosonde profiles. We first applied this classification to high-resolution radiosonde data 

from the Arctic Summer Cloud Ocean Study (ASCOS) over the Arctic Ocean (Tjernström 

et al., 2014), and subsequently to lower resolution radiosonde profiles from the Integrated 

Global Radiosonde Archive (IGRA) measured at three East Greenland coastal locations 

in the melt seasons of 1980-2012. Supported by the analysis of time-lapse images and 

back trajectories, we argue that the presented classification has the potential to improve 

our understanding of the formation, development, and dissipation of predominantly 

liquid-phase Arctic coastal fog. This knowledge will improve fog physical 

parameterisation in forecast models in these remote regions. 

 

3.2 Study site and observations 
 

3.2.1 Study area 
	
 
One region with particularly high fog frequencies 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 (CAVM, 2003). From north to south, these stations are 

Danmarkshavn (WMO ID 4320, 11 m a.s.l., 76.77°N, 18.67°W), Ittoqqortoormiit 

formerly Scoresbysund (WMO ID 4339, 70 m a.s.l., 70.48°N, 21.95°W) and Tasiilaq 

(WMO ID 4360, 54 m a.s.l., 65.61°N, 37.64°W) (Fig. 3-1). Danmarkshavn and 

Ittoqqortoormiit are characterised by a 24-hour daylight period and sea ice concentrations 

over 80% due to the East Greenland Current transporting sea ice south through the Fram 
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Strait (Vinje, 2001). Tasiilaq, where the climate is strongly influenced by the proximity of 

the Icelandic Low and the warm Irminger Current (Hanna and Cappelen, 2003; Cappelen, 

2015), has a seasonal sea ice cycle as well as a stronger diurnal solar cycle. Southeast 

Greenland is also more affected by katabatic winds, especially when the Icelandic Low is 

located between the East Greenland coast and Iceland (Klein and Heinemann, 2002). In 

addition to weather and radiosonde data, time-lapse images near Tasiilaq, and ASCOS 

data (Tjernström et al., 2014) from the Oden research icebreaker were used (Fig. 3-1). In 

summer, the local solar time in Danmarkshavn and Ittoqqortoormiit is 1.5 hours, and in 

Tasiilaq 2.5 hours, after UTC. All time indications used in this chapter are given in UTC 

time. 
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Figure 3-1. Locations of WMO coastal synoptic weather stations with radiosonde observations along the 

East Greenland coastline (DMI, 1980-2012) and of the Oden cruise track in the central Arctic Ocean during 
ASCOS (Aug-Sept 2008, Tjernström et al., 2014). The sea ice limit represents the average minimum 

September extent (shapefile from the 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 surrounding 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 northwest of Tasiilaq; with a southwest-oriented 

viewshed across Sermilik Fjord.  
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3.2.2 Data observations and instruments  
 

This study uses 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 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. 3-1). The 

purpose of using this second dataset is to test the developed algorithm on high-resolution 

radiosonde profiles before applying it to the more widely available lower-resolution 

radiosonde dataset. In addition, 500-hPa geopotential level weather charts 

(http://www1.wetter3.de/Archiv/) and 120-h air mass back trajectories from NOAA’s 

HYSPLIT model (Stein et al., 2015) were analysed to understand mesoscale and synoptic 

conditions during fog and evaluate air mass origin, in order to describe large-scale 

dynamical effects on Arctic sea fog formation.  

 

3.2.2.1 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 resolution switched to hourly observations, coincident with a change from 

manned to automated observations as reported in METAR (aviation) and DMI files 

(Bødtker, 2003). Present weather “ww” and horizontal visibility “vv” are reported as 

codes (WMO 1995: tables 4677, 4680 and 4377). Current automated synoptic weather 

stations use the forward-scatter FD12P Vaisala Present Weather Sensor (Claus Nehring, 



104 
	

pers. comm, May 2016), which has an accuracy of ± 10% for Meteorological Optical 

Range measurements (Vaisala, 2002). 

 

The majority of fog observations in East Greenland occur between May and August (66-

82 %: Cappelen at al., 2001; Gueye, 2014; see also Chapter 2), which coincides with the 

Arctic melt season (Serreze et al., 2007a). 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 were excluded, as these might be missed by the 

radiosonde.  

 

One month of 30-min interval time-lapse images from Sermilik Fjord, 15 km northwest of 

Tasiilaq were used to complement weather and upper-air observations from Tasiilaq 

station. A Canon EOS 50D 28 mm SLR camera (1800 x 1200 pixels) was set up between 

5 July and 5 August 2011 to overlook the 9 km-wide fjord mouth in a southwestward 

direction. The 1452 time-lapse images were visually analysed to understand fog processes 

at the mouth of Sermilik Fjord. Fog frequency was compared between the camera and the 

weather station at hourly intervals, when ww was available at Tasiilaq. Additionally, 

when fog was observed at the camera at the time of balloon launches (see Sect. 3.2.2.2), 

upper-air thermodynamic profiles from Tasiilaq were retrieved and analysed (see Sect. 

3.3). 
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3.2.2.2 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 portal: 

https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-

archive, Durre et al., 2006; Durre and Yin, 2008). IGRA measurements used in this study 

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 2300 UTC. IGRA profiles 

were reported at mandatory pressure levels (1000, 925, 850, 700, 500 hPa, etc.) as well as 

significant thermodynamic levels, in order to account for slope discontinuities in 

temperature and humidity profiles between mandatory levels (Durre et al., 2006). All 

downloaded raw IGRA soundings have gone through user-input pre-processing in which 

some of the lower level sonde measurements may have been adjusted using surface 

station data. In addition, although IGRA reports observations at a “surface level”, these 

are not always measured by the radiosonde and can come from a nearby weather station 

(Durre et al., 2006). All stations changed from radiosonde model 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 minimise 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 geopotential 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 
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instrument switches, a thorough sensitivity analysis of the dew point depression threshold 

was conducted (see Sect. 3.5.3) 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 

icebreaker Oden in the northern Greenland Sea and Arctic Ocean pack ice from Aug-Sept 

2008, were used in this analysis (Fig. 3-1). The 6-hourly 5 m reported vertical resolution 

Vaisala RS92 radiosondes were analysed in combination with 5-minute 7 m vertical 

resolution (near the surface; the vertical resolution decreases with height) temperature 

profiles obtained from a 60 GHz scanning radiometer. 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 and understand 

short-term evolution of the boundary layer.  

 

3.3 Methods 
 

Each radiosonde profile that was simultaneous with a fog event reported in the present 

weather data (ww) of the DMI synoptic station was extracted. Additionally, radiosonde 

launches occurring two hours after and one hour before two consecutive fog present 

weather observations were analysed as it was assumed that fog persisted over this entire 

3-hour time interval. Hereafter, these long-duration fog events will be referred to as “non-

simultaneous” sounding observations. Total numbers of melt season (May-August) fog 
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soundings, simultaneous and non-simultaneous with surface weather observations, are 

reported in Table 3-1. Non-simultaneous soundings represent the majority of extracted 

radiosonde profiles over Ittoqqortoormiit and Tasiilaq, occurring at 68 %, and 75 % of the 

time, respectively. After the year 2000, more soundings coincided with 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 3-1, numbers in brackets). Fewer levels could either result 

in a correct but smooth profile or in an unreliable sounding. Since Kahl et al. (1992) 

determined five levels to be a minimum to study low-level inversion properties, it was 

decided to use this strict threshold, with the risk of excluding some reliable smooth 

soundings.  

 
Table 3-1. Total number of soundings and fog soundings in the melt seasons (May-August) of 1980-2012. 
“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 soundings with fewer than 5 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. 

 

  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]  

 
 
Each radiosonde profile was analysed for saturation gradient, temperature inversion type, 

stability, and approximation of fog top height with respect to inversion base. The 

radiosonde data were used to obtain the following parameters: 
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- Dew point depression (Tdd = T-Td, with T the dry-bulb air temperature and Td the 

dew point temperature) was used to calculate the saturation, where the lowest 

tropospheric level had to be saturated for fog to be detected in the radiosonde 

profile, and the geopotential height of the uppermost saturated level determined 

the fog top height (see Chapter 4). Using the 166 soundings coinciding with fog 

observations (Table 3-1), it was determined that the 1°C value of surface dew 

point depression (Tdds) threshold (e.g. Meyer and Rao, 1999; Kim and Yum, 2010; 

Koračin et al., 2014) captured almost 100 % of fog observations at Danmarkshavn 

and Tasiilaq, and about 75 % at Ittoqqortoormiit (Fig. 3-2). Despite having to 

exclude about a quarter of potential fog soundings at Ittoqqortoormiit, a fixed Tdd 

threshold equal to Tdds was used for all stations. The 1°C used for Tdd threshold 

corresponds to relative humidity with respect to liquid water RHw > 93 % (Hardy, 

1998). 

- Dry-bulb temperature (T) was used to classify fog based on the inversion type, 

whereby surface-based inversions (SBI, negative temperature lapse rate from the 

ground surface up) were separated from low-level inversions (LLI, elevated 

inversion base below the 700 hPa pressure level, as suggested by Kahl et al. 

(1992). By extension, the term “low-level” will be used in this paper to refer to air 

parcels above the surface but below 700 hPa). Geopotential height provided the 

height of the inversion base above the ground surface. 

- The virtual potential temperature (Θv) gradient (µ = dϴv/dz) was analysed to 

determine air parcel stability. The saturated air parcel at the surface was statically 

stable (unstable) if µ was positive (negative), or neutral if it was zero. In addition, 

an air parcel was classified as unstable if it was above a superadiabatic air parcel 
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and its lapse rate was zero (Stull, 1988). For this analysis, neutral lapse rates were 

regarded as unstable lapse rates. 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” will be used in this paper to refer to 

the air parcel delimited by the first two sounding levels. Even though other studies 

have used the equivalent potential temperature to study the stability of the 

boundary layer (e.g. Sedlar et al., 2012; Shupe et al., 2013; Sotiropoulou et al., 

2014), choosing Θv was motivated here by its availability in IGRA files, therefore 

reducing the potential for introducing 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). 

 

 

Figure 3-2. Dew point depression 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 

(horizontal line), lower and upper quartiles (bottom and top of box), and 5th and 95th percentiles (range). 
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For each of the fog events captured by radiosonde (Table 3-1) a standardised combined 

graph of surface observations and upper-air profiles, including a Skew-T Log-P diagram, 

was generated (see Appendices 3 and 4), in order to facilitate the initial identification of 

distinct thermodynamic profiles. Ultimately, all thermodynamic profiles were 

automatically classified into one of six distinctive fog sounding types, through a script 

developed for this purpose (Appendix 5). 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 characterisation was inspired by the 

classification of stratiform clouds capped by a LLI or residing inside a LLI by Sedlar and 

Tjernström (2009), who discriminated these two distinct types of clouds based on their 

physical, optical, and temporal properties. Comparison of thermodynamic profile classes 

among stations were tested through chi-square statistical tests (χ2), while statistics for 

each single station were tested through binomial tests at the 95 % confidence interval. 

 

The fog sounding type classification was first performed on the 46 high-resolution 

radiosonde profiles with identified fog events from ASCOS, in an attempt to validate the 

classification applied to IGRA data. The identification of fog events during ASCOS was 

derived from a subjective probability product (Tjernstrӧm et al., 2012), in which only 

observations with horizontal visibilities < 5 km and ceilings < 100 m 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 Tdd thresholds: at 1°C and at 0.5°C. The second Tdd threshold was chosen 
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because the radiosonde model Vaisala RS92 used during ASCOS (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).  

 

3.4 Results 
 

3.4.1 Fog thermodynamic profiles 
	
 
Using an automated characterisation of each sounding, thermodynamic profiles from both 

ASCOS (Section 3.4.2) and IGRA (Section 3.4.3) radiosondes could be classified into six 

major fog classes as described in Fig. 3-3. 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 SBI; Class 3 has a fog top below the LLI base; Class 4 has a fog top 

capped by the LLI base; Class 5 has a fog top above the LLI base; and Class 6 has fog 

with an overlying saturated (stratus) layer within the LLI. Class 2 exhibits some 

variability in humidity profiles (not shown), but the differences were small and had too 

few cases, preventing further subdivision of Class 2. In addition, fog occasionally occurs 

without any inversion (stable layer with isothermal or positive temperature lapse rate 

profile), but these arose in < 1 % of IGRA observations and were not considered further 

in this analysis. Examples for each class are presented in Appendix 3.	
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Figure 3-3. Six fog classes (red numbers) based on surface dew point depression value (Tdds), lower 

tropospheric inversion type, and fog top height relative to the inversion base. White box: fog events not 
captured by radiosonde (Tdds > 1°C). Yellow box: fog with SBI. Blue box: fog with LLI, 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 LLI (“multiple layers”). Stability profiles for each class are in red: 
Θv is the virtual potential temperature and µs the virtual potential temperature gradient at the surface (µs < 

0: unstable, µs = 0: neutrally stratified, µs > 0: stably stratified). 
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3.4.2 Thermodynamic profiles during ASCOS 
 

The proposed thermodynamic classification was first applied to a month of high-

resolution radiosonde data from ASCOS, of which 46 fog soundings were identified. The 

relative frequencies of each fog class using the two Tdd thresholds are presented in Fig. 3-

4, and typical profiles in Fig. 3-5. The vast majority of fog occurs with a LLI, 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. Class 6 occurs in > 75 % 

of the time, at the onsets of fog lifting or stratus-base lowering (Fig. 3-5a). Class 4 

predominantly occurs in the dissipating stages of fog events (Fig. 3-5e), as does Class 3. 

Changing the Tdd threshold does not change the number of fog cases, but the Tdd = 0.5°C 

threshold results in more fog classified as Class 1 and 6, and less Class 5. Multiple low-

level cloud layers are frequently observed based on ASCOS soundings (e.g. Fig. 3-5 e-f). 

 

 
Figure 3-4. Fog class frequency during ASCOS, for a dew point depression threshold of (a) 0.5°C and (b) 

1°C.  
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Figure 3-5. Examples of ASCOS radiosonde profiles during (a-c) fog formation (Classes 6 and 5; 22 Aug 
2008), and (d-f) fog dissipation processes (Classes 5 and 4; 23 Aug 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 Tdd ≤ 1°C. Time (upper right corner) is given in UTC.  

 
Visual analysis of temperature profiles retrieved from the ASCOS microwave radiometer 

between the 6-hour interval ASCOS radiosonde launches provided us with information on 

the short-term (1-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 were made from the combination of these ASCOS 

radiosonde and microwave radiometer profiles: 

 Fog usually requires a low temperature inversion to form (LLI or SBI) as opposed 

to what was stated by Telford and Chai (1984); 

 Erosion of the inversion (profile becoming isothermal, e.g. Fig. 3-5f) often occurs 

during the dissipating stages of fog; 

 Transitions between SBI and LLI are observed during fog.  
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3.4.3 Thermodynamic profiles from IGRA 
 

A total of 422 IGRA soundings corresponding to fog conditions were analysed. 

Occurrence statistics are reported in Fig. 3-6 and Table 3-2, and class frequencies 

displayed in Table 3-3. The same six fog classes were observed during both the ASCOS 

campaign and IGRA profiles over East Greenland. As with ASCOS profiles (Sect. 3.4.2), 

most fog in East Greenland occurs with a LLI (Classes 3-6: 66-79 %, p < 0.001). Fog 

with a SBI (Class 2) represents only 12-14 % of soundings and does not differ 

significantly among stations. Excluded soundings (Class 1) are most common at 

Ittoqqortoormiit (21 % of soundings, χ2 = 4.98, p = 0.015, df = 2), which is related to the 

1°C Tdd threshold (see Fig. 3-2). Deep fog layers penetrating the inversion base (Class 5) 

are dominant (p < 0.001) over Danmarkshavn, where they reach 28 % of occurrence, and 

this was also the dominant class over the Arctic Ocean. There is a nearly-significant (p = 

0.054) tendency towards a higher occurrence of this class over Danmarkshavn 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 inversion base (Class 3) 

significantly increases with decreasing latitude (χ2 range = 6.52-9.85, p < 0.001, df = 2, 

see Table 3-3), where it is also the dominant class (33 %, p < 0.001). This class was more 

frequent in East Greenland than in the High-Arctic pack ice during ASCOS. Class 6 was 

the least frequent class reported for all stations combined (10 %, p < 0.001). While all fog 

with a SBI (Class 2) was characterised by stably stratified conditions (µ > 0), fog with a 

LLI (Classes 3-6) could occur under either stable (µ > 0) or neutral/unstable conditions (µ 

≤ 0) (Table 3-2). There is a tendency towards more unstable surface conditions for classes 

with a LLI (Classes 3-6); however, this was only significant for Class 6 (p range = < 
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0.001-0.021). Even though there is a tendency for fog at Ittoqqortoormiit to occur most 

often under unstable conditions, this was not statistically significant and it is concluded 

that all sites present similar characteristics in terms of stability occurrence for each 

specific class. 

 

	  
Figure 3-6. Fog class frequency at the three study sites. See Table 3-2 for the exact percentages in each 

class.   
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Table 3-2. Statistics of fog classes for Danmarkshavn, Ittoqqortoormiit and Tasiilaq. Classes 3-6 can have 
neutral/unstable (µs ≤ 0) or stable (µs > 0) surface layers. Class 2 always has stable surface layers (µs > 0). n 
is the number of observations, f is the frequency of occurrence of a subclass (µs ≤ 0 or µs > 0) with respect 

to the total number of observations for a station’s class, and F is the frequency of occurrence of a class with 
respect to the total number of observations for that station. 

  Danmarkshavn Ittoqqortoormiit Tasiilaq 

  n f (%) F (%) n f (%) F (%) n f (%) F (%) 

  Class 1  21   11 25   21 10   9 

  Class 2 26   14 17   14 14   12 

  Class 3 22   12 25   21 38   33 

   µs ≤ 0 15 68 17 68 24 63 

   µs > 0 7 32 8 32 14 37 

  Class 4 43   23 23   19 19   17 

   µs ≤ 0 26 60 17 74 13 68 

   µs > 0 17 40 6 26 6 32 

  Class 5 52   28 20   17 23   20 

   µs ≤ 0 25 48 14 70 14 61 

   µs > 0 27 52 6 30 9 39 

  Class 6 23   12 11   9 10   9 

   µs ≤ 0 22 96 11 100 9 90 

   µs > 0 1 4 0 0 1 10 

   TOTAL 187   100 121   100 114   100 
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Table 3-3. Observed number of occurrence, expected values (italics) and chi-square values (χ2, in brackets) 
of fog thermodynamic classes over Danmarkshavn, Ittoqqortoormiit and Tasiilaq. Significant χ2 values at 
the 95 % confidence level are in bold. The overall χ2 and p-value of the contingent table are 31.043 and 

0.0006, respectively. 

  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) 

  

 

Figure 3-7 panels a and b display 120-h (5-day) air mass back trajectories for the years 

2000 to 2012 for Classes 3 and 5 at Tasiilaq and Danmarkshavn, respectively. These two 

classes represent the highest fog type occurrences (Table 3-2). Figure 3-7c and d display 

the 850 hPa level wind direction frequencies from radiosonde data for the entire study 

period (1980-2012) for these classes at the respective stations. 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 air mass origins. Class 5 at 

Danmarkshavn is mostly of oceanic origin (18 out of 27 back trajectories). The majority 

of these air masses originated from lower latitudes, but some were from the Arctic Ocean. 
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Figure 3-7c indicates that 58 % of Class 5 soundings were related to winds from the ice 

sheet (western to northern wind directions between 225° and 360°). In contrast, over 80 

% of air masses originated from the ice sheet (p = 0.028), for all other fog classes except 

for Class 6 (61 %). Classes 5 and 6 are in fact the only classes for which upper winds 

have a predominantly southerly direction (56 % frequency with p = 0.001, and 52 % 

frequency with p = 0.011, respectively), although there is a large variability of air-mass 

origin as demonstrated by the back trajectories in Figure 3-7a. These observations suggest 

that Classes 5 and 6 are mostly associated with oceanic air masses.  

 

For Class 3 over Tasiilaq, 11 out of 15 back trajectories originated from the ice sheet and 

were associated with anticyclonic conditions over Greenland (Fig. 3-7b). Compared to 

other classes at Tasiilaq, Class 3 has the highest frequency of wind originating from the 

ice sheet (65 %; p = 0.002). This is in contrast with Danmarkshavn, where Class 2 is 

almost always associated with air masses originating over the ice sheet (92 % frequency 

of upper winds, p < 0.001, not shown). When Class 2 was observed, surface winds were 

predominantly calm, with backing 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 the thermodynamic profiles of Class 2, we 

infer that some Class 2 fog cases may be radiation fog (e.g. Roach et al., 1976; Croft et 

al., 1997).  
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Figure 3-7. All 600 m a.g.l. 120-h back trajectories of air masses in 2000-2012 associated with (a) Class 5 
over Danmarkshavn, and (b) Class 3 over Tasiilaq. 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 level for the entire period 1980-2012 for (c) Class 5 over Danmarkshavn, and (d) 
Class 3 over Tasiilaq. Numbers of observations (n) are displayed in the upper right corner of each panel. 
Back trajectories are from NOAA’s HYSPLIT model (http://www.ready.noaa.gov, accessed on 28 May 

2017). 

 

3.4.4 Support for IGRA fog process interpretation from time-lapse images 
	
 
Of 1452 time-lapse images, fog was identified on 151 images. Of these, 16 were 

classified as being of the advective type and 9 occurred through stratus-base lowering 

(Figs. 3-8 a-b). Fog often displayed a sharp top, which is typical of thermally and 

dynamically stable atmospheric conditions (e.g. Koračin, 2017). Dissipation processes 

included fog retreat towards the ocean (12 images), fog lifting to a stratus (8 images, Fig. 

3-8d), or dissipation from top by radiative heating or mixing processes (5 images) (c.f. 
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Gultepe et al., 2016). Multiple low-level clouds layers were observed during both 

formation (5 images) and dissipation stages (6 images, Figs. 3-8 c-d). Stratus-base 

lowering and fog lifting processes were found to occur within a period of 1.5-3 hours. 

Images from the mouth of the fjord were compared with surface and radiosonde 

observations obtained at Tasiilaq. Fog occurrence was ten times higher in the fjord than at 

Tasiilaq (151 vs. 15 observations), particularly in the western part, where sea ice and 

large icebergs were commonly found (e.g. Fig. 3-8c). Similarly, only 20 % of radiosondes 

(2 out of 10) at Tasiilaq captured fog events when fog was present in the fjord. These fog 

conditions displayed Class 3 thermodynamic profiles. Radiosondes that failed to capture 

fog layers all had Class 3 subsaturated profiles.   

 
Figure 3-8. 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 southwest, the open ocean is to the left and the 

inner fjord to the right. 
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3.5 Discussion 
	
 
In Section 3.5.1, fog thermodynamic structure is compared to that of Arctic stratocumulus 

clouds from other studies. Section 3.5.2 infers fog formation and dissipation processes 

from fog thermodynamic classes, and Section 3.5.3 presents the methodological 

uncertainties and limitations of this research. 

 

3.5.1 Comparison with Arctic stratocumulus clouds 
	
 

Studies of sea fog thermodynamic structure have mostly been restricted to mid-latitudes 

(e.g. Pilié et al., 1979; Zhang et al., 2009; Huang et al., 2015). To our knowledge, a 

similar climatology of the thermodynamic structure of Arctic summer fog using in-situ 

observations has not been previously published. The available measurements of Arctic 

fog top with respect to the inversion base height consist of only a few field measurements 

(Sotiropoulou et al., 2016), and therefore results in this paper were also compared to 

studies on Arctic stratocumulus clouds. This is justified because: a) both are marine 

stratiform boundary-layer clouds usually capped by an inversion (Cotton and Anthes, 

1989; Gultepe, 2007; Wood, 2012); b) both frequently originate from warm air advection 

(Nilsson and Bigg, 1996; Sedlar et al., 2012; Shupe et al., 2013; Sotiropoulou et al., 2014; 

Huang et al., 2015; Tjernstrӧm et al., 2015; Sotiropoulou et al., 2016); c) transitions can 

occur between fog and stratocumulus via the stratus stage (Koračin et al., 2001; Gao et 

al., 2007; Koračin et al., 2014; Huang et al., 2015); d) fog has geometrical characteristics 

similar to stratocumulus clouds (Welch and Wielicki, 1986); and e) stratocumulus clouds 
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are the most frequent cloud type in the Arctic melt season (Eastman and Warren, 2010) 

and studies over the Arctic Ocean have therefore mainly focused on the thermodynamic 

structure of these clouds (Sedlar and Tjernstrӧm, 2009; Sedlar et al., 2012; Sotiropoulou 

et al., 2014).  

 

Similarities between our findings on Arctic fog and findings on Arctic fog or 

stratocumulus clouds from other studies over the Arctic pack ice during the melt season 

include four main observations: i) The majority of fog/stratocumulus events occurred 

with a LLI (c.f. Sedlar and Tjernström, 2009; Sedlar et al., 2012); ii) Fog/stratocumulus 

penetrating the inversion layer was the most common type at High-Arctic locations, and 

originated from the poleward advection of heat and moisture over cold surfaces (c.f. 

Sedlar and Tjernström, 2009; Sedlar et al., 2012; Shupe et al., 2013). This thermodynamic 

feature can also be related to a higher sea ice concentration at northern locations, as 

observed by Sotiropoulou et al. (2016) for fog over melting sea ice; iii) Fog/stratocumulus 

below or capped by the inversion layer was more frequent at locations closest to the coast 

and at lower latitudes, where sea ice concentration is lower (c.f. Sedlar et al., 2012; 

Sotiropoulou et al., 2016); iv) Surface layers were frequently statically unstable during 

fog/stratocumulus (c.f. Sedlar et al., 2012; Shupe et al., 2013; Sotiropoulou et al., 2014). 

 

3.5.2 Arctic fog formation and dissipation process interpretation 
	
 

The integrated analysis of observations or data from time-lapse images, air mass back 

trajectories, microwave radiometer temperature retrievals and fog-process literature 

(summarised in Sect. 3.1), suggests that fog thermodynamic classes in coastal East 
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Greenland represent stages of development of advection fog, stratus-base lowering, or fog 

lifting. Two main fog formation and three main fog dissipation mechanisms were 

inferred.  

 

 

Figure 3-9. Fog formation (a-b) and dissipation (c-f) mechanims 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 (downward 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. 

Circular arrows represent turbulence in the mixed-layer and upward arrows (a-b) radiative cooling at the 
cloud top. 

 

Figure 3-9a displays the thermodynamic profile development of the first formation 

mechanism, namely the typical development of advection fog from a warm and moist air 
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mass cooled down to its dew point temperature by contact with sea ice or cold water (e.g. 

Fig. 3-8a). Fog is then transported inland via sea breeze (Alt, 1979; Cappelen, 2015). As 

fog grows, radiative cooling at its top can result in a transition from a SBI to a LLI 

(Sotiropoulou et al., 2014; Kim and Yum, 2017), as observed in the ASCOS dataset. Fog 

was also observed to form by stratus-base lowering (Figs. 3-8b and 3-9b). 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 migration of the cloud 

base downward (e.g. Cotton and Anthes, 1989).  

 

In the first fog dissipation mechanism, fog dissipates from the top due to entrainment of 

warm, dry air, subsidence, solar heating, or a combination of all three. 	

Entrainment of warm, dry air from aloft into the fog layer (Fig. 3-9 c-d) leads to 

evaporation of the fog, through a reduction in the relative humidity due to the drying 

and/or warming, and thus a thinning of the fog layer (Gultepe et al., 2016). These 

processes result in a drier profile in the mixed layer (Classes 3 and 4). In Fig. 3-9e, large 

subsidence warming strengthens the inversion, lowers its base, and eventually switches 

the thermodynamic profile from a LLI to a SBI, resulting in either fog formation, if the 

initial stage was a stratus (Class 1 instead of Class 5 on Fig. 3-9e, not shown), or a 

thinning of the initial fog layer from Class 5 to Class 2 (Koračin et al., 2001; Lewis et al., 

2003; Fig. 3-9e). The second dissipation mechanism is fog lifting to a stratus, which we 

infer to follow the thermodynamic evolution depicted in Fig. 3-9f. Here, Class 6 is 

hypothesised to be a transition profile between the mature fog (Class 5) and the stratus 

stages (Class 1). Class 6 almost exclusively occurred under statically unstable surface 

conditions over East Greenland, which is consistent with increased turbulence at the 
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surface that leads to the fog lifting mechanism (Cotton and Anthes, 1989; Koračin et al., 

2001). The third dissipation mechanism is retreat of fog towards the ocean (Fig. 3-9c). 

Here, a retreat of the fog layer progressively results in a drier thermodynamic profile over 

time above the sounding site.  

 

Class 3 was the dominant class over Tasiilaq, thus fog dissipation processes presented in 

Fig. 3-9 c-d frequently occurred in Southeast Greenland. This suggests that enhanced 

dissipation occurred in that region, which is consistent with the shorter fog duration in 

Tasiilaq compared to Danmarkshavn and Ittoqqortoormiit (Gueye, 2014). Classes 3 and 4 

were also more frequent over East Greenland than over the Arctic Ocean (ASCOS). 

Sedlar et al. (2012) came to similar conclusions for stratocumulus clouds: the cloud 

regime capped by or occurring below the inversion base was more frequent over Barrow, 

northern coastal Alaska, compared to the Arctic Ocean (SHEBA – Surface Heat Budget 

of the Arctic Ocean - and ASCOS field campaigns). We therefore investigated factors that 

could favour a higher frequency of Classes 3-4 in these coastal lower latitude areas. The 

majority of back trajectories for Class 3 over Tasiilaq (Fig. 3-7b) were associated with 

drier and colder air masses originating from the ice sheet. This air mass origin and the 

fjord topography of Southeast Greenland likely promote fog dissipation through strong 

seaward katabatic wind (Klein and Heinemann, 2002; Cappelen, 2015). Another factor 

could be the latitudinal effect. Ittoqqortoormiit, Tasiilaq and Barrow have stronger diurnal 

variations of the solar elevation angle and lower sea ice concentrations in summer, 

leading to both fewer fog formation and more fog dissipation processes. This is 

corroborated by the fact that daily fog duration is shorter at Tasiilaq than at 

Danmarkshavn (Gueye, 2014). Further, land surface heating and turbulence can enhance 
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fog dissipation in coastal environments (Serreze and Barry, 2014; Cappelen, 2015). 

Higher land surface heating rates at lower latitudes can also generate stronger land and 

sea breeze cycles. The coastward advection and seaward retreat of fog are associated with 

these breezes (Cappelen et al., 2001), leading to fog having a stronger diurnal cycle in 

lower than at higher latitude coastal environments and compared to the open ocean 

(SHEBA/ASCOS). We postulate that the higher frequency of Classes 3-4 at Tasiilaq and 

Ittoqqortoormiit is due to a combination of all these environmental factors. These two 

classes could therefore represent dissipating stages of fog driven by a combination of the 

solar diurnal and land-sea breeze cycles, more frequent katabatic winds and enhanced 

turbulence. These concepts need to be further developed using numerical fog models (e.g. 

Gao et al., 2007; Bergot, 2016; Koračin, 2017). 

 

3.5.3 Data uncertainties and dew point depression threshold sensitivity 
	
 

Uncertainties linked to data collection, analyses and instrumental errors, could limit 

process observation and understanding. The major uncertainty in our method is assigning 

an optimal Tdd threshold, particularly because there is uncertainty of which surface 

observations are from radiosondes or from the nearby weather stations. To explore this, a 

sensitivity analysis was performed using thresholds ranging from 0 to 2°C, which 

correspond to a RHw range of 85-100 %. The frequency distribution for each fog class 

under each threshold is reported in Fig. 3-10. Optimum Tdd thresholds were calculated 

based on the frequency distribution of Class 1, by maximising the distance between the 

Class 1 curve and the straight line connecting Tdd = 0°C and Tdd = 2°C. Optimum Tdd 

thresholds	 were 0.7°C for Danmarkshavn and Ittoqqortoormiit, and 0.4°C for Tasiilaq. 
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Fog classes affected by changes between the optimum and the 1°C threshold are Classes 

3-6, which are different stages of development of the same fog process. Therefore, the 

choice of Tdd = 1°C threshold, instead of the optimum Tdd threshold, does not affect the 

overall observation of fog classes as related to particular fog processes.  

 

  

	 	
	

Figure 3-10. Frequency of fog classes as a function of dew point depression threshold. Red dots are 
optimum dew point depression thresholds 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.  

 

The method presented here requires knowledge of surface-based weather conditions: 

when the 1°C Tdds threshold was applied to all soundings, irrespective of weather type, it 

indicated fog occurrence 25-36 % of the time. In this case, false positives included 
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precipitation (31-48 %), mist (14-20 %, which is easily explained by the arbitrary 

boundary between mist and fog) and no significant weather reported (7-13 %). The last 

category can be regarded as the only unexplainable false alarm, since the small Tdds in the 

precipitation and mist categories could be due to evaporation of the precipitation. 

 

Comparing radiosonde profiles non-simultaneous with surface observations can result in 

more Class 1, particularly when fog dissipates rapidly. To investigate this, the frequency 

of fog thermodynamic Class 1 for soundings simultaneous with synoptic observations 

was calculated and compared to the frequency of all soundings. Although its proportion 

remained unchanged for Ittoqqortoormiit, soundings simultaneous with synoptic fog 

observations only had 2 % of excluded events in Danmarkshavn and no exclusion in 

Tasiilaq.  

 

Due to an increased vertical resolution through time, instrument changes, or relocations, 

IGRA is not that well suited for longitudinal climatological analyses (Durre and Yin, 

2008; Zhang and Seidel, 2011), except after 1992 over Greenland (Box and Cohen 2006). 

We therefore analysed the post-1992 period separately to investigate whether this could 

have affected the relative proportion of fog classes at each of the stations. These results 

(not shown) were the same as for the full period, except at Danmarkshavn where there 

were fewer excluded events (Class 1). Thus, our fog classification method is determined 

to be robust and its results appear to be valid for the entire period analysed. 

 

Ingleby et al. (2014) determined that significant levels from IGRA accurately reproduced 

the initial high-resolution sounding. Although IGRA’s dataset was assessed to be well 
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suited for studying the structure of the boundary layer (e.g. Zhang et al., 2011), the results 

from the present study question the ability of IGRA’s significant levels to capture small-

scale structures such as multi-layered low-level clouds. These features were frequently 

observed from the time-lapse camera while they were never detected from the nearby 

IGRA radiosonde station in Tasiilaq. Yet, multi-layer low-level clouds were frequently 

observed from the higher-resolution ASCOS radiosonde profiles. 

 

3.6 Summary and conclusions 
	
 
This study presented a novel automated method to retrieve Arctic fog conditions using 

thermodynamic profiles taken from the Integrated Global Radiosonde Archive (IGRA) 

database. Observations from the period 1980-2012 at three stations in coastal East 

Greenland were classified into six distinct fog classes using the following criteria 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 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 back trajectories, time-lapse images, and temperature profiles from the 

radiosonde and microwave radiometer from the ASCOS project, we hypothesise that 

these classes represent different stages of advection fog formation, development, and 

dissipation, which include processes of stratus-base lowering and fog lifting.  
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The thermodynamic structure of melt-season Arctic sea fog characterised in the present 

work was found to be consistent with results of past work on Arctic fog (Sotiropoulou et 

al., 2016) and Arctic stratocumulus clouds, a more common boundary-layer cloud with 

similar formation mechanisms (Sedlar and Tjernström, 2009; Sedlar et al., 2012; Shupe et 

al., 2013; Soritopoulou 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. Our analysis of 

back trajectories supports the poleward advection of heat and moisture hypothesised by 

Sedlar et al. (2012) to explain the persistence of such vertically extensive fog/clouds at 

high latitudes, while melting sea ice could be an additional factor promoting this 

thermodynamic characteristic (Sotiropoulou et al., 2016). At lower latitudes, fog and 

stratocumulus below or capped by the inversion layer were more frequent, which we 

hypothesise to be the result of enhanced dissipation processes from the combination of a 

higher solar elevation angle and an enhanced influence of topography and air masses 

originating from the ice sheet and adjacent land. 

 

In addition, the following methodological conclusions can be drawn from the present 

work: 

 Radiosonde profiles from IGRA were useful in detecting fog and characterising its 

diverse thermodynamic structure over Arctic locations.  

 A 1°C dew point depression threshold is reasonable to capture occurrence of 

liquid and mixed-phase fog with T  > -10°C. 
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 Uncertainty in the fog detection method developed here is about 5-15 %, but this 

can range between 4-9 % and 16-34 % when a 1.5°C or 0.5°C dew point 

depression threshold is used rather than the 1°C. 

 Time-lapse images can be useful for the identification of fog type, formation and 

dissipation processes while back trajectory analysis can additionally be used to 

better understand fog formation and dissipation mechanisms related to aerosol 

sources and fog microphysics, which are crucial for numerical model 

development. 	

 

The thermodynamic classification presented in this chapter is meant to be applicable at 

any polar weather station, and allows investigation of predominantly liquid-phase fog 

processes and macrophysical properties at high latitudes. In future studies, results from 

this work supplemented by satellite observations, and additional data collected using 

research vessel-based platforms, and a ground-based project design for fog study as 

described in Gultepe et al. (2014), could be used for detailed fog research at high 

latitudes. This can lead to improved Arctic fog detection, monitoring and prediction, as 

well as a better understanding of fog and low cloud microphysics and dynamics, which 

play an important role in the Arctic surface energy budget.  
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CHAPTER 4.    TEMPERATURE INVERSION CHARACTERISTICS OVER 
EAST GREENLAND IN RELATION TO FOG AND OTHER CLOUD COVER 

	
	

4.1 Introduction 
	
	
The Arctic has been receiving ample consideration due to its vulnerability to climate 

change and in turn its crucial importance for global climate (Serreze et al., 2007b; Ford 

and Furgal, 2009; IPCC, 2013; AMAP, 2017). High northern latitudes have been 

warming at more than twice the rate of the rest of the planet, which is an ongoing, 

perhaps even accelerating, phenomenon coined the Arctic Amplification (Serreze and 

Francis, 2006). Arctic Amplification is governed by feedback mechanisms such as 

albedo, lapse rate, water vapour, and cloud feedbacks which augment warming more than 

the effect of increase in greenhouse gases alone would do (Screen and Simmonds, 2010; 

Serreze and Barry, 2011; Taylor et al., 2013; Pithan and Mauritsen, 2014; AMAP, 2017). 

In part because of the complexity and large spatial variability of these feedback 

mechanisms, the Arctic climate system is not fully understood yet and its physical 

representation into global climate models requires improvements (Kattsov et al., 2005; 

Flato et al., 2013). 

 

Knowledge of the near-surface lapse rate and low cloud thermodynamic structure is 

important for the calculation of surface energy balance (Braithwaite et al., 2006) and its 

accurate representation into regional and global climate models (Flato et al., 2013). The 

thermodynamic structure of Arctic low stratiform clouds has mostly been studied from 

ship campaign measurements (Sedlar and Tjernström, 2009, Sedlar et al., 2012, Shupe et 

al., 2013; Sotiropoulou et al., 2014; Sotiropoulou et al., 2016). Chapter 3 of this thesis 
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investigated fog thermodynamic profiles over East Greenland from the Integrated Global 

Radiosonde Archive (IGRA: Durre et al., 2006). Despite these studies, the relationship 

between low-level clouds and inversion characteristics during the Arctic melt season has 

not been fully investigated. In particular, a quantification of their interaction is lacking 

(Kahl et al., 1992; Sedlar and Tjernstrӧm, 2009; Devasthale et al., 2010; Hulth et al., 

2010; Mernild and Liston, 2010) and this interaction will be the scope of this chapter. To 

investigate the relationship between low clouds and temperature inversions, our analysis 

will include general cloud cover fraction and fog observation. The majority of analysis 

will focus on fog observations, since these are the most reliable ground observations of 

clouds available for Arctic remote locations over long time scales, and because the 

occurrence of low stratus and fog have increased over the oceans (e.g. Schweiger, 2004; 

Eastman and Warren, 2010). This trend is in part because low cloud is generally initiated 

locally by enhanced evaporation due to sea ice decline, while middle and high cloud 

increases are mostly driven remotely by enhanced moisture transport from lower latitudes 

(Vavrus et al., 2011).  

 

This study will be the first to compare and quantify lower tropospheric inversion 

characteristics during foggy and non-foggy weather conditions in the Arctic. To achieve 

this goal, temperature inversion retrievals from IGRA profiles (see also Chapter 3) will be 

based on the existing determination method presented by Kahl (1990). Additionally, a 

novel algorithm to retrieve fog top elevation from a combination of low-resolution 

radiosondes and ground-based synoptic observations will be introduced, and applied to 

IGRA over the period 1980-2016 at three East Greenland synoptic weather station 

locations with fog observations. The algorithm includes an improved interpolation 
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method for saturation between IGRA significant sounding levels. Even though the novel 

fog top elevation retrieval method is restricted to fog in this chapter, we argue that it can 

be extended to calculate cloud top elevation of other Arctic boundary-layer clouds, which 

represent the majority of cloud occurrence in the Arctic melt season. Ultimately, this 

study has the potential to advance the understanding of the interaction between low 

clouds and temperature inversions, and to improve cloud geometrical thickness retrievals 

from radiosondes, both of which have important implications for the Arctic surface 

energy budget.  

 

This chapter is organised as follows. After this introduction, a brief background on 

temperature inversions, fog, and radiosonde data in the Arctic will be presented (Sect. 

4.2). Then the study region will be introduced (Sect. 4.3) and data sources and 

methodology explained (Sect 4.4). The first set of results (Sect. 4.5.1) focuses on 

temperature inversion characteristics from IGRA during all weather, foggy and non-foggy 

conditions, and effects of wind speed and cloud cover fraction on these inversion 

characteristics. The second set of results concerns fog top elevation calculations and 

statistics (Sect. 4.5.2). The discussion includes a sensitivity analysis of the fog top 

elevation retrieval method (Sect. 4.6.1), a comparison of calculated fog top elevation with 

cloud top retrievals from an independent cloud altitude dataset from the Cloud-Aerosol 

Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) (Sect. 4.6.2), and an 

investigation of the relationship between fog, low-clouds and inversion characteristics, 

and their implications for glacier surface energy balance (Sect. 4.6.3). The chapter is 

completed by the Summary and Conclusions (Sect. 4.7).	
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4.2 Background 
	

4.2.1 Temperature inversions in the Arctic 
 

Temperature inversions (i.e. increase of temperature with elevation; Oke, 1987) are 

common year-round in the Arctic, where their occurrence is related to synoptic patterns 

that are of a stable, mostly anticyclonic, configuration (Serreze et al., 1992; Marshall et 

al., 2007). Low-level tropospheric inversions display a pronounced seasonal pattern, with 

a maximum in the polar winter, when radiative input at the surface is zero or negligible. 

This mainly results in surface-based inversions (Marshall et al., 2006). In summer, low-

level temperature inversions with an elevated base are a common feature of the low 

troposphere over the Arctic Ocean and coastal areas, where the proximity to open ocean 

influences local atmospheric humidity (Kahl, 1990; Kahl et al., 1992; Serreze et al., 1992; 

Kahl et al., 1996; Chutko and Lamoureux, 2009; Devasthale et al., 2010). Elevated 

inversions mainly originate from subsidence or advection (Busch et al., 1982). Surface-

based inversions can also occur during the melt season as a result of ice and snow melt 

(Kahl et al., 1992; Miller et al., 2013), particularly over the Greenland Ice Sheet where 

the sinking cold air flows toward the ice sheet margins (Steffen and Box, 2001).  

Temperature inversions can have complex effects on the Arctic surface energy budget, 

depending on their structure and potential coincidence with clouds. Mernild and Liston 

(2010) determined that the effect of temperature inversions alone reduced glacier-wide 

ablation by up to 21 % on Mittivakkat Glacier, East Greenland. Thus, a linear lapse rate is 

inappropriate to model glacier melt at higher elevations in the presence of temperature 

inversions. Over sea ice, in contrast, Chutko and Lamoureux (2009) found that 

temperature inversions were correlated with episodes of intense melt.  
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Several factors can influence temperature inversion properties. Surface turbulence from 

heat convergence (Oke, 1987) or high winds (Mernild and Liston, 2010) tend to weaken 

or destroy inversions (Bradley et al., 1992). Nonetheless, inversions in the Arctic and 

Antarctic were observed not to peak under calm conditions, but rather with winds 

between 3-10 m s−1 (Hudson and Brandt, 2005; Miller et al., 2013). Even though 

precipitation can occur in the presence of inversions, high precipitation intensities lead to 

their destruction (Mernild and Liston, 2010). The influence of topography and warm air 

advection has also been identified as important factors in inversion break-up (Stone and 

Kahl, 1991). Low clouds weaken inversions because they increase the downward 

longwave radiation (Kahl, 1990; Stone and Kahl, 1991; Serreze et al., 1992; Hudson and 

Brandt, 2005; Bourne et al., 2010). From monthly statistics over Alert (Canadian Arctic) 

and coastal Alaska, inversion depth was suggested to be inversely correlated with cloud 

cover (Kahl, 1990; Kahl et al., 1992). Unlike other low clouds, however, fog on the 

Greenland Ice Sheet is associated with strong surface-based inversions because these are 

favourable conditions for fog formation (Miller et al., 2013).  

 

4.2.2 Fog in the Arctic 

	
Chapters 1, 2, and 3 of this thesis are focused on the definition, processes, climatology 

and character of Arctic fog in East Greenland. In this section, fog is only briefly described 

and the main focus is on its potential effect on the surface energy budget. 

 

As with temperature inversions, low stratiform clouds, the most common cloud type 

during the Arctic melt season, strongly influence the surface energy budget (Klein and 
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Hartmann, 1993; Curry et al., 2000; Eastman and Warren, 2010). Among these, Arctic 

sea fog (visibility lower than 1 km: NOAA, 1995) frequently occurs as a result of warm 

air advection over sea ice and cold waters (Rae, 1951; Alt, 1979; Nilsson and Bigg, 1996; 

Svendsen et al., 2002, Hanesiak and Wang, 2005, Sotiropoulou et al., 2016). Sea breezes 

bring fog to coastal areas and up to a few tens of kilometres inland, where it is capped by 

warm continental air, which creates strong stability conditions (Alt, 1979; Lewis et al., 

2003; Mernild et al., 2008; Cappelen, 2015). The high reflectivity of low clouds and fog 

cools the surface (shortwave cloud forcing) while their emissivity warms the surface 

(longwave cloud forcing). The net effect is usually warming of the surface, although this 

depends on the droplet size, liquid water path, surface albedo and the solar zenith angle 

(Nardino and Georgiadis, 2003; Shupe and Intrieri, 2004; Mauritsen et al., 2011). Indeed, 

liquid-bearing low clouds were attributed to enhance mass loss over the Greenland Ice 

Sheet (Bennartz et al., 2013; Miller et al., 2015; Van Tricht et al., 2016), except over low 

albedo zones of the ablation area (Wang et al., 2016; Hofer et al., 2017).  

	

4.2.3 Radiosonde profiling of temperature inversions and fog 
	
 

Radiosondes provide valuable information on temperature, humidity and wind profiles in 

the troposphere. They are used for operational weather forecasting and climate research. 

The Integrated Global Radiosonde Archive (IGRA: Durre et al., 2006) contains twice 

daily soundings available at stations worldwide since the 1940s (see Chapter 1, Fig. 1-2). 

The IGRA global network of radiosondes and rawinsondes has formerly been used to 

study the climatology of temperature inversions in the Arctic (Kahl, 1990; Bradley et al., 

1992, Kahl et al., 1992; Serreze et al., 1992, Kahl et al., 1996; Chutko and Lamoureux, 
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2009; Zhang et al., 2011). Zhang et al. (2011) established a climatology of surface-based 

inversions from IGRA, which revealed that Danmarkshavn, the northernmost station in 

Greenland had the most frequent, deepest and strongest inversions over Greenland. The 

frequency of surface-based inversions increased over Greenland between 2000 and 2009; 

however, radiosonde data are affected by inhomogeneities in inversion depth and 

intensity so that trends cannot be calculated for those variables (Zhang and Seidel, 2011). 

General climatological trends in upper-air temperature have also been studied from IGRA 

data for all Greenland stations (Box and Cohen, 2006). Absolute humidity profiles from 

radiosondes, including humidity inversions (e.g. Nygård et al., 2014), are useful to study 

cloud formation and structure, and for nowcasting and forecasting of fog (Dorman et al., 

2017). As for the IGRA temperature records, the IGRA humidity records are plagued by 

data inhomogeneities (Dai et al., 2011).  

 

To our knowledge, only one fog top retrieval technique from soundings has been 

documented to date (US Bureau of Naval Personnel, 1965). It 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 elevation. It is presented for application to 

radiation fog with a surface-based inversion. However, this technique has not been 

applied to sea fog or fog with an elevated inversion, both of which frequently occur in the 

Arctic during the melt season (Kahl, 1990; Kahl et al., 1992; Serreze et al., 1992; see 

Chapter 3). Additionally, several attempts have been made to retrieve cloud base, top and 

thickness from low-resolution (Poore et al., 1995; Wang and Rossow, 1995; Chernykh 

and Eskridge, 1996) and high-resolution radiosonde profiles (Minnis et al., 2005; Zhang 

et al., 2010; Zhang et al., 2013), but these all disregard fog. Poore et al. (1995) used dew 
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point depression thresholds determined from aircraft measurements (AWS, 1979) for 

several temperature ranges: 2°C for temperatures above 0°C and 4°C for freezing 

temperatures above -20°C. Another technique, based on variations of relative humidity 

(RH) at cloud boundaries and within a cloud layer, was introduced by Wang and Rossow 

(1995) and later improved by Zhang et al. (2010). RH was converted with respect to ice at 

freezing temperatures and the minimum threshold for cloud boundary detection was 84 % 

(Wang and Rossow, 1995) or 90 % RH (Wang et al., 1999). A simple interpolation 

method for saturation between mandatory sounding levels of low-resolution soundings 

was applied to half the thickness of a layer bounded by a saturated and a subsaturated 

sounding level (Wang and Rossow, 1995). In addition to this interpolation algorithm 

being imprecise, these cloud thickness retrieval techniques do not perform well over 

Arctic locations (Jin et al., 2007; Zhang et al., 2013). Furthermore, no methods have been 

developed for, or applied to, Arctic fog or low stratiform clouds specifically, which are 

the most frequent cloud types during the Arctic melt season. Development of a specific 

fog and low-cloud detection method from radiosondes over high-latitude sites would 

therefore fill an important scientific gap.  
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4.3 Study site 

 

Three radiosonde stations associated with World Meteorological Organization (WMO) 

synoptic weather stations were selected along the coast of East Greenland (Figure 4-1, 

Table 4-1), where fog is prevalent in summer (Cappelen, 2015; Chapter 2). These stations 

are part of the Integrated Global Radiosonde Archive (IGRA) network and operated by 

the Danish Meteorological Institute (DMI). The climate zonation ranges from Low Arctic 

(Tasiilaq), with seasonal sea ice and a strong diurnal solar cycle, to High Arctic 

(Ittoqqortoormiit and Danmarkshavn), with sea ice concentrations above 80 %, 24-hour 

daylight, and a dominance of low clouds and fog (Cappelen et al., 2001; Vinje, 2001; 

CAVM, 2003). The climate in Tasiilaq is strongly influenced by the presence of the 

Icelandic Low and the warm Irminger Current (Hanna and Cappelen, 2003; Cappelen, 

2015). Tasiilaq experiences the strongest katabatic winds as well as the passage of 

cyclones, resulting in optically thicker clouds compared to more northern locations (Van 

Tricht et al., 2016).  
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Figure 4-1. 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 is a combination of the Randolph Glacier 
Inventory (Pfeffer et al., 2014) and the Hydrologic Outlets of the Greenland Ice Sheet (Lewis and Smith, 

2009). 

 
Table 4-1. Geographic coordinates and distance to open water of IGRA radiosonde stations in East 

Greenland.  

  
WMO ID 

Latitudea 
(°N) 

Longitudea 
(°W) 

Elevationa 
(m a.s.l.) 

Distance from 
shore (km) 

Distance to 
ocean (km) 

Danmarkshavn 4320 76.7694 18.6681 11 0.12 6.47 
Ittoqqortoormiit 4339 70.4844 21.9511 70 0.17 12.60 
Tasiilaq 4360 65.6111 37.6367 54 0.25 2.24 

a From https://www1.ncdc.noaa.gov/pub/data/igra/igra2-station-list.txt. 
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4.4 Data and methodology 
	

4.4.1 Temperature inversions 
	

4.4.1.1 Upper-air observations from IGRA radiosonde data 
 

The radiosonde data analysis is presented for the period 1980-2016 in order to exclude 

station relocations, major changes in sonde type and radiation correction from inducing 

inhomogeneities in the datasets. For details on these inhomogeneities, refer to Chapter 3 

of this thesis. Additionally, the analysis is restricted to the Arctic melt season months of 

May to August (hereafter referred to as “summer”), when two thirds to three quarters of 

fog occur in East Greenland (Gueye, 2014; and Chapter 2, Table 2-3). Within this time 

frame, twice daily radiosonde data were acquired through the quality-controlled 

Integrated Global Radiosonde Archive (IGRA, https://www.ncdc.noaa.gov/data-

access/weather-balloon/integrated-global-radiosonde-archive: Durre et al., 2006). Launch 

times were either at 1100 and 2300 UTC, or at 1200 and 0000 UTC coincident with 

synoptic ground observations. The former are the majority of soundings before 

automation (see below), while the latter are all soundings after automation and some 

select soundings before automation.  

  

Each radiosonde records temperature, humidity, atmospheric pressure, wind speed and 

direction. Soundings contain data at mandatory pressure levels (1000, 925, 850, 700, 500 

hPa, etc.) and at additional significant thermodynamic levels to capture all slope breaks in 

temperature and humidity profiles between mandatory levels (Durre et al., 2006).  In this 

work, only data below the 700 hPa (approximately 3000 m a.s.l.) pressure level are used. 
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Between 1980 and 2016 there has been an alternate use of Vaisala sonde types RS18/21 

(until early 1980s), RS80, RS90 and RS92 (Table 4-2). After summer 2012, radiosonde 

launches at Tasiilaq became automated. Quality tests were performed on six months of 

soundings in 2014 and revealed that the availability and quality of soundings over that 

period did not reach WMO standards (Laursen, 2015). While this affects the frequency of 

radiosonde coverage at Tasiilaq from 2013 onwards, it did not affect the extracted fog 

profiles used in this chapter.	

 

 
Table 4-2. Sonde types and uncertainty specifications for Vaisala sonde models in the troposphere (1080-

100 hPa). 

Model 
Atmospheric 

pressure 

 (hPa) 

Dry-bulb 
temperature  

(K) 

Relative 
humidity 

(%) 

Calculated 
geopotential 
height (m) 

Reference 

            

VRS18/21  2 0.3 4 - 
Richner and Phillips, 1982; Luers 
and Eskridge, 1998 
 

  VRS80 1 0.4 4 - 
Richner and Phillips, 1982; 
Steinbrecht et al., 2008 
 

  VRS90 0.7-1.5 0.5 5 25 
Luers, 1997; Antikainen et al., 
2002  
 

   VRS92 1 0.5 5 20 
Steinbrecht et al., 2008; Vaisala, 
2017 
 

            

 
	

4.4.1.2 Radiosonde analysis methodology 
 

IGRA variables that were used for the analysis of temperature inversions include dry-bulb 

temperature (T in K, converted to °C), atmospheric pressure (P in hPa), and calculated 

geopotential height (Z in m). Although P is reported at every sounding level, Z is 

measured at just a few levels. IGRA calculation of the thickness of the layer dZ between 
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level i of known Z and level i+1 of unknown Z is made via the hydrostatic balance 

formula, which requires knowledge of T and P at i and i+1 levels: 

 

                                             	 	 	  ,                          (Equation 4-1) 

 

where R is the ideal gas constant (287 J K-1 kg-1) and g the gravitational acceleration (9.81 

m s-2) (from Durre and Yin, 2008, Eq. A1 ). Throughout this analysis calculated Z will be 

used only, and soundings with fewer than five levels below the 700 hPa level in T profiles 

are discarded as they are considered unreliable for the analysis of low tropospheric 

inversions (Kahl et al., 1992). In select case studies (Sect. 4.6.2) the reliability of 

calculated Z will be verified using measured Z. Finally, surface wind speed (ws in m s-1) at 

the first sounding level was used to analyse its effect on inversion characteristics.  

 

Low tropospheric temperature inversions were characterised in terms of their base height 

(Zbase), top height (Ztop), depth (ΔZ) and intensity (ΔT) using the method from Kahl 

(1990). Figure 4-2 schematically illustrates this method in a Skew-T Log-P diagram. 

Here, Zbase is determined as the first level where T starts to increase with height. The 

inversion is classified as a surface-based inversion (SBI) when Zbase is at ground level and 

as a low-level inversion (LLI) 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. Thin layers (< 100 m) of positive temperature lapse rates between 

two inversion layers are considered to be part of the same inversion layer, as 

recommended by Kahl (1990) and Zhang and Seidel (2011). Zbase and Ztop are given 
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relative to ground level to allow for a comparison among stations. ΔZ is obtained by 

subtracting Zbase from Ztop, and ΔT calculated as the difference in T between Ztop and Zbase.  

 

 

Figure 4-2. Inversion characteristics determined from a schematic Skew-T Log-P diagram: inversion base 
(Zbase), inversion top (Ztop), inversion depth (ΔZ) and inversion intensity (ΔT in K) (after Kahl, 1990). The 

pressure altitude P of significant levels, including at Zbase and Ztop, is given in hPa and their metric altitude, 
Z, in m a.s.l. Conversion from pressure to metric altitude is done via Equation 4-1.  

	

4.4.2 Fog, cloud cover and wind 
	

4.4.2.1 Surface observations of fog and cloud cover from synoptic weather stations 
 

Fog conditions were extracted from a combination of archived present weather (ww) and 

visibility (vv) data provided by DMI for the three WMO synoptic weather stations. 

Observations were made at synoptic and intermediate hours (i.e. every 3 hours starting 

from 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 are explained in Chapter 2 Table 2-2 (WMO, 1995: tables 4677, 4680, 0 20 

003 and 4377). Forward-scatter FD12P Vaisala Present Weather Sensor, with a 

Meteorological Optical Range accuracy of ± 10 %, is currently used to report automated 

ww and vv observations (Claus Nehring, pers. comm, May 2016).  The analysis in this 

chapter was restricted to summer liquid or supercooled fog (surface T from radiosondes > 
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-10°C: Petterssen, 1956), which represents the vast majority of summer fog observations 

(see Chapter 2). 

 

In order to analyse the general effect of clouds other than fog on temperature inversion 

characteristics, cloud cover fraction was extracted from weather data files that accompany 

DMI reports (Cappelen, 2017: http://www.dmi.dk/laer-om/generelt/dmi-

publikationer/2013/). Our analysis distinguishes three cloud cover categories: i) clear-sky 

conditions (0 okta), ii) few and scattered clouds (1-4 oktas), and iii) broken and overcast 

conditions (5-8 oktas). Neither cloud type nor cloud elevation are available from DMI 

files, but it is well known that low clouds are dominant in Arctic coastal regions in 

summer (e.g. Klein and Hartmann, 1993; Key et al., 2004; Eastman and Warren, 2010). It 

is therefore assumed that cloud cover fraction, especially when broken to overcast, is 

representative of low-level cloud conditions. 

	

4.4.2.2 Fog and fog top elevation calculation from IGRA soundings 
	
	
From all summer IGRA 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. As for T profiles, soundings with fewer than five levels in Tdd profiles below the 700 

hPa level were excluded. Dew point temperature Td (T-Tdd) was used for graphical 

analysis only (e.g.  

Figure 4‐3). Because of the combined use of manned and automated synoptic ww and vv 

observations in this analysis, some soundings corresponded to ground observations (0000 
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UTC and 1200 UTC: soundings before automation, and all soundings after automation) 

while others did 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 categories, including two categories of fog, were defined for this analysis: 

1) “Real Fog” cases: soundings corresponding to synoptic fog observations (ww, 

and vv < 1 km) or occurring at sounding times between two consecutive synoptic 

fog observations. Real fog soundings were additionally restricted to a surface 

dew point depression of Tdds ≤ 1C, a common value for saturation of advection 

fog (e.g. Koračin et al., 2014). This restriction captures almost all real fog 

observations at Tasiilaq and Danmarkshavn, and about 75 % of fog observations 

at Ittoqqortoormiit (see Chapter 3 Fig. 3-2). By extension, “saturation” will be 

defined in this paper as Tdd ≤ 1C. It corresponds to a relative humidity with 

respect to water > 93 % (Hardy, 1998); 

2) “Marginal Fog” cases: soundings corresponding to ww codes of fog in patches, 

fog from a distance, shallow fog < 2 m a.g.l. (c.f. Croft et al., 1997), or, in the 

case of soundings not coincident with synoptic 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; 

3) “Non-Fog” cases: soundings during all other weather conditions during summer. 

For both real and marginal fog cases, soundings that were not coincident in time with 

synoptic fog observations represented 50-70 % of analysed upper-air observations over 

the study period (1980-2016). 
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Fog top pressure (FTP) and fog top elevation (FTE) for all real fog cases were computed 

from IGRA soundings using a novel method developed specifically for this purpose. This 

method is based on IGRA’s Tdd profiles and will hereafter be referred to as the Dew point 

Depression Method (DDM). The DDM is illustrated in  

Figure 4‐3. First, the pressure of the uppermost saturated level (Psat) corresponding to the 

geopotential height Zsat is determined as the uppermost level above a continuous saturated 

layer (Figure 4-3: grey shading). Here, Tdd ≤ 1°C. FTP is the level where Tdd = 1°C. Tdd at 

Psat is either 1C (cases 1a and 1b) or < 1C (Case 2). In Case 1a, Psat is at ground level 

and Tdd = 1°C. Here, FTP is at the ground level and FTE 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 FTE corresponds to Zsat. In Case 

2, Psat is elevated and Tdd < 1°C. The pressure difference (ΔP) 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, FTE is the sum of Zsat (from IGRA datafiles) and the calculated saturated thickness 

above that level, which is obtained from a modification of Equation 4-1 under the 

assumption of hydrostatic balance and linear variation of T and Td between two 

consecutive sounding levels. Thus, FTE for Case 2 is calculated as follows: 

   	 	 	    ,              (Equation 4-2) 

	
where FTE and Zsat are in m a.s.l.; R is 287 J K-1 kg-1; g is 9.81 m s-2; temperatures at Psat 

(Tsat) and at the fog top (FTT) are in K, and Psat and FTP are in hPa. 
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Figure 4-3. Dew point Depression Method (DDM) of determining fog top pressure (FTP) and fog top 
elevation (FTE) from dew point depression Tdd on a schematic Skew-T Log-P diagram, where the solid 
black curve is the dry-bulb temperature T, and the dashed blue curve the dew point temperature (Td = T-

Tdd). The uppermost saturated pressure level Psat (red dots) corresponds to a geopotential height Zsat, and is 
determined as the uppermost level above a continuous saturated layer (grey 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. 

 
The newly developed DDM was used instead of the established “Mixing Ratio Method” 

(MRM) (US Bureau of Naval Personnel, 1965). The main reason for this choice was the 

inability of the MRM to calculate FTE in cases of negative Td gradients above one single 

saturated sounding level (e.g. FTE below Zbase), which occur in up to 57 % of radiosonde 

profiles with fog over East Greenland (see Chapter 3). In Section 4.6.1 a comparative 

analysis of the DMM and MRM is performed on soundings with positive Td gradients 

above the uppermost saturated sounding level and on all soundings with at least two 

saturated sounding levels. For this comparative analysis, the mixing ratio (g kg-1) was 

extracted from IGRA datafiles. 
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Inversion characteristics during fog conditions were calculated using the method 

explained in Sect. 4.4.1.2 for all weather cases, with one exception: when a secondary 

weak inversion was present inside a fog layer below the main capping inversion, the 

inversion characteristics of that capping inversion were retained. These secondary 

inversions occurred in < 3 % of soundings. Zbase, ΔZ and ΔT were analysed for all real, 

marginal and non-fog 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 m s-1 and ≥ 5 m s-1) for all-

weather, real fog, and non-fog conditions (see Sect. 4.4.2).  

 

We statistically analysed the significance of differences in inversion base (Zbase), 

inversion top (Ztop), inversion depth (ΔZ), and inversion intensity (ΔT) among all-weather, 

non-foggy and foggy conditions, as well as the FTE among the three stations. The null 

hypothesis is that no significant difference occurs. Since none of the datasets were 

normally or lognormally distributed, statistical significance was assessed through the 

nonparametric Wilcoxon Rank Sum and the combined Kruskal-Wallis and Tukey’s 

Honest Significant Difference tests at the 99 % confidence level.   
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4.4.2.3 Fog and low clouds from CALIPSO 
	
	
In order to verify the fog top elevation results using the novel DDM method introduced in 

Sect. 4.4.2.2, IGRA-derived FTE were compared to an independent cloud altitude dataset 

from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (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 is a NASA satellite 

designed to profile global cloud layers along a sun-synchronous orbit with a 99-minute 

orbital period and 16-day repeat cycle. Among other instruments, CALIPSO carries 

CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization), an advanced imaging and 

lidar system that provides high-resolution vertical profiles of aerosols and clouds. 

CALIOP’s vertical resolution is 30 m and its horizontal resolution is 335 m (Winker et 

al., 2009). CALIPSO has been used to accurately capture fog frequency and spatial 

distribution when no upper clouds are present (Kawai et al., 2015; Cermak, 2016). 

 

From CALIPSO’s temporal coverage from June 2006 onwards, and of the 16 parallel 

tracks nearest to each of the three East Greenland stations, undergraduate student Tyrell 

Nielsen selected those tracks and times that coincided closest to the three radiosonde 

locations and launch times. For Tasiilaq the closest CALIPSO track timing was in all 

cases > 3 hours earlier or later than its balloon launches and we therefore excluded this 

station from our comparison. Danmarkshavn and Ittoqqortoormiit have the nearest 

CALIPSO track lines at 1230 UTC and 1330 UTC, respectively, which are approximately 

coincident with their 1200 UTC radiosonde balloon launches. For these two stations, 

three or four grid points on the nearest CALIPSO tracks (Figure 4-4) were selected to 
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account for spatial variability in fog thickness. Danmarkshavn’s nearest track line has the 

closest point only 2 km north of the station (Figure 4-4a: point 4), but as coastal 

mountainous topography can affect FTE, the nearest three coastal grid points, 

approximately 8 km east of the station, were also extracted from the same track line 

(Figure 4-4a: points 1-3). For Ittoqqortoormiit, the nearest optimal track line passes 28 

km to the southwest over Scoresby Sund, from which three coastal grid points were 

selected (Figure 4-4b: points 1-3). For each of these 16-day repeat tracks between 2006 

and 2016, the IGRA radiosonde profile and DMI ww data were checked for fog 

occurrence. Thin fog cases (FTE < 100 m a.s.l.) were excluded due to their large spatial 

and temporal variability. Since only four fog cases from the IGRA 2006-2016 datasets 

corresponded to the CALIPSO timing, we expanded our comparison analysis to include 

six additional cloud top elevations from low stratiform clouds without precipitation. Ten 

days with fog or low stratiform clouds could be compared to the CALIPSO lidar cloud 

altitude dataset, from which fog/cloud top heights were extracted using the maximum 

elevations of the lowermost cloud level in the Level 2 Cloud Layer product. The selected 

dates range from late April to early October to cover liquid fog and stratiform clouds in 

the early to late melt season. 
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Figure 4-4. 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, 2 and 3 are the nearest coastal locations on a CALIPSO track to each IGRA station (8 km and 28 
km, respectively). Grid point 4 (a) is the nearest CALIPSO point on land, 2 km north of Danmarkshavn. 

 
 

4.4.3 Extent of the glacier ablation zone covered by fog and temperature inversions 
	
	
The common occurrence and significant vertical extent of fog and temperature inversions 

could impact the ablation of Greenland coastal glaciers, which represent 38.9 mm of sea-

level equivalent (Vaughan et al., 2013). The majority of Greenland glaciers are marine-

terminating, and thus most of their ablation is from iceberg calving and basal melting. 

About half of glaciers peripheral to the Greenland Ice Sheet is located in the Geikie 

Plateau and Blosseville Kysten region, directly south of Scoresby Sund (Rastner et al., 

2012). Of the 332 glaciers in this region, 180 are land-terminating and drain about 10 % 

of the glacierized area (~ 4000 km2) (Jiskoot et al., 2003). The average snowline for this 
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region was 1050 m a.s.l. in late summer 2003-2005, resulting in a total ablation area of ~ 

1800 km2 (Stearns and Jiskoot, 2014).  

 

To investigate what proportion of land-terminating glacier ablation area may be affected 

by the occurrence of fog and temperature inversions, we used the glacier hypsometric 

distribution of the 180 land-terminating glaciers in central East Greenland (Stearns and 

Jiskoot, 2014: Figure 8.6; See also Appendix 7) in combination with the FTE and Ztop 

distributions measured over the nearest station (Ittoqqortoormiit) during the late melt 

season (July-August). The calculated elevation ranges for FTE and Ztop were used to 

estimate the percentage of glacier ablation area under medium and maximum fog 

thickness, and medium and maximum inversion layer thickness. 

 

4.5 Results and interpretation 
	

4.5.1 Temperature inversion characteristics 
	

4.5.1.1 All weather conditions 
 

In total, 7786 summer soundings with ≥ 5 sounding levels below the 700 hPa pressure 

level were retrieved and analysed for Tasiilaq, 7271 for Danmarkshavn, and 7453 for 

Ittoqqortoormiit.  Lower tropospheric inversions occur in 84 % of soundings at Tasiilaq, 

in 91 % of soundings at Danmarkshavn, and in 95 % of soundings at Ittoqqortoormiit. 

Most inversions are elevated, with frequencies ranging from 69 % at Tasiilaq to 79 % at 

Ittoqqortoormiit. Statistics of inversion characteristics for all summer soundings are 

presented in Figure 4-5. Median inversion base elevations (Zbase) are highest at Tasiilaq 
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(164 m a.s.l.) and lowest at Ittoqqortoormiit (129 m a.s.l.) compared to Danmarkshavn 

(149 m a.s.l.; p < 10-3). Median inversion depths (ΔZ) range from 225-249 m (Figure 

4-5b) 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 = 2.6C) and lowest (ΔT = 1.6C) 

median values, respectively (Figure 4-5c, p < 10-9).  

 
 

Figure 4-5. 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 (horizontal light grey shading), (b) inversion depth (ΔZ), 

and (c) inversion intensity (ΔT). 
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4.5.1.2 Fog conditions 
	
	
Real fog cases occur with a lower tropospheric inversion over 99 % of the time, of which 

84-86 % exhibit a LLI. Inversion characteristics during real fog, marginal fog, and non-

fog conditions are shown in Figure 4-6. These include about 150, 800, and 5000 

observations, for each fog condition respectively, at each station. Median Zbase elevations 

during real fog are at 176-200 m a.s.l. (Figure 4-6a). Even though they appear marginally 

higher under foggy conditions, no significant difference transpires among foggy, non-

foggy 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 

significantly deeper during fog conditions than during non-fog conditions (by 111-126 m 

on average, p < 10-10, Figure 4-6b). Median ΔT during real fog conditions is significantly 

lower at Tasiilaq (3.8C) than at Danmarkshavn (5.5C: Figure 4-6c, p < 10-5). The 

median ΔT during real fog is about twice as strong as for marginal fog for Danmarkshavn 

(p < 10-5) and Tasiilaq (p < 10-2) and 2-3 times stronger than for non-fog conditions at all 

stations (p < 10-9). The largest differences in ΔT and ΔZ between foggy and non-fog 

conditions occur at Danmarkshavn.  
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Figure 4-6. Inversion characteristics for summers of 1980-2016 during non-fog (NF), marginal fog (MF), 
and real fog (F) conditions over Danmarkshavn (DANM), Ittoqqortoormiit (ITTO) and Tasiilaq (TASI). 
Box and whisker plots for (a) inversion base (Zbase), with ground elevation (horizontal light grey shading) 
and median fog thickness above ground (dark grey shading, see Sect. 4.5.2), (b) inversion depth (ΔZ), and 

(c) inversion intensity (ΔT). 
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Inversion characteristics during non-fog conditions under different categories of winds 

speed (ws) and cloud cover fraction are presented in Figure 4-7. These statistics include 

over 1000 observations for all cloud and wind speed categories, except for ws > 5 m s-1 at 

Tasiilaq where n = 279. Only results for non-fog conditions are shown because these 

results are nearly identical to those for all-weather conditions, and because fog in East 

Greenland typically occurs at ws < 5 m s-1 (see Chapter 2) and fog prevents human 

observers from making cloud observations. At all stations, Zbase is highest under broken-

overcast conditions (Figure 4-7a, p < 10-9). The median difference ranges from 100-306 

m, with the highest inversion base at highest latitudes. At Ittoqqortoormiit and Tasiilaq 

inversions are weaker during dense cloud cover (median ΔT =0.6°C) than during clear-

sky conditions (median ΔT = 1.6°C) (p < 10-9), but this difference was not observed at 

Danmarkshavn (Figure 4-7c). Low ws were associated with stronger (up to 1.2°C on 

average, p < 0.01, Figure 4-7f) and deeper (30-61 m, p < 10-5, Figure 4-7e) inversions 

over all stations. Increased ws significantly elevated Zbase over both Ittoqqortoormiit and 

Tasiilaq (p < 10-6), but not over Danmarkshavn (Figure 4-7d). These conclusions remain 

unchanged when grouping ws into three classes (< 5 m s-1, 5-10 m s-1,  10 m s-1, not 

shown) instead of the two shown in Figure 4-7 d-f. 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 are not common during fog (see Chapter 2).  
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Figure 4-7. Box and whisker plots for Zbase, ΔZ and ΔT during non-fog 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).  

 

In order to investigate the stability across the inversion layer as well as the interactions 

between fog and the inversion, temperature inversion slopes were normalised for all non-

fog and real fog cases (Figure 4-8). Theoretically, two endmembers of normalised 

inversion slopes are concave-up and concave-down shapes. For the case of a concave-

down shape, the largest increase of temperature is near the inversion top, whereas for a 

concave-up shape, it is near the inversion bottom. For the latter, the bottom of the 

inversion has stronger reverse lapse rates. Even though there is variability in the shape of 

the inversion structure, inversions have significantly (p < 0.01) more often concave-up 

profiles under fog conditions (61-65 %) compared to non-fog conditions (31-40 %), 

during which linear and concave-up profiles evenly dominate. This analysis was also 

performed on clear-sky conditions (not shown), of which the results are similar to non-fog 

conditions. The general shape of these normalised inversion profiles during fog are 
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consistent with results obtained by Sedlar et al. (2012) for summer Arctic stratocumulus 

clouds over the Arctic Ocean. The highest temperature increase occurs below a 

normalised height of 0.3 for both fog (this study) and stratocumulus clouds (Sedlar et al., 

2012).  

              NO FOG               REAL FOG 

 

Figure 4-8. Normalised height as a function of normalised temperature across the temperature inversion for 
no fog events (left) and real fog events (right), over Danmarkshavn (DANM), Ittoqqortoormiit (ITTO) and 

Tasiilaq (TASI). 
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4.5.2 Fog top elevation and the inversion layer 
	
	
Figure 4-9 displays fog top elevation (FTE) and median Zbase and Ztop distributions during 

fog. Median summer-averaged FTE are at 123, 145 and 182 m a.s.l. over Tasiilaq, 

Ittoqqortoormiit and Danmarkshavn, respectively. Fog thickness (FTE minus station 

elevation) over Danmarkshavn significantly differs from the other two sites (p < 0.01). 

However, FTE does not differ among stations. Danmarkshavn is also characterised by 

significant differences between early (May-June) and late (July-August) melt season (p = 

0.0031), with a median late melt season FTE at 220 m a.s.l. (not shown). At 

Danmarkshavn, median summer-averaged FTE extends slightly above the median Zbase; 

in the late melt season, fog penetrates the inversion layer by on average 47 meters. In 

contrast, the median FTE is below the median Zbase at Ittoqqortoormiit and Tasiilaq. This 

coincides with classification results and inferred processes presented in Chapter 3, in 

which fog in Southeast Greenland was mostly located below the inversion layer and fog 

in Northeast Greenland frequently penetrated the inversion layer. 
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Figure 4-9. Fog top elevation (box and whisker plots) and median inversion layer (dark grey shading) over 
Danmarkshavn (DANM, n = 175), Ittoqqortoormiit (ITTO, n = 105) and Tasiilaq (TASI, n = 111) for 

summers of 1980-2016. The light grey shading is the ground elevation.  

	

4.6 Discussion 
	

4.6.1 Sensitivity analysis of fog top elevation calculation 
	
	
The Dew point Depression Method (DDM) presented in this paper uses a dew point 

depression (Tdd) threshold of 1°C to determine air parcel saturation and the presence of 

fog. This Tdd threshold value was selected because it is most commonly used in literature 

(e.g. Meyer and Rao, 1999; Kim and Yum, 2010; Koračin et al., 2014) and because it 

captured the vast majority of real fog observations from radiosondes over East Greenland 

(see Sect. 4.4.2.2 and Chapter 3 Fig. 3-2). It is smaller than Tdd values traditionally used 
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for cloud detection at subzero temperatures (Poore et al., 1995). This section presents 

comparative analyses for FTE calculations made with: i) the Mixing Ratio Method 

(MRM: US Bureau of Naval Personnel, 1965) to test the validity of the DDM, and ii) a 

range of Tdd threshold values to test the sensitivity and robustness of the DDM.  

 

The MRM does not explicitly require knowledge of Tdd because it is meant to be 

applicable to radiation fog with a SBI. However, knowledge of the saturation at Zbase is 

necessary to apply this method to fog with a LLI. The comparison between the DDM and 

the MRM was therefore performed using three Tdd thresholds (0.5°C; 1°C; 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 4-10a. There is a systematic 

tendency of the DDM to lead to higher FTE values compared to the MRM (13-20 m 

higher on average). This difference appears more pronounced at higher Tdd thresholds. 

However, differences were not statistically significant at the 95 % confidence level and, 

moreover, are lower than the vertical precision of the calculated geopotential height (25 

m). DDM and MRM therefore give consistent results for most fog cases. However, it is 

unsure how accurate either method is for FTE calculation of thin fog (< 100 m a.g.l.). 

High-resolution radiosondes can detect features that are at least 10 m thick, such as 

shallow fog, but lower-resolution radiosondes have limited capability to detect fog or 

clouds thinner than a few tens of meters (Zhang et al., 2010; Dorman et al., 2017). Some 

observations of thin fog in this analysis over East Greenland were assigned a fog 

thickness < 5 m, which is lower than the derived accuracy for geopotential height. 
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Moreover, DMI reported invisible sky at the time of these observations, suggesting an 

underestimation of the calculated FTE for fog thinner than 100 m.  

 

Figure 4-10. (a) Statistics of fog top elevation (FTE) retrieved from IGRA files over Danmarkshavn with 
the Mixing Ratio Method (MRM: US Bureau of Naval Personnel, 1965) and the Dew point Depression 

Method (DMD: this study) for three dew point depression (Tdd) thresholds (n = 72); (b) Median FTE over 
Danmarkshavn (DANM), Ittoqqortoormiit (ITTO) and Tasiilaq (TASI) as a function of Tdd threshold 

(DDM; n = 115, 74, 94). Standard deviations in (b) are 165-734 m, which is on the lower range of standard 
deviations in (a).  

 
The sensitivity of the DDM to varying dew point depression (Tdd) thresholds was 

analysed for Tdd ranging from 0.5°C to 1.5°C, and for soundings with a surface Tdds ≤ 

0.5°C (Figure 4-10b). Results show that FTE 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 measurements: Table 4-2). The average error 
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induced by the choice of Tdd threshold is therefore approximately 50 m. Together with the 

uncertainty in the calculated geopotential height (25 m), this represents an estimated 

cumulative error in calculated FTE of √50 25  = 56 m.  

 

Under any Tdd threshold, Danmarkshavn always has the highest FTE values, followed by 

Ittoqqortoormiit and Tasiilaq (Figure 4-10b). The choice of the Tdd threshold therefore 

does not change the conclusions of this study, but the uncertainties due to the choice of 

the Tdd threshold are larger where median FTE is lower. This can be explained by the fact 

that shallow fog is usually determined by only one saturated sounding level. FTE may 

also be underestimated when hydrostatic balance terms (convection) are neglected at the 

local scale, particularly for cases of fog below the inversion layer. However, the large 

differences in FTE indicate that the choice of an accurate Tdd threshold is crucial for 

precise FTE calculation.  

	

4.6.2 Comparison of fog top elevation with CALIPSO-derived cloud top elevation 
	
	
Out of 149 CALIPSO tracks over Ittoqqortoormiit and 146 tracks over Danmarkshavn 

between May and October 2006-2016, a total of four fog and six low stratus cases were 

identified for comparison between IGRA and CALIPSO datasets (Table 4-3). For three of 

these cases, both measured and calculated Z from IGRA were available and are within a 

3-m range of each other. This suggests that calculated Z can reliably be used for FTE 

calculations. The cumulative error in vertical accuracy of CALIPSO and IGRA is 

√30 25  = 39 m. Despite the various time lags and geographical distances between 

IGRA and CALIPSO, four cases (# 1, 4, 5, 8) have cloud top elevation values within the 
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cumulative error range, 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 methods 

identify the low cloud layer, although CALIPSO reports significantly lower cloud top 

elevations (by 60-589 m), which in some cases may be due to spatial variability in the fog 

or cloud layers (reasonable agreement). In only 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 and Zhang, 2014). 

 

Overall, in spite of the spatial and temporal differences between CALIPSO and IGRA, 

FTE 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 thickness (< 100 m a.g.l.), or to 

determine which method (DDM vs. MRM) is the most accurate to calculate FTE from 

radiosondes. The good agreement between cloud top elevation from CALIPSO and 

IGRA, via both the MRM and the DDM under the 1°C Tdd threshold, is encouraging. 

Both the DDM and the MRM are therefore more suitable over Arctic locations compared 

to methods using higher Tdd thresholds (Poore et al., 1995) or relative humidity thresholds 

(Wang and Rossow, 1995; Wang et al., 1999; Zhang et al., 2010). Also, interpolation 

methods used in MRM or DDM are more accurate than using the half the distance 

between saturated and subsaturated sounding levels as the cloud boundary (Wang and 

Rossow, 1995). Still, we suggest to use the DDM instead of the MRM because the DDM 

can be applied to any fog thermodynamic profile. 	  
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Table 4-3. Comparison of CALIPSO and IGRA low stratiform cloud top heights derived using the DDM.  

Datea 
 
 

CALIPSOb 

cloud top 
height 

(m a.s.l.) 

IGRA cloud 
top range 

from 
calculated Zc 

(m a.s.l.) 

IGRA cloud 
top range 

from 
measured Zc 

(m a.s.l.) 

IGRA 
Inversion 

base 
height 

(m a.s.l.) 

DMI 
ww  
11UTC 

DMI 
ww 

12UTC 

DMI/IGRA 
Cloud typed 

 
Danmarkshavn 

20/05/2016 
(1) 

NA 
411* 
352* 
382* 

411-426* NA 411 110 100 Stratus with 
mist 

05/08/2009 
(2) 

- 
113* 
- 
- 

173-180* 170-177 38 34 30 Fog 

Ittoqqortoormiit 

03/07/2007 
(3) 

178* 
148* 
- 

737* 739 737 NA NA Stratus 

05/07/2008 
(4) 

1190** 
1190** 
2747** 

1044-1095* NA 618 NA NA Stratus 

07/09/2008 
(5) 

1100* 
1071* 
1131* 

964-1013* NA 640 NA NA Fog 

12/10/2009 
(6) 

1160** 
1101** 
1131* 

1351-1355** NA 1351 NA NA Stratus 

27/07/2010 
(7) 

232** 
262* 
- 

409-412* NA 351 NA 0 Stratus 

27/05/2011 
(8) 

352* 
382* 
412* 

449-471* NA 449 80 0 Stratus 

31/08/2011 
(9) 

1160** 
1190** 
1190** 

1363** 1364 990 34 33 Fog 

20/04/2015 
(10) 

4663* 
4693* 
4693* 

454-457** NA 395 110 131 Stratus and 
fog 

aObservation time IGRA 1200 UTC; CALIPSO 1230 UTC (Danmarkshavn) or 1330 UTC 
(Ittoqqortoormiit); bCALIPSO data retrieved from three or four grid points (Figure 4-4). NA is no data; - is 
no cloud top height detected. *one cloud layer, **two cloud layers. cZ is the geopotential height. dCloud type 
from DMI (surface) and IGRA profiles (aloft). 
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4.6.3 Temperature inversion characteristics comparison and interpretation 
	

4.6.3.1 All-weather conditions 
	
	
Results from this study show that temperature inversions were frequent (> 85 %) and 

mostly elevated over East Greenland during the melt season. Overall, the frequency of 

temperature inversions over East Greenland compares well with the inversion frequency 

measured with similar melt-season low-resolution radiosonde data over the Arctic Ocean 

and the Russian Arctic (> 85 %: Serreze et al., 1992; Kahl et al., 1996), 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 on a valley glacier within 25 

km of that station. These comparisons suggest that post-1980 IGRA sounding significant 

levels are able to accurately capture the frequency of low-tropospheric temperature 

inversions at Tasiilaq. 

 

IGRA data experienced an increase in vertical resolution through time because of major 

instrument changes and relocations (Antikainen et al., 2002; Durre and Yin, 2008). While 

only the post-1992 period is considered to be sufficiently accurate for longitudinal 

analysis of inversions depth over Greenland (Box and Cohen, 2006), Zhang et al. (2011) 

found that inversion depth and intensity records are also inhomogenous within that 

period. Since our study is not focused on trend analysis, we do not perform a full 

homogeneity test, but instead investigate whether the post-1992 change in vertical 

accuracy impacts statistics of inversion characteristics, and whether there are step-wise 
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changes in number of IGRA significant levels over time. For this purpose, we first 

extracted inversion characteristics for the post-1992 period separately and tested for 

considerable differences with the results from the 1980-2016 time period (Table 4-4). 

Inversion intensities (ΔT) were exactly the same over the two periods, while differences 

in inversion base elevations (Zbase) and inversion depths (ΔZ) were minimal (1-19 m and 

14-19 m, respectively), with a slight tendency towards higher values in the 1980-2016 

dataset. We therefore conclude that including the 1980-1992 time period does not affect 

the overall results of this study. In addition, we checked for step-wise changes in the 

number of IGRA significant levels for all stations for the entire IGRA record by plotting a 

time series of the average monthly number of levels below the 500 hPa pressure level 

between 1950-2016 (Appendix 6). This approach is consistent with the pan-Arctic 

analysis of IGRA data inhomogeneities by Zhang and Seidel (2011). Only two sudden 

increases in the IGRA data over Danmarkshavn are apparent (around 1984 and 2012), so 

that the majority of the period of record 1980-2016 is homogeneous in terms of number 

of levels. Despite these inhomogeneities, neither the statistics of inversion frequency were 

affected (cf. Zhang et al., 2011) nor should they have significantly impacted our median 

values of inversion characteristics. We therefore proceed with a comparison with other 

Arctic regions. 
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Table 4-4. Median inversion base elevation (Zbase), inversion depth (ΔZ) and inversion intensity (ΔT) over 
the period 1980-2016 and 1992-2016 for Danmarkshavn (DANM), Ittoqqortoormiit (ITTO) and Tasiilaq 

(TASI). 

  1980-2016 1992-2016 

DANM 

  Zbase (m a.s.l.) 149 130 

  ΔZ (m) 244 225 
  ΔT (°C) 2.2 2.2 
ITTO 

  Zbase (m a.s.l.) 129 123 

  ΔZ (m) 249 235 
  ΔT (°C) 2.6 2.6 
TASI 

  Zbase (m a.s.l.) 164 163 

  ΔZ (m) 225 211 
  ΔT (°C) 1.6 1.6 

	
	
Zbase over East Greenland are within the lower range of values reported over Alaskan sites 

(50-300 m a.g.l.: Kahl, 1990), but are much lower than those reported for the Canadian 

Arctic where the range is 100-400 m a.g.l. (Kahl et al., 1992). Inversion top elevations 

(Ztop) are higher than values measured by Mernild and Liston (2010) near Tasiilaq (500 

vs. 300 m a.s.l.). Similar to what Zhang et al. (2011) found for annual SBIs, ΔZ for all 

summer low-level inversions (SBIs and LLIs) 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).  

 

Results for ΔT are consistent with results obtained by Zhang et al. (2011) over East 

Greenland for SBIs, with Danmarkshavn having stronger inversions than Tasiilaq. In 
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addition, we highlight that Ittoqqortoormiit is characterised by even stronger inversions, 

which may be due to the proximity of the cold waters of the Scoresby Sund (Sandel and 

Sandel, 1991). ΔT over East Greenland is similar to inversion strength in Arctic Canada 

(1-3°C: Kahl et al., 1992) and the Eurasian-Russian coastal Arctic regions (2-3°C: 

Serreze et al., 1992), and in the lower range of values measured over the Arctic Ocean (2-

4°C: Sotiropoulou et al., 2016). However, ΔT is 2-3 times weaker than for Alaskan Arctic 

sites (4-7°C: Kahl, 1990). The lack of influence of cloud cover on ΔT over Danmarkshavn 

compared to the more southern stations could be due to regional differences in cloud 

properties. The weather in northern Greenland is dominated by local environmental 

conditions, such as sea ice and sea breeze, resulting in the dominance of fog and low-

level clouds, whereas in southern Greenland optically thicker higher-level clouds 

dominate (Van Tricht et al., 2016). Further studies would be needed to assess the impact 

of low-level clouds on inversion characteristics over that region. 

	

4.6.3.2 Fog conditions 
	
	
The frequency of soundings analysed corresponding to marginal and real fog conditions is 

comparable to the overall reported frequency of fog occurrence over East Greenland, 

reaching 20 % in July (Cappelen, 2015; Chapter 2). This suggests that the presented 

analysis captures a representative proportion of 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; 

Tjernström et al., 2015; Sotiropoulou et al., 2016) and Antarctic coastal advection fog 
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(Gajananda et al., 2007). Extreme fog events can reach an elevation of up to 700 m a.s.l., 

which is comparable to cases of mid-latitude 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 (see also Chapter 3). This 

corroborates observations from Sotiropoulou et al. (2016) of fog often extending above 

Zbase over melting ice surfaces, related to warm and moist advection (Sedlar et al., 2012).  

 

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 downward longwave radiation (e.g. Kahl, 1990), fog is 

associated with stronger inversions compared to fog-free conditions. Median ΔT were 

similar whether fog was below, capped or inside the inversion layer. This suggests that 

there is an environmental control on lower-tropospheric stability conditions, which in turn 

favours 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 

be due to very low ws, which is in itself associated with stronger inversions (Figure 4-7f). 

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 regional or 

local differences in atmospheric conditions. Danmarkshavn is characterised by the 

presence of sea ice throughout most of the summer and therefore under the influence of 

distinct local boundary-layer processes compared to the other two stations (see also 

Figure 4-1). The strong thermal gradient between the cold ocean and a warmer land 
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surface creates stronger and more frequent sea breezes associated with fog at 

Danmarkshavn (c.f. Chapter 2 Fig. 2-19). This could promote the occurrence of fog under 

very strong capping inversions (Miller et al., 2013, Koshiro and Shiotani, 2014). In 

addition, enhanced stability conditions are prevalent over the ice sheet because of 

radiative losses from the surface in all seasons (Steffen and Box, 2001). The presence of a 

high pressure ridge over Northeast and central Greenland could also contribute to 

establishing a strong capping inversion by subsidence processes (Ohmura and Reeh, 

1991). The higher ΔT over Danmarkshavn during fog may therefore be related to a 

combination of local and regional-scale environmental factors that could promote fog 

formation. 

 

Under clear-sky conditions both concave-up and linear normalised inversion slopes were 

observed, while when fog was present profiles showed a more pronounced and more 

frequent concavity (Figure 4-8). Concave-up inversion slopes often occur because the 

lower part of the inversion is where heat losses are highest (e.g. Oke 1987). Differential 

warm air advection, where the advection rate increases with height, can also result in 

concave-up inversion profiles. Processes, such as subsidence, can create a more linear 

profile (Triplet and Roche, 1986). Sedlar et al. (2012) theorised that vertical motion of air 

parcels with differential temperatures could straighten an initially concave-up profile 

when there is strong cloud top cooling near the inversion base. However, linear inversion 

slopes might also be due to the lack of significant sounding levels to capture the inversion 

concavity. Fog profiles might more often have sounding levels inside the inversion, 

especially for fog cases penetrating the inversion since a significant level is required to 

indicate the discontinuity in humidity profile (or fog top). This could contribute to the 
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highest proportion of concave-up profiles under fog compared to non-fog conditions. 

Aside from this potential bias in measurements, more frequent and enhanced concave-up 

profiles can reasonably be expected under most fog conditions because of the intense 

cooling rate of the fog layer and the warm air advection associated with fog (Sedlar et al., 

2012). We could not investigate whether humidity inversions were coincident with 

concave-up profiles during fog, as observed by Sedlar et al. (2102) for cloud cases 

penetrating the inversion layer and associated with warm and moist advection, because of 

the coarse vertical resolution of the IGRA data. The level of highest cooling rate depends 

on the distribution of liquid water content (LWC) inside the cloud layer. In the case of a 

mature fog, the highest LWC values, hence the highest cooling rates, are expected to 

occur at or near the fog top (Roach et al., 1976; Kim and Yum, 2017), which also 

generally corresponds to Zbase. This leads to an enhanced concavity of the inversion 

profile. Other factors such as a more intense sea breeze and/or warm air advection aloft 

during fog could also promote a more concave-up inversion profile. However, a detailed 

analysis of process interpretation related to the inversion shape requires knowledge of 

emissivity profiles, related to the amount of condensated water, and the optical thickness 

of the fog layer. With the available data, we cannot conclude whether the enhanced 

concavity during fog is due to environmental conditions, denotes an effect of fog on the 

inversion or is simply due to an instrumental bias. This could be explored in future studies 

through the combined analysis of high-resolution radiosonde data and LWC profiles.  
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4.6.3.3 Potential impacts of inversions and fog on glacier melt 
	
	
The comparison between glacier hypsometry and fog macrophysical characteristics 

reveals that fog of the most common thickness (median FTE ~150 m a.s.l.) covers only 2 

% of the total glacier ablation area. However, vertically extensive fog (FTE ~ 600 m 

a.s.l.) can cover up to 30 % of it (~ 540 km2). Inversions, which are both more frequent 

and more vertically extensive than fog, can affect ~15-100 % of the ablation area in this 

region (median Ztop  ~ 500 m a.s.l.; maximum Ztop  ~ 1000 m a.s.l. See Appendix 7).  

 

The conventional use of a constant negative temperature lapse rate in temperature index 

melt models (e.g. Braithwaite, 1995; Hock, 2003; Braithwaite and Raper, 2007), even if 

smaller than the moist adiabatic lapse rate (6.58°C km-1, Gardner et al., 2009), can 

introduce large errors in temperature and precipitation calculations (Braun and Hock, 

2004; Braithwaite et al., 2006). Small lapse rates are a known feature over Arctic glaciers 

and impact calculated melt rates at higher elevations (Marshall et al., 2007; Hulth et al., 

2010). Even though different values of constant negative lapse rates have been tested and 

implemented in both temperature index models (e.g. Huss et al., 2008; Gardner et al., 

2009) and glacier surface energy balance models (e.g. Braun and Hock, 2004; Hock and 

Holmgren, 2005), these models rarely incorporate a variable or positive lapse rate to 

account for the effect of temperature inversions and low-level clouds. Gardner and Sharp 

(2009) showed that the use of a daily variable lapse rate strongly improved melt 

calculations. Accounting for this effect is not only important for glaciers (Mernild and 

Liston, 2010), but also for ice sheet modeling where inversions are frequently observed 

during the melt season (Hudson and Brandt, 2005; Miller et al., 2013). Results from the 
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work presented here provide a first approximation of regional inverse lapse rate strengths, 

elevations and depths, as well as fog top elevation, based on long-term observations in 

East Greenland. With the automated methods developed here this could be expanded to 

calculate these properties from pan-Arctic IGRA data, and thus provide more realistic 

input for regional glacier mass balance models (e.g. Giesen et al., 2016).  

 

4.7 Summary and conclusions  
	
	
In this chapter statistics for melt season inversion characteristics under foggy, non-foggy 

and all weather conditions in the period 1980-2016 over three East Greenland coastal 

sites were presented, based on the combined analysis of surface synoptic weather data and 

twice-daily upper-air observations from the Integrated Global Radiosonde Archive 

(IGRA). Moreover, a novel and robust method to retrieve predominantly liquid or 

supercooled fog geometrical thickness from low-resolution IGRA radiosondes over 

Arctic locations was introduced and tested.  

 

Over East Greenland, inversions occur in > 85 % of summer soundings and are generally 

elevated (150 m a.s.l.) with a median inversion depth of 240 m and an inversion strength 

of 2°C. These characteristics are similar to those measured over the Arctic Ocean (Serreze 

et al., 1992; Sotiropoulou et al., 2016), but inversions in East Greenland are generally 

more frequent, lower and shallower compared to other coastal Arctic locations (Kahl, 

1990; Kahl et al., 1992; Serreze et al., 1992). Inversion intensities over East Greenland 

are similar to values reported over other Arctic sites, except over coastal Alaska (Kahl, 

1990). The similarity in inversion characteristics between East Greenland and the Arctic 
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Ocean suggests that, during the melt season, similar local environmental conditions, such 

as open water, sea ice or warm air advection, influence the structure of the boundary layer 

over these regions. 

 

Retrieved fog top elevation is commonly 150-200 m a.s.l. but can reach an altitude of 700 

m a.s.l., and frequently penetrates the elevated inversion layer over coastal regions during 

the late melt season. Compared to non-fog conditions, fog occurs under stronger, deeper 

and more concave-up inversions. Low wind speed could in part explain these differences. 

During fog, inversions are stronger at higher latitudes and we hypothesise that these 

regional differences are due to a combination of distinct boundary-layer and large-scale 

processes favouring fog formation. Fog top elevation calculated with the Dew point 

Depression Method (DDM) and retrieved from CALIPSO cloud top product were in 

reasonable agreement, despite the minor retrieval time lags and geographical distances 

between the measurement locations of these datasets. These results are encouraging, and 

suggest that fog top elevation for vertically extensive fog (> 100 m) can be estimated 

reliably by IGRA’s low resolution soundings with a dew point depression threshold of 

1°C. However, changing this threshold by only ± 0.5°C changes the median fog top 

elevation by 30 to 80 m, leading to a cumulative error of 56 m due to the choice of dew 

point depression threshold. Despite these uncertainties, the DDM is more suitable to 

retrieve fog top elevation over Arctic locations compared to other cloud detection 

methods using higher dew point depression or relative humidity thresholds from low-

resolution radiosondes (Poore et al., 1995; Wang and Rossow, 1995; Wang et al., 1999). 

The DDM is also preferable compared to the Mixing Ratio Method (MRM: US Bureau of 



179 
	

Naval Personnel, 1965) since it allows calculation of fog top elevation on any fog 

thermodynamic profile.  

 

The sensitivity of the radiosonde sensors used, measurement practices and environmental 

conditions at the stations (e.g. season and air temperature) could all impact dew point 

depression during fog. Over Arctic locations, we therefore recommend to calibrate the 

dew point depression threshold relative to surface observations (see Chapter 3 Fig. 3-2) to 

avoid underestimation (dew point depression threshold too low) or overestimation of fog 

top elevation (dew point depression threshold too high). The required calibration of dew 

point depression threshold on surface observations is the strength of this method since it 

has the potential to be applicable to any remote coastal Arctic (or Antarctic) WMO 

location where present weather, visibility and upper-air measurements exist together. 

However, it may have limited capability in calculating fog top elevation of thin fog (< 

100 m). In future studies, a comparison between fog top elevations calculated from both 

low- and high-resolution radiosondes, with the ability to detect fog thicker than 10 m 

(Dorman et al., 2017), could be applied to firmly validate the presented DDM 

methodology. This includes determining which dew point depression threshold is the 

most appropriate, what minimum thickness of fog/cloud can be captured, evaluate 

whether inversion concavity is systematically detected, and assess whether IGRA low-

resolution radiosonde data can be used for fog nowcasting and forecasting. Once 

established, the DDM could additionally be used to detect cloud base and top elevation 

from other Arctic boundary-layer clouds. The retrieved geometrical thickness, in 

conjunction with the analysis of temperature inversion characteristics, would allow a full 

investigation and quantification of the relationship between Arctic low clouds and 
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inversions. These results would contribute to a deeper understanding of low-level liquid-

bearing Arctic stratiform clouds macrophysics, which will eventually serve in Arctic 

surface energy balance and numerical climate models. 

 

Fog and temperature inversions can potentially cover a significant portion of glacier 

ablation area in central East Greenland. These results point towards the importance of 

incorporating the effect of both fog and variable lapse rates in glacier and ice sheet melt 

models and in the downscaling of temperature data for input in such models (e.g. 

Marshall et al., 2007). Hulth et al. (2010) previously suggested that radiosondes could be 

useful tools for determining melt at higher elevations. We recommend the use of 

radiosonde data for both the quantification of temperature and humidity lapse rates, and 

for the detection of fog and low-level cloud over glaciers. If a similar baseline 

climatology of temperature inversions during fog and non-fog conditions is obtained over 

any other Arctic location through the method presented in this chapter, an independent 

fog detection method (e.g. time-lapse camera, visibility sensor or present weather sensor) 

could be used as a proxy for the inversion structure and characteristics over glacierized 

areas. This information should refine glacier-wide calculation of radiation and turbulent 

heat fluxes. We suggest that accounting for differences in inversion characteristics during 

fog conditions will improve glacier melt estimates in coastal Arctic regions where fog and 

temperature inversions are frequent. Further research, including extensive field 

measurements of fog microphysics over glaciers, is needed to accurately quantify and 

model the radiative effect of fog and low clouds on glacier and ice sheet surface energy 

balance.	  
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CHAPTER 5.    SUMMARY AND CONCLUSIONS 
	
	

5.1 Summary 
	
 

In this thesis, a climatology of Arctic coastal fog, its macrophysical properties, and its 

interaction with tropospheric temperature inversions were presented. Fog and inversions 

were analysed using a combination of long-term records from present weather 

observations (1958-2016) and low-resolution radiosonde profiles (1980-2016) at four 

standard World Meteorological Organization synoptic weather stations operated by the 

Danish Meteorological Institute in coastal East Greenland. These stations are, from north 

to south, Danmarkshavn, Ittoqqortoormiit, Tasiilaq, and Prins Christian Sund. 

 

In Chapter 2 it was demonstrated that fog in East Greenland mainly takes place during the 

Arctic melt season, when it can occur up to 20 % of the time. Fog onset usually coincides 

with the timing of sea ice break-up at the start of the melt season. Overall, summer (May-

Aug) fog in East Greenland is associated with the advection of marine warm air masses 

over melting sea ice. This summer fog is predominantly in the liquid or supercooled 

phase, with temperatures around 0°C, relative humidity > 93 % and visibility < 500 m. At 

northernmost latitudes, fog is characterised by lower temperatures and relative humidity, 

higher visibility ranges, and lower sensitivity to the solar diurnal cycle, which is 

hypothesised to result from a combination of latitudinal effects and sustained sea breeze 

between the ice-covered northern ocean and the snow-free land. 
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In Chapter 3, thermodynamic profiles corresponding to fog conditions were retrieved and 

classified from the Integrated Global Radiosonde Archive (IGRA) into six distinct 

thermodynamic classes using a novel automated method developed for this purpose. This 

method is based on conditions including surface saturation, stability, inversion type and 

fog top height relative to inversion base height. Aided with the analysis of time-lapse 

imagery, air mass back-trajectories and high-resolution radiosonde profiles from the 

Arctic field campaign ASCOS (Tjernstrӧm et al., 2014), the six distinct thermodynamic 

characteristics are hypothesised to correspond to predominantly advection fog in a variety 

of formation, dissipation and mature stages. Consequently, radiosondes captured a 

majority of fog in the mature stage at High-Arctic locations, whereas fog was more often 

dissipating in the South. From this analysis it was also observed that summer fog at 

coastal East Greenland locations mainly occurs in the presence of low tropospheric 

inversions with an elevated base overlying an unstable surface layer. Regional differences 

were highlighted, with fog restricted to the mixed-layer at low latitudes and residing 

inside the inversion layer at northernmost locations. 

 

In Chapter 4, Arctic summer thermal inversions and fog macrophysical properties were 

further investigated. The research presented in this chapter is the first to compare and 

quantify lower tropospheric inversion characteristics during full-fog, marginal-fog and 

non-fog weather conditions in the Arctic. The fog retrieval method developed in Chapter 

3 was applied, and from all extracted radiosonde profiles fog top pressure and fog top 

elevation were retrieved using a novel method based on dew point depression. An 

existing method (Kahl, 1990) was applied to all summer soundings to extract tropospheric 

inversion characteristics. Lower tropospheric inversions occur in 85-95 % of soundings. 
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Most inversions are elevated, with the inversion base at ~150 m a.s.l., and a median 

inversion depth range of ~225-250 m. Neither differ significantly among stations. 

Inversion intensities are in the range 1-3°C and tend to be lower in the south. Median fog 

top elevation is 150-200 m a.s.l. Inversions are twice as strong, ~ 150 m deeper, and more 

concave-up under foggy than under non-foggy conditions. Fog can cover up to 30% of 

the ablation area of land-terminating glaciers in central East Greenland while the deeper 

inversions can cover the entire ablation area: both have the potential to reduce glacier 

melt. Most regional differences observed in fog characteristics and macrophysical 

properties are hypothesised to be associated with distinct environmental conditions, such 

as the presence of sea ice, the solar diurnal cycle, and the strength of sea breezes and 

katabatic winds. The comparison of the fog properties (Chapter 2) and the inversion 

characteristics (Chapters 3 and 4) between coastal East Greenland and Arctic Ocean 

regions suggests that similar environmental processes take place in both regions. Lastly, 

the multiple sensitivity analyses and comparisons with independent fog macrophysical 

property retrieval methods presented in this thesis suggest that both the novel fog 

classification and fog top elevation retrieval methods are robust, and the latter may be 

superior to pre-existing methods. 
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5.2 Overall conclusions 
	
 
In this thesis the following research questions were addressed: 
 
 

1. What is the annual and seasonal frequency of occurrence of fog in East 

Greenland? 

Over the period 1958-2016, the average monthly number of fog days at the station is 

fewer than one fog day (3 %) during the cold season (October-March) and up to seven fog 

days (22 %) during the melt season (May-August). When all fog situations (real and 

marginal) are considered, the average monthly number of fog days is 1-7 fog days (3-25 

%) during the cold season and up to 15 fog days (50 %) during the warm season. Over the 

period 1981-2003, synoptic real fog observations (at the station) occur 1-2 % of the time 

annually, and 2-6 % of the time in summer in coastal East Greenland. In contrast, fog 

observations including fog at the station and marginal fog occur 5-15 % of the time 

annually and 11-29 % of the time in summer.  

 

2. What are the annual and daily timing patterns of fog, and how do these relate to 

wind and sea ice conditions? 

Between two thirds and three quarters of fog occurs between May and August, and the 

timing of fog onset and sea ice break-up coincides, but may both be a function of the 

general onset of the melt season. Fog has a pronounced diurnal pattern, with a maximum 

frequency in the late morning and a minimum occurring in the late afternoon. This 

appears to be mainly driven by the solar diurnal cycle but possibly exacerbated by 

katabatic winds and a lower sea ice concentration at southern locations. Coastal fog is 

often associated with sea breeze occurrence, especially in the afternoon. 
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3. Which types of fog occur in East Greenland and what are their temperature, 

humidity and visibility characteristics? 

The main fog types occurring in coastal East Greenland include advection fog and stratus-

base lowering fog. Radiation fog is rare. Fog in East Greenland occurs with air 

temperatures around 0°C, relative humidity > 93 % and most fog is dense with visibility < 

500 m. Horizontal visibility and sky visibility conditions are reasonably correlated. 

 

4. Can we classify fog according to their thermodynamic profiles from radiosondes 

and can we infer fog processes from specific profiles? 

The analysis of radiosonde data allowed us to classify fog thermodynamic profiles into 

six classes: i) fog observed at the synoptic station but missed by sounding: this may 

represent stratus-base lowering or fog lifting processes, ii) fog with a surface-based 

inversion (early development stage of advection fog), iii) fog below a low-level inversion 

(dissipating stage), iv) fog capped by a low-level inversion (dissipating stage), v) fog 

penetrating a low-level inversion (mature stage), and vi) fog below a saturated low-level 

inversion (transition to fog by stratus-base lowering or dissipation of fog by lifting to a 

stratus). 

 

5. Can we optimise fog top elevation retrievals from IGRA radiosonde profiles so 

that they can be applied to all thermodynamic profiles?  

The novel Dew point Depression Method (DDM) presented in this thesis allows for 

interpolation of saturation conditions between IGRA’s significant levels, hence derivation 

of fog top pressure and consequently fog top elevation. The DDM can be applied to any 
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fog thermodynamic profile, including profiles with negative dew point temperature 

gradients. The DDM method is therefore a superior method to retrieve fog top elevation 

from low-resolution radiosondes. 

 

6. How thick is fog in East Greenland and how does this compare to fog in other 

Polar regions? 

Fog in East Greenland is often 150-200 m thick, which is similar to values measured for 

advection fog over the Arctic Ocean (Sotiropoulou et al., 2014; Tjernström et al., 2015; 

Sotiropoulou et al., 2016) and along Antarctic coasts (Gajananda et al., 2007). Extreme 

fog cases can be up to 700 m thick, similar in thickness to that measured in mid-latitude 

advection fog (Gao et al., 2007; Huang et al., 2015; Liu et al., 2016), yet only rarely 

reported in the Arctic regions (Sotiropoulou et al., 2016).  

 

7. How often do temperature inversions occur in East Greenland, what are their 

characteristics and how do these compare with temperature inversions in other 

Polar regions? 

During all-weather conditions, low-level tropospheric temperature inversions occur in > 

85 % of summer soundings, > 70 % of temperature inversions are elevated, with a base 

around 150 m a.s.l., a depth of ~ 240 m and a median strength of 2°C. Temperature 

inversions in East Greenland are more frequent, lower and shallower compared to other 

coastal Arctic locations (Kahl, 1990; Kahl et al., 1992; Serreze et al., 1992), but are 

similar to those over the Arctic Ocean (Serreze et al., 1992; Sotiropoulou et al., 2016). 

Inversion intensities over East Greenland are similar to values reported elsewhere in the 

Arctic, but are lower than in coastal Alaska (Kahl, 1990). 
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8. How do fog and temperature inversion properties relate to each other?  

In coastal East Greenland summer soundings, temperature inversions occur much more 

frequently than fog (> 85 % vs. 20 %), while advection fog usually occurs simultaneously 

with temperature inversions. This is likely because mechanisms such as warm air 

advection and sea breeze both establish low-level inversions and promote fog formation. 

Fog is associated with more frequent (> 99 % vs. > 85 %) deeper (~350 m vs. ~240 m) 

and stronger (~4-5°C vs. ~2°C) inversions compared to non-foggy situations. Local 

environmental conditions, such as low wind speed, allow strong and deep inversions to 

develop. In addition, strong stability conditions favour fog formation and lifetime. It is 

hypothesised that the stronger and deeper inversions occurring during fog are a result of 

local and synoptic-scale processes rather than triggered by fog itself, although no firm 

conclusions can be drawn from the analysis presented in this thesis, due to limitations in 

the datasets used.  

 

9. What are the regional differences in all the above characteristics of fog and 

temperature inversions along the East Greenland latitudinal transect? 

Fog characteristics vary between Low-Arctic and High-Arctic locations along the coast of 

East Greenland. At Low-Arctic locations, fog is dense (visibility ~ 300 m), mainly 

restricted to morning hours, and associated with temperatures around the freezing point 

and relative humidity close to 100 %. Here, summer fog is exclusively in the liquid phase. 

At High-Arctic sites, temperatures (< 0°C) and relative humidity during fog are lower (> 

93 %), and visibility during fog is higher (~ 500 m). At these higher latitudes sea breeze 

is stronger and more sustained throughout the day, due to the thermal gradient between 

the frequently ice-covered ocean and snow-free land, bringing fog to coastal areas at any 
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time of the day. Fog geometrical thickness and thermodynamic profiles also show 

latitudinal variations. Fog is often shallow and confined below or capped by an elevated 

inversion base at Low-Arctic sites, whereas it is vertically extensive and often penetrates 

the inversion layer at High-Arctic locations. It is hypothesised that fog is more often or 

for longer periods in the mature stage at northern locations. Under all weather conditions, 

inversions are strongest in central East Greenland and weakest in the southeast. When fog 

is present, however, inversion intensity becomes higher with increasing latitude. It is 

hypothesised that these regional differences reflect different environmental conditions, 

such as sea ice concentration, across-shore thermal gradients, sea breeze occurrence, 

katabatic winds and solar diurnal variations. 

 

10. How much glacier surface area in East Greenland can potentially be affected by 

overlying fog and temperature inversions? 

Fog can potentially cover up to 30 % of the ablation area of land-terminating glaciers in 

the central East Greenland region, and temperature inversions up to 100 % of the ablation 

area. This represents 540 to 1800 km2 of glacierized terrain, respectively, and further 

research is needed to investigate the effects on the surface energy budget of these glacier 

regions. 
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5.3 Suggestions for further research 
	
	
This thesis research did not include an analysis of sea surface temperature (SST) related to 

the occurrence of sea breeze and fog. In future studies, the gradient between air 

temperature from WMO synoptic weather stations operated by DMI in coastal East 

Greenland and daily SST (Reynolds et al., 2007) needs to be analysed as a proxy for sea 

breeze strength in these coastal regions (cf. Piskozub et al., 2017). Simultaneously, 

differences between dew point air temperature (Td) and SST could be analysed in 

conjunction with fog occurrence. This would address the question of whether the 

condition Td – SST ≥ 0°C has potential to be used as an indicator or predictor for summer 

fog occurrence in Arctic coastal regions. 

 

Further analysis should also include ceilometer measurements of vertical visibility (e.g. 

Nowak et al., 2008; Haeffelin et al., 2010), and horizontal visibility and radiative fluxes 

measured at full surface energy balance stations over ice and ice-free surfaces. This could 

address the question whether horizontal visibility can be used as a proxy for fog top 

elevation or for the net radiative effect of fog on glaciers. Additionally, ceilometers can 

be used to monitor transitions between fog and stratus (Dorman, 2017), which were 

frequently observed in East Greenland from the analysis of time-lapse imagery at 

Sermilik Fjord presented in Chapter 3 of this thesis.  

 

There are numerous real-time video cameras and private time-lapse cameras deployed for 

non-meteorological purposes. In the Arctic region, these often contain fog images, which 

are usually discarded from analyses because they are undesirable. However, time-lapse 
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images can provide a valuable way to analyse fog frequency, duration, timing and often 

vertical extent (Dorman, 2017). Such studies are currently being conducted in the 

Glaciology and Geoscience Laboratory at the University of Lethbridge (e.g. Jiskoot et al., 

2016). Since the analysis of such datasets is time-consuming, a semi-automated fog 

identification algorithm based on pixel colour, or contrast between two adjacent regions 

in a single scene, needs to be developed. Additionally, combining time-lapse images with 

radiosonde data and airborne platforms such as Unmanned Aerial Vehicles (e.g. Gultepe 

et al., 2017) could provide a valuable option to investigate the relationship between fog 

visibility, microphysical properties and macrophysical properties. 

 

Further climatological studies of fog should include the homogenisation of fog and 

visibility data from DMI in order to study trends in fog occurrence, and whether changes 

in fog conditions can be related to long-term changes in sea ice conditions, ocean 

temperature and climate indices, such as the Arctic Oscillation, North Atlantic Oscillation 

and Greenland Blocking indices.  

 

The thermodynamic classification and fog top elevation calculation (Dew point 

Depression Method) presented in Chapters 3 and 4 of this thesis could be further explored 

for differences in fog macrophysical properties and thermal inversion properties. Chapter 

3 also suggested that temperature retrievals from microwave radiometers (MWRs) could 

be useful for the study of the evolution of temperature inversions during fog over the 

Arctic Ocean. However, moisture profiles were not available from the MWR used during 

the ASCOS campaign in summer 2008, so that the validation of fog thermodynamic 

profiles from IGRA radiosondes was not possible from this ASCOS MWR. Analysis of 
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high temporal resolution humidity and temperature profiles of the boundary layer will 

help to test the hypothesis in Chapter 3 that thermodynamic profiles represent fog 

development stages. The RPG-HATPRO provides vertical profiles of both temperature 

and humidity in the boundary layer (Rose and Czekala, 2005). Such MWRs have 

previously been used to study the dynamics of radiation fog and stratus-base lowering 

into fog over land (Degefie et al., 2015; Wærsted et al., 2017), but, to our knowledge, a 

similar study has not been conducted in the Arctic. Since September 2016, a RPG-

HATPRO MWR is deployed on Disko Island, West Greenland, operated by Asiaq, 

Greenland Survey (Dr. Jakob Abermann, pers. comm., Dec 2016). It is planned that data 

from summer 2017 and beyond will be analysed in future collaborative studies, using 

some of the methods developed in this thesis. This type of analysis will test the 

hypothesis made in Chapter 3 of this thesis, as well as to improve our understanding of 

fog formation and dissipation mechanisms in Greenland coastal regions. This work 

should also allow answering the questions about whether MWR can be used to nowcast 

Arctic fog, and to better understand the processes related to the development of fog. 

 

Further analysis of wind profiles within Arctic fog would provide valuable information in 

terms of fog dynamics. IGRA has limited vertical resolution to study wind profiles in the 

boundary layer. Although the use of high-resolution radiosondes would offer a finer 

vertical resolution of wind, radiosondes do not provide information on vertical motion, 

which is important for transfers of momentum, heat and moisture in the boundary-layer 

(Stull, 1988) and turbulence fluxes within a fog layer (Kim and Yum, 2017). To study 

these processes, systems such as low power Sonic Detection and Ranging (SODAR) wind 

profilers have been suggested by, e.g., Dabas et al. (2012), as these provide 3-D wind 
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profiles with 10 m vertical resolution in the boundary layer every minute (Bradley, 2007). 

SODAR and Light Detection and Ranging (Lidar) systems can further provide accurate 

fog top detection (Zhang et al., 2010; Dabas et al., 2012; Haeffelin, 2016; Zhu et al., 

2017). These could therefore be used to validate the fog top elevation method presented 

in this thesis (DDM: Chapter 4). High-resolution radiosondes could further be used to 

validate the interpolation algorithm of DDM. 

 

In summary, the following steps should be taken to validate the DDM presented in this 

thesis: 

1. Use of high-resolution radiosondes in conjunction with IGRA low-resolution 

radiosondes to validate the interpolation algorithm; 

2. Use of MWR data to validate the thermodynamic classification of fog profiles and 

associated processes; 

3. Use of Lidar/SODAR in conjunction with radiosonde measurements to validate 

fog top elevation retrievals from radiosondes. 

 

Once the DDM is firmly established, this method could be applied to other Arctic coastal 

sites where both IGRA profiles and present weather observations exist. The automated 

classification schemes presented in Chapters 3 and 4 of this thesis could then be used to 

derive pan-Arctic fog thermodynamic structure, fog top elevation as well as inversion 

characteristics statistics from IGRA to better understand the regional variations in fog and 

inversion occurrences and link these to local environmental and mesoscale conditions. A 

study of fog around the North Atlantic Arctic of this kind has been initiated during this 
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PhD work between Dr. Hester Jiskoot (PhD supervisor), Gaëlle Gilson (author of this 

thesis), and a team led by Dr. Ewa Łupikasza (University of Silesia, Poland), and will be 

continued beyond this PhD. Ultimately, a pan-Arctic analysis of fog types, temperature 

inversions, and fog top elevation could be done using the techniques presented in this 

thesis. 

 

If homogenisation techniques are applied to the IGRA dataset, temporal trends in fog 

thickness in relation to inversion characteristics could be investigated over coastal East 

Greenland but also across the North Atlantic Arctic. Such a study could help answering 

several research questions. These may include: Have fog top elevation and inversion 

characteristics changed over the past decades, and what is the spatial distribution of 

possible changes? How can such changes be related to changes in the Arctic environment, 

such as sea ice conditions, ocean and air temperatures, or in local and large-scale 

circulation? How are fog and temperature inversions expected to change under a warming 

Arctic? 

 

It was suggested in Chapter 4 that fog occurrence be used to derive an approximation of 

inversion characteristics over coastal glaciers in other Arctic regions. In regions where 

statistics of fog top elevation and inversion characteristics can be calculated, e.g. by using 

the methods presented in Chapter 4 of this thesis, median fog top elevation and inversion 

characteristics could be incorporated into distributed glacier surface energy balance 

models (e.g. Hock and Holmgren, 2005; Huss et al., 2008), in order to quantify the effect 

of these low-level conditions on Arctic coastal glacier melt and mass balance. Then it can 

be systematically analysed and quantified whether fog in Arctic regions is associated with 
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a reduction in melt energy at glacier surfaces. This knowledge can then be used to asses 

how future changes in fog will impact the surface energy balance of Arctic glaciers.  

 

Ultimately, more detailed field measurements are needed to fully understand fog 

microphysical properties, in relation to fog development stages, particularly over melting 

ice surfaces. Among others, a method to calculate fog top elevation from surface 

turbulence measurements such as the one developed by Román-Cascón et al. (2015) for 

radiation fog could be developed for advection fog, including in the Arctic. Extensive 

field instrumentation has already been deployed to study Arctic ice fog (Gultepe et al., 

2014), but an intensive field campaign dedicated to Arctic summer, predominantly-liquid 

fog, is still missing. Such a study would greatly improve the understanding of fog 

microphysical and macrophysical properties and processes, which will lead to better 

nowcasting and forecasting of fog in high-latitude regions. It would additionally increase 

knowledge of the radiative effect of fog and low-level clouds on the Arctic surface energy 

budget, and how changes in fog occurrence will impact the surface energy budget of the 

Greenland Ice Sheet and Arctic glaciers, which have important contributions to current 

and future sea-level rise (Meier et al., 2007; Vaughan et al., 2013). 
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APPENDICES 
 
 

APPENDIX 1: Wind roses with 16 cardinal directions of surface wind speed and 
direction for all summer weather and summer fog observations in the morning (AM) and 
in the afternoon (PM), corresponding to Fig. 2-19.  
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APPENDIX 2: Wind roses with surface wind speed and direction occurring immediately 
after the end of summer fog. 
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APPENDIX 3: Examples of standardised combined graph of surface and upper-air 
observations (Skew-T Log-P diagrams: main plot). Subplots include wind direction (solid 
red line, right plot) and specific humidity (solid black line, right plot), surface temperature 
and dew point temperature time series with fog events (vertical grey bars, upper left plot).  
 
Class 1: 
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Class 2 (alternative 1):  
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Class 2 (alternative 2): 
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Class 3: 
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Class 4: 
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Class 5: 
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Class 6: 
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Fog without inversion: 

 
	  



226 
	

APPENDIX 4: Matlab script to generate standardised combined graph of surface 
observations and upper-air profiles. 

	
% -------------------------------------------------------------------- % 
% Script generating standardised combined graph of surface observations 
% and upper-air profiles, including a Skew-T Log-P diagram with the fog 
% layer, vertical profiles of wind direction and specific humidity, and 
% time series of surface temperature, dew point temperature and fog 
events. 
% Surface observations are from the Danish Meteorological Institute. 
% Upper-air observations are from the Integrated Global Radiosonde 
Archive (IGRA). 
% Author: Gaelle F. Gilson (Feb 2018) 
% Contact: gaellegilson86@gmail.com 
% -------------------------------------------------------------------- % 
  
clear all 
close all 
  
% Insert year, month, day and time of sounding 
yyyy = 2000; 
mm = 8; 
dd = 30; 
time = 12; % UTC 
  
% Select station 
for stat=2:2 
    switch stat 
        case 1, station_nb = 4320; station = 'Danmarkshavn'; 
        case 2, station_nb = 4339; station = 'Ittoqqortoormiit'; 
        case 3, station_nb = 4360; station = 'Tasiilaq'; 
    end 
end 
  
dwpt_threshold = 1; % dew point depression threshold obtained from 
boxplots of surface dew point depression 
(radiosonde_dewpoint_boxplot.m). Can be modified 
T_threshold = -10; % Temperature threshold for warm fog 
	
 
%------------------------------------% 
% open IGRA file (derived variables) % 
%------------------------------------% 
  
radiosonde = load(sprintf('C:/Gaelle/Matlab/IGRA/%s/derived-
por/%s_derived_v2.mat',num2str(station_nb),num2str(station_nb))); 
  
year_hdr = radiosonde.ans.headers(:,2); 
month_hdr = radiosonde.ans.headers(:,3); 
day_hdr = radiosonde.ans.headers(:,4); 
time_hdr = radiosonde.ans.headers(:,5); 
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% check whether sounding exists 
ind = find(year_hdr == yyyy & month_hdr == mm & day_hdr == dd & time_hdr 
== time); 
if isempty(ind) 
    continue 
end 
  
% select sounding 
sounding = radiosonde.ans.soundings{1,ind}; 
  
% Basic variables 
pr=sounding(:,1); % pressure used for most calculations (in Pa) 
pz=pr/100; % pressure that will be used for plotting (in mb) 
tz=(sounding(:,4)-2731.5)/10; 
rhz=sounding(:,13)/10; 
  
% virtual potential temperature (for stability calculations) 
VPTEMP = (sounding(:,9)-2731.5)/10; 
  
% Characterization of bottom layer 
if VPTEMP(2)-VPTEMP(1)<0 % unstable 
    stability = -1; 
elseif VPTEMP(2)-VPTEMP(1)>0 % stable 
    stability = 1; 
elseif VPTEMP(2)==VPTEMP(1) % neutral 
    stability = -1; 
end 
  
%-------------------------------------% 
% open IGRA file (measured variables) % 
%-------------------------------------% 
  
radiosonde_datapor = load(sprintf('C:/Gaelle/Matlab/IGRA/IGRA-data-
por/data_2017/%s_datapor.mat',num2str(station_nb))); 
ind_datapor = find(radiosonde_datapor.s.headers(:,2)==yyyy & 
radiosonde_datapor.s.headers(:,3)==mm & 
radiosonde_datapor.s.headers(:,4)==dd & 
radiosonde_datapor.s.headers(:,5)==time); 
  
% check whether sounding exists 
if isempty(ind_datapor) % if datapor doesn't exist, Td doesn't exist and 
no plot or calculations can be made 
    continue 
end 
  
% select sounding 
sounding_datapor = radiosonde_datapor.s.soundings{1,ind_datapor}; 
  
% Wind parameters 
wd_datapor_pre = sounding_datapor(:,9); % wind direction in degrees 
ws_datapor = sounding_datapor(:,10)/10; % wind speed in m/s 
  
% Dew point depression Tdd 
Tdd_datapor = sounding_datapor(:,8); 
Tdd_datapor(Tdd_datapor == -9999) = NaN; 



228 
	

Tdd = Tdd_datapor/10; 
  
k=0; 
for ind_pr = 1:length(Tdd) 
    if sounding_datapor(ind_pr,6) == -9999 % if temperature doesnt 
exist, than missing Td is because of missing observation 
        continue 
    else 
        k=k+1; 
        Tdd_adj_level(k,1) = Tdd(ind_pr,1); 
    end 
end 
  
% Calculate dew point temperature: tdz = tz - Tdd 
if length(tz) < length(Tdd_adj_level) 
    for i = 1:length(tz) 
        if Tdd_adj_level(i,1) == -888.8 
            Tdd_adj_level(i,1) = NaN; 
            tdz_datapor(i,1) = NaN; 
        else 
            tdz_datapor(i,1) = tz(i,1) - Tdd_adj_level(i,1); 
        end 
    end 
elseif length(tz) >= length(Tdd_adj_level) 
    for i = 1:length(Tdd_adj_level) 
        if Tdd_adj_level(i,1) == -888.8 
            Tdd_adj_level(i,1) = NaN; 
            tdz_datapor(i,1) = NaN; 
        else 
            tdz_datapor(i,1) = tz(i,1) - Tdd_adj_level(i,1); 
        end 
    end 
end 
  
e = sounding(:,10); % vapour pressure in Pa*10 (must divide by 1000 to 
get mb or hPa) 
ew_sound = sounding(:,11); % Saturation vapour pressure from sounding in 
Pa*10 (must divide by 1000 to get mb or hPa) 
r = 622*((e/1000)./(pz-(e/1000))); % mixing ratio in g/kg 
rw_calc = 622*((ew_sound/1000)./(pz-(ew_sound/1000)));% Calculated 
saturation mixing ratio in g/kg 
spec_humid = r./(1+r); % specific humidity 
  
% Nb of levels below 700 mb in tz and tdz profiles 
Nb_levels_700mb_T = find(pz==700); 
if isempty(Nb_levels_700mb_T) % in case 700mb level missing 
    Nb_levels_700mb_T = length(find(pz>=750)); 
end 
Nb_levels_700mb_Td = find(sounding_datapor(:,4)==70000); 
if isempty(Nb_levels_700mb_Td) % in case 700mb level missing 
    Nb_levels_700mb_Td = length(find(sounding_datapor(:,3)>=75000)); 
end 
  
if tz(1,1) <= T_threshold || Nb_levels_700mb_T < 5 || Nb_levels_700mb_Td 
< 5 % remove observation of mixed-phase or ice fog and soundings with 
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less than 5 levels between the surface and 700mb pressure level in 
either T or Td profile (after Kahl et al., 1992) 
    continue 
end 
  
%------------------------------------% 
%      Inversion characteristics     % 
%------------------------------------% 
  
% Inversion base 
clear i 
for i=1:length(tz) 
    if tz(i+1)-tz(i)>0 
        level_inv_base = i; 
        inv_base = sounding(i,3); 
        break 
    end 
end 
  
% Inversion top 
clear i 
for i=level_inv_base:length(pz)-1 
    if tz(i+1)-tz(i)<=0 
        level_inv_top = i; 
        inv_top = sounding(i,3); 
        break 
    end 
end 
  
% Inversion depth 
inv_depth = inv_top - inv_base; 
  
%------------------------------------% 
%    Surface T & Td from SOUNDINGS   % % for upper-left plot 
%------------------------------------% 
  
radiosonde_temp_before_pre=zeros(20,8); % select 10 preceding soundings 
for i=1:20 
    radiosonde_t = radiosonde_datapor.s.soundings{1,ind_datapor-i}(1,:); 
    radiosonde_temp_before_pre(i,1:length(radiosonde_t))=radiosonde_t; 
    radiosonde_temp_before_pre_hdr(i,:) = 
radiosonde_datapor.s.headers(ind_datapor-i,1:5); % header gives the date 
and time 
    clear radiosonde_t 
end 
  
radiosonde_temp_before = flipud(radiosonde_temp_before_pre); 
radiosonde_temp_before_hdr = flipud(radiosonde_temp_before_pre_hdr); 
  
radiosonde_temp_after=zeros(21,8); % select the sounding and 10 after 
for i=1:21 
    radiosonde_t = radiosonde_datapor.s.soundings{1,ind_datapor+i-
1}(1,:); 
    radiosonde_temp_after(i,1:length(radiosonde_t))=radiosonde_t; 
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    radiosonde_temp_after_hdr(i,:) = 
radiosonde_datapor.s.headers(ind_datapor+i-1,1:5); % header gives the 
date and time 
    clear radiosonde_t 
end 
  
radiosonde_temp = [radiosonde_temp_before_hdr radiosonde_temp_before 
    radiosonde_temp_after_hdr radiosonde_temp_after]; 
  
T_sounding = (radiosonde_temp(:,11))/10; 
T_sounding(T_sounding == -999.9)= NaN; 
Td_sounding = (radiosonde_temp(:,11)/10) - (radiosonde_temp(:,13)/10); % 
T-Tdd = Td 
  
for i=1:length(radiosonde_temp) 
    dates_graph(i) = 
datenum(radiosonde_temp(i,2),radiosonde_temp(i,3),radiosonde_temp(i,4),r
adiosonde_temp(i,5),0,0); 
end 
  
Binary_obs_pos = zeros(length(radiosonde_temp),1); 
for i=1:length(Binary_obs_pos) 
    if i==21 
        Binary_obs_pos(i,1) = max(T_sounding); 
    else 
        Binary_obs_pos(i,1) = 0; 
    end 
end 
  
Binary_obs_neg = zeros(length(radiosonde_temp),1); 
for i=1:length(Binary_obs_neg) 
    if i==21 
        Binary_obs_neg(i,1) = min(Td_sounding); 
    else 
        Binary_obs_neg(i,1) = 0; 
    end 
end 
  
% Calculate variables for SKEW-T LOG-P DIAGRAM (main plot)   
  
p=[1050:-25:100]; 
lnP=transpose(p); 
skewT=[-48:2:50]; 
[ps1,ps2]=size(p); 
ps=max(ps1,ps2); 
[ts1,ts2]=size(skewT); 
ts=max(ts1,ts2); 
  
for i=1:ts, 
    for j=1:ps, 
        tem(i,j)=skewT(i)+30.*log(0.001.*p(j)); 
        thet(i,j)=(273.15+tem(i,j)).*(1000./p(j)).^.286; % Ra/Cpa = 
287/1005 = 0.286 
        ew=6.11.*10^(7.5.*tem(i,j)./(237.3+tem(i,j))); % Formula from 
NOAA, checked against empirical table from Triplet et Roche 
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        rw(i,j)=622.*ew./(p(j)-ew); % Values for iso-rw lines 
        thetaea(i,j)=thet(i,j).*exp(2.5.*rw(i,j)./(tem(i,j)+273.15)); 
    end 
end 
  
p=transpose(p); 
skewT=transpose(skewT); 
temp=transpose(tem); 
O=transpose(thet); 
Ow=transpose(thetaea); 
rw=transpose(sqrt(rw)); 
  
% Calculate wind speed and direction from radiosonde 
  
Wind_surf_raw = ((sounding(1,15)/10)^2+(sounding(1,17)/10)^2)^0.5; 
Wind_surf = round(Wind_surf_raw,1); 
  
for w = 1:length(sounding(:,15)) 
    tan_alpha(w,1) = sounding(w,17)/sounding(w,15); 
    alpha_rad(w,1) = atan(tan_alpha(w,1)); 
    alpha_degrees(w,1) = (alpha_rad(w,1) * 180) / pi; % in degrees on 
the trigonometric circle 
    if alpha_degrees(w,1)<0 
        alpha_degrees(w,1)=alpha_degrees(w,1)+360; 
    else 
        alpha_degrees(w,1)=alpha_degrees(w,1); 
    end 
    if alpha_degrees(w,1)>=0 & alpha_degrees(w,1)<90 % 1st quadrant 
        wd_compass(w,1) = 90 - alpha_degrees(w,1) + 180; 
    elseif alpha_degrees(w,1)>=90 & alpha_degrees(w,1)<180 % 2nd 
quadrant 
        wd_compass(w,1) = 270 - (alpha_degrees(w,1) - 180); 
    elseif alpha_degrees(w,1)>=180 & alpha_degrees(w,1)<270 % 3rd 
quadrant 
        wd_compass(w,1) = alpha_degrees(w,1) - 90; 
    else % 4th quadrant 
        wd_compass(w,1) = 360 - (alpha_degrees(w,1) - 270); 
    end 
    if wd_compass(w,1)>180 & wd_compass(w,1)<=360 
        wd_compass(w,1) = wd_compass(w,1) - 360; % to get negative 
angles for plotting 
    end 
    ws_compass(w,1) = ((sounding(w,15)/10)^2+(sounding(w,17)/10)^2)^0.5; 
end 
  
Wd_whole_profile = wd_compass; % Wind direction profile 
  
% Set negative values for winds between 180 and 360 degrees (for right 
plot) 
clear i 
wd_datapor = zeros(length(wd_datapor_pre),1); 
for i = 1:length(wd_datapor_pre) 
    if wd_datapor_pre(i,1) > 180 && wd_datapor_pre(i,1) <= 360 
        wd_datapor(i,1) = wd_datapor_pre(i,1) - 360; 
    else 
        wd_datapor(i,1) = wd_datapor_pre(i,1); 
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    end 
end 
  
% Convert wind direction from degrees to cardinal directions 
if wd_datapor(1,1) >= -22.49 && wd_datapor(1,1) <= 22.49 && 
ws_compass(1,1) > 0 
    Wd_cardinal_IGRA = 'N'; 
elseif wd_datapor(1,1) >= 22.5 &&  wd_datapor(1,1) <=67.49 
    Wd_cardinal_IGRA = 'NE'; 
elseif wd_datapor(1,1) >= 67.5 &&  wd_datapor(1,1) <=112.49 
    Wd_cardinal_IGRA = 'E'; 
elseif wd_datapor(1,1) >= 112.5 &&  wd_datapor(1,1) <=157.49 
    Wd_cardinal_IGRA = 'SE'; 
elseif wd_datapor(1,1) >= 157.5 &&  wd_datapor(1,1) <=180 || 
wd_datapor(1,1) >= -180 && wd_datapor(1,1) <=-157.49 
    Wd_cardinal_IGRA = 'S'; 
elseif wd_datapor(1,1) >= -157.5 &&  wd_datapor(1,1) <=-112.49 
    Wd_cardinal_IGRA = 'SW'; 
elseif wd_datapor(1,1) >= -112.5 && wd_datapor(1,1) <=-67.49 
    Wd_cardinal_IGRA = 'W'; 
elseif wd_datapor(1,1) >= -67.5 &&  wd_datapor(1,1) <=-22.5 
    Wd_cardinal_IGRA = 'NW'; 
else 
    Wd_cardinal_IGRA = ' '; % if Wd_whole_profile(1,1) = 0 means there 
is no wind OR if there is no wind direction reported 
end 
  
T_apparent = tz + ((1050-pz)/24.392); 
Td_apparent = tdz_datapor + ((1050-pz)/24.392); 
  
ind_pz_max = find(pz==100 | (pz <= 110 & pz >= 90)); 
  
%------------------------------------% 
%     F O G    T H I C K N E S S     % 
%------------------------------------% 
  
ind_sat = find(Tdd_adj_level<= dwpt_threshold); 
  
if length(ind_sat) == max(ind_sat) % continuous fog (no subsaturated 
layer between fog and stratus) 
    N_fog_levels = max(ind_sat); % Nb of levels capturing fog 
elseif length(ind_sat) < max(ind_sat) % subsaturated layer between fog 
and stratus or only higher clouds above the fog 
    clear k 
    for k=1:max(ind_sat) % k+1 will give the level that is subsaturated 
        if Tdd_adj_level(k+1,1)>= dwpt_threshold 
            break 
        end 
    end 
    if k<length(ind_sat) 
        N_fog_levels = k; % Nb of levels in the fog is determined to be 
below that subsaturation 
    end 
end 
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di=0.1; % 0.1 hPa increments: vertical resolution wanted 
  
if Tdd_adj_level(N_fog_levels,1) == 1 % in case highest saturated level 
is Tdd, no interpolation: fog top == geopotential height of that 
sounding level 
    Thick_layer = sounding(N_fog_levels,3)-sounding(1,3); % fog 
thickness = fog top elevation minus ground elevation 
    fog_top_P = pz(N_fog_levels); 
    fog_top_T = tz(N_fog_levels); 
else 
    if isnan(tdz_datapor(N_fog_levels+1)) % take second level if NaN 
        % line segment for T 
        x1  = [tz(N_fog_levels) tz(N_fog_levels+2)]; 
        if x1(1,1) == x1(1,2) % isotherm = script problem 
            x1  = [tz(N_fog_levels) tz(N_fog_levels+2)]; 
            if x1(1,1) == x1(1,2) 
                x1  = [tz(N_fog_levels) tz(N_fog_levels+3)]; 
            end 
        end 
        y1  = [-pz(N_fog_levels) -pz(N_fog_levels+2)]; 
        % line segment for Td 
        x2  = [tdz_datapor(N_fog_levels) tdz_datapor(N_fog_levels+2)]; 
        if x2(1,1) == x2(1,2) % isotherm = script problem 
            x2  = [tdz_datapor(N_fog_levels) 
tdz_datapor(N_fog_levels+2)]; 
        end 
        y2  = [-pz(N_fog_levels) -pz(N_fog_levels+2)]; 
    else 
        % line segment for T 
        x1  = [tz(N_fog_levels) tz(N_fog_levels+1)]; 
        if x1(1,1) == x1(1,2) % isotherm = script problem 
            x1  = [tz(N_fog_levels) tz(N_fog_levels+2)]; 
            if x1(1,1) == x1(1,2) 
                x1  = [tz(N_fog_levels) tz(N_fog_levels+3)]; 
            end 
        end 
        y1  = [-pz(N_fog_levels) -pz(N_fog_levels+1)]; 
        % line segment for Td 
        x2  = [tdz_datapor(N_fog_levels) tdz_datapor(N_fog_levels+1)]; 
        if x2(1,1) == x2(1,2) % isotherm = script problem 
            x2  = [tdz_datapor(N_fog_levels) 
tdz_datapor(N_fog_levels+2)]; 
        end 
        y2  = [-pz(N_fog_levels) -pz(N_fog_levels+1)]; 
    end 
     
    for i = 1:100 % length of iteration: 0.1 hPa*100 = 10hPa = maximum 
depth of interpolation (can be modified HERE) 
        % line that intersects both 
        x3 = [-20 20]; 
        y3 = [-pz(N_fog_levels)+(i*di) -pz(N_fog_levels)+(i*di)]; 
         
        % fit linear polynomial 
        p1 = polyfit(x1,y1,1); 
        p2 = polyfit(x2,y2,1); 
        p3 = polyfit(x3,y3,1); 
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        % calculate intersection 
        x_intersect13 = fzero(@(x) polyval(p1-p3,x),3); 
        y_intersect13 = polyval(p1,x_intersect13); 
        x_intersect23 = fzero(@(x) polyval(p2-p3,x),3); 
        y_intersect23 = polyval(p2,x_intersect23); 
         
        dewpoint_level(i) = abs(x_intersect13-x_intersect23); 
    end 
     
    if dewpoint_level(1,1) > dwpt_threshold % in case fog ONLY at 
surface 
        fog_top_P = pz(1,1); 
        Thick_layer = 0; % Fog thickness 
        fog_top_T = tz(1,1); 
    else 
        fog_top_P =  pz(N_fog_levels) - max(find(dewpoint_level <= 
dwpt_threshold))*di; 
        y3 = [-pz(N_fog_levels)+(max(find(dewpoint_level <= 
dwpt_threshold))*di) -pz(N_fog_levels)+(max(find(dewpoint_level <= 
dwpt_threshold))*di)]; 
        x3 = [-20 20]; 
        p3 = polyfit(x3,y3,1); 
        x_intersect13 = fzero(@(x) polyval(p1-p3,x),3); 
        y_intersect13 = polyval(p1,x_intersect13); 
        x_intersect23 = fzero(@(x) polyval(p2-p3,x),3); 
        y_intersect23 = polyval(p2,x_intersect23); 
        fog_top_T = fzero(@(x) polyval(p1-p3,x),3); 
        dz = 287 * 9.81^-1 * 
((tz(N_fog_levels)+273.15+fog_top_T+273.15)/2) * 
log(pz(N_fog_levels)/fog_top_P); 
        Thick_layer = sounding(N_fog_levels,3)-sounding(1,3)+ dz; % Fog 
thickness 
    end 
end 
  
pen_depth = Thick_layer - (inv_base - sounding(1,3)); % thickness of fog 
penetrating the inversion layer 
FTE = Thick_layer + sounding(1,3); % Fog top elevation 
  
%---------------------------------% 
% Open met data to get vv and ww  % 
%---------------------------------% 
  
% Horizontal visibility (vv) and weather code (ww) are not always 
observed as the same time as radiosonde 
  
if yyyy >= 2013 % same time observations after 2013 
     
    DMI = load('C:\Gaelle\DMI fog 
data\DMI_fog_data\vv_ww_2013_2016.dat'); 
    ind_DMI = find(DMI(:,1) == station_nb & DMI(:,2) == yyyy & DMI(:,3) 
== mm & DMI(:,4) == dd & DMI(:,5) == time); 
    ww = DMI(ind_DMI,10)-100; 
    vv = DMI(ind_DMI,9); 
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    horiz_vis = vv/1000; 
     
    % Extract fog days in the time series "radiosonde_temp" 
    index_time_series = find((DMI(:,1) == station_nb & DMI(:,2)== yyyy & 
(DMI(:,3)==radiosonde_temp(1,3) & DMI(:,4)>=radiosonde_temp(1,4))) | 
((DMI(:,1) == station_nb & DMI(:,2)== yyyy & 
(DMI(:,3)==radiosonde_temp(end,3) & 
DMI(:,4)<=radiosonde_temp(end,4))))); 
    for i=1:length(index_time_series) 
        timestamp(i,1) = 
datenum(DMI(index_time_series(i),2),DMI(index_time_series(i),3),DMI(inde
x_time_series(i),4),DMI(index_time_series(i),5),0,0); 
    end 
     
     
    Binary_fog_pos = zeros(length(timestamp),1); 
    for i=1:length(Binary_fog_pos) 
        if  DMI(index_time_series(i),10)-100 == 30 |  
(DMI(index_time_series(i),10)-100 >= 32 & DMI(index_time_series(i),10)-
100 <= 35) 
            Binary_fog_pos(i,1) = max(T_sounding); 
        else 
            Binary_fog_pos(i,1) = 0; 
        end 
    end 
     
    Binary_fog_neg = zeros(length(timestamp),1); 
    for i=1:length(Binary_fog_neg) 
        if DMI(index_time_series(i),10)-100 == 30 |  
(DMI(index_time_series(i),10)-100 >= 32 & DMI(index_time_series(i),10)-
100 <= 35) 
            Binary_fog_neg(i,1) = min(Td_sounding); 
        else 
            Binary_fog_neg(i,1) = 0; 
        end 
    end 
    
else 
     
    % Open met data file prior to 2013 
     
    load(sprintf('C:/Gaelle/DMI fog 
data/DMI_fog_data/DMI_%s.dat',num2str(station_nb))) % data set with fog 
observation 
    DMI = eval(sprintf('DMI_%s',num2str(station_nb))); 
    ind_DMI = find(DMI(:,4) == yyyy & DMI(:,3) == mm & DMI(:,2) == dd & 
DMI(:,5) == (time)); 
    ww = DMI(ind_DMI,7); % present weather 
    vv = DMI(ind_DMI,6); % visibility 
     
    if ~isempty(vv) % for souding coindiding with surface observations, 
convert vv codes to visibility (table 4377: WMO, 1995) 
         
        if vv >= 0 && vv <= 50 
            horiz_vis = (vv/10); 
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        elseif vv >= 56 && vv <= 80 
            horiz_vis = (vv-50); 
        elseif vv == 81 
            horiz_vis = 35; 
        elseif vv == 82 
            horiz_vis = 40; 
        elseif vv == 83 
            horiz_vis = 45; 
        elseif vv == 84 
            horiz_vis = 50; 
        elseif vv == 85 
            horiz_vis = 55; 
        elseif vv == 86 
            horiz_vis = 60; 
        elseif vv == 87 
            horiz_vis = 65; 
        elseif vv == 88 
            horiz_vis = 70; 
        elseif vv == 89 
            horiz_vis = '>70'; 
        elseif vv == 90 
            horiz_vis = '<0.05'; 
        elseif vv == 91 
            horiz_vis = 0.05; 
        elseif vv == 92 
            horiz_vis = 0.2; 
        elseif vv == 93 
            horiz_vis = 0.5; 
        elseif vv == 94 
            horiz_vis = 1; 
        elseif vv == 95 
            horiz_vis = 2; 
        elseif vv == 96 
            horiz_vis = 4; 
        elseif vv == 97 
            horiz_vis = 10; 
        elseif vv == 98 
            horiz_vis = 20; 
        else 
            horiz_vis = '>35'; 
        end 
         
    elseif isempty(ind_DMI) % if sounding not coincident with surface 
observations 
         
        clear ind_DMI 
        if time == 11 % morning soundings 
            ind_DMI_pre = find(DMI(:,4) == yyyy & DMI(:,3) == mm & 
DMI(:,2) == dd & DMI(:,5) == 9); 
            ind_DMI_after = find(DMI(:,4) == yyyy & DMI(:,3) == mm & 
DMI(:,2) == dd & DMI(:,5) == 12); 
        elseif time == 23 & dd == 30 & mm == 6 % night soundings, end of 
June 
            ind_DMI_pre = find(DMI(:,4) == yyyy & DMI(:,3) == mm & 
DMI(:,2) == dd & DMI(:,5) == 21); 
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            ind_DMI_after = find(DMI(:,4) == yyyy & DMI(:,3) == mm+1 & 
DMI(:,2) == dd-29 & DMI(:,5) == 0); 
        elseif time == 23 & dd == 31 & (mm == 5 | mm == 7 | mm == 8) % 
night soundings, end of May, July or August 
            ind_DMI_pre = find(DMI(:,4) == yyyy & DMI(:,3) == mm & 
DMI(:,2) == dd & DMI(:,5) == 21); 
            ind_DMI_after = find(DMI(:,4) == yyyy & DMI(:,3) == mm+1 & 
DMI(:,2) == dd-30 & DMI(:,5) == 0); 
        else % night soundings, not end of month 
            ind_DMI_pre = find(DMI(:,4) == yyyy & DMI(:,3) == mm & 
DMI(:,2) == dd & DMI(:,5) == 21); 
            ind_DMI_after = find(DMI(:,4) == yyyy & DMI(:,3) == mm & 
DMI(:,2) == dd+1 & DMI(:,5) == 0); 
        end 
         
        ww_pre = DMI(ind_DMI_pre,7); % present weather before radiosonde 
        vv_pre = DMI(ind_DMI_pre,6); % visibility before radiosonde 
        ww_after = DMI(ind_DMI_after,7); % present weather after 
radiosonde 
        vv_after = DMI(ind_DMI_after,6); % visibility after radiosonde 
         
        % Convert vv codes to visibility (table 4377: WMO, 1995) 
        if ~isempty(vv_pre) 
            if vv_pre >= 0 && vv_pre <= 50 
                horiz_vis_9h = (vv_pre/10); 
            elseif vv_pre >= 56 && vv_pre <= 80 
                horiz_vis_9h = (vv_pre-50); 
            elseif vv_pre == 81 
                horiz_vis_9h = 35; 
            elseif vv_pre == 82 
                horiz_vis_9h = 40; 
            elseif vv_pre == 83 
                horiz_vis_9h = 45; 
            elseif vv_pre == 84 
                horiz_vis_9h = 50; 
            elseif vv_pre == 85 
                horiz_vis_9h = 55; 
            elseif vv_pre == 86 
                horiz_vis_9h = 60; 
            elseif vv_pre == 87 
                horiz_vis_9h = 65; 
            elseif vv_pre == 88 
                horiz_vis_9h = 70; 
            elseif vv_pre == 89 
                horiz_vis_9h = '>70'; 
            elseif vv_pre == 90 
                horiz_vis_9h = '<0.05'; 
            elseif vv_pre == 91 
                horiz_vis_9h = 0.05; 
            elseif vv_pre == 92 
                horiz_vis_9h = 0.2; 
            elseif vv_pre == 93 
                horiz_vis_9h = 0.5; 
            elseif vv_pre == 94 
                horiz_vis_9h = 1; 
            elseif vv_pre == 95 
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                horiz_vis_9h = 2; 
            elseif vv_pre == 96 
                horiz_vis_9h = 4; 
            elseif vv_pre == 97 
                horiz_vis_9h = 10; 
            elseif vv_pre == 98 
                horiz_vis_9h = 20; 
            else 
                horiz_vis_9h = '>35'; 
            end 
        end 
        if ~isempty(vv_after) 
            if vv_after >= 0 && vv_after <= 50 
                horiz_vis_12h = (vv_after/10); 
            elseif vv_after >= 56 && vv_after <= 80 
                horiz_vis_12h = (vv_after-50); 
            elseif vv_after == 81 
                horiz_vis_12h = 35; 
            elseif vv_after == 82 
                horiz_vis_12h = 40; 
            elseif vv_after == 83 
                horiz_vis_12h = 45; 
            elseif vv_after == 84 
                horiz_vis_12h = 50; 
            elseif vv_after == 85 
                horiz_vis_12h = 55; 
            elseif vv_after == 86 
                horiz_vis_12h = 60; 
            elseif vv_after == 87 
                horiz_vis_12h = 65; 
            elseif vv_after == 88 
                horiz_vis_12h = 70; 
            elseif vv_after == 89 
                horiz_vis_12h = '>70'; 
            elseif vv_after == 90 
                horiz_vis_12h = '<0.05'; 
            elseif vv_after == 91 
                horiz_vis_12h = 0.05; 
            elseif vv_after == 92 
                horiz_vis_12h = 0.2; 
            elseif vv_after == 93 
                horiz_vis_12h = 0.5; 
            elseif vv_after == 94 
                horiz_vis_12h = 1; 
            elseif vv_after == 95 
                horiz_vis_12h = 2; 
            elseif vv_after == 96 
                horiz_vis_12h = 4; 
            elseif vv_after == 97 
                horiz_vis_12h = 10; 
            elseif vv_after == 98 
                horiz_vis_12h = 20; 
            else 
                horiz_vis_12h = '>35'; 
            end 
        end 
    end 
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    % Extract fog days in the time series "radiosonde_temp" 
     
    index_time_series = find((DMI(:,4)== yyyy & 
(DMI(:,3)==radiosonde_temp(1,3) & 
DMI(:,2)>=radiosonde_temp(1,4)))|(DMI(:,4)== yyyy 
&(DMI(:,3)==radiosonde_temp(end,3) & 
DMI(:,2)<=radiosonde_temp(end,4)))); 
    for i=1:length(index_time_series) 
        timestamp(i,1) = 
datenum(DMI(index_time_series(i),4),DMI(index_time_series(i),3),DMI(inde
x_time_series(i),2),DMI(index_time_series(i),5),0,0); 
    end 
     
    if station_nb == 4320 
        ind_aws_met = find(DMI(:,3) == 12 & DMI(:,2) == 30 & DMI(:,4) == 
2008 & DMI(:,5) == 12); %select when weather codes switch from manned to 
automated 
    elseif station_nb == 4339 
        ind_aws_met = find(DMI(:,3) == 8 & DMI(:,2) == 17 & DMI(:,4) == 
2005 & DMI(:,5) == 15); 
    elseif station_nb == 4360 
        ind_aws_met = find(DMI(:,3) == 8 & DMI(:,2) == 5 & DMI(:,4) == 
2005 & DMI(:,5) == 15); 
    elseif station_nb == 4390 
        ind_aws_met = find(DMI(:,3) == 9 & DMI(:,2) == 22 & DMI(:,4) == 
2003 & DMI(:,5) == 0); 
    end 
     
    Binary_fog_pos = zeros(length(timestamp),1); 
    for i=1:length(Binary_fog_pos) 
        if index_time_series(i,1)<ind_aws_met & 
DMI(index_time_series(i),7)>=42 & DMI(index_time_series(i),7)<=49 
            Binary_fog_pos(i,1) = max(T_sounding); 
        elseif index_time_series(i,1) >= ind_aws_met & 
(DMI(index_time_series(i),7)==30 | (DMI(index_time_series(i),7)>=32 & 
DMI(index_time_series(i),7)<=35)) 
            Binary_fog_pos(i,1) = max(T_sounding); 
        else 
            Binary_fog_pos(i,1) = 0; 
        end 
    end 
     
    Binary_fog_neg = zeros(length(timestamp),1); 
    for i=1:length(Binary_fog_neg) 
        if index_time_series(i,1) <ind_aws_met & 
DMI(index_time_series(i),7)>=42 & DMI(index_time_series(i),7)<=49 
            Binary_fog_neg(i,1) = min(Td_sounding); 
        elseif index_time_series(i,1) >= ind_aws_met & 
(DMI(index_time_series(i),7)==30 | (DMI(index_time_series(i),7)>=32 & 
DMI(index_time_series(i),7)<=35)) 
            Binary_fog_neg(i,1) = min(Td_sounding); 
        else 
            Binary_fog_neg(i,1) = 0; 
        end 
    end 
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end 
  
  
%-%-%-%-%-%-%-%-%-%-% 
%      P L O T      % 
%-%-%-%-%-%-%-%-%-%-% 
  
% f = figure('visible','off'); % set figure invisible if figure drawing 
%crashes the computer 
  
f = figure; 
  
% 1. Sounding on Skew-T log-P (main plot) 
% --------------------------------------- 
  
% Basic Skew-T Log P graph 
h=contour(skewT,lnP,temp,16,'Color',[0.93 0.69 0.13],'LineStyle','-
','LineWidth',1); 
hold on 
set(gca,'ytick',[1000:100:100]) 
set(gca,'yscale','log','ydir','reverse') 
set(gca,'fontweight','bold') 
set(gca,'ytick',[100:100:1000]) 
set(gca,'ygrid','on') 
hold on 
h=contour(skewT,lnP,O,24,'Color',[0 0.6 0],'LineStyle','-
','LineWidth',1); %dry adiabate 
hw=contour(skewT,lnP,rw,24,'Color',[0.93 0.69 
0.13],'LineStyle',':','LineWidth',1); %constant mixing ratio 
hh=contour(skewT,lnP,Ow,24,'Color',[0 0.6 
0],'LineStyle',':','LineWidth',1); %moist adiabate 
xlabel('Temperature (^oC)','fontweight','bold','fontsize',16) 
xlim([-39 29]); 
ylabel('Pressure (mb)','fontweight','bold','fontsize',16) 
set(gca, 'xtick',[-30:10:10]) 
set(gca,'FontSize',14) 
  
% Draw fog layer 
if ~isempty(fog_top_P) 
    v1 = [-40 pz(1,1); -40 fog_top_P; 20 fog_top_P; 20 pz(1,1)]; 
    f1 = [1 2 3 4]; 
    fog_polygon = patch('Faces',f1,'Vertices',v1,'FaceColor',[.5 .5 
.5],'EdgeColor','none'); % fog thickness 'FaceAlpha',.6 
end 
  
% Plot T and Td 
plot1 = plot(Td_apparent(1:ind_pz_max,1),pz(1:ind_pz_max,1),'Color',[0 
0.4 1],'LineStyle','--','LineWidth',1.5,'Marker','.','MarkerSize',15); 
plot2 = 
plot(T_apparent(1:ind_pz_max,1),pz(1:ind_pz_max,1),'Color','k','LineStyl
e','-','LineWidth',1.5,'Marker','.','MarkerSize',15); 
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% 2. Vertical profile of wind direction and specific humidity (right) 
% ------------------------------------------------------------------- 
  
find(pz == 100); 
if isempty(ans) 
    max_level = find(pz <= 110 & pz >= 90); 
else 
    max_level = find(pz == 100); 
end 
pz_datapor = sounding_datapor(:,4)/100; 
  
find(pz_datapor == 100); % same for datapor sounding 
if isempty(ans) 
    max_level_datapor = find(pz_datapor <= 110 & pz_datapor >= 90); 
else 
    max_level_datapor = find(pz_datapor == 100); 
end 
  
% convert pressure so that it graphically corresponds to main Skew-T 
plot 
pression_apparente = -8.79*log(pz)+61.171; % obtained with fitting curve 
in excel 
pression_apparente_crop = pression_apparente(1:max_level,1); % crop at 
100 mb 
pression_apparente_datapor =  -8.79*log(pz_datapor)+61.171; % do the 
same with data_por in order to use the wind direction graph 
pression_apparente_datapor_crop = 
pression_apparente_datapor(1:max_level_datapor,1); 
axes('Position',[0.8 0.11 0.105 0.815],'Color','none') 
  
% Report fog layer on wind and humidity graph 
if ~isempty(fog_top_P) 
    fog_top_P_apparent = -8.79*log(fog_top_P)+61.171; 
    v2 = [0 pression_apparente_crop(1,1); 0 fog_top_P_apparent; 1 
fog_top_P_apparent; 1 pression_apparente_crop(1,1)]; 
    f2 = [1 2 3 4]; 
    fog_polygon2 = patch('Faces',f2,'Vertices',v2,'FaceColor',[.5 .5 
.5],'EdgeColor','none'); % fog thickness 
end 
  
hold on 
  
% Plot specific humidity 
line(spec_humid(1:max_level,1),pression_apparente_crop,'Color','k','Line
Style','-','LineWidth',1,'Marker','.','MarkerSize',10); 
ax1 = gca; % current axes 
set(gca, 'Color',[1 1 1]) % set background plot to white 
ylim([0.0230 pression_apparente(max_level,1)]) % 0.0230 cm = pression 
apparente for 1050mb 
xlim([0 1]); 
set(gca,'ytick',[]) 
set(gca,'yticklabel',[]) 
xlabel('Spec. hum. (g kg^-^1)'); 
ax1_pos = ax1.Position; % position of first axes 
ax2 = axes('Position',ax1_pos,... 
    'XAxisLocation','top',... 
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    'YAxisLocation','right',... 
    'Color','none'); 
set(ax2, 'XColor', [1 0 0]) 
  
% Plot wind direction 
wd_datapor(wd_datapor == -9999) = NaN; 
ind_wd_datapor_nonNAN = find(~isnan(wd_datapor(1:max_level_datapor,1))); 
% find levels with real values 
clear i 
for i=1:length(ind_wd_datapor_nonNAN) 
%(wd_datapor(1:max_level_datapor,1)) 
    pression_apparente_datapor_crop_wd(i,1) = 
pression_apparente_datapor(ind_wd_datapor_nonNAN(i,1),1); 
end 
line(wd_datapor(~isnan(wd_datapor(1:max_level_datapor,1))),pression_appa
rente_datapor_crop_wd,'Color','r','LineStyle','-
','LineWidth',1,'Marker','.','MarkerSize',10); 
ind_wd = find(~isnan(Wd_whole_profile)); 
ind_wd_crop = ind_wd(find(ind_wd(ind_wd <= max_level)),1); 
for wdcrop = 1:length(ind_wd_crop) 
    pression_apparente_crop_wd(wdcrop,1) = 
pression_apparente_crop(ind_wd(wdcrop),1); 
end 
line([0 pression_apparente_crop_wd(1,1)],[0 
pression_apparente_crop_wd(end,1)],'Color','r','LineStyle','--
','LineWidth',0.5); 
ylim([0.0230 pression_apparente(max_level,1)]) % 0.0230 cm = pression 
apparente for 1050mb 
xlim([-180 180]); 
set(gca,'xtick',[-180,0,180]) 
set(gca,'ytick',[]) 
set(gca,'yticklabel',[]) 
xlabel('Wind direction (^o)','Color','r'); 
  
  
% 3. Summary of surface and upper-air observations (upper right corner) 
% --------------------------------------------------------------------- 
  
% Text: Station, observation date and time 
text(-
1.9,0.95,sprintf('%s',num2str(station)),'fontweight','bold','FontSize',1
8,'Color','k','Background','w','Units','normalized') 
text(-1.9,0.88,sprintf('%s/%s/%s 
%sh',num2str(dd),num2str(mm),num2str(yyyy),num2str(time)),'FontSize',16,
'Background','w','Units','normalized'); 
  
% Fog thickness 
if ~isempty(FTE)  
    text(-1.9,0.82,sprintf('Fog thickness = %s 
m',num2str(round(Thick_layer))),'FontSize',14,'Color','k','Background','
w','Units','normalized') % set%s 
end 
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% 3.1 same time events 
  
if exist('horiz_vis','var')  
     
    % vv and ww  
    text(-0.5,0.75,sprintf('ww = %s', 
num2str(ww)),'FontSize',14,'Color','k','Background','w','Units','normali
zed') 
    if horiz_vis == '>70' 
        text(-1.9,0.75,sprintf('Vis %skm', 
num2str(horiz_vis)),'FontSize',14,'Color','k','Background','w','Units','
normalized') 
    else 
        text(-1.9,0.75,sprintf('Vis = %skm', 
num2str(horiz_vis)),'FontSize',14,'Color','k','Background','w','Units','
normalized') 
    end 
    text(0.4,0.75,sprintf('(%sh)', 
num2str(time)),'FontSize',14,'Color','k','Background','w','Units','norma
lized') 
     
    % surface RH value 
    text(-1.9,0.67,sprintf('RH_s_u_r_f = 
%s',num2str(rhz(1,1))),'FontSize',14,'Color','k','Background','w','Units
','normalized') 
    text(-
0.35,0.68,'%','FontSize',14,'Color','k','Background','w','Units','normal
ized') 
     
    % Surface wind 
    if ~isnan(Wind_surf) 
        text(-1.9,0.60,sprintf('Wind: %s %s m s^-^1', 
num2str(Wd_cardinal_IGRA),num2str(Wind_surf)),'FontSize',14,'Color','k',
'Background','w','Units','normalized') 
    elseif isnan(Wind_surf) && ~isnan(ws_compass(1,1)) 
        text(-1.9,0.60,sprintf('Wind: %s %s m s^-^1', 
num2str(Wd_cardinal_IGRA),num2str(ws_compass(1,1))),'FontSize',14,'Color
','k','Background','w','Units','normalized') 
    end 
     
    % Characterization of bottom layer 
    if VPTEMP(2)-VPTEMP(1)<0 
        text(-1.9,0.53,sprintf('Bottom layer: 
unstable'),'FontSize',14,'Color','k','Background','w','Units','normalize
d') 
    elseif VPTEMP(2)-VPTEMP(1)>0 
        text(-1.9,0.53,sprintf('Bottom layer: 
stable'),'FontSize',14,'Color','k','Background','w','Units','normalized'
) 
    elseif VPTEMP(2)==VPTEMP(1) 
        text(-1.9,0.53,sprintf('Bottom layer: 
neutral'),'FontSize',14,'Color','k','Background','w','Units','normalized
') 
    end 
     
end 
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% 3.2 extensive events 
  
% (a) Preceding radiosonde 
% vv and ww  
if exist('vv_pre','var') 
    if  horiz_vis_9h == '>70' 
        text(-1.9,0.75,sprintf('Vis %skm', 
num2str(horiz_vis_9h)),'FontSize',14,'Color','k','Background','w','Units
','normalized') 
    else 
        text(-1.9,0.75,sprintf('Vis = %skm', 
num2str(horiz_vis_9h)),'FontSize',14,'Color','k','Background','w','Units
','normalized') 
    end 
    text(-0.5,0.75,sprintf('ww = %s', 
num2str(ww_pre)),'FontSize',14,'Color','k','Background','w','Units','nor
malized') 
    text(0.4,0.75,sprintf('(%sh)', num2str(time-
2)),'FontSize',14,'Color','k','Background','w','Units','normalized') 
    text(-0.5,0.75,sprintf('ww = %s', 
num2str(ww_pre)),'FontSize',14,'Color','k','Background','w','Units','nor
malized') 
    text(0.4,0.75,sprintf('(%sh)', num2str(time-
2)),'FontSize',14,'Color','k','Background','w','Units','normalized') 
end 
  
% (b) Following radiosonde 
% vv and ww  
if exist('vv_after','var') 
    if horiz_vis_12h == '>70' 
        text(-1.9,0.69,sprintf('Vis %skm', 
num2str(horiz_vis_12h)),'FontSize',14,'Color','k','Background','w','Unit
s','normalized') 
    else 
        text(-1.9,0.69,sprintf('Vis = %skm', 
num2str(horiz_vis_12h)),'FontSize',14,'Color','k','Background','w','Unit
s','normalized') 
    end 
    text(-0.5,0.69,sprintf('ww = %s', 
num2str(ww_after)),'FontSize',14,'Color','k','Background','w','Units','n
ormalized') 
    if time == 11 
        text(0.4,0.69,sprintf('(%sh)', 
num2str(time+1)),'FontSize',14,'Color','k','Background','w','Units','nor
malized') 
    elseif time == 23 
        text(0.4,0.69,sprintf('(%sh)', num2str(time-
23)),'FontSize',14,'Color','k','Background','w','Units','normalized') 
    end 
     
    % surface RH 
    text(-1.9,0.62,sprintf('RH_s_u_r_f = %s',num2str(rhz(1,1))), 
'FontSize',14,'Color','k','Background','w','Units','normalized')  
    text(-0.35,0.63,'%','FontSize',14,'Color','k','Background','w', 
'Units','normalized') 
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    % Surface wind 
    if ~isnan(Wind_surf) 
        text(-1.9,0.55,sprintf('Wind: %s %s m s^-^1', 
num2str(Wd_cardinal_IGRA),num2str(Wind_surf)),'FontSize',14,'Color','k',
'Background','w','Units','normalized') 
    elseif isnan(Wind_surf) && ~isnan(ws_compass(1,1)) 
        text(-1.9,0.55,sprintf('Wind: %s %s m s^-^1', 
num2str(Wd_cardinal_IGRA),num2str(ws_compass(1,1))),'FontSize',14,'Color
','k','Background','w','Units','normalized') 
    end 
     
    % Characterization of bottom layer 
    if VPTEMP(2)-VPTEMP(1)<0 
        text(-1.9,0.48,sprintf('Bottom layer: 
unstable'),'FontSize',14,'Color','k','Background','w','Units','normalize
d') 
    elseif VPTEMP(2)-VPTEMP(1)>0 
        text(-1.9,0.48,sprintf('Bottom layer: 
stable'),'FontSize',14,'Color','k','Background','w','Units','normalized'
) 
    elseif VPTEMP(2)==VPTEMP(1) 
        text(-1.9,0.48,sprintf('Bottom layer: 
neutral'),'FontSize',14,'Color','k','Background','w','Units','normalized
') 
    end 
end 
  
% Legend 
legend 
if exist('fog_polygon','var') && Thick_layer>0 
    L=legend([plot2 plot1 fog_polygon],{'Dry bulb temperature','Dew 
point temperature','Fog layer'}); 
else 
    L=legend([plot2 plot1],{'Dry bulb temperature','Dew point 
temperature'}); 
end 
set(L,'Location','SouthWest','fontsize',10); 
axes('Position',[0.8 -0.1 0.15 0.05],'Color','none') 
set(gca, 'Color',[1 1 1]) 
  
  
% 4. Time series of surface T, Td and fog events (upper left corner) 
% ------------------------------------------------------------------ 
  
% Set location and size of the graph 
axes('Position',[0.19 0.675 0.4 0.25],'Color','none') 
set(gca, 'Color',[1 1 1]) 
  
% Plot all individual fog events 
hbar3 = bar(timestamp(1:end,1),Binary_fog_pos); 
set(hbar3,'FaceColor',[.6 .6 .6],'EdgeColor',[.6 .6 .6]) 
hold on 
hbar4 = bar(timestamp(1:end,1),Binary_fog_neg); 
set(hbar4,'FaceColor',[.6 .6 .6],'EdgeColor',[.6 .6 .6]) 
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% Plot one sounding analyzed on time series 
hbar1 = bar(dates_graph(1,1:end),Binary_obs_pos,0.4); 
set(hbar1,'FaceColor',[1 .4 .4],'EdgeColor',[.6 .6 .6]) 
hbar2 = bar(dates_graph(1,1:end),Binary_obs_neg,0.4); 
set(hbar2,'FaceColor',[1 .4 .4],'EdgeColor',[.6 .6 .6]) 
  
% Plot surface T and Td 
plot5 = plot(dates_graph(1,1:end),T_sounding,'Color',[0 0 0], 
'LineWidth',.9,'Marker','.','MarkerSize',10); % air temperature from 
soundings 
plot6 = plot(dates_graph(1,1:end),Td_sounding,'Color',[0 0.4 1], 
'LineStyle','--','LineWidth',.9,'Marker','.','MarkerSize',10); 
  
% Display options 
set(gca,'XTick',[dates_graph(1,1):5:dates_graph(1,end)]) 
ylim([min(Td_sounding)-1 max(T_sounding)+1]) 
ylabel('Surface Temp. (^oC)','fontweight','bold','fontsize',10) 
xlabel('Date','fontweight','bold','fontsize',10) 
set(gca,'XAxisLocation','top') 
set(gca,'XMinorTick','on','YMinorTick','on') 
datetick('x','mmmdd','keepticks') % date format 
  
% --------------------------------% 
% 5. Save figure to output folder % 
% --------------------------------% 
  
savdir = sprintf('C:/Gaelle/Matlab/IGRA/Emagram/output/%s/ 
Sounding_%s_%s_%s_%s_%s.png',num2str(station_nb),num2str(station_nb),num
2str(yyyy),num2str(mm),num2str(dd),num2str(time)); 
saveas(f, savdir, 'png') 
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APPENDIX 5: Automated Matlab script to extract fog thermodynamic profiles. 
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APPENDIX 6: Time series of monthly average number of significant IGRA levels below 
or including the 500 hPa pressure level over Danmarkshavn (DANM), Ittoqqortoormiit 
(ITTO) and Tasiilaq (TASI). 
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APPENDIX 7: Normalised hypsometry of 180 land-terminating glaciers of the Geike 
Plateau (centraleast Greenland) and proportion of ablation area potentially covered by 
median and maximum fog (dark blue dashed lines) and temperature inversions (light blue 
dashed lines). After Stearns and Jiskoot (2014) Fig. 8.6. 
 

 


