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Abstract	
 

Arctic climate is changing fast, but weather forecast and climate models have serious 

deficiencies in representing the Arctic atmosphere, because of the special conditions 

that occur in this region. The cold ice surface and the advection of warm air aloft from 

the south result in a semi-continuous presence of a temperature inversion, known as the 

“Arctic inversion”, which is governed by interacting large-scale and local processes, 

such as surface fluxes and cloud formation. In this thesis these poorly understood 

interactions are investigated using observations from field campaigns on the Swedish 

icebreaker Oden: The Arctic Summer Cloud Ocean Study (ASCOS) in 2008 and the 

Arctic Clouds in Summer Experiment (ACSE) in 2014. Two numerical models are also 

used to explore these data: the IFS global weather forecast model from the European 

Center for Medium-range Weather Forecasts and the MIMICA LES from Stockholm 

University. 

Arctic clouds can persist for a long time, days to weeks, and are usually mixed-

phase; a difficult to model mixture of super-cooled cloud droplets and ice crystals. 

Their persistence has been attributed to several mechanisms, such as large-scale 

advection, surface evaporation and microphysical processes. ASCOS observations 

indicate that these clouds are most frequently decoupled from the surface; hence, 

surface evaporation plays a minor role. The determining factor for cloud-surface 

decoupling is the altitude of the clouds. Turbulent mixing is generated in the cloud 

layer, forced by cloud-top radiative cooling, but with a high cloud this cannot penetrate 

down to the surface mixed layer, which is forced primarily by mechanical turbulence. 

A special category of clouds is also found: optically thin liquid-only clouds with stable 

stratification, hence insignificant in-cloud mixing, which occur in low-aerosol 

conditions. IFS model fails to reproduce the cloud-surface decoupling observed during 

ASCOS. A new prognostic cloud physics scheme in IFS improves simulation of 

mixed-phase clouds, but does not improve the warm bias in the model, mostly because 

IFS fails to disperse low surface-warming clouds when observations indicate cloud-

free conditions. 

With increasing summer open-water areas in a warming Arctic, there is a 

growing interest in processes related to the ice marginal zones and the summer-to-

autumn seasonal transition. ACSE included measurements over both open-water and 

sea-ice surfaces, during melt and early freeze. The seasonal transition was abrupt, not 
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gradual as would have been expected if it was primarily driven by the gradual changes 

in net solar radiation. After the transition, the ocean surface remained warmer than the 

atmosphere, enhancing surface cooling and facilitating sea-ice formation. Observations 

in melt season showed distinct differences in atmospheric structure between the two 

surface types; during freeze-up these largely disappear. In summer, large-scale 

advection of warm and moist air over melting sea ice had large impacts on atmospheric 

stability and the surface. This is explored with an LES; results indicate that while 

vertical structure of the lowest atmosphere is primarily sensitive to heat advection, 

cloud formation, which is of great importance to the surface energy budget, is 

primarily sensitive to moisture advection. 

 

 

Keywords: Arctic, mixed-phase clouds, thermodynamic structure, Arctic inversion, 

cloud-surface interactions, seasonal transition, IFS model, LES 
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Abstrakt	

 

Arktis klimat är i snabb förändring, men de datormodeller som används för 

klimatstudier och väderprognoser har allvarliga brister i Arktis, beroende på dess 

speciella förhållanden. Den kalla ytan kombinerat med advektion av varm luft från 

söder, underhåller en semipersistent temperaturinversion, den s.k. “Arktiska 

inversionen”, bestämd av interagerande storskaliga och lokala processer, som turbulent 

omblandning och bildning av moln. Denna avhandling behandlar dessa interaktioner, 

med hjälp av observationer från expeditioner med den svenska isbrytaren Oden: Arctic 

Summer Cloud Ocean Study (ASCOS; 2008) och Arctic Clouds in Summer 

Experiment (ACSE; 2014). Två datormodeller används också: Den globala 

väderprognosmodellen IFS från European Center for Medium-range Weather Forecasts 

och MIMICA från Stockholms Universitet. 

Låga moln i Arktis är ofta persistenta och består av en blandning av underkylda 

droppar och iskristaller – “blandfas-moln” - som är svår att modellera. Persistensen har 

tillskrivits olika processer, som storskalig advektion, avdunstning från ytan och 

molnmikrofysik. Analys av data från ASCOS visar att de ofta saknar kontakt med ytan; 

avdunstning spelar då en mindre roll. Den viktigaste faktorn är molnskiktets höjd, styrd 

av mesoskalig dynamik. Turbulens bildas i molntoppen genom avkylning från 

långvågig stråling, men för högre moln förmår omblandningen inte tränga ned till det 

omblandade skikt bildat av mekanisk turbulens vid ytan. En särskild molntyp 

observerades också: Optiskt tunna moln med enbart vattendroppar, stabilt skiktade 

med ringa omblandning, som ofta förekom vid låg koncentration av aerosoler. 

Simulering av ASCOS med IFS beskriver inte den observerade frikopplingen av 

molnen. Ett nytt prognostisk molnschema förbättrar dock beskrivningen av blandfas-

molnen men råder inte bot på att IFS är för varm, främst för att IFS inte förmår att 

upplösa de värmande molnen så som observationerna visar.  

Ökande ytor med öppet vatten på sommaren, har lett till ökat intresse för 

processer viktiga för området runt iskanten och övergångarna mellan årstiderna. ACSE 

möjliggjorde observationer i både öppet vatten och över is under både sommar och 

början av hösten. Övergången mellan smältsäsongen och början av höstens frysning 

var abrupt, inte gravis som kunde förväntas då solen gradvis blir svagare. Efter 

övergången förblev havsytan varmare än atmosfären, vilket påskyndade avkylningen 
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av havet och bildandet av ny havsis. Atmosfärens struktur har betydande skillnader 

över olika ytor på sommaren; detta försvann då havsytan började frysa. På sommaren 

är advektion av varm och fuktig luft över smältande is viktig för atmosfärens statiska 

stabilitet och ytans energibudget. Detta undersöktes med LES-simulering; dessa visar 

att den vertikala strukturen främst bestäms av värmetransporten medan 

fuktighetstransporten var viktigast för molnbildningen som är viktig för ytans 

energibudget. 

 

 

Nyckelord: arktiska, blandfas-moln, termodynamisk struktur, Arktiska inversionen, 

interaktioner moln-ytor, säsongs övergång, IFS modell, LES 
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1. Introduction	
 

Global climate has experienced significant changes over the last decades. According to 

an ongoing temperature analysis conducted at NASA's Goddard Institute for Space 

Studies (GISS), global near-surface air temperature has increased by ~ 0.8°C since 

1880 (http://data.giss.nasa.gov/gistemp/). Two thirds of the warming has occurred 

since 1975, at a rate of roughly 0.15-0.20°C per decade. In their 2013 report, the 

Intergovernmental Panel on Climate Change (IPCC 2013) stated that it is “extremely 

likely” that more than half of the observed increase in global temperature from the 

mid-1900’s to present was caused by increases in greenhouse gas concentrations and 

other anthropogenic forcings. 

Climate change has been even more pronounced in the Arctic, where 

observations suggest an amplified warming by over a factor of two compared to the 

global average (Fig. 1.1). In addition, sea-ice extent has been declining at an 

accelerated rate during the past couple decades (Fig. 1.2), including record minima in 

2007, 2012 and 2016.  The rapid Arctic climate change, commonly known as ‘Arctic 

amplification’ (Serreze and Barry 2011), has been attributed to several climate forcings 

and feedbacks associated with temperature, greenhouse gases, surface albedo, clouds 

and atmospheric circulation; however, a quantitative understanding of the physical 

mechanisms underlying this phenomenon has not yet been developed. 

 

 

 
 

Fig. 1.1 Arctic (land stations north of 60°N) and global mean annual land surface air temperature (SAT) 

anomalies (°C) for the period 1900-2015 relative to the 1981-2010 mean value. Note that there were few 

stations in the Arctic, particularly in northern Canada, before 1940. The data are from the CRUTEM4 

dataset, available at www.cru.uea.ac.uk/cru/data/temperature/ (Overland et al. 2015). 
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Several studies indicate the ice-albedo feedback as a main contributor to the 

Arctic warming amplification (Perovich et al. 2008; Screen and Simmonds 2011; 

Stroeve et al. 2012; Taylor et al. 2013). This mechanism suggests that as warming 

tends to decrease ice and snow cover, and therefore also the surface albedo, it also 

increases the amount of solar energy absorbed by the surface, hence leading to 

additional warming. However, amplified warming in the Arctic region has also been 

found in models where changes in surface albedo have been artificially cancelled (Hall 

2004; Graversen and Wang 2009). 

Graversen and Wang (2009) showed that an important warming contribution is 

related to the water vapor feedback, a result of larger changes in the water vapor 

content in the Arctic atmosphere than at lower latitudes. Increases in water vapor in the 

Arctic region are expected with increasing air temperature and reduced sea ice cover. 

In turn, as water vapor is a powerful greenhouse gas, it effectively absorbs longwave 

radiation and re-emits a portion of it back to the surface, leading to further warming. 

Large-scale transport of water vapor in the high Arctic has also been documented 

(Doyle et al. 2011; Woods et al. 2013; Tjernström et al. 2015). 

Another important factor for the Arctic climate is cloudiness. Clouds generally 

cool the Earth by reflecting the incoming solar radiation, but at the same time they also 

have a greenhouse effect. Globally, the net effect of clouds is cooling the climate, 

however, the net cloud effect in the Arctic is a surface warming for most of the year 

(Curry et al. 1996; Intrieri et al. 2002a). Some studies have attributed a substantial 

portion of Arctic amplification to the effects of clouds (e.g. Vavrus 2004). Kay and 

Gettelman (2009) showed how changes in near-surface static stability and surface 

conditions impact the cloud response and may result in a cloud-ice feedback. 

Furthermore, changes in the large-scale northern hemisphere atmospheric circulation 

(Graversen et al. 2008; Kapsch et al. 2013) may lead to changes in cloudiness and 

hence alter the surface energy balance. 

Another important amplification mechanism is the lapse-rate feedback (Bintanja 

et al. 2011; Pithan and Mauritsen 2014a), a process associated with the vertical 

structure of warming.  In the tropics, warm rising air leads to deep convective mixing 

and hence decreases the difference between the surface and tropospheric temperatures. 

In a warming climate, as air is rising, it releases more latent heat and warms the upper 

troposphere more than the surface. Because of the resulting change in the lapse rate, 

the outgoing longwave radiation (OLR) at the top of the atmosphere will be larger than 
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if the temperature change was homogenous in the vertical, hence the system will lose 

more energy. In the Arctic deep convection is rare, especially over the ice-covered 

Arctic Ocean, and cold dense air often lies near the surface under an inversion and 

hardly ever mixes with air aloft, except sporadically in association with synoptic-scale 

frontal systems. Hence, a surface-based warming remains confined in the lower 

atmospheric layer. As a result, the near surface warming is larger, while OLR changes 

are smaller than in the case of a uniform lapse-rate change; this induces a positive 

feedback. 

Other hypotheses indicate the ocean as a main contributor for the Arctic 

amplification (Shimada 2006; Polyakov et al. 2007). Climate change is assumed to 

drive changes in the oceanic circulation patterns that are responsible for additional sea-

ice melt, by allowing increased inflows of warmer water from lower latitudes into the 

Arctic Ocean, both from the Atlantic and the Pacific side albeit with slightly different 

effects.  

 

 

 
 

Fig. 1.2 Time series of Northern Hemisphere sea ice extent anomalies in March (the month of maximum 

ice extent) and September (the month of minimum ice extent). The anomaly value for each year is the 

difference (in %) in ice extent relative to the mean values for the period 1981-2010. The black and red 

dashed lines are least squares linear regression lines. The slopes of these lines indicate ice losses of -

2.6% and -13.4% per decade in March and September, respectively. Both trends are significant at the 

99% confidence level (Perovich et al. 2015). 
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Rapid Arctic climate change not only has a large impact on the Arctic ecosystem 

and the local inhabitants, but also has the potential to alter mid-latitude weather 

patterns and extremes (Francis and Vavrus 2012; 2015; Cohen et al. 2014). All the 

arguments above highlight a necessity of understanding the Arctic climate system and 

accurately quantifying the individual feedback mechanisms and their interactions. 

There are still large uncertainties in climate and forecast models, inhibiting both 

accurate projections of future climate and accurate weather predictions for local and 

regional stakeholders. This work remains a great challenge for the scientific 

community.  

 
 

2.		Arctic	atmosphere		

 
The Arctic atmosphere is the main subject of this thesis. Arctic is much colder than the 

lower latitudes due to the uneven distribution of solar radiation on Earth. This 

temperature gradient between Poles and Equator drives atmospheric and oceanic 

circulations that tends to redistribute energy by transferring warmer air and water to 

the high latitudes. As a result, the thermodynamic structure of the Arctic is strongly 

influenced by transport or advection from the south. Moreover, the regional 

topography has further implications for the lower atmosphere, as some of parts of the 

Arctic region are covered by ice (sea ice, glacial ice or snow) all year-round, whereas 

nearly all parts experience long periods with some form of frozen water on the surface. 

The cold surface conditions and the warmer air transported above are responsible 

for the almost continuous presence of low-level inversions, a noted feature of the 

Arctic atmosphere. The so-called Arctic inversion separates the planetary boundary 

layer (PBL), which is the lowest atmosphere that interacts directly with the surface, 

from the free troposphere. The characteristics of the Arctic inversion are strongly 

affected from the presence or absence of low-level clouds. In this thesis, the 

relationships between these clouds, the PBL structure and large-scale advection are 

investigated. 
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2.1		Arctic	low-level	clouds		
 

Low-level clouds are abundant in the Arctic during all seasons (Tsay and Jayaweera 

1984; Intrieri et al. 2002b), especially during summer when they occur for 80-90% of 

the time (Curry and Ebert 1992; Wang and Key 2005; Shupe et al. 2011). The most 

common cloud type in the Arctic are mixed-phase stratocumulus. These 

simultaneously consist of both super-cooled liquid droplets and ice crystals. The liquid 

is often concentrated in a relatively thin layer near cloud top (Curry 1986; Verlinde et 

al. 2007), whereas the ice-water content is decreasing from cloud base to top (Shupe et 

al. 2006); the clouds more or less continuously precipitate ice particles. In the Arctic, 

cloud liquid water has been observed in clouds at very low temperatures (Verlinde et 

al. 2007), as low as -34oC (Intrieri et al. 2002a). Mixed-phase clouds also persist for 

long durations, days to weeks (Verlinde et al. 2007; Shupe et al. 2008; Shupe et al. 

2011). Considering that these clouds frequently precipitate frozen drizzle or ice 

crystals (Shupe et al. 2008), and hence continuously lose water, their persistent nature 

seems somewhat paradoxical. 

Their resilience has been attributed to several processes, including interactions 

between turbulence, radiation and cloud microphysics (Fig. 2.1). Yet, a comprehensive 

and coherent understanding of the physical mechanisms behind these interactions has 

not been developed. The fact that these processes span different scales, from small 

cloud scales to large-scale phenomena (Fig. 2.1), additionally increases the complexity 

of this problem. For all these reasons, mixed-phase clouds remain a great challenge for 

the weather and climate modeling community.        

The mixed-phase microphysical structure is normally considered unstable: ice 

has a lower saturation vapor pressure than liquid, so liquid droplets will evaporate 

releasing water vapor, while ice crystals grow through water-vapor deposition (WBF: 

Wegener-Bergeron-Frindeisen mechanism) and cause cloud glaciation. Glaciation of 

the cloud can be inhibited if liquid saturation, hence supersaturation with respect to ice, 

is sustained within the cloud layer. Ice supersaturation has been observed to be 

supported by cloud-scale turbulent motions: as the liquid layer near cloud-top 

radiatively cools to space (Pinto 1998), it decreases in-cloud static stability and leads to 

a buoyant overturning circulation (e.g. Nicholls 1984). In the updrafts of these 

motions, relative humidity increases through expansion and cooling, hence promoting 

the growth of both liquid and ice, rather than just ice growing at the expense of the 
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liquid (Korolev 2007). 

Ice supersaturation may further be preserved through moistening of the cloud 

layer. Observations (Sedlar et al. 2011) have revealed that a moisture inversion is 

frequently collocated with the temperature inversion in the Arctic, while modeling 

studies (Solomon et al. 2011; 2014) have further shown that entrainment of water-

vapor from aloft plays an important role in the maintenance and life-cycle of these 

clouds. Moreover, the surface is an additional potential source for Arctic clouds, 

especially during summer, when the ice-free ocean and the melting sea ice may lead to 

an upward transfer of heat and moisture. However, this requires the clouds to be 

dynamically coupled to the surface by continuous turbulent fluxes. This is not always 

the case; surface contributions are not significant during the cold months, due to more 

frequent stable near-surface conditions (Curry 1986; Kahl 1990), while cloud-surface 

decoupling has also been observed in summer time (Shupe et al. 2013). 

 

 
 

 
Fig. 2.1 A schematic of the main processes that sustain mixed-phase clouds. Characteristic profiles of 

total water (vapour, liquid and ice) mixing ratio (qtot) and equivalent potential temperature (θE) are 

provided. These profiles may differ depending on local conditions, with dry versus moist 

layers/moisture inversions above the cloud top, or coupling versus decoupling of the cloud mixed layer 

with the surface. The shaded blue layer represents the cloud. Cloud-top height is 0.5–2 km. Yellow 

arrows represent the emitted longwave radiation, red arrows correspond to in-cloud and large-scale 

motions, whereas orange arrows represent the surface fluxes. Although this diagram illustrates many 

features, it does not fully represent all manifestations of these clouds (Morrison et al. 2012). 
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Finally, another factor critical for cloud development and persistence is aerosols; 

in the summer Arctic aerosol concentrations are typically low (e.g. Tjernström et al. 

2014). Cloud condensation nuclei (CCN), which are aerosol particles that nucleate 

liquid droplets, range from 10 to 1000 cm-3 (Morrison et al. 2012). Ice nuclei (IN) 

concentrations are typically < 0.1 cm-3, orders of magnitude smaller than for CCN 

(DeMott et al. 2010). Since the concentration of ice particles and hence IN is known to 

impact the WBF process (Jiang et al. 2000, Prenni et al. 2007), their sparsity may limit 

the ice growth process and prevent fast cloud glaciation. Furthermore, the lack of CCN 

sometimes inhibits cloud formation in conditions that would otherwise enhance cloud 

cover, or leads to optically thin clouds with shorter lifetime (e.g. Mauritsen et al. 

2011). 

Mixed-phase clouds have significant impact on the surface energy budget, as 

they interact strongly with both shortwave and longwave radiation. They generally 

shade the Earth from incoming solar radiation; additionally, the net short-wave cloud 

effect at the surface is sensitive to surface albedo, which is often high in the Arctic. 

The amount of shortwave reflection highly depends on clouds’ optical properties and 

specifically on optical thickness (τ); τ is proportional to the ratio of cloud Liquid Water 

Path (LWP) to effective radius (Stephens 1978). Mixed-phase clouds also absorb and 

re-emit downward a portion of the surface longwave radiation flux. Cloud emissivity 

(ε) has an exponential dependence on τ; clouds generally behave as blackbody when 

LWP is larger than 30-50 g m-2 (Stephens 1978). The net result of the all above 

interactions on the Arctic surface is often a surface warming (Shupe and Intrieri 2004; 

Sedlar et al. 2012); this indicates that mixed-phase clouds can potentially play an 

important role in a rapidly warming climate. 

 
 

2.2		Arctic	boundary	layer	
 

Arctic low-level clouds have a large impact on PBL structure, hence the lower cloud 

occurrence observed in winter than in summer months (Wang and Key 2005; Shupe et 

al. 2011) contributes to the pronounced seasonal differences in PBL stratification 

(Serreze et al. 1992; Tjernström and Graversen 2009; Zhang et al. 2011). This 

seasonality in cloud frequency is related to the fact that Arctic region is affected by 

extremes of solar radiation. The amount of solar radiation received in summer is 
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relatively high due to long periods of uninterrupted daylight, whereas in winter solar 

radiation is low to non-existent. The Arctic monthly mean temperatures in winter fall 

well below -20oC, whereas in summer they generally remain between -5 – 5oC (Fig. 

2.2). As the absolute amount of water vapor that air can retain increases exponentially 

with temperature, Arctic winters are also drier in an absolute sense than the summers. 

During the Arctic winter surface-based temperature inversions are frequent due 

to the long nights and extensive infrared radiation losses at the surface. During the 

polar night, especially in calm and cloud-free conditions, the surface cools rapidly 

because it is a much better emitter of infrared radiation than the air. Advection of a 

warmer and moister air over the cold surface will further act to strengthen this 

stratification unless clouds are formed. With time, as water vapor emits longwave 

radiation, the moist air mass will cool; this cooling may lead to saturation and 

formation of clouds. Since Arctic troposphere is often near saturation (Wang and 

Wang 2004; Tjernström 2005), cloud formation is expected to take place in the 

presence of sufficient CCN and IN. As clouds form, the emission of thermal radiation 

shifts from the surface to the cloud tops, where it drives cloud top cooling and a cloud 

overturning circulation. Then the lower troposphere stratification shifts to a shallow 

relatively well-mixed boundary layer capped by an elevated inversion. 

The latter is similar to the summer thermal structure, when surface is heated by 

the incoming solar radiation and a surface-based mixed layer is usually observed 

(Tjernström and Graversen 2009; Tjernström et al. 2012). As long as sea ice remains, 

the near-surface temperature is constrained to the freezing point of fresh water and 

excess energy goes into melting of snow and ice. However, as ice extent decreases in 

this season, larger amounts of moisture are released upwards from the ice-free surfaces 

while the surface water is warmed by solar radiation. The elevated inversions observed 

during warm seasons have been attributed to the frequent presence of low-level clouds; 

through radiative cooling, these clouds drive turbulent mixing and thus increase the 

PBL depth. 

In a warming climate, the stratification of the atmosphere can have a substantial 

impact on Arctic amplification through the lapse-rate feedback (see Section 1). 

However, the Arctic PBL structure is not correctly represented in models (Medeiros et 

al. 2011, Pithan et al. 2014b). Medeiros et al. (2011) suggested that an important 

source of errors is the spatial representation of the areas characterized by stable and 

unstable conditions. Pithan et al. (2014b) attributed model biases mainly to errors in 
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cloud representation. Nevertheless, the discrepancies between models and observations 

indicate that the processes that determine the Arctic atmosphere are still not well-

understood and further investigations are required. 

 

	
	
Fig. 2.2 Seasonal cycle of Arctic mean surface air temperature simulated by the five ACIA (Arctic 

Climate Impact Assessement) designated models for the period 1981–2000 and averaged over the area 

65º–90º N (ACIA 2005) 

 

3.	Experimental	Data	
 

Observations are essential for improving our knowledge about the processes that 

govern the atmosphere. However, as central Arctic is a remote and harsh environment, 

there are very few in situ observational datasets available from the Arctic Ocean. The 

Arctic Ocean sea ice is continuously drifting and deforming, and is subject to the 

annual melt and freeze cycle; hence permanent observatories in the Arctic Ocean are 

logistically very challenging. The sparsity of observations has been identified as one 

main obstacle to the progress of Arctic climate research and the need for more 

experimental studies has been widely recognized within the Arctic scientific 

community. 
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This thesis is built on a mix of modeling and analysis of field observations. The 

field observations come from two experiments deployed on the Swedish icebreaker 

Oden. The analysis in Papers I and II are based on an observational dataset, from the 

Arctic Summer Cloud Ocean Study (ASCOS, Tjernström et al. 2014). In Paper III, 

lower troposphere conditions during the Arctic Clouds in Summer Experiment (ACSE, 

Tjernström et al. 2015) are analysed. 

	

3.1		Arctic	Summer	Cloud	Ocean	Study	(ASCOS)	
 

ASCOS was an intensive field experiment conducted on the Swedish ice-breaker Oden 

in summer 2008. The primary mission of ASCOS was to investigate cloud-related 

processes, such as cloud formation, cloud life-cycle and their influence on the surface 

energy budget. To achieve this goal, measurements within several disciplines were 

conducted during this expedition: meteorology, marine biology, atmospheric chemistry 

and aerosols, and oceanography (see Tjernström et al. 2014 for a summary). The 

icebreaker Oden left Svalbard on 2 August, sailed in the central high Arctic Ocean and 

returned to Longyearbyen on Svalbard on 9 September (Fig. 3.1). Between 12 August 

and 2 September, the ice-breaker was moored to and drifted with a ~3x6 km ice-floe, 

where an ice camp was established near 87°N in the Atlantic sector of the Arctic 

Ocean. 

The meteorological measurements conducted onboard included cloud-sensing 

instruments, such as a Doppler Millimeter Cloud Radar, two microwave-radiometers 

and several laser ceilometers, which were operating during the entire campaign. A 

meteorological station on the 7th top deck, at ~25 m over the sea surface, also provided 

continuous measurements of basic meteorological parameters. A scanning microwave 

radiometer and 6-hourly radiosoundings were used for vertical profiling of the Arctic 

atmosphere. Additional instrumentation was deployed on the ice during the ice drift for 

micrometeorological, turbulence and radiation measurements, including a Doppler 

sodar. A detailed description of the instrumentation and setup can be found in the 

ASCOS overview and experimental design paper (Tjernström et al. 2014). 
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Fig. 3.1 The ship track from the ASCOS field campaign from 2 August and to 8 September 2008. The 

insert shows the track of the ice drift for three weeks, starting 12 August and ending 2 September 

(Sedlar et al. 2011). 

 

 

3.2			Arctic	Clouds	in	Summer	Experiment	(ACSE)	
 

ACSE was a sub-program of the Swedish-Russian-US Arctic Ocean Investigation of 

Climate-Cryosphere-Carbon Interactions (SWERUS-C3), a three-month campaign in 

summer 2014. While SWERUS-C3 focused mainly on greenhouse gases and the 

cryosphere along the eastern Arctic shelf region, ACSE had different objectives. Its 

main target was to study Arctic clouds, their interactions with boundary layer structure 

and their impact on the surface during the summer melt season and the early autumn 

freeze-up. In particular a primary objective was to study the links to advection of air 

from farther south. Same as ASCOS, it was conducted on Oden, but in contrast to 

ASCOS all measurements were made onboard; there was no deployment on the ice. 

Oden left Tromsö on 5 July, crossed the Kara, Laptev, East Siberian and Chukchi Seas 

following the Siberian Shelf, and arrived in Barrow on 19 August. After a crew 

rotation, a second leg left Barrow on 20 August following a similar route back, albeit 

further northward. The expedition ended on 5 October when the ice-breaker arrived 

back in Tromsö (Fig. 3.2). 

ACSE included an extensive suite of in-situ and remote sensing instrumentation, 

largely following the experimental design of ASCOS (Tjernström et al. 2014). The 
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vertical atmospheric structure was measured with radiosondes, released four times per 

day. Cloud measurements were obtained from a W-band Doppler cloud radar, a 3D-

scanning Doppler lidar, multiple laser ceilometers and a visibility sensor. Digital 

imagery from cameras directed off the port, bow and starboard were additionally used 

to record the surface conditions. Surface temperature was measured with two 

independent, downward looking infrared radiation temperature and sea-water salinity 

with a seabird CTD sensor on Oden’s main water intake. Sonic anemometers and 

temperature and humidity sensors were deployed at ~20 m above the surface on a mast 

at the bow of the ship, while a weather station on the 7th deck measured standard 

meteorological variables, as well as broadband downwelling short- and long-wave 

radiation.  

 

 
 

Fig. 3.2 The ship track from the ACSE field campaign from 4 July and to 5 October 2014, for the legs 

from Tromsø to Barrow (red), and back (brown). Ice edges at the times of start and end of the cruise are 

shown in light and dark blue, respectively (Achtert et al. 2015). 

 

4.	Models	
 

Models have several purposes in atmospheric science, e.g. weather prediction (forecast 

models), future long-term climate projections (climate models), or for gaining a 

process-level understanding of the current climate. Meanwhile, smaller-scale models, 
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like cloud-resolving models (CRM) and large-eddy simulations (LES) are often used to 

study boundary-layer processes, cloud processes and cloud-aerosol interactions. 

During the last decades, such simulation tools have often been used as a proxy for 

observations, since they provide a three-dimensionally consistent description of the 

system, including parameters that are hard or even impossible to measure. The 

knowledge gained from these studies is intended for improvement of the description of 

processes that appear on the sub-grid scale in the weather forecast and climate models, 

and hence the improvement of future predictions and projections.  

In Paper II the performance of the Integrated Forecast System (IFS) from the 

European Center for Medium-range Weather Forecasts (ECMWF) using two different 

cloud schemes is evaluated against ASCOS observations. Paper IV uses the 

MISU/MIT Cloud and Aerosol (MIMICA) Large Eddy Simulation (LES) code to 

investigate a warm air advection event that occurred during ACSE (Tjernström et al. 

2015).   

 

4.1		Integrated	Forecast	System		(IFS)	
 

The IFS is an operational global weather forecast model, developed and maintained at 

ECMWF. This model forms the basis for all the data assimilation and forecasting 

activities at ECMWF.  

IFS consists of three fully coupled components for the atmosphere, land surface 

and ocean waves. It uses a spectral transform method to solve numerically the 

equations governing the spatial and temporal evolution of the atmosphere, such as the 

equation of motion, the continuity equations for mass, water vapor and thermal energy, 

and the equation of state.  The idea is to fit a discrete representation of a field on a grid 

by a continuous function. Spectral transforms on the sphere involve discrete spherical-

harmonics transformations between physical (grid point) and spectral (spherical-

harmonics) space. The spectral transform method was introduced to NWP following 

the work of Eliasen et al. (1970) and Orszag (1970), who pioneered the efficiency 

obtained by partitioning the computations this way.  

In the IFS, at each time step, derivatives, semi-implicit correction and horizontal 

diffusion are computed in spectral space, whereas explicit dynamics, semi-Lagrangian 

advection and physical parameterizations are computed in grid point space. The 
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representation in grid point space is on a reduced Gaussian grid (Hortal and Simmons 

1991; Courtier and Naughton 1994), where the number of longitudes is decreased 

towards the poles, keeping the relative distances between points approximately 

constant. In the vertical, the model is discretized using a finite-element scheme. 

Many processes occur at scales smaller than the typical size of the model’s grid 

box and cannot be explicitly resolved (e.g. turbulence, convection, radiation, 

microphysical processes, etc). Such processes are expressed through parameterizations; 

simplified, yet physically-based, often partly-statistical relationships on resolved scale 

parameters. 

IFS has undergone many changes and improvements during its development; a 

summary can be found at http://www.ecmwf.int/en/forecasts/documentation-and-

support/evolution-ifs/cycle-archived/1985-summary-changes. Our research interest 

focuses on the latest changes implemented in the cloud parameterization scheme, 

whose aim was to improve the representation of mixed-phase clouds.  

Prior to 2010, the IFS cloud scheme was based on the philosophy described by 

Tiedtke (1993). It included three prognostic equations for water vapor, cloud fraction 

and cloud condensate, whereas the cloud phase split was determined diagnostically as 

a function of temperature: ice-only below -23°C and liquid-only at or above 0°C, with 

a monotonic function of increasing liquid fraction in between (Fig 4.1). The time 

evolution of cloud variables was fully determined by advective processes and by 

sources/sinks due to diabatic processes, which were derived through microphysical 

parameterizations. Precipitation, rain and snow, was also calculated diagnostically via 

an autoconversion parameterization (Sundqvist 1978) and was not advected. Although 

the development of this scheme improved the representation of clouds compared to 

previous, purely diagnostic parameterizations (Tiedtke 1993), the diagnostic 

temperature dependent cloud phase still inhibited the physical representation of mixed-

phase clouds; while coexisting cloud liquid and ice was possible with this scheme, a 

layer of super-cooled liquid at cloud top is a signature of these clouds, which is 

essentially impeded by the old scheme. Hence it tends to underestimate the amounts of 

liquid water and overestimate ice. 

An improved cloud scheme was implemented in IFS and has been operational 

since November 2010. The cloud phase split is now determined prognostically, 

allowing the microphysical processes to determine the phase partition. In addition, 
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rain and snow are treated as prognostic variables, advected by the wind, but the ice-to-

snow and liquid-to-rain autoconversions are still determined with the same 

parameterizations as earlier (Sundqvist 1978). Hence, this version includes six 

prognostic variables; water vapour, cloud fraction, cloud liquid, cloud ice, rain and 

snow. This also introduces additional parameterizations for new sink/source terms in 

these equations, particularly the ice crystal depositional growth rate which is 

important in determining the phase and the sedimentation of ice, snow and rain.  

The schematic in Fig. 4.2 summarizes the differences between the previous and 

current IFS cloud schemes, whereas a more quantitative view of the difference 

between the diagnostic and a prognostic phase split is offered by Fig. 4.1. A detailed 

description of the new scheme can be found in Forbes and Ahlgrimm (2014), whereas 

detailed descriptions of all schemes used in different versions of the IFS can be found 

in the documentation of IFS cycles on the web 

(http://www.ecmwf.int/en/forecasts/documentation-and-support/changes-ecmwf-

model/ifs-documentation).  

 

 

 

 
Fig. 4.1 Global percentage occurrence (for a given temperature) of the liquid water fraction of cloud 

condensate for the previous diagnostic temperature-dependent mixed-phase scheme (solid black line) 

and the new prognostic ice/liquid scheme (shading) for a range of temperatures (Forbes et al. 2011). 
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Fig. 4.2 Schematic of the IFS cloud scheme: (a) the Tiedtke scheme with three prognostic variables 

operational from 1995 to 2010 (before IFS Cy36r4) and (b) the new cloud scheme with six moisture 

related prognostic variables (Cy36r4 onwards). Shaded boxes indicate prognostic variables (Forbes et 

al. 2011). 

 

 

4.2		Large	Eddy	Simulation	(LES)	
 

LES is a high resolution simulation concept for the study of turbulent flows. The main 

idea behind LES, described in Wyngaard (2010), is that the range of time- and length-

scales that are solved by the model can be reduced via a low-pass filtering of the 

Navier–Stokes equations. This low-pass filtering effectively removes small-scale 

information from the numerical solution and hence decreases the computational cost. 

As a result, turbulent eddies with length scale larger that the model’s grid cell are 

explicitly resolved, whereas the smaller eddies that fall within the sub-grid scale, still 

needed to be parameterized (Fig. 4.3a). The largest turbulent eddies contain most of the 

turbulent kinetic energy (Kolmogorov 1941 – also see Fig 4.3b) and are responsible for 

most of the momentum transfer; in LES these are retained. Moreover, by locating the 

low-pass filter in the so-called inertial sub-range, where the energy spectrum of 

turbulence has a well-known shape, makes the parameterization of the sub-grid 

turbulence theoretically more well-founded. Still, atmospheric motions exist on an 

extremely large bandwidth of scales and a balance between domain size, filter cut-off 
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and computational cost is non-trivial. Nevertheless, LES has proved to be a powerful 

tool for atmospheric studies and parameterization developments. 

 

 
 
Fig. 4.3 Schematic view of LES concept. Panel (a) corresponds to the physical space: light blue (dark 

blue) circles represent the eddies with length scale larger (smaller) than the grid’s diameter: these are 

explicitly resolved (parameterized) in the model. Panel (b) corresponds to Fourier space: turbulent 

kinetic energy (red line) is given as a function of wavenumber k. k is inversely proportional to eddy’s 

length scale. The vertical blue line corresponds to the ‘‘cut-off’’ wavenumber, which separates the 

resolved from sub-grid scale eddies. (meted.ucar.edu) 

 

 

The LES used in this thesis is MIMICA (Savre et al. 2014), developed and 

maintained at the Department of Meteorology, Stockholm University (MISU). 

MIMICA is based on an earlier CRM (Wang and Chang 1993), developed at 

Massachusetts Institute of Technology (MIT). It solves a set of non-hydrostatic 

prognostic equations for the conversation of momentum, ice-liquid potential 

temperature and total water mixing ratio using an anelastic approximation. A 4th order 

central finite-differences formulation is applied for momentum advection and a 2nd 

order flux-limited version of the Lax-Wendroff scheme (Durran 2010) is employed for 

scalar advection. Equations are integrated forward in time using a 2nd order Leap-Frog 

method with a modified Asselin filter (Williams 2011). Sub-grid scale 
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parameterization is based on Smagorinsky-Lilly eddy diffusivity closure (Lilly 1992). 

Surface fluxes are calculated according to Monin-Obukhov similarity theory.  

The cloud microphysical parameterization uses a two-moment approach for 

cloud droplets and rain, following Seifert and Beheng (2001). Mass mixing ratios and 

number concentrations are treated prognostically for these two hydrometeor classes, 

whereas their size distributions are defined by generalized Gamma functions. A simple 

CCN activation scheme (Khvorostyanov and Curry 2006) is employed, where the 

number of cloud droplets formed is a function of supersaturation and CCN 

concentration.  Finally, a detailed radiation solver (Fu and Liou 1992) is coupled to 

MIMICA to account for cloud radiative properties when calculating the radiative 

fluxes. 

 

5.		Results	
 

In this thesis some of the processes that determine the Arctic atmosphere are 

investigated. The main focus is on: (a) the cloud-surface interactions, especially for 

mixed-phase clouds, (b) the impacts of two different surface states, sea ice or open 

water, on the boundary layer structure, (c) the impacts of the seasonal transition from 

summer melt to autumn freeze-up and also (d) the effects of large-scale advection from 

the south. Model performance in representing the Arctic clouds is an additional subject 

of study. It is also important to stress that while modeling studies imply a certain 

control over processes at the larger scales, this is never the case with observations. In a 

model it is possible to know, or at least to control, the larger scale development of the 

atmosphere concurrent with the small-scale processes of interest. With observations, 

this is not possible. One cannot observe in detail all the scales simultaneously, and 

even if a model is used to analyze those scales, its results are not necessarily consistent 

with the observed small-scale motions and processes. Model errors are always present 

and are usually much larger than the observational errors. For this reason many of the 

results in this thesis are presented in terms of statistics, often using probability density 

functions, in order to illustrate both the inherent variability and uncertainty, and the 

most prevalent state of the system. 
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5.1		Cloud-surface	interactions	
 

In Paper I, ASCOS observations are analyzed to investigate the role of the surface as a 

moisture source for the clouds. Mixed-phase clouds are found to be the most common 

cloud type in the Arctic and they are more frequently decoupled from the surface (Fig. 

5.1a) than coupled to it (Fig. 5.1b). The coupling state is primarily driven by the cloud-

generated turbulence from buoyant overturning from cloud-top cooling, whereas the 

surface fluxes simply respond to the cloud processes aloft. It is found that the farther 

away from the surface the clouds are, the more likely to be decoupled, indicating that 

displacements downwards (upwards) of the cloud layer are the leading factor that 

results in coupling (decoupling). Cloud displacements are usually related to 

convergence/divergence associated with mesoscale weather patterns and advected 

thermodynamics, e.g. air mass transformation, which further suggests that surface 

turbulence is not the driving component of the cloud-surface interactions.   

In addition, decoupled clouds exhibit a bimodality in their thermodynamic 

structure, associated with the depth of the sub-cloud mixed layer (SML); clouds with 

shallower SMLs are weakly decoupled from the surface, whereas higher clouds with 

relatively deeper SMLs are strongly decoupled. The enhancement of the decoupling for 

the deeper SML is likely associated with evaporation/sublimation processes occurring 

within the SML, moistening and cooling the sub-cloud layer. 

In addition to the mixed-phase clouds, that drive turbulent mixing through 

radiative cloud-top cooling and buoyant processes near cloud top, clouds with stable 

stratification (no in-cloud mixing) were identified for about 30% of the duration of 

ASCOS (Fig 5.1c, d). These cases are substantially different from the turbulent clouds 

in both thermodynamic and microphysical structure, as well as in geometry and water 

properties. The stable clouds are generally very low, geometrically and optically thin 

cloud layers or fog, often single-phase liquid with no or negligible precipitation falling 

out. They also tend to occur in situations with low CCN concentration, below 20-40 

cm-3. 

In Paper II, the representation of cloud-surface interactions in the IFS model is 

evaluated against ASCOS results. Modeled clouds are found to be more frequently 

coupled than decoupled from the surface, regardless of cloud scheme, in contrast to 

observations. Specifically, hardly any decoupled profiles (1%) are found in the run 

with 60 levels vertical resolution, whereas a few more decoupled cases (15%) are 
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produced by increasing the vertical resolution to 137 levels; thus, the vertical 

resolution is important in resolving small-scale cloud driven turbulence. The model’s 

failure to represent correctly the cloud-surface interactions is mainly related to the 

turbulence parameterization, according to which, in a stratocumulus topped boundary 

layer, the mixed-layer spans from the first model to the cloud-top inversion-base 

height. Hence, improvements in the parameterization of turbulent mixing in the 

boundary layer are necessary for an improved representation of Arctic clouds, allowing 

for individual layers in the model to be non-turbulent while layers above and below are 

turbulent.  

 

 
 
Fig. 5.1 Equivalent potential temperature (ΘΕ) profiles of a (a) coupled, (b) decoupled and (c), (d) two 

stable cloud layers (Sotiropoulou et al. 2014). 
 

5.2	Cloud	properties	in	two	different	cloud	parameterization	schemes	
 

The main reason to change the previous diagnostic cloud scheme in the IFS model and 

replace it by a prognostic one was to achieve a more realistic representation of mixed-

phase clouds (see section 4.1). This is evaluated in Paper II against ASCOS 
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observations. The new prognostic scheme does produce clouds with more liquid and 

less ice, which is in better agreement with observations (Fig. 5.2). It is also more 

capable in reproducing multi-layered cloud structures, a common feature of the Arctic.  

However, although cloud-water properties improve with the new 

parameterization, there is virtually no improvement in the surface radiation; this is 

attributed to issues related to cloud radiative properties, such as cloud emissivity and 

cloud liquid effective radius. As a consequence, the warm and moist bias in the lower 

troposphere, identified in ERA-Interim by Wésslen et al. (2014) which employs the 

older scheme, remains here in simulations with both schemes. This is mainly 

associated with the model’s inability to produce cloud-free periods: IFS tends to 

continuously sustain a low cloud layer that warms the surface, even when in reality the 

cloud dissipates. Additional factors contribute to these biases are underestimated 

surface emissivity and surface albedo (Wésslen et al. 2014).  

Finally, although the representation of the water properties and geometrical 

features of mixed-phase clouds in the IFS are satisfactory, the model fails to reproduce 

correctly the non-turbulent, stably-stratified clouds (see section 5.1). Errors in the 

representation of the stable cloud state, and also the cloud-free periods discussed 

above, are both likely due to the model’s inability to handle low CCN cases; these 

further indicate that there are important deficiencies in the parameterization of cloud-

aerosol interactions. In many models, including the IFS, the CCN concentrations are 

prescribed, often different for continents and marine environments but usually constant 

in time. This may work well in other regions on Earth, but these results indicate it may 

not be sufficient in the Arctic. 

 

 
Fig. 5.2 Relative Frequency Distributions of (a) LWP and (b) IWP for the 60-level IFS model with 

prognostic (blue) and diagnostic (red) cloud scheme, and the 90-level IFS model with prognostic cloud 

parameterization (green). (Sotiropoulou et al. 2016a) 
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5.3		The	melt	to	freeze-up	seasonal	transition		
 

In Paper III, the impacts of the seasonal transition from summer melt to autumn freeze-

up on the Arctic atmosphere are examined using ACSE measurements. The delineation 

between the seasons is determined based on the atmospheric vertical thermal structure 

(Fig. 5.3). The seasonal transition was surprisingly abrupt, presumably associated with 

changes in the atmospheric circulation, rather than only with the effects on the surface 

by slow changes in available solar radiation. The atmosphere cooled rapidly in a deep 

layer, whereas the surface remained warmer than the atmosphere even when local 

freeze-up was observed. This indicates the surface did not cool the air, as would have 

happened if the melt- to freeze-up transition was controlled by the diminishing solar 

radiation, similar to what could be expected over land. Synoptically-driven seasonal 

transitions in the Arctic have been previously documented (e.g. Sedlar et al. 2011; 

Persson 2012), but those were accompanied by changes in the surface energy budget 

due to changes in the surface albedo; here large-scale advection appears to be the 

primary factor. Hence the surface was loosing heat to the atmosphere, facilitating the 

surface freeze. 

Even though the atmosphere cooled more, surface temperatures was substantially 

colder in freeze-up than in melt season. Moreover, stronger surface winds and lower 

surface pressures prevailed in freeze-up, indicating a higher level of synoptic scale 

activity and a larger frequency of frontal passages during this period. Clouds were 

generally liquid during the melt season, but more frequently mixed-phase during 

freeze-up. The PBL was deeper and more well-mixed in the later season, with fewer 

moisture inversions near PBL top compared to melt season; temperature and humidity 

inversions were also weaker during freeze-up. 

Low-level jets (LLJ) were observed during both seasons for about 20-25% of the 

time. They were likely driven by inertial oscillations during the melt season, when the 

lower part of the PBL had a stable, near-isothermal structure, while being capped by a 

temperature inversion, whose top was usually close to the jet core. In contrast, during 

freeze-up, LLJs usually had a more well-mixed thermal structure throughout the jet 

core. LLJs generated by an inertial oscillation typically have core heights close to the 

top of the stable boundary layer (e.g. Andreas et al. 2000); we therefore speculate that 

frictional decoupling at the ice edge as the primary generation mechanism for summer 

jets, whereas in freeze-up other processes may have occurred (e.g. baroclinicity).  



	 33	

 

 
Fig. 5.3 Time-height cross section of radiosonde temperature profiles (T, oC) during ACSE. The gap 

corresponds to the rotation period in Barrow (see Section 3.2). The vertical dash line separates melt and 

freeze-up seasons. (Sotiropoulou et al. 2016b) 

 

 

5.4	The	role	of	the	surface	state	
 

The effects of an ice-covered or ice-free surface on the boundary layer and cloud 

structure are also examined in Paper III. Again, ACSE observations can offer valuable 

insights to the relative processes, as the campaign was conducted over both surface 

types and generally near the marginal ice zones. The differences between ice and open-

water conditions appeared more pronounced in the melt- than in the freeze-up season. 

In summer, surface-based inversions persisted over the ice, associated with 

negative sensible heat fluxes, while elevated inversions capping a well-mixed shallow 

PBL were often observed over open water, due to positive surface-buoyancy fluxes 

(Fig. 5.4a). In autumn freeze-up, elevated inversions associated with upward heat 

fluxes dominated over both surface types (Fig. 5.4b). The structures observed over 

summer ice were associated with warm air advection episodes from adjacent open 

water or land, which are expected to be frequent in this season. As melting ice has its 

surface temperature ‘locked’ at 0oC, due to the phase change (Persson 2012; 

Tjernström et al. 2015), it cannot respond to the warming aloft, resulting in the 

formation of a strong surface-based inversion. In contrast, open water in summer was 

warmed by solar radiation, hence promoting an upward buoyancy flux and stronger 

mixing in a deeper layer. Consequently, in summer, fog and shallow stratus clouds 

were observed more frequently over the sea ice, while somewhat thicker stratocumulus 
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and cumulus prevailed over the relatively warm open-water surface. Autumn clouds 

had similar properties over both surface conditions, and were often embedded in a 

well-mixed PBL. 

Taylor et al. (2015), by considering four stability regimes, found strong 

correlation between cloud properties and tropospheric stability. Here, in summer melt, 

very high stability was observed in ice conditions, whereas open water was 

characterized by lower stability. In contrast, both surface states in freeze-up season fell 

within the same stability regime. This may explain why differences in cloud 

characteristics with respect to the surface conditions were more pronounced in melt 

than in freeze-up season; it is actually the atmospheric stability that has a more 

pronounced effect on clouds, rather than the surface state itself, albeit the latter has 

some impact through affecting the stability. 

 

 
 

Fig. 5.4 Relative Frequency Distributions of the main inversion base heights (km) for (a) melt and (b) 

freeze-up season observed during ACSE. Black dashed represent the whole ACSE experiment, black 

solid for each season, red for open water and blue for ice conditions. (Sotiropoulou et al. 2016b) 

 

 

5.5	The	role	of	large-scale	advection	
 

Warm air advection episodes over the melting ice, resulting in strong surface 

inversions, were frequent during ACSE (see section 5.4). The most extreme warm 

episode was observed during 30 July to 7 August 2014 (Fig. 5.3); satellite data 

indicated a rapid decrease in ice concentration from ~100% to ~60% within this 
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period. Although some of this is due to the seasonal melt, it was enhanced by the 

effects on the surface energy budget by the warm-air advection episode. The warm and 

moist advected air resulted in highly stable conditions, with temperature inversion 

strength > 10oC (maximum almost 20oC) and specific humidity inversion strength > 5 

g kg-1. An optically-thick fog also developed within the surface inversion that persisted 

for 4 days; towards the end of this period, it disappeared and reappeared intermittently. 

A detailed documentation of this event can be found in Tjernström et al. (2015).    

In Paper VI, we use the MIMICA LES to investigate the effect of advection on 

boundary layer and cloud vertical structure during a 3-day sub-period of this event. 

The initial profiles are based on ACSE observations, whereas the large-scale forcings 

are derived from ERA-I fields. Although this is a very complex situation, the LES 

provides a reasonable representation of the cloud and PBL characteristics, and offers 

the possibility of a more detailed analysis of the underlying processes of this extreme 

event. 

Our simulation indicates that the top of the fog radiates like a black body during 

the whole time, but when the very stable conditions develop, hardly any turbulent 

motions are driven by the buoyant overturning expected from the cloud-top cooling. 

This is due to the continuous advection of heat, enforcing the stability and suppressing 

mixing. Shutting off the advection of heat only results in an enhancement of turbulent 

mixing and a slight increase in cloud liquid (Fig. 5.5); more turbulence promote 

supersaturation in updrafts and more production of cloud water. However, turning off 

the advection of moisture only, leads to cloud dissipation (Fig. 5.5). Hence the 

advection of heat and moisture play important but different roles. The large-scale 

moisture supply is essential for the cloud maintenance, while heat advection has a 

negative effect on liquid production through the suppression of turbulent motions.  

We also tested the sensitivity of this case to the microphysical composition of the 

advected air, through variations in CCN concentration. These tests revealed a 

decreasing impact of CCN concentrations with increasing atmospheric stability. 

Generally, increasing CCN results in increasing cloud liquid and more cloud-driven 

mixing, but once the very strongly stable conditions develop, cloud properties become 

more similar, except for in one run with, for this case, unrealistically low CCN 

concentration. This leads to the conclusion that the accurate modeling of CCN 

concentration is not critical for the representation of such episodes in models. 
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Fig. 5.5 Time series of LWP (g m-2) for Large Eddy Simulations of a warm and moist advection episode 

observed during ACSE. Black line represents the control run, whereas the other simulations are 

sensitivity tests to large-scale advection: no heat advection (blue), no moisture advection (green) or both 

moisture and heat advections turned off  (red) after 18 hours. (Sotiropoulou et al. 2016c) 

 

6.	Conclusions	and	outlook	
 
 

The study of the relationships between Arctic clouds and the thermodynamic structure 

of the Arctic atmosphere has revealed that many important processes supporting cloud 

development exhibit spatial and seasonal variations. For example, during ASCOS 

clouds were not dependent on the surface moisture sources and were instead likely 

sustained by vapor supplies from aloft; this in turn was a result of long-range transport. 

This conclusion is supported by the frequent coexistence between temperature and 

moisture inversions near cloud top (Sedlar et al. 2011). During ACSE advection of 

moisture was important for the majority of summer clouds, especially those developed 

over ice, but in autumn the free troposphere was drier than the boundary layer and 

colocations between humidity and temperature inversions were infrequent. Moreover, 

the PBL was generally well-mixed, indicating that surface moisture may have been the 

primary source for autumn clouds during this campaign. 

In addition, there are also interesting spatial and temporal variations in cloud 

features, indicating that understanding of the dominant mechanisms in different parts 

of the Arctic region and through the different seasons is important. For example, in 
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median base 150 m and autumn clouds were mixed-phase with a median base at 270 

m. Very low clouds, with a base usually below 200 m, where also observed during 

Arctic Ocean Experiment 2001 (AOE-01: Tjernström et al. 2004).  

Furthermore, certain differentiations were also observed in PBL structure for 

different geographical regions. Relatively deep and well-mixed boundary layers were 

observed in summer during SHEBA (Uttal et al. 2002: Surface Heat Budget of the 

Arctic Ocean), ASCOS and AOE-2001 (Tjernström and Graversen 2009; Tjernström et 

al. 2012) and also in the pan-Arctic area (Zhang et al. 2011). SHEBA and pan-Arctic 

observations further revealed an increased frequency of surface inversions in autumn. 

These results are contrary to ACSE results, in which surface-based inversions were 

more frequent in summer and elevated inversions in autumn freeze-up. Deviations 

from previous studies are attributed to different locations relative to the ice: ASCOS 

and AOE-2001 were conducted in the central ice-pack, whereas ACSE took place 

closer to the ice edge. The hypothesis here is that strong advection supports the 

persistence of the surface inversions near the marginal ice zones and suppresses mixing 

by cloud-radiative cooling, whereas further downstream into the central ice, cloud-

driven turbulence would eventually overcome stability and lead to a well-mixed 

structure. Since the episode in Tjernström et al. (2015) led to an excess of surface 

energy into the ice appearing in a zone downwind from the ice edge, whether or not 

models can capture this transition may be important for both forecasting and climate 

projections of summer ice melt. However, further experimental and modeling studies 

of these processes are required. 

Some preliminary results from LES simulations of the extreme advection event 

observed during ACSE, following a Langragian approach, are shown in Fig. 6.1. The 

starting time of the simulations is 1 August 6UTC over land at 69oN. After 5 hours, the 

transition of the air mass from land out over open water (70oN) is simulated through 

changes in the surface conditions. After another 5 hours, the simulated air mass enters 

the ice pack simulated through a second change in surface conditions and continuous 

to evolve over ice-covered conditions for the rest of the simulation time. The only 

external forcing applied is a constant subsidence. For the final transition over ice, two 

different latitudes are simulated, due to the different effect of solar radiation (which is 

for technical reasons constant in the LES): for 75oN (panels a and b) and for 85oN 

(panels c and d); in reality of course the solar radiation conditions changes gradually 

along the air mass trajectory. When the air enters the ice, an optically-thick fog 
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develops in both simulations and continues to elevate (panels a and c).  After 3 August 

12UTC, a cloud-driven mixed-layer is clearly seen in the run corresponding to 75oN 

(panel b). The cloud-top cooling and the depth of this cloud-driven mixed follow the 

solar radiation diurnal cycle: stronger cooling and somewhat deeper mixing at 00UTC 

compared to 12UTC. This behavior indicates the strong inhibiting effect of solar 

radiation on cloud-top cooling and hence cloud-driven buoyant overturning. 

Interestingly, there is a zone about 2-3 days long where there is an enhanced surface 

forcing due to significantly positive net longwave surface radiation (not shown), just as 

was observed in Tjernström et al. (2015). 

For shortwave radiation conditions representative for further north, at 85oN, 

where the diurnal cycle of the solar radiation is much weaker, less pronounced daily 

variations are observed in the cloud liquid (panel c) and temperature profiles (panel d). 

A weak diurnal signal can also be seen in the LWP (not shown). In addition, there is 

less liquid in total within the cloud layer for this run (panel c). Very weak cloud-driven 

mixing is observed near cloud top, which follows the diurnal cycle after 5 August in a 

similar way as in panel b. Note, that besides the pronounced differences in the thermal 

structure between the two runs, neither fully reproduce the final expected well-mixed 

cloud-capped PBL, that is so frequently observed in the central Arctic summer. 

However, this is a very complicated case and it is not easy to model all the relevant 

processes accurately. Hence, these are preliminary results; the design of the 

simulations needs further inspection and more sensitivity tests should be carried out. 

Another interesting question that arises from this thesis concerns the large-scale 

phenomena that drove the rapid summer-to-autumn seasonal transition observed during 

ACSE. The investigation of the frequency of such synoptically-driven transitions, their 

regional character and their relation to large-scale circulation anomalies would be of 

great interest. A better understanding of the connections between large-scale patterns, 

local processes and cloud properties for different parts of the Arctic Ocean can be 

explored using satellite measurements from for example the Atmospheric Infrared 

Sounder (AIRS) in combination with CloudSat and CALIPSO datasets, although the 

latter two have limited cover for central Arctic studies. Combining such satellite data 

with analyses of reanalysis products can provide a larger selection of cases than can be 

expected from any field campaign. There are also still unanswered questions regarding 

the observed frequent occurrence of low-level jets and their generation mechanisms; 

the use of a regional mesoscale model would be essential to explore this phenomenon. 
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Finally, it is widely recognized that over the last decades the Arctic has 

experienced considerable changes in ice cover (e.g. Jeffries and Richter-Menge 2015) 

and that the Arctic climate has entered a “new normal” state (Carmack et al. 2015) 

with substantially reduced and thinner sea ice. To understand this rapidly changing 

system, year-round, detailed and comprehensive measurements, extending from the 

atmosphere through the sea ice and into the ocean are required. While a few 

expeditions have been carried out in summer time during the last few decades, there is 

only one dataset that covers the full annual cycle: SHEBA. But these observations 

were made nearly 20 year ago and are not representative of this “new Arctic”.  
The Multidisciplinary drifting Observatory for the Study of Arctic Climate 

(MOSAiC) is an international Arctic research initiative aiming at a one year drift 

experiment from October 2019 to October 2020 on the German research ice-breaker 

Polarstern. MOSAiC is expected to provide a process-level understanding of the 

present-day central Arctic coupled climate system, as well as a more detailed 

understanding of the processes that are responsible for the recent sea-ice changes. The 

plan is to deploy Polarstern in newly forming ice somewhere in the East Siberian Sea 

in October of 2019, and let it follow the development of this ice with extensive 

observations in the ocean, ice and atmosphere during a one-year drift across the central 

Arctic, aiming at exiting in or near the Fram Strait. 
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Fig. 6.1 Time-height cross sections of (a & c) cloud liquid (Qc, g kg-1) and (b & d) temperature (T, oC) 

for two Langragian LES simulations of an extreme warm advection episode observed during ACSE. The 

model is initialized with ERA-I profiles from land (158oW 69oN) on August 1, 6UTC. The simulation is 

carried out in three stages, through variations in surface conditions: 5 hours over land (69oN), 5 hours 

over open ocean (70 oN) and 8 days over ice at 75oN or 85oN: panels (a-b) and (c-d) correspond to  75oN 

and 85oN, respectively. 
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