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RÉSUMÉ 

La présence d'un intense système de basse pression sur l'Islande et d'un 
anticyclone centré sur la Sibérie pendant l'hiver favorise le transport à grande 
échelle des émissions anthropiques tel que l'acide sulfurique (H2S04) de latitudes 
moyennes vers l'Arctique. Cet acide sulfurique recouvre les NGs (Noyau glaçogène) 
d'une couche mince lors des épisodes de pollution et contribue ainsi à augmenter 
l'angle de contact (alpha = 27°) des NGs par rapport au cas naturel (alpha = 12°). 
Cela conduit à la quasi-désactivation de la nucléabilité des aérosols sulfatés et 
diminue substantiellement la concentration des NGs. Cela contribue à la formation 
de cristaux de glace moins nombreux mais plus gros qui précipitent plus 
efficacement des nuages (précipitation de ciel clair). En raison de la déshydratation 
de la basse troposphère et des modifications de la microstructure des nuages de 
bas niveaux et des nuages glacés de moyenne et haute altitudes, plus de 
rayonnement terrestre s'échappe de la troposphère. Cette perte de rayonnement 
infrarouge intensifie l'inversion de température en Arctique, refroidit la basse 
atmosphère par l'effet de la Rétroaction déshydratation-effet de serre (RDES). 

Plusieurs études de modélisation utilisant des modèles 1 D et 3D (Girard et Bekcic, 
2005; Girard et Stefanof, 2007 et Girard et al. , 2012) ont étudié l'impact d'enrobage 
de l'acide sulfurique sur les nuages et sur le bilan radiatif pendant l'hiver arctique. 
Ces études de modélisation supposent que seulement nucléation par déposition est 
modifiée par enrobage acide. Les résultats obtenus ont confirmé le refroid issement 
troposphérique produit par les RDES. 

L'objectif de cette recherche est tout d'abord de déterminer l'importance relative de 
la nucléation par contact des cristaux et d'investiguer l'impact de l'acidification 
d'aérosols sur la nucléation par contact, et par conséquent sur les propriétés 
microphysiques et optiques et sur le bilan radiatif des nuages arctiques pendant 
l'hiver par la théorie classique de la nucléation (CNT). Cette dernière suggère un 
cadre simple pour paramétrer le taux de nucléation hétérogène de la glace en 
fonction de diverses propriétés physiques et structurels des NGs tels que l'angle de 
contact (l 'angle entre le substrat de NG et l'embryon de glace formé sur le NG) qui 
est considérés constante pour tous les NGs (sing le-a) . Un second objectif est 
d'implémenter l'approche PDF (paramétrisation de l'angle de contact des NGs de 
déposition selon la distribution de fonction de densité de probabilité) de l'angle de 
contact dans le schéma microphysique et vérifier l'impact de l'approche PDF pour la 
nucléation par déposition sur les résultats. 

Cette étude est réalisée à travers six ensembles de simulations pour janvier 2007, 
simulé par GEM-LAM (une version à aire limitée du modèle Global Environnemental 
à Multi-échelle) au-dessus de l'Arctique. Chaque ensemble correspond à deux 
scénarios d'aérosols différents qui diffèrent l'un à l'autre par un seul paramètre, 
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incluent l'effet d'acidification, l'approche alpha-PDF et la nucléation par contact. 
Cette classification permet d'étudier la sensibilité du climat arctique hivernal à l'effet 
des paramètres en question. Les résultats indiquent que, contrairement à l'attente 
intuitive, la contribution des NGs de contact sur la formation de cristaux de glace 
dans les nuages arctiques hivernal est très faible (anomalie moyenne négative de 
forçage des nuages de -0.03 W/m2 au sommet de l'atmosphère et -1 .02 W/m2 à la 
surface et anomalie de température négligeable) et cet effet est encore plus faible 
dans une masse d'air acidifiée. Donc, la microstructure des nuages est modifiée 
mais pas suffisamment pour faire une différence significative sur le bilan radiatif. 
Aussi , le paramétrage PDF n'a pas un grand effet sur la microstructure des nuages 
et le bilan énergétique (anomalie moyenne négative de forçage des nuages de -0.83 
W/m2 au sommet de l'atmosphère et -0.69 W/m2 à la surface et anomalie de 
température négligeable aux milieux non acide) . Ces résultats montrent donc que 
l'altération de la nucléation par contact lorsque les NGs sont recouverts d'acide a un 
effet négligeable comparé à la même altération sur les NGs de déposition, et ce peu 
importe l'approche utilisée pour l'angle de contact. 

Key words: ice nuclei , contact nucleation, deposition nucleation, Arctic cloud 



ABSTRACT 

The presence of an intense law-pressure system over lceland and a high pressure 
system centered over Siberia during the winter promotes large-scale transport of 
anthropogenic emissions such as sulfuric acid (H2S04) from the mid-latitude to the 
Arctic. This sulfuric acid coats INs (ice nuclei) with a thin layer during episodes of 
pollution and contributes to increase the contact angle (alpha= 2r) of INs compared 
to the uncoated INs (alpha= 12°). As a result, the INs lost their ice nucleation ability 
leading to a substantial decrease of the concentration of INs. This contributes to the 
formation of fewer but larger precipitating ice crystals . Due to dehydration of the 
lower troposphere and optically thinner low-level and ice clouds, more terrestrial 
radiation escapes from the troposphere. This loss of infrared radiation intensifies the 
temperature inversion in the Arctic and cools the atmosphere. 

Several modeling studies using 1 D and 3D models investigated the impact of IN 
sulfuric acid coating on the clouds microstructure and on the cloud radiation balance 
during the Arctic winter. These modeling studies assume that only deposition 
nucleation is modified by the acid coating . The obtained results confirmed the 
tropospheric cooling caused by the DGF. 

Contact ice nucleation, which is another freezing process, is likely to be altered by 
sulphuric acid coating. The purpose of this research is first to determine the relative 
importance of contact ice nucleation on the formation of Arctic ice clouds when the 
INs are uncoated and coated with sulphuric acid. To reach this objective, the GEM­
LAM (limited area version of Global Environmental Multi-scale model) model is used 
with a two-moment microphysics scheme. For deposition ice nucleation, the classical 
nucleation theory (CNT) is used while contact freezing is parameterized with an 
empirical relationship . The CNT is a simple framework to set the heterogeneous ice 
nucleation rate depending on various structural and physical properties of 1 Ns su ch 
that the contact angle (the angle between the substrate and the IN embryo ice 
formed on IN) is considered constant for ali INs (single-a) . A second objective is to 
implement the PDF (parameterization of the contact angles of INs in deposition 
mode according to the distribution of probability density function) of the contact angle 
in the microphysics scheme approach and to verify the impact of PDF approach on 
the results. 

This study was conducted through six sets of simulations for January 2007, 
simulated by GEM-LAM over the Arctic. Each set corresponds to two different 
aerosol scenarios, which differ from each other in a single parameter including the 
acidification of the INs, alpha-PDF approach and the presence of the contact 
freezing . This classification allows studying the sensitivity of winter Arctic climate to 
the effect of these parameters. The results indicate that, as opposed to the intuitive 
expectations, the contribution of contact INs on the formation of ice crystals in the 
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Arctic winter clouds is very law (negative average cloud forcing anomaly of -0.03 
W/m2 at the top of the atmosphere and -1 .02 W/m2 at the surface and negligible 
temperature anomaly) and this effect is even lower in an acidified air mass. 
Therefore, the microstructure of clouds is modified but not enough to make a 
significant difference in the radiation balance. Also, the PDF approach does not have 
a large effect on the microstructure of clouds and on the energy balance (negative 
mean cloud forcing anomaly of -0.83 W/m2 at the top of the atmosphere and -0.69 
W/m2 at the surface and negligible temperature anomaly for non-acidic air mass). 
These results show that the alteration of the contact nucleation when the INs are 
covered by sulphuric acid has a negligible effect compared to the same alteration on 
deposition INs regardless of the approach used for the contact angle. 

Mots clés: noyaux glaçogènes , nucléation par contact, nucléation par déposition , 
nuages arctiques 



CHAPTERI 

INTRODUCTION 

lee formation in the atmosphere occurs by either homogeneous freezing of 

water droplets or heterogeneous ice nucleation. Homogeneous freezing requires 

super cooling of water droplets at temperatures lower than -38°C (Pruppacher and 

Klett, 1998). On the other hand, heterogeneous ice nucleation starts at temperatures 

much higher than the threshold for homogeneous freezing , in the presence of 

insoluble or partially soluble aerosol particles called ice-forming nuclei (IN). The latter 

nucleation process is responsible for ice formation in tropospheric clouds at 

temperatures higher than -38 °C and occurs through four different modes: (1) contact 

freezing occurs after the collision of a dry IN with a super-cooled drop, (2) deposition 

ice nucleation is the direct growth of ice from the vapour phase on a dry IN in ice 

super-saturated and liquid sub-saturated conditions, (3) immersion freezing is 

caused by an immersed IN within a liquid water drop or haze droplet and (4) 

condensation freezing refers to the sequence of events whereby liquid water first 

condenses from the vapour on the IN surface immediately followed by freezing of the 

liquid at liquid water saturation condition. 

The INs serve to lower the free energy barrier for ice nucleation and help the 

water molecules to align in an ice-like structure, thus facilitating the phase transition 

from vapour or liquid water to ice at higher temperatures and lower relative 

humidities compared to homogeneous freezing. 

Mineral dust particles are the most common and efficient IN in the atmosphere. 

Kaolinite particles represent a major component of highly efficient mineral dust and 
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make up to 50% of atmospheric mineral dust particles (Ciaquin et al. , 1999; Kumai, 

1961; DeMott et al., 2003b and Eastwood, 2008) and are proved to be a patent IN. 

They nucleate ice crystals in the deposition, contact, immersion and condensation 

freezing modes at a relatively high temperature (Pruppacher and Klett, 1998). 

The onset temperature and relative humidity for heterogeneous ice formation 

depends on the nucleation mode and the type of IN. Recent laboratory experiments 

done on the heterogeneous nucleation of ice crystals on kaolinite mineral particles 

demonstrate that, in the deposition mode, th is particle can nucleate ice at 251 K and 

123% relative humidity with respect to ice (RH;) and at 112% RH; at temperature 

ranging from 233 to 246 K (Salam et al., 2006). ln the immersion mode, ice formation 

is initiated in a temperature range from 243 to 259 K while in contact mode, ice 

crystals nucleate at substantially higher temperatures ranging from 266 to 268 K 

(Pitt er and Pruppacher, 1973; Eastwood et al., 2008; Svensson et al., 2009). These 

results clearly show that contact nucleation is the most efficient heterogeneous ice 

nucleation mode involving kaolinite particles as the solid-liquid-air interface strongly 

favours ice nucleation. 

The 1 N particles can have a great influence on the climate through their 

interactions with the cloud ice formation processes (DeMott et al., 2003a; 2003b; 

Richardson et al., 2007) and subsequently on the cloud microstructure, the surface 

energy budget and on the precipitation as any changes in these parameters are 

capable of modifying the climate (e.g. Girard et al. , 2012 and references therein). 

This effect is very important in the Arctic because it is a unique region 

characterized by very low temperature and humidity, high cloud cover and surface 

albedo, absence of solar radiation during winter and frequent surface based 

temperature inversion. 

Mixed-phase clouds, containing both liquid and frozen water, are the 

predominant cloud type in the Polar Regions (Hoose et al. , 2008). Through various 

feedback mechanisms, these long-lived clouds have a great impact on the Arctic 

climate (Avramov and Harrington., 2001). During the polar night, they produce a 



3 

positive cloud radiative forcing ranging from 20 to 40 W m·2 at the surface while 

during summer the cloud radiative forcing is close to zero due to the balance 

between the forcing in the solar and infrared radiation (Shupe and lnterieri , 

2004) .The lifetime of mixed-phase clouds depends strongly on the ambient 

concentration of ice nuclei (Harrington et al. , 1992). The microstructure of ice clouds 

are also very sensitive to the concentration of IN. Previous modeling studies have 

shawn that the cloud radiative forcing both at the surface and at the top of the 

atmosphere can be substantially altered when the IN concentration is modified (e.g . 

Ho ose et al. , 2008; Girard et al., 2012; Girard and Stefanof, 2007). 

The 1 N concentration in the Arctic is highly variable and depends on the 

season . As opposed to the summer, during the cold season , most of the aerosols 

are transported from the mid-latitudes. This is due to the lack of local aerosol 

sources over the ice and snow covered surface . ln fact , the presence of an intense 

law-pressure system over lceland and a strong anticyclone centered over Siberia 

during the winter is favorable to the transport of anthropogenic pollution emissions 

from the mid latitude regions such as Northern European cities, China and Siberia 

and dust originating from East Asian deserts toward the Arctic. Therefore, the Arctic 

air mass can be highly polluted during the cold season by these anthropogenic 

aerosols and gaseous precursors (Girard et al. , 2012; Girard and Bekcic, 2005; 

Shaw, 1995). According to lversen (1996) , 70% of anthropogenic pollutants originate 

from Europe while sources from Asia contribute to almost 30% of it. 

A large amount of anthropogenic gaseous precursors is made of sulfur dioxide. 

During the oxidation process, sulfur dioxide converts into sulfate (S04-
2
), which can 

thereafter react with hydrogen cations (W) to form sulfuric acid (H2S04) or 

ammonium cation (NH/) to form ammonium sulfate ((NH4)2S04) (Seinfeld, 1986). ln 

the Arctic during winter, the concentration of ammonia and ammonium cation is low 

due to the lack of local sources. As a result, aerosols can be highly acidic in cases 

where the concentration of sulphate is large (Bigg, 1980). According to Bigg (1980) , 

most of the aerosols in the accumulation mode are coated with a thin film of sulfuric 

acid during winter. 
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Eastwood et al. (2008; 2009) have shawn that the ice nucleation properties of 

uncoated and sulfuric acid coated kaolinite particles are very different. The onset 

relative humidity with respect to ice (RH;) for deposition ice nucleation initiation 

increases drastically in acid coated particles requiring an extra 30% of RH; to initiate 

nucleation (Eastwood et al., 2009; Chernoff and Bertram, 201 0) . Other experimental 

data (in-situ measurements) have shawn that this process reduces the concentration 

of active deposition 1 Ns in the cloud levels (Ba rys, 1989). A Iso Sullivan (201 0) 

experiment result on the acid coating effect on the coated aerosols suggests that the 

de-activation effect of the INs is irreversible. The coated INs do not retrieve their ice 

nucleation properties even after being neutralized with ammonia (Sullivan et al., 

201 0). 

As explained above, since acid coated INs initiate deposition nucleation at 

higher RH; and lower temperatures compared to uncoated particles, at the same 

temperature and humidity conditions, there would be lower active deposition INs in 

acidified scenario compared to clean scenario (Girard et al. , 2012; Borys, 1989). 

Blanchet and Girard (1994) were the first to hypothesize the effects acid 

coating on INs could have on the Arctic climate during the cold season. According to 

their hypothesis, the acid coated aerosols decrease the heterogeneous nucleation 

rate of ice crystals. ln ice clouds, there is more water vapeur available for each ice 

crystal when compared to unpolluted case. As a result, ice crystals grow to larger 

sizes. ln mixed-phase clouds, ice crystals are nucleated in the thin liquid layer 

located at cloud top and rapidly grow by the Wegener-Bergeron-Findeisen effect (the 

growth of ice crystal at the expense of liquid water under ice sub-saturation and 

water super-saturation conditions) (Girard et Stefanof, 2007). Bigger ice crystals 

have larger terminal velocity and precipitate more efficiently. Thus, the acid coating 

contributes to dehydrate the troposphere by increasing the precipitation over a large 

area. Therefore, cloud ice water content is significantly reduced. The dehydration 

results in the decrease of the greenhouse effect due to the strong effect of water 

vapeur and enhanced atmosphere transmissivity. Modeling studies have shawn that 

the increased emissivity of mixed-phase clouds located in the lower troposphere 
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combined to the increased transmissivity of the optically thinner ice clouds upper in 

the troposphere produces a tropospheric cooling ranging between 0 and 2 K when 

compared to an uncoated aerosol scenario (Girard et al. ,2012; Hoose and 

Kristjansson, 2008; Girard and Stefanof., 2007) . 

The above-mentioned laboratory studies have investigated the acid coating 

effect on the deposition ice nucleation and immersion freezing . Because of technical 

complexities, the effect of acid coating of INs on contact freezing has not been 

investigated so far. However, it is likely that contact nucleation may also be altered 

by acid coating too (e.g. Hoose et al., 2008). 

Morrison et al. (2005) investigated the importance of ice nucleation on the 

lifetime of Arctic mixed-phase clouds using a 1-D cloud madel. They found that the 

low-level Arctic mixed-phase clouds are highly sensitive to the mode of nucleation. 

They also showed that the lifetime of these clouds is highly sensitive to the 

concentration of the deposition INs and much less sensitive to the number 

concentration of contact 1 Ns. Some in situ observations and laboratory experiments 

show that the scavenging and precipitation at the mixed-phase cloud level depletes 

rapidly the deposition INs increasing the mixed-phase stratiform clouds lifetime (e.g., 

Harrington et al. , 1999; Jiang et al., 2000, Morrison et al., 2005). The scavenging has 

little impact on the concentration of contact INs in mixed-phase clouds since few 

active contact nuclei initiate ice nucleation upon contact with water drops (Morrison , 

2005) . As a result , the contact nucleation mode dominates in the Arctic mixed-phase 

cloud layers and contrais the ice formation process when both nucleation modes are 

considered, contributing to the formation of long-lived co-existence of liquid and ice 

(Young, 1974; Hobbs and Rangno, 1985). The dominant role of the contact 

nucleation mode in the Arctic mixed-phase clouds suggest the need to investigate in 

more details its role within arctic mixed-phase and consequently in the Arctic climate. 

However some other studies contradict the dominance of contact nucleation in Arctic 

mixed-phase clouds by giving the dominant role to the deposition nucleation mode 

(Harrington et al., 1999; Harrington and Olsson, 2001 ; Avramov and Harrington, 

2001 ). 
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ln the Hoose et al. (2008) study on the influence of dust mineralogical 

composition on heterogeneous ice nucleation in mixed-phase clouds, the deposition 

freezing potential is believed to be less important and has been neglected. The 

contact nucleation mode was assumed to be dominant in the formation of Arctic 

mixed-phase clouds. They investigate the sensitivity of the climate to the 

anthropogenic emission effect through simulations for present-day and preindustrial 

era using the coupled aerosol-climate model ECHAM5-HAM. ln their present-day 

simulations, they assumed coated INs. Therefore, contact ice nucleation was 

suppressed . The simulation result gives an annual mean difference of -0.6 W/m2 in 

longwave radiative flux between the present day and the preindustrial era the top of 

the atmosphere in the northern hemisphere where the glaciations ability of part of 

INs are reduced by anthropogenic pollutant emission (Hoose et al., 2008). 

According to the above-mentioned studies, the importance of contact ice 

nucleation is still unclear. More work needs to be done on its importance and 

whether or not deactivated contact IN by acid coating could have a substantial effect 

on the Arctic clouds and radiation during winter. This study investigates the role of 

deposition and contact ice nucleation modes in clean (uncoated IN) and polluted 

(sulfuric acid coated IN) air masses to study their role in winter time Arctic clouds 

and subsequently on the Arctic climate. 

This thesis is organized into three main chapters beginning with the theoretical 

concepts. The second chapter presents the methodology and describes the 

numerical model GEM-LAM and experimental set-up including land-surface, 

radiation and microphysical schemes of the model and discusses the simulation 

configuration and explanations of the various processes of ice nucleation. The third 

chapter is devoted to the presentation and analysis of results. Finally the conclusion 

of this study will be presented at the end. 



CHAPTER Il 

METHODOLOGY 

2.1 Description of the model GEM-LAM 

Ali the simulations have been performed with the version 3.3.0 of the Limited 

Area Global Environmental Multi-scale model (GEM-LAM) in climate mode. This 

model includes 53 vertical levels with the highest level located at 1 0 hPa. The 

numerical formulation and physics package of the model is described in details by 

Côté et al. (1998). The physics package contains several operational 

parameterizations for the physical phenomena such as turbulent flux of momentum, 

heat and moisture, surface layer effects, gravity wave drag, prognostic clouds, solar 

and infrared radiation with or without interaction with clouds, deep and shallow 

convection, condensation and precipitation. The surface scheme is ISBA 

(Interactions Soii-Biosphere-Atmosphere) from Noilhan and Planton (1989). lt 

determines the lower boundary conditions for the vertical diffusion of temperature, 

moisture, and momentum. lt also computes the hydrological surface budget and 

evolution in time of the following prognostic variables according to the continuous 

formulation discussed in Noilhan and Planton (1989): surface temperature 

(representative of beth canopy and soil surface) , mean (or deep-soil) temperature, 

surface volumetrie water content, liquid and frozen bulk soil water contents, liquid 

water retained on the vegetation canopy foliage, equivalent water content of the 

snow reservoir, liquid water retained in the snow pack, snow albedo, and relative 

snow density (Noilhan and Planton, 1989). ln the following subsections, the radiation 
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parameterization and the microphysics scheme are described in details because of 

their important role in the current investigation. 

2.1.1 Correlated-k radiation Scheme 

The radiative transfer scheme in GEM-CLIM is from Li and Barker (2005) is 

based on the correlated-k distribution (CKD) method for gaseous transmission to 

handle the overlap of several gases (here H20 , C02, 0 3, N20 , CH4, CFC11-14) . lt has 

9 bands in the long-wave frequencies and 3 bands in the shortwave frequencies (Li 

and Barker, 2005). 

ln this scheme the transmission function for each gaseous absorber in k space 

is defined by the following equation 

00 

Tr(w) = f e-wk f(k)dk 

0 

(2.1) 

Where w is the amount of the vertically integrated absorber amount (kg/m2
), k is 

absorption coefficient of the gas and f(k) is the k-distribution function and is given by: 

f(k)=-
1 f o [k - k(v)}:iv 
~V L'. v 

(2.2) 

in which k(v) is frequency dependent absorption coefficient of the gas in the space 

of frequency v, ~v in the incident wave band width and 5 [ k- k( v)] is the Dirak 

function. 
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2.1.2 Microphysics scheme of Milbrandt and Y au 

The microphysics scheme used in this project is from Milbrandt and Yau 

(2005a,b). There are three versions of this scheme: one-moment, two-moment and 

three-moment bulk approaches. The hydrometeors are divided into six classes 

including cloud droplets, cloud ice crystals, raindrop, snow, graupel and hail. 

The one moment version predicts the mixing ratio for ali types of hydrometeors 

(cloud droplets, cloud ice crystals , raindrop, snow, graupel and hail). ln the double 

moment approach, the prognostic mixing ratio and total number concentration of 

hydrometeors are independently predicted. The hydrometeor size distribution is 

described by a gamma size distribution function N (D) = NcD /3 e -À.D , in which Ne (the 

intercept of the size of each category) and A are prognostic parameters; 0 is the 

diameter of an individual hydrometeor and {3 is the spectral shape parameter that 

has a constant value. Recently, a three-moment scheme was introduced in which {3 

is diagnosed from a monotonically increasing function of the mean-mass diameter 

(Milbrandt and Yau, 2005a). ln the three-moment version, the shape parameter is a 

prognostic variable that varies in a bulk parameterization. lt is obtained by solving 

the sixth moment predictive equation (Milbrandt and Y au, 2005a; 2005b). 

ln this study, we use the two-moment version with a constant (one for cloud 

and 0 for hail , graupel , snow and rain) spectral shape parameter. The scheme is 

composed of three main parts; the preliminary calculations are done in part one, the 

second part deals with the cold microphysics processes and bath sources and sinks 

of ice phase in the atmosphere, and the last part is devoted to warm cloud 

microphysics processes and is based on Cohard and Pinty (2000a). 

2.1.2.1 lee nucleation in deposition-immersion mode 

Either primary ice nucleation, collection process (conversion, accretion and 

aggregation) of ice particles or homogeneous freezing of cloud droplets are 
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of ice phase in the atmosphere, and the last part is devoted to warm cloud 

microphysics processes and is based on Cohard and Pinty (2000a). 

2.1.2.1 lee nucleation in deposition-immersion mode 

Either primary ice nucleation, collection process (conversion, accretion and 

aggregation) of ice particles or homogeneous freezing of cloud droplets are 

considered as the source of the ice phase formation in the atmosphere. ln the first 

freezing mode, the deposition-immersion freezing parameterization is based on 

Bertram parameterization (Wheeler and Bertram, 2011) and occurs wh en the super­

saturation with respect to ice is reached . ln the original version of the scheme, the 

parameterization of Meyers et al. (1992) was used. ln the version of the scheme 

used in this study, the approach of Du et al. (2011 ) and Girard et al. (2012) is 

considered. This approach is based on the classical nucleation theory. The 

parameterization represents bath the nucleation by deposition on uncoated INs and 

the immersion freezing of coated INs, which are inactivated haze particles. 

The total number of ice crystal formed by deposition nucleation in dt (Ndeposition) 

is given by the following equation : 

N _ N [l [A A [l6no-it} f(mitJJ s' dt JJ 
deposition - 0 - exp K exp 3k3 N/ 'o T3 [ln siee t (2.3) 

where A is the pre-exponential factor (Pruppacher and Klett, 1998), Ak is the area of 

a single kaolinite particle, ai1v is the ice-vapor interfacial energy (0.1 06 J m-2
) , M is 

the molecular concentration of ice (cm-3), S iee is the saturation ratio with respect to 

ice, No is the total number concentration of deposition ice nuclei (=1 00000 m-3) , k is 

the Boltzmann's constant (1.380622x10-23 J K-1
), T is the temperature (K) and 

f(n~1v) is defined as the equation below: 
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(2.4) 

where a is the contact angle (the angle between the ice embryo and the substrate of 

the IN), rais the kaolinite radius and is equal to 0.39 ~m (Girard et al.; 2013)and r9 is 

the critical embryo radius and is defined as: 

20ft v r = --__:.:_:___-
g p~TinSice 

(2.5) 

where pis the liquid water density and Rv is the gas constant for water vapeur. 

The contact angle is set to 12° for uncoated dust INs and 27° for sulphuric acid 

coated dust INs. These values are based on laboratory experiments of Eastwood et 

al. (2008; 2009). 

To avoid the over depletion of water vapor by the ice nucleation process, the 

nucleation rate is limited by a maximum value for deposition ice crystal 

concentration , N max. defined by the following equation: 
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(2.6) 

where p is the density, m;o is the initial mass of nucleated ice crystal (1 o-12 kg) , q is 

the mixing ratio and qs is the ice saturation mixing ratio, Ls is the latent heat of 

sublimation (283.5x1 04 J kg-1), cp is the specifie heat at constant pressure and t-.t is 

the time step. 

The parameterization for deposition ice nucleation has been modified in this 

study to better reproduce the laboratory experiments of Eastwood et al. (2008; 

2009) . The approach of Wheeler and Bertram (2012) is adopted in which the contact 

angle is not constant but rather represented by a probability distribution. 

From the equation 2.3, the single contact angle can be calculated by fitting the 

measured RHi required to nucleate 1% of available ice nucleus (Wheeler and 

Bertram, 2011) . 

However the results of a recent research on this subject proves that none of 

the frozen fraction-saturation ratio graphs related to fixed contact angles of 3°, 7° and 

14° could capture the increasing slope of N1/N 0 with increasing Siee as derived from 

experimental data; therefore the single contact angle madel fails to describe the 

surface properties of aiiiNs (Wheeler and Bertram, 2011). 

ln arder for CNT to better madel the experimental data, the original CNT 

framework in which a single contact angle is assumed to ali available INs (hereafter 

called single-a scenario) needs to be generalized to a more exact framework. This 

new framework assigns a single contact angle for each individual IN but a 

distribution of contact angles to different INs. The probability of occurrence of each 

contact angle is given by a probability density function (PDF) to incorporate the 

variability in the IN surface properties (a-PDF scenario) (Wheeler and Bertram, 2011 ; 
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ln order for CNT to better model the experimental data, the original CNT 

framework in which a single contact angle is assumed to ali available INs (hereafter 

called single-a scenario) needs to be generalized to a more exact framework. This 

new framework assigns a single contact angle for each individual IN but a 

distribution of contact angles to different INs. The probability of occurrence of each 

contact angle is given by a probability density function (PDF) to incorporate the 

variability in the IN surface properties (a-PDF scenario) (Wheeler and Bertram, 2011; 

Marcolli et al. , 2007). ln this approach, the nucleability of each single IN is equal over 

the entire surface but varies from particle to particle. 

This representation of contact angle with a Gaussian probability distribution 

function described by the following equation fits pretty weil the experimental data: 

f(a) = Bexp[_(a - .U )
2

] 

2c/ 
(2.7) 

here fJ and a are the mean and standard deviation of the distribution and B is the 

normalization constant such that 

" f f(a)da = 1 (2.8) 
0 

Considering the variation of contact angle of INs, the nucleated fraction derived 

by the CNT needs to be restated to the following relation between the nucleated 

fraction and heterogeneous nucleation rate: 

N 7T 

___[_ = 1-f exp[ - J(a)At }f(a )da 
Na o 

(2.9) 

As opposed to the single contact angle model parameterization , the 

heterogeneous nucleation rate varies from particle to particle because of varying 

contact angle in the PDF parameterization. 
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Results of the study conducted by Kulkarni (2012) on variable dust particle 

sizes at different temperatures show that the contact angle in single-a scenario does 

not show significant dependency to the experimental parameters such as 

temperature, relative humidity with respect to ice or the size of the dust particle. 

However, in the a-PDF scenario the contact angle parameters are significantly 

sensitive to the above-mentioned experimental parameters. Therefore any change in 

environment conditions has a rather big effect in the ice forming ability and 

consequently on clouds properties (Kulkarni et al., 2012). 

2.1.2.2 lee nucleation in contact mode 

Contact nucleation (including, diffusiophoresis, thermophoresis and Brownian 

diffusion) is parameterised following Cotton et al. (1986) and Walko et al. (1995). 

Contact freezing occurs at temperatures below -2 oc in the presence of liquid water. 

According to this parameterization of contact nucleation , the number of crystals 

produced by diffusiophoresis, thermophoresis and Brownian diffusion is respectively 

defined by the following three equations: 

N conD _ F. F f\T 
- 1 2 

dt L,vPa 
(2.1 0) 

N eanT = F;F2J; 
dt Pa 

(2.11) 

N conB = Flf/ 
dt a 

(2.12) 

where ~. is the gas constant for water vapour, Pa is the air density, T is the air 

temperature (K), L 1v is the latent heat. F; , F2 , ft and If/ a are respectively defined 

by equations (2.13), (2.16), (2.17) and (2.19) : 
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(2.13) 

where De is the cloud droplet diameter, N,c is the cloud droplet concentration and 

N a is the concentration of INs available for contact freezing and is defines as: 

Na= exp (4.11-0.262Tc) (2.14) 

where ~ is cloud droplets temperature and is defined by: 

rr -T G(T,p) x (S-l)L"1 1 c - +-:.......;_::......::...____:_ _ _:_...:c. (2.15) 
K 

in which G(T, p) is the thermodynamics function , S is the dimensionless 

hydrometeor shape parameter and K is the air thermal diffusivity. 

The equation for F2 is given by: 

(2.16) 

in which p is the atmospheric pressure in hPa and Tac is air temperature in °C. 

(2.17) 

where Ka thermal conductivity of aerosol in Jm-1s-1 and Kn is the Knudsen number 

and is defined as : 

(2 .18) 
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Where A00 = 6.6 x 1 o-s m is the mean free path at reference temperature T0 =293.12 

K and reference pressure p0=1 01325 Pa and ra is the aerosol radius. 

Finally l.j/ a is the aerosol diffusivity and is defined by 

(2.1 9) 

where fla is the dynamic viscosity of air. 

The total primary ice nucleation concentration , N1otaJ. is given by: 

Ntotal = min (N max' N deposition + N contact ) (2 .20) 

2.2 Experiment configuration 

2.2.1 Simulation domain 

GEMCLIM is a limited area madel, which means the simulation domain does 

not caver the entire Earth's surface. ln this study, the integration domain is 

rectangular (91 00 km x 7700 km) and is centred over the Arctic. lt covers ali areas 

north of 50°N including the Arctic Ocean, the North Atlantic and Pacifie Oceans, most 

of Europe, Northern Asia, lceland, Greenland, Siberia and Northern Canada (see 

Figure 2.1). 

A horizontal resolution of 0.25° was adopted. The simulation domain contains 

364 grid points in the x-direction and 308 grid points in the y-direction including a 12-

points sponge zone. Results are analysed on a sub-domain of 8500 km x 7100 km to 

eliminate the twelve-grid point pilot of the domain boundaries. The simulations are 
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performed with a total of 53 verticallevels from 1000 hPa to 10 hP a with the highest 

resolution in the lower levels. 

Figure 2.1 : Domain of integration by GEMCLI M model, including dominant sources 
of anthropogenic sulfate in winter. 

lt is noteworthy to mention that ali the experiments are done over a mask 

applied on the domain above. This mask is limited over the Arctic sea ice 

boundaries. This mask is used to avoid regions with temperatures too warm (for 

instance over the free water) not relevant for our study. 

2.2.2 Initial conditions at the boundaries 

Since GEMCLIM is a limited area model, boundary conditions are required for 

the integration. The initial and lateral boundary conditions of the domain are 

initialized at the surface at t = 0 and are provided by the European Centre 

Meteorological Weather Forecasting Centre (ECMWF) analysis data. The analyzed 

fields are available on 18 pressure levels (1 000, 925, 850, 775, 700, 600, 500, 400, 

300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 hPa) on a longitude/latitude grid with 

a 2° by 2° spatial resolution at every six hour (i.e. at 00, 06, 12 and 18 UTC). The 
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variables are then interpolated to the GEMCLIM grid. Sea ice and sea surface 

temperature are from AMIP2 (Atmospheric Modellntercomparison Project) (Hurrel et 

al. , 2008) . They are available on a grid at a horizontal resolution of 1° by 1°. They are 

then interpolated to the GEMCLI M grid. 

2.2.3 Ensemble techniques and statistical analysis 

According to Rinke and Dethloff (2000) and Rinke et al. (2004), the Arctic is 

characterized by large values for internai variability due to the pronounced sensitivity 

of Arctic atmospheric simulations to uncertainties in initial and boundary conditions 

with the high horizontal resolution regional climate madel. This effect is amplified 

during the cold season when the atmospheric circulations over the Arctic are 

stronger. 

According to Stefanof (2007) study on the sensitivity of Arctic climate on the 

dehydration-greenhouse feedback, the evolution in external forcing, called signais, 

due to the evolution of sorne natural forces (solar radiation , volcanic aerosols, etc .. . ) 

or anthropogenic factors (increased concentration of greenhouse gases or aerosols, 

etc ... ) could be a source of climate variation in regional climate models. lt is therefore 

important to take into account this pronounced magnitude of internai variability in the 

madel. To do so, the technique of ensemble of several simulations is used. This 

technique allows distinguishing the anthropogenic forcing "signal" from the "noise" 

produced by the internai variability of the simulated system. The noise is 

reduced by increasing the number of simulations (IPCC, 2001). 

The ensemble technique consists of taking the average of several runs of the 

same scenario and perturbing the initial conditions between each simulation 

following Rinke and Dethloff (2000). This technique is used to estimate the 

magnitude of the internai variability of the madel. 
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ln our experiments, each aerosol scenario is investigated with 10 simulations 

(ensemble) , each one with a 12-hour temporallag in initial conditions with respect to 

the previous simulation. The start date of the first simulation is on December 1 st, 
2006 at 00 UTC. This also changes the spin-up period for each of the ensemble 

members depending on the simulation start date (see table 2.1 ). 

Table 2.1: Periods of integration for ali simulations. Mentioned are the beginning and 
end of each simulation, spin-up duration and the analysis period considered for ali 

simulations 

Simulation Simulation start Simulation end Spin-up 

number date date period 
Analyse period 

01/12/2006 at 
1 30 days 

00 UTC 

01/12/2006 at 29 % 
2 

12 UTC da ys 

02/12/2006 at 
3 29 days 

00 UTC 

02/12/2006 at 28 % 
4 

12 UTC da ys 01 /01 /2007 at oo 
03/12/2006 at UTC 

5 28 days 
00 UTC 31/01/2007 at to 

03/12/2006 at 00 UTC 27 % 31/01 /2007 at oo 
6 UTC 12 UTC da ys 

04/12/2006 at 
7 27 days 

00 UTC 

04/12/2006 at 26~ 
8 

12 UTC da ys 

05/12/2006 at 
9 26 days 

00 Z UTC 

05/12/2006 at 25~ 
10 

12 UTC da ys 
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The internai variability of the model is defined by the variance between each 

ensemble member and its average. Consider xi,J,k to be the magnitude of the 

variable X from the k1
h run of ensemble of n simulations at grid point (i,j) where i 

and j are the horizontal indices. 

The mean of the ensemble of n simulations for the variable X over grid 

point (i,J), Xi ,J ,is calculated according to the equation below (Champigny, 2008): 

n 

" x . "k L.J I,J , x ==k=::.!._l __ 
l,J n 

(2.21) 

Having this mean value from the equation (2.21), one can calculate the 

unbiased sample variance ( s 2 
. ) of n simulations by the following equation. The 

l.j 

variance represents the internai variability of the variable x . at the grid point (i , j) : 
l ,j 

11 

" - 2 L. cxi,J,k- xi,J) 

5
2 = .!!Ck-::..!1 _____ _ 

l , j n-1 (2.22) 

We can then calculate the spatial mean of the sl1 for ali the grid point by the 

following equation: 

2 i=l J =l s = 
N x ·Ny 

(2.23) 
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The objective is to converge the ensemble variance, s2 
, to the true population 

variance after n simulations indicating the stabilization of the internai variability of the 

madel. According to Champigny (2008), the variance converges into a fixed value as 

the number of simulations in an ensemble approaches to five. 

2.3 Statistical analysis of the results (Student's t-test) 

One of the major problems in the study of stochastic systems is the 

identification of statistically significant area; this is defined as the area in the domain 

in which the difference between means of a given variable in bath scenarios is 

significant to a desired confidence level. 

To determine these areas, one needs to perform a statistical test for the 

difference between two independent populations (reference and perturbed) from 

which a sample is taken. lt is assumed that each population is characterized by a 

normal distribution. 

The statistical test allows us to provide a non-zero signal with a desired 

confidence level. This non-zero signal is produced by reducing the concentration of 

ice nuclei. lndeed, the difference between the two cases (reference and perturbed) is 

partly caused by internai variability of the madel and partly by the reduction in ice 

nuclei number concentration (Champigny, 2008). 

The confidence on difference of a given field from two scenarios over the 

enti re domain is evaluated using the student t-test with a desired confidence level. 

The statistical test is described in Appendix B. 
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2.4 Sensitivity study 

ln this study, the sensitivity study consists of comparing six ensembles (each 

associated with an aerosol scenario) often simulations for January 2007, two by two, 

to verity the sensitivity of wintertime Arctic clouds and radiation to contact nucleation, 

air acidification and the contact angle. 

Table 2.2 shows the aerosol scenarios and their associated acronym. The first 

set consists of simulations in non-polluted air with a constant contact angle set to 12° 

in which the concentration of contact 1 Ns is non-zero (NAT1 ). The second set 

consists of simulations in non-polluted air in the absence of contact freezing in which 

contact angle is set to 12° (NAT2). The third scenario differs from the second by the 

fact that the contact angle is not constant anymore but varies according to a PDF 

distribution as discussed in section 1.2.2. The fourth set of simulations corresponds 

to acid polluted episode of Arctic air in the presence of contact nucleation in which 

contact angle is set to 27° (AC1 ). The fifth aerosol scenario corresponds to acid 

polluted episode in which the contact nucleation is excluded from the microphysics 

scheme (AC2) and finally the sixth set of simulations corresponds to non-polluted air 

mass with the presence of contact freezing in which the contact angle is distributed 

according to a normal distribution probability function (AC3) . 

Table 2.2: Introduction of six aerosol scenarios to check the Arctic climate sensitivity 

NAT1 Non-acid with contact (a = 12°) 

NAT2 Non-acid without contact (a= 12°) 

NAT3 Non-acid without contact ( a-PDF) 

AC1 Acid with contact (a= 27°) 

AC2 Acid without contact (a= 27°) 

AC3 Non-acid with contact (a-PDF) 
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Subsequently, comparing these sets of simulations two by two, allows 

analyzing the impact of the parameterisation changes on the cloud microstructure 

and radiative forcing over the Arctic during January 2007. The Table 2.3 shows the 

components of each pair and its related anomaly when the anomaly is defined as the 

difference between two scenarios of each pair. 

Table 2.3: Introduction of the components of six pairs to check the Arctic climate 
sensitivity 

Pairs 1 nvolved aerosol scenarios Pair Anomaly 

Pair 1 AC1 and NAT1 AC1-NAT1 

Pair 2 AC3 and NAT1 AC3-NAT1 

Pair 3 NAT1 and NAT2 NAT1 -NAT2 

Pair4 AC1 and AC2 AC1-AC2 

Pair 5 AC2 and NAT2 AC2-NAT2 

Pair6 AC3 and NAT3 AC3-NAT3 



CHAPTER Ill 

RESULTS 

3.1 Model validation 

Madel validation, which includes the comparison of madel simulations with 

analysis data, is an essential step to verify how accurate the madel is capable of 

reflecting the real atmospheric processes. ln ether words, the validation ensures how 

precisely the madel predictions match the experimental data and the observations. 

Here the important atmospheric fields chosen to verify the madel are the sea 

level pressure, the temperature at 850 hPa and the geopotential height at 500 hPa. 

ln fact the ensemble mean of each field averaged for January 2007 are compared to 

January averaged observational data from ECMWF analysis. 

Figure 3.1 shows the difference of geopotential height at 500 hPa, the MSLP 

and the temperature at 850 hPa between the ECMWF analysis and the model output 

for the NAT1 aerosol scenario averaged on January 2007 over the Arctic. The 

averaged values of differences of these fields with the ECMWF analysis over the 

Arctic for the aerosol scenario NAT1 are found in table 3.1. Since the NAT1 scenario 

is quite representative of the other aerosol scenarios, only the NAT1 validation is 

shown here. Validation of the other aerosol scenarios for the same variables can be 

found in Appendix A 
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Figure 3.1: The différences of (a) geopotential height at 500 hPa (dam), (b) MSLP 
(hPa), (c) temperatUre (0 C) at 850 hPa between the observations from ECMWF and 
GEMCLIM simulatlbhs averaged over January 2007 for aerosol scenario NAT1 . 
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Table 3.1: The mean January differences of geopotential height at 500 hPa, the 
MSLP and the temperature at 850 hPa with the ECMWF analysis averaged over the 

Arctic for aerosol scenario NAT1 

Analysis Madel output Difference 
NAT1 

mean mean mean 

Sea level pressure (hPa) 1009 1012 3.58 

Temperature at 850 hPa (0 C) -12 .79 -12 .1 -0.43 

Geopotentiel at 500 hPa (dam) 521 524 3 

For the NAT1 aerosol scenario, the mean difference of geopotential height at 

500 hPa with ECMWF analysis is 3 dam. This difference is overestimated over a 

significant part of the Arctic including the Greenland, Green land Sea, Norwegian Sea 

and North Arctic ocean peaking at the Greenland with a maximum up to 18.3 dam. 

This difference is also negative over Siberia and the North Sea with a minimum of 

-6.8 dam scenario over Siberia. The results are consistent to the one obtained by 

Girard et al. (2012) with the over-estimation over Greenland and North Arctic ocean 

and the under-estimation over Siberia. However the madel has larger bias in January 

compared to January-February of Girard et al. (2012) that ranges between -4 to 4 

dam. 

As for the temperature field at 850 hPa in the NAT1 aerosol scenario, the 

differences between the madel output and the analysis from ECMWF for January 

2007 vary generally between 2 and -2 oc over a vast area in the Arctic with a spatial 

average of 0.64 oc. However, the temperature at 850 hPa is underestimated locally 

over Siberia with a minimum value of -11 .3 °C. According to Champigny (2008) , this 

error in local temperature simulation is related to the variation in the daily ice over. 

Also the difference is overestimated over a large area in the Arctic including 

Greenland, Arctic Ocean and North of East Siberian Sea with its peak over 

Greenland ranging from equal to 10.4 oc. The difference values are consistent with 

the geopotential height bias over the same area. 
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The MSLP for January 2007 is underestimated compared ta ECMWF analysis 

by 5 hPa over the Bering Sea. lt is also overestimated over the Greenland Sea, 

Laptev Sea, East Siberian Sea, Barents Sea, Kara Sea and the Arctic Ocean with 

values up ta 16 hPa. However, the MSLP overestimation larger than 16 hPa is found 

over Greenland and Siberia caused by the topography and the madel extrapolation 

in sea leve! pressure calculation. Except regions mentioned for overestimation and 

underestimation , the mean sea leve! pressure is reproduced quite weil by the madel 

with values ranging from -2 ta 5 hPa. 

lt is noteworthy ta mention that si nee this is the anomaly of the scenarios in the 

pairs that is important ta us and make the basis of this study, the error by the madel 

do not have any effect in this study. 
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3.2 Comparison of the aerosol scenarios 

3.2.1 Comparison of AC1 and NAT1 (Pair 1) 

ln this section, the sensitivity of Arctic cloud and radiation ta the presence of 

the sulfuric acid coated INs is examined using the GEM-LAM climate madel for 

January 2007 over the Arctic. 

According ta the mean sea level pressure pattern for January 2007 in the 

Arctic (see Figure 3.2) , the presence of an intense law-pressure system over the 

North Atlantic and an anticyclone over Siberia favars the formation of storms that 

cause strong upper-level winds blowing from the mid-latitudes ta the North Pole. This 

large-scale circulation favars the transport of anthropogenic aerosols from industrial 

regions of Eurasia ta the Arctic. The Aleutian cyclone also provides a pathway for the 

transport of anthropogenic aerosols emitted over East Asia ta the Arctic. 

Figure 3.2: The MSLP from ECMWF analysis averaged over January 2007. 

Figure 3.3a and b show the vertical profiles of ice water content and ice crystal 

number concentration for aerosol scenarios NAT1 and AC1 spatially averaged over 
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a mask delimited by sea ice boundaries. As a result of the more frequent clear sky 

precipitation in the AC1 aerosol scenario, the ice mixing ratio and ice crystal 

concentration is smaller compared to the uncoated NAT1 scenario throughout the 

troposphere. According Archuleta (2005), a proportion of acid coated aerosol to the 

total aerosol mass of 20%, increases the clear air precipitation by 50%. According to 

the expia nation given in Chapter 1, the decreased heterogeneous nucleation rate of 

ice crystals caused by acid coated aerosols changes the ice formation process and 

the microstructure of Arctic clouds in the polluted air mass. ln fact, the decreased 

nucleation rate at the cloud levels leads to the formation of relatively fewer ice 

crystals that grow to larger sizes. On the other hand, since more water vapor is 

available in the atmosphere for each crystal , the crystals grow even bigger in the 

polluted air mass and precipitate more efficiently from the cloud levels. This 

phenomenon is generally called clear sky precipitation or diamond dust. 
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a) Mean cloud ice water content (g/kg) x1 o·3 b) Mean cloud ice crystal no. cane. (1 /m3
) x1 04 

Figure 3.3: Vertical profiles of cloud (a) ice water content (x1 o-3 g/kg) and (b) ice 
crystal number concentration (x104 11m3

) for aerosol scenarios NAT1 and AC1 
averaged over time and spatially averaged over a mask delimited by sea ice 
boundaries. 

Figure 3.4a and b show the vertical profiles of liquid water content and droplet 

number concentration for aerosol scenarios NAT1 and AC1 averaged over the sea 

ice boundaries mask. The liquid water mixing ratio and water drop concentration are 

larger in the AC1 scenario compared to the uncoated NAT1 scenario throughout the 
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troposphere. The reduced concentration of ice crystals in the mixed-phase clouds in 

aerosol scenario AC1 reduces the evaporation rate of water droplets. lndeed, in the 

AC1 scenario, the Bergeron effect (evaporation of liquid water droplets followed by 

the deposition of water vapor on ice crystals) is limited by the smaller deposition rate 

of water vapor onto ice crystals , which are in much smaller concentration in the AC1 

aerosol scenario. Therefore in the polluted air mass, the mixed-phase clouds are 

more frequent with a frequency between 30 to 50% (Girard et al. , 2012). 
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Figure 3.4: Vertical profiles of cloud (a) liquid water content (x1 o-3 g/kg) and (b) liquid 
drop number concentration (x105 1/m3

) for aerosol scenarios NAT1 and AC1 
averaged over time and spatially averaged over a mask delimited by sea ice 
boundaries. 

Figure 3.5 shows mean January mean ice water path and liquid water path 

anomaly in the Arctic. The liquid water path anomaly is almost positive everywhere 

over the Arctic with values generally ranging between 0 and 0.05 kg/m2 and peaking 

at 0.2 kg/m2 at Perry Island. The ice water path anomaly is almost negative 

everywhere over the Arctic with values varying between 0 and -0. 3 kg/m2 and is 

positive over very small regions over western and south eastern Greenland with a 

maximum value of 0.03 kg/m2
. As expected, the results show a decrease in ice water 

path of -0.0155 kg/m2 and an increase of 0.0079 kg/m2 in liquid water path in AC1 

aerosol scenario compared to NAT1 scenario averaged over the sea-ice mask. 
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Figure 3.5: January mean (a) liquid water path anomaly (x1 o-2 mm) and (b) ice water 
path anomaly (x1 o-2 mm) in the Arctic when the anomaly is defined as the difference 
between AC1 and NAT1 (AC1-NAT1) . 

The reduced ice crystal number concentration in AC1 scenario reduces the 

total deposition of water vapor on the cloud ice crystals. This phenomenon increases 

the relative humidity with respect to ice in the polluted scenario (AC1). As shown in 

Figure 3.6., results show January mean positive RHi anomaly of 6.5 % at 850 hPa 

averaged over the mask delimited by sea ice boundaries. Figure 3.6b shows that the 

RHi anomaly is maximum over the coldest regions of the Arctic during the winter 

mainly north of 80°N.This result was somewhat expected since the ratio of saturated 

vapour pressure over liquid water and over ice increases as the temperature 

decreases. Therefore, for the same relative humidity with respect to liquid water, RHi 

increases as the temperature decreases. 
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Figure 3.6: January 2007 mean RH; (%) (a) vertical profile averaged over a mask 
delimited by sea ice boundaries and (b) anomaly at 850 hPa for aerosol scenarios 
NAT1 and AC1 when the anomaly is defined as the difference between AC1 and 
NAT1 (AC1-NAT1). 

Figure 3.7a and b show the CRF anomaly at the surface and at the TOA over 

the Arctic in January 2007. Based on the dependency of the cloud forcing to the 

tropospheric hydrometeor content, the reduction of the cloud optical thickness 

reduces the downwelling IR radiation to the surface resulting in a mean negative 

cloud forcing of -0.8 W/m2 at the surface averaged over sea-ice boundaries. The 

decreased ice water path and the increased frequency of mixed-phase cloud in the 

acid coated aerosol scenario reduce the thickness over which the mid and high ice 

clouds act as blackbody abjects. The optically thinner and more transparent high and 

mid clouds formed in the polluted environment of the AC1 scenario ensure more IR 

radiation leaving the high troposphere producing a mean negative cloud forcing 

anomaly at the top of the atmosphere of -3.15 W/m2 averaged over the sub domain 

delimited by the sea-ice boundaries. These results are consistent with the negative 

cloud forcing at the TOA obtained by Girard et al. (2012) in a similar study. 
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Figure 3.7: Mean January 2007 cloud forcing anomaly (x1 0 W/m2
) at (a) the surface 

and at (b) the TOA over the Arctic when the anomaly is defined as the difference 
between AC1 and NAT1 (AC1-NAT1) . 

Figures 3.8a and b show the co-variation of the daily mean cloud forcing 

anomaly of at TOA as a function of respectively daily mean vertically integrated liquid 

water path anomaly and ice water path anomaly averaged over the sub-domain 

delimited by sea ice. As expected, the absolute value of CRF anomaly at TOA 

increases by the increase in the absolute value for ice and liquid water path 

anomaly. 
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Figures 3.8: Pair 1 scatter plot of the daily mean cloud forcing anomaly 0,N/m2
) of 

January 2007 at TOA as a function of daily mean vertically integrated (a) liquid water 
path anomaly (Kg/m2

) and (b) ice water path anomaly (Kg/m2
) averaged over the 

sub-domain delimited by sea ice when the anomaly is defined as the difference 
between AC1 and NAT1 (AC1-NAT1). 

Figure 3.9a and b show the mean January temperature vertical profile over the 

sub-domain delimited by sea-ice boundaries. A negative temperature anomaly over 

a vast a rea of the Arctic is obtained. 
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Figure 3.9: January 2007 mean temperature (0 C) (a)vertical profiles (b) anomaly at 
850 hPa averaged over a mask delimited by sea ice boundaries for aerosol 
scenarios NAT1 and AC1 when the anomaly is defined as the difference between 
AC1 and NAT1 (AC1-NAT1). 



35 

As shawn in the table 3.2, the results show a mean cooling of -0.9°C at 1000 

hPa, mean cooling of -0.78°C at 850 hPa and a mean cooling of -0.006°C at 500 hPa 

averaged over the sea-ice mask. This result is consistent with Girard et al. (2012) 

with a cooling up to -3°C near the surface and cooling values ranging from -2°C to -

4°C at 850 and 500 hPa. 

Table 3.2: Pair 1 temperature anomaly at 1000, 850 and 500 hPa and cloud forcing 
anomaly at TOA and surface at the surface averaged over the sub-domain delimited 

by sea-ice boundaries 

Mean CRF anomaly at surface 0fV/m"2.) -0.8 

Mean CRF anomaly at TOA (W/m2
) -3.15 

Mean temperature anomaly 1 000 (0C) -0.89 

Mean temperature anomaly 850 (OC) -0.78 

Mean temperature anomaly 500 (OC) -0.006 

Previous studies and observations have also shawn an intensification of the 

surface-based temperature inversion as obtained in our study. Based on study on 

temperature vertical profiles of 27,000 cases during the years 1950 to 1990 during 

the Arctic winter, Kahl et al. (1993) showed that the temperature inversion of the 

Arctic air mass has strengthened with a mean -2°C cooling at the surface and a 

mean 2°C rise in temperature at high altitudes. Another research conducted by 

Stefanof (2007) suggests a surface cooling of -3.3°C over the central Arctic due to 

the DGF effect. Th is cooling produces a horizontal temperature gradient between the 

North Pole and mid-latitudes which potentially intensifies the atmospheric circulation 

and the pollution transport toward the Arctic. 

One may argue that obtained results of the cloud microstructure change could 

be linked to temperature or RH; changes in our simulations. Figures 3.1 0 shows the 

graphs of ice crystal number concentration and liquid drop number concentration 

anomaly as a function of RH; and temperature anomalies. Results show that the 

liquid drop concentration anomaly increases and the ice crystals concentration 

anomaly decreases in the troposphere regardless of temperature and RH; anomaly 

- ----- ----------- -----
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signs suggesting that the these anomalies are caused by the decrease in the INs 

concentration and are independent to the RH; and temperature changes in the 

troposphere. 
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Figure 3.10: January daily mean of (a ,c) ice crystal number concentration (11m3
) and 

water drop concentration (1/m3
) anomalies as a function of RH; (averaged over 5% 

intervals) and (b,d) temperature (averaged over 5 K intervals) anomalies spatially 
averaged over a mask delimited by sea ice boundaries when the anomaly is defined 
as the difference between AC1 and NAT1 (AC1-NAT1). 
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3.2.2 Comparison of AC3 and NAT1 (Pair 2) 

ln this section, the effects of the PDF representation of the contact angle on 

the cloud properties are investigated. The probability density function distribution 

used in this study is based on laboratory experiments of Wheeler and Bertram 

(2011). The PDF is a Gaussian distribution with a contact angle median value of 

18.r and a standard deviation of 5°. ln the madel, the PDF is discretized with 29 

contact angles that increase from 4.9° to 33.2° This parameterization of contact 

angle is compared to the original CNT framework with a single contact angle value of 

12°. 

According to Kulkarni (2012), the required onset RHi value for ice nucleation on 

dust particles in the deposition mode highly depends on the contact angle. The lower 

the contact angle, the lower the required onset RHi for nucleation initiation. Based on 

this fact, the frozen fraction value changes with contact angle in the PDF 

representation of ice nucleation, i.e. the deposition nucleation is more efficient for 

dust particles with smaller contact angles. 

Kulkarni (2012) also suggests that in the single contact angle approach , the 

nucleated fraction jumps from zero at low relative humidity to the maximum value at 

onset RHi value in a step-like function whereas in the PDF distribution approach, the 

non-zero nucleated fraction increases gradually as RHi increases. Therefore, 

because of the wide range of contact angles from 4.9° to 33.2° in the AC3 scenario, 

ice crystals nucleate at almost ali magnitudes of RHi but in the single contact angle 

approach, the INs trigger nucleation only after the RHi reaches the threshold value 

for ice nucleation. One therefore expects that the nucleation of ice crystals in the 

AC3 scenario will be much more progressive. 

Figure 3.11 shows the spatial (over the sea ice mask) and temporal means ice 

crystal water content and number concentration vertical profiles simulated by the 

AC3 and the NAT1 aerosol scenarios. The ice water content and the ice crystal 

concentration in AC3 scenario are smaller than in NAT1 scenario throughout the 
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troposphere. Differences reach up to 30% and 50% for the ice water content and ice 

crystal number concentration respectively. According to the normal probability 

distribution function (see equation 2.7), the larger the absolute value of the difference 

between the contact angle and the mean value, (ii..J-al) is, the smaller the deposition 

nucleation probability by the IN will be. Therefore in the AC3 scenario, most of the 

INs have a contact angle equal to 18.r. which is higher than the fixed contact angle 

value used in NAT1 scenario (a=12°). But since ice nucleation by INs with lower 

contact angles occurs at lower RHi values, there is less chance for INs with contact 

angles equal to 18.rand higher to nucleate ice crystals . That is why more INs get 

activated in NAT1 scenario than in AC3 scenario leading to a greater concentration 

of smaller ice particles in the single contact angle approach of CNT. 

Because of the contact angle dependency of IN nucleability to the RHi value in 

the AC3 aerosol scenario, the deposition ice nucleation is initiated by INs with 

smaller contact angles that need relatively lower RHi values to start ice nucleation. 

On the ether hand, according to the PDF distribution, the number concentration of 

INs with small contact angles is much lower than number concentration of INs with 

a=12°. Therefore, there is fewer active INs in the AC3 scenario than in the NAT1 

scenario. As a result, the relatively big ice crystals formed in the AC3 aerosol 

scenario precipitate more efficiently from the cloud levels compared to the NAT1 

scenario. This explains the smaller ice crystal mixing ratio and ice crystal number 

concentration in scenario AC3 compared to scenario NAT1 . 
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Figure 3.11: Vertical profiles of cloud (a) ice water content (x1 o-3 g/kg) and (b) ice 
crystal number concentration (x1 04 1 /m3

) for aerosol scenarios NAT1 and AC3 
averaged over time and spatially averaged over a mask delimited by sea ice 
boundaries. 

The decreased ice crystal number concentration in the AC3 scenario leads to 

the formation of bigger ice crystals when compared to the NAT1 scenario. More 

water vapor is available to deposit on each ice crystal in the AC3 scenario. 

Moreover, the fact that ice nucleation is more progressive in the AC3 scenario keeps 

the RHi from varying as much as in the NAT1 scenario. Figure 3.12a shows the co­

variation of ice crystal number concentration with the RHi and the standard deviation 

of the former variable for bath aerosol scenarios. The standard deviation of the ice 

crystal concentration is much higher in the NAT1 scenario mainly for the largest ice 

concentration values. This corresponds to times when the onset RHi is reached . ln 

NAT1 , a large number of ice crystals get nucleated because of the step function 

nature of the single contact angle approach. The number concentration of ice 

crystals is much less variable in the AC3 scenario since the ice nucleation is much 

more progressive. 

High amount of water vapor is deposited onto ice crystal in bath NAT1 and 

AC3 aerosol scenarios, but since there are less active INs in AC3 compared to 

NAT1 , the deposition rate of water vapor on the ice crystal in NAT1 is higher than in 

AC3. Consequently the RHi in AC3 is higher than in NAT1 . Furthermore, the step-
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like function of the NAT1 scenario can be seen through the larger standard deviation 

of RHj. lndeed, RHi has to reach higher values in NAT1 compared to AC3 to nucleate 

ice crystals. Once the large number of ice crystals is nucleated, RHi goes down to 

smaller values when compared to the AC3 scenario as shown in Figure 3.12b. The 

January mean positive RHi anomaly of 1.18 % at 850 hPa is obtained over the mask 

delimited by sea ice boundaries in the Arctic. 
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Figure 3.12: January a) daily mean of ice crystal number concentration (x1 04 1 /m3
) 

and (b) mean vertical profiles of the mean RHi (as a function of RHi averaged over 
time and spatially averaged over a mask delimited by sea ice boundaries for NAT1 
and AC3 while the horizontal bars show the RHi standard deviation at each pressure 
level and vertical bars show the ice crystal number concentration standard deviation 
at related RHi values in the troposphere. 

Figures 3.13a and b show the mean cloud liquid water content and number 

concentration averaged over the sea ice mask. ln the NAT1 scenario, the liquid 

water content and number concentration is larger compared to the AC3 aerosol 

scenario with the largest difference near 875 hPa. At these low levels, temperature is 

relatively warm with values around -15°C. ln the NAT1 scenario, the liquid saturation 

with respect to water is often reached before the ice supersaturation reaches the 

onset value for ice nucleation . Cloud liquid droplets are then activated instead of ice 

crystals. ln the AC3 scenario, the fact that some ice crystals can nucleate at lower 

contact ang les (in other terms at lower ice supersaturation) (discussed in section 
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2.1.2.1) prevents the saturation ratio to reach the liquid saturation point. Therefore, 

the activation of cloud droplets is not as frequent in the AC3 scenario. 
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Figure 3.13: Vertical profiles of cloud (a) liquid water content (x1 0-4 g/kg) and (b) 
liquid drop number concentration (x1 04 1 /m3

) for aerosol scenarios NAT1 and AC3 
averaged over time and spatially averaged over a mask delimited by sea ice 
boundaries. 

The regional distribution of the decrease in ice and the increase in liquid water 

paths in the AC3 aerosol scenario compared to the NAT1 scenario are shown in 

Figures 3.14 and b, which show the mean January ice and liquid water path anomaly 

over the Arctic. The liquid and ice water path anomalies are positive over the Central 

Arctic, eastern and central Siberia, Northern Greenland, Greenland Sea and 

Northern Canada and are negative elsewhere over the Arctic with the largest 

decrease over the Barents Sea. The results give a mean January ice water path 

anomaly of -0.0027 kg/m2 and liquid water path anomaly of -0 .0002 kg/m2 averaged 

over the sea-ice mask. 

------------ - - --------------------------



42 

Figure 3.14: January mean (a) liquid water path anomaly (x1 o-2 mm) and (b) ice 
water path anomaly (x1 o-2 mm) in the Arctic when the anomaly is defined as the 
difference between AC3 and NAT1 (AC3-NAT1 ). 

As discussed in section 3.2.1, changes in the cloud microstructure can alter 

the cloud radiative forcing both at the surface and at the TOA. Figure 3.15a and b 

show the CRF anomaly at the surface and at the TOA. The CRF anomalies at the 

surface and at the TOA are positive over the central Arctic, central and eastern 

Siberia, the north of Greenland and Greenland Sea. The positive CRF anomaly 

values at the surface and at the TOA range mostly between 0 and 9 W/m2 and 0 to 6 

W/m2 respectively. Largest CRF anomalies are located over south-eastern 

Greenland. CRF anomaly at the surface and at the TOA are negative over a vast 

area of the Arctic including Alaska, eastern, north and north western Siberia, Bering 

Sea, South and south eastern Greenland, Kara Sea, Bering Sea and Norwegian 
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Sea. These negative CRF anomalies vary between 0 and -1 0 W/m2 at the surface 

and reach a minimum value of -14 W/m2over the Kara Sea. At the TOA, these 

negative CRF anomalies mostly vary from 0 to -8 W/m2 and reach a minimum value 

of -8.8 W/m2 over north-western Siberia. A mean decrease of ice crystal and droplet 

concentrations in AC3 due to the POF parameterisation of contact angle decrease 

the CRF at the surface and at TOA with a mean value of -0.83 W/m2 and -0.69 W/m2 

respectively over the sub-domain delimited by sea ice. lt should be noted that most 

CRF anomalies at the surface and TOA are not statistically significant (see Figures 

0 .7 and 0 .8 in appendix 0) . However, few places that are statistically significant 

indicate negative CRF anomalies, which is consistent with the IWP and LWP 

anomalies. 
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Figure 3.15: January 2007 cloud forcing anomaly (x1 0 W/m2
) at (a) the TOA and (b) 

the surface for the pai r 2 when the anomaly is defined as the difference between 
AC3 and NAT1 (AC3-NAT1). 

Figures 3.1 6a and b show the co-variation of CRF at TOA as a function of 

vertically integrated ice and liquid water paths. The negative cloud forcing anomaly 

at TOA decreases as the ice water path decreases in the clouds while it does not 

depend to the liquid water path in the troposphere suggesting that the liquid water 

path in the clouds is higher than 15 g/m2 in bath scenarios of the pair 2. At this point 

the clouds emit as blackbody and any change in the water content do not affect the 

cloud forcing at the surface. 
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Figures 3.16: Pair 2 scatter plot of the daily mean cloud forcing anomaly (W/m2
) of 

January 2007 at TOA as a function of daily mean vertically integrated (a) liquid water 
path anomaly (x1 o-4 Kg/m2

) and (b) ice water path anomaly (x1 o-3 Kg/m2
) averaged 

over the sub-domain delimited by sea ice when the anomaly is defined as the 
difference between AC3 and NAT1 (AC3-NAT1) . 

Figure 3.17shows the mean January temperature anomaly at 850 hPa over the 

Arctic. The temperature anomaly is positive over the central Arctic Ocean, eastern 

Siberia, North and east of Greenland, Bering Sea, Greenland Sea, Norwegian Sea 

and central Arctic with values ranging mostly from 0 to 1 K and is negative most of 

the places north of 70°N with values ranging for 0 to -2 K and a minimum of -3.3 K 

over South-western Greenland. The regions with positive/negative temperature 

anomaly match to a great extent to the regions where CRF anomaly at the TOA or at 

the surface is positive/negative shown in Figures 3.15a and b. 
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Figure 3.17 : Mean January temperature anomaly over the Arctic at 850 hPa when 
the anomaly is defined as the difference between AC3 and NAT1 (AC3- NAT1 ). 

Figure 3.18 shows the mean January vertical profile of the temperature of 

spatially averaged over the sea-ice mask for the AC3 and NAT1 aerosol scenarios. 

The temperature vertical profile in both AC3 and NAT1 are very close to each other. 

This shows that despite the positive and negative regional temperature anomalies 

over the Arctic, the spatially averaged temperature anomaly over the whole Arctic is 

somewhat small with values between -1 K and 0 K. 
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Figure 3.18: January 2007 mean temperature (0 C) vertical profiles averaged over a 
mask delimited by sea ice boundaries for aerosol scenarios NAT1 and AC3. 
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3.2.3 Comparison of NAT1 and NAT2 (Pair 3) 

Both NAT1 and NAT2 are uncoated aerosol scenarios. The only difference 

between these scenarios is the presence or not of contact ice nucleation . ln NAT2 

scenario, contact nucleation is absent and ali ice crystals form by deposition ice 

nucleation and immersion freezing. ln NAT1, nucleation by contact is added to the 

other ice nucleation modes. 

Figures 3.19a and b show the January mean ice water content and ice crystal 

number concentration averaged in time and space over the sea-ice border mask. 

The ice crystal concentration is slightly smaller in NAT1 throughout the troposphere. 

The ice water content is slightly smaller in NAT1 in the lower troposphere and there 

is no difference between NAT1 and NAT2 above700 hPa. These results show that 

the addition of contact freezing decreases the number concentration of ice crystals 

with very weak changes of the ice water content. 

ln the presence of contact ice nucleation, a part of the available liquid water 

turns into ice by contact nucleation in the NAT1 scenario. Consequently , in an ice 

supersaturated environment, a part of the available water vapor deposits on the 

surface of these ice crystals. This phenomenon contributes to reduce the RHi in the 

NAT1 scenario to lower values when compared to the NAT2 scenario. Figure 3.20 

shows that the spatial and temporal mean RHi is decreased by a few percent 

between 900 hPa and 500 hPa. Results for January 2007 show a mean negative RHi 

anomaly of -2.2 % at 850 hPa averaged over the mask delimited by sea ice 

boundaries. Deposition ice nucleation strongly depends on the onset RHj. ln the 

NAT1 scenario, the threshold value required for deposition ice nucleation is not 

reached as often as in the NA T2 scenario. This redu ces the deposition ice nucleation 

rate in the clouds and subsequently slightly reduces the total number of active ice 

nucleus at the cloud level in the NAT1 scenario. This finally results in a small 

decrease in the ice mixing ratio and ice crystal number concentration compared to 

the NAT2 scenario. 
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Figure 3.19: Vertical profiles of cloud (a) ice water content (x1 o-3 g/kg) and (b) ice 
crystal number concentration (x1 04 1 /m3

) for aerosol scenarios NAT1 and NAT2 
averaged over time and spatially averaged over a mask delimited by sea ice 
boundaries. 
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Figure 3.20: Vertical profiles of the mean relative humidity with respect to ice (%) 
with associated standard deviations (horizontal bars) for aerosol scenarios NAT1 
and NA T2 averaged over ti me and spatially averaged over a mask delimited by sea 
ice boundaries. 

Above 500 hPa, the temperature falls below -40°C. At these temperatures, 

homogeneous freezing of haze and water droplets becomes dominant. Since the RH; 

at high altitudes are almost equal in both scenarios, there is no significant difference 

between NAT1 and NAT2 scenarios at the homogeneous nucleation levels. 

Therefore, the difference between NAT1 and NAT2 scenarios become smaller at 
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high altitudes. This eventually leads to negligible anomaly at high altitudes and 

almost identical high clouds microstructure in both NAT1 and NAT2 aerosol 

scenarios. 

Figure 3.21 shows the spatial and temporal mean vertical profile of the liquid 

water content and cloud droplet concentration. The presence of contact INs causes a 

very slight increase in the liquid water concentration and liquid water content in the 

NAT1 aerosol scenario especially at 900 hPa where the mixed-phase clouds are 

mostly found . ln tact, the lower ice crystal concentration in the NAT1 scenario 

increases the saturation with respect to water and reduces subsequently the 

evaporation rate of liquid water in NAT1 scenario. The Bergeron effect is limited by 

the lower ice crystal concentration and the higher supersaturation . On the other 

hand, because of the higher concentration of ice crystals in the NAT2 aerosol 

scenario, more liquid water is evaporated to deposit on the surface of available ice 

crystals in an ice super-saturated and liquid water sub-saturated environment. 

Therefore the combination of these two factors increases the water evaporation rate 

in the NAT2 scenario and decreases the liquid water content and concentration at 

the mixed-phase clouds level. As a result, the liquid water mixing ratio and 

concentration in the NAT1 is higher than in the NAT2 in the lower troposphere. 
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Figure 3.21 : Vertical profiles of (a) cloud liquid water content (x1 0-4 g/kg) and (b) 
liquid drop number concentration (x1 04 1 /m3

) for aerosol scenarios NAT2 and NAT1 
averaged over time and spatially averaged over a mask delimited by sea ice 
boundaries. 
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Figures 3.22a and b show the January mean liquid and ice water path anomaly 

for the whole domain. The liquid water path anomaly is positive over a large area 

including south of Greenland, the Labrador Sea, Baffin Bay, Hudson Bay, Bristol 

Bay, Bering Sea and a great part of Siberia. This anomaly has negligible small 

negative values close to 0 over a large area in the North Pole and peaks at the Bill 

Baileys Bank, Faroe Island and North of Scotland. The average value for January 

over the mask delimitated by sea ice boundary gives a small positive liquid water 

path anomaly of 8.1x1 o-s kg/m2
. The January mean ice water path anomaly shows 

positive anomalies over Siberia, North and south of Greenland, North of Quebec, 

Hudson Bay, Chukchi Sea, East Siberian Sea and is negative over the Greenland 

Sea, North of Siberia, North of Canada and the Central Arctic. The spatially mean ice 

water path anomaly averaged over sub-domain delimited with sea-ice boundaries for 

the month of January gives a negative and relatively small value of -6.7x1 0-4 kg/m2
. 

However, the ice water path anomaly is larger over regions that are warmer than the 

Central Arctic and are characterized by a large occurrence of mixed-phase clouds 

(e.g . Girard et al. , 2012). This is the case for the Kara and Barents Sea with ice 

water path anomalies of up to -0 .06 mm.These results confirm the ice crystal loss 

and the liquid water increase in NAT1 aerosol scenario compared to NAT2 but also 

show the regional aspect of the largest changes. 
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Figure 3.22: January mean (a) liquid water path anomaly (x1 o-2 mm) and (b) ice 
water path anomaly (x1 o-2 mm) in the Arctic when the anomaly is defined as the 
difference between NAT1 and NAT2 (NAT1- NAT2) . 

Figure 3.23a, b and c show respectively the co-variability of RHi, ice crystal 

number concentration and droplet number concentration with temperature. At the 

favourable temperature range for contact ice nucleation, that is between -15°C and 

-38°C, the RHi in NAT1 is lower than that of NAT2. Figures 3.23b and c respectively 

confirm that, at this temperature range, the ice crystal concentration in NAT1 is lower 

and cloud droplet concentration is higher when compared to NAT2. While the above 

discussion is true for temperatures lower than -15°C, differences between bath 

scenarios are not the same at warmer temperatures. For these warmer 

temperatures, deposition ice nucleation on kaolinite particles is not possible anymore 

because the ice supersaturation cannat reach the onset ice supersaturation value for 
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ice nucleation before reaching the saturation with respect to liquid water. Therefore, 

only contact and immersion nucleation are active in NAT1 while only immersion 

freezing is active in NAT2. Not surprisingly , the number concentration of ice crystals 

is larger in NAT1 for these temperatures. At temperatures close to 0°C, the droplet 

number concentration is larger in NAT1 compared to NAT2. This seems to be linked 

to the fact that RH; is also larger in NAT1 for the warmest temperatures. 
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1 /m3
) with temperature averaged over 5 K intervals for aerosol scenarios NAT1 and 

NA T2 averaged over ti me and spatially averaged over a mask delimited by se a ice 
boundaries. 
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These results show no important differences on the microstructure of beth ice 

only and mixed-phase clouds between NAT1 and NAT2. However, previous studies 

(e.g. Girard et al., 2012) have shown that even small differences in the cloud 

microstructure may lead to substantial effects on the cloud radiative forcing and the 

temperature in the Arctic wintertime atmosphere. 

Figure 3.24a and b show the cloud radiative forcing anomaly at the surface 

and at the TOA respectively . The CRF anomalies at the surface and at the TOA are 

beth negative over the north of Siberia, central Arctic Ocean, west of Greenland, the 

Scandinavia and Norwegian. The CRF anomalies are positive over the north and 

northwest of Canada, south of Siberia, Barents Sea and the Kara Sea. These CRF 

anomalies are rather small and the absolute values of the maximum negative and 

positive CRF anomalies are smaller than 10 W/m2
. 

Based on the dependence of cloud radiative properties to the mass 

concentration of hydrometeors, a mean decrease of the ice water path of -6.7x1 0-4 

mm (averaged over the sub-domain delimited by sea-ice boundaries) contributes to 

reduce the mean January CRF to -0.03 W/m2 at the top of the atmosphere and to 

-1 .02 W/m2 at the surface in NAT1 compared to NAT2 averaged over the sub­

domain delimited by sea-ice boundaries. lt should be noted that the positive CRF 

anomalies beth at the surface and at the TOA are not statistically significant as 

opposed to most of the negative CRF anomalies over the sea ice mask (see Figures 

0 .7 and 0 .8 in Appendix 0) . Therefore, the averaged values beth at the surface and 

at the TOA are likely to be underestimated. 
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Figure 3.24: Mean January 2007 cloud forcing anomaly (W/m2
) at (a) the surface and 

at (b) the TOA over the Arctic when the anomaly is defined as the difference 
between NAT1 and NAT2 (NAT1 - NAT2). 

This fact is also shown in the Figure 3.25b and d, which show respectively the 

co-variation of cloud forcing anomaly at TOA with the vertically integrated ice and 

liquid water path. Results show that the cloud forcing anomaly absolute values at 

both TOA and at the surface are highly correlated to the integrated ice water 

anomaly and increases as integrated ice water anomaly absolute value increases. 

However, the CRF anomalies do not depend on the liquid water path . The positive 

liquid water path anomaly of 8.1 x1 o-s mm does not make a change in the CRF at the 

surface and at the TOA. ln fact, as both NAT1 and NAT2 aerosol scenarios have 

liquid water path values higher than 15 g/m2
, clouds emit as blackbody abjects in the 
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infrared in these two scenarios. Thus, an increase in the liquid water path in NAT1 

does not change the radiation characteristics of the clouds. 
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Figures 3.25: Pair 3 scatter plot of the daily mean cloud forcing anomaly of January 
2007 at TOA and at the surface 0fV/m2

) as a function of daily mean vertically 
integrated (a,c) liquid water path anomaly (x1 o-4 Kg/m2

) and (b,d) ice water path 
anomaly (Kg/m2

) averaged over the sub-domain delimited by sea ice when the 
anomaly is defined as the difference between NAT1 and NAT2 (NAT1- NAT2). 

Figure 3.26 shows the mean January temperature anomaly over the Arctic at 

850 hPa. The mean January temperature anomaly at 850 hPa is negative over the 

north of Siberia, Scandinavia, Barents Sea and Norwegian Sea. The temperature 

anomaly is also positive over Northern Canada, Baffin Bay, Labrador Sea and a part 
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of North Atlantic Ocean at the North of Europe. As expected, the regions with the 

negative/positive temperature anomaly over the Arctic during January coïncide to a 

great extent with the region where the CRF anomalies are negative/positive (see 

Figure 3.24) confirming the impact of cloud forcing on the tropospheric temperature. 

lt should be noted that statistical tests reveal that the temperature anomalies are not 

statistically significant. lt is however reasonable to assume that additional ensemble 

members would have confirmed the negative temperature anomaly areas since the 

corresponding CRF anomalies at the TOA are statistically significant. 

Figure 3.26: mean January temperature anomaly over the Arctic at 850 hPa when 
the anomaly is defined as the difference between NAT1 and NAT2 (NAT1- NAT2). 

Figure 3.27 show the mean January vertical temperature profile of NAT1 and 

NA T2 aerosol scenarios. Results show th at, the presence of contact nucleation do 

not have a significant effect on the temperature suggesting that the addition of 

contact nucleation INs in the clear Arctic clouds does not change the tropospheric 

clouds microstructure and the tropospheric temperature. However, the temperature 

anomaly can be regionally relatively important. 
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Figure 3.27: January 2007 mean temperature (0 C) vertical profiles averaged over a 
mask delimited by sea ice boundaries for aerosol scenarios NAT1 and NAT2. 

3.2.4 Comparison of AC1 and AC2 (Pair 4) 

The difference between the two acid coated scenarios involved in this pair is 

the presence of contact INs in the AC1 scenario and its absence in the AC2 scenario 

in an acid polluted environment. The aim of this comparison is to investigate the 

effect of contact nucleation when the deposition ice nucleation is limited by acid 

coating on INs. 

Figure 3.28a and b show the January mean ice water content and ice crystal 

number concentration spatially averaged over a mask delimited by sea-ice 

boundaries for AC1 and AC2 aerosol scenarios. At pressure levels below 400 hPa, 

the ice crystal concentration is slightly smaller in the AC1 compared to the AC2 and 

is almost equal at higher altitudes. Also the addition of contact INs in AC1 does not 

have a significant impact on the ice water content throughout the troposphere. 

Following the same reasoning explained in the section 3.2.3, adding contact 

INs contribute to decreases the total number concentration of active INs resulting in 

the formation of fewer but bigger ice crystals and consequently more frequent 

precipitation from the cloud levels. Therefore, the contribution of contact nucleation 
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in the clouds reduces the total ice crystal number concentration and ice content in 

the troposphere. lt is noteworthy to mention however that the decrease in the ice 

crystal concentration in the acid polluted environment is lower when compared to the 

decrease obtained in the pair 3 (NAT1 and NAT2).1n NAT1 , the presence of contact 

IN contributes to decrease the variability of the cloud ice supersaturation . Therefore, 

the ice nucleation events by deposition are less frequent as explained in section 

3.2.3. ln the AC1 scenario, it is also true. However, the nucleation events in AC2 are 

much smaller in terms of ice crystal number concentration because of the acid 

coating on INs and the higher onset ice supersaturation for ice nucleation . Therefore, 

the differences are much smaller between AC1 and AC2 when compared to 

differences between NAT1 and NAT2. 
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Figure 3.28: Vertical profiles of cloud ice water (a) content (x1 o-3 g/kg) and (b) ice 
crystal number concentration (x1 03 1 /m3

) for aerosol scenarios AC 1 and AC2 
averaged over time and spatial ly averaged over a mask delimited by sea ice 
boundaries. 

Figure 3.29 shows the mean vertical profile of RHi during January 2007 

averaged over the sea-ice mask in the Arctic for the AC1 and AC2 aerosol 

scenarios. According explanation given above, because of the slight effect of the 

presence of contact nucleation in the acid polluted environment, the RHi vertical 

profile in both AC1 and AC2 aerosol scenarios are almost equal throughout the 

troposphere. 



rn 
0... 
:S 
~ 
::J 
(/) 
(/) 

~ 
0... 

300 

400 

500 

600 

700 

800 

900 

1000 
70 75 80 85 90 95 100 105 

Relative humidity with respect to ice (%) 

59 

Figure 3.29: Vertical profile of the mean relative humidity with respect to ice (%) for 
aerosol scenarios AC1 and AC2 averaged over time and spatially averaged over a 
mask delimited by sea ice boundaries. 

Figures 3.30a and b show respectively the vertical profile of January mean 

liquid water content and liquid droplet concentration spatially averaged over the sea 

ice mask. The liquid water content and water droplet concentration in AC1 and AC2 

scenarios are almost equal throughout the troposphere except between 920 and 720 

hPa, which is the pressure level interval related to the presence of mixed-phase 

clouds. At this interval , the ice crystal concentration is higher in the AC1 scenario 

compared to the AC2 scenario. Following the same reasoning explained in the 

section 3.2 .3, the lower nucleation rate in AC1 aerosol scenario increases the 

supersaturation with respect to water. This fact and the decreased ice crystal 

concentration in the AC1 scenario contribute to reduce the liquid water evaporation 

rate at the presence of contact INs, increasing the liquid water content and water 

droplet concentration in the AC1 scenario compared to the AC2. 
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Figure 3.30: Vertical profiles of cloud liquid water (a) content (x1 o-3 g/kg) and (b) 
liquid drop number concentration (x1 05 1/m3

) for aerosol scenarios AC1 and AC2 
averaged over time and spatially averaged over a mask delimited by sea ice 
bou nd aries_ 

Figures 3.31a and b show the mean January liquid and ice water path anomaly 

over the Arctic. The liquid water anomaly is positive over the north and west of 

Siberia, the central Arctic Ocean , the Bering Sea, the Hudson Bay and peaks over 

the Barents Sea. lt is also negative over the north west of Canada, southern Siberia, 

the Labrador Sea and north of the Northwest Territories. The mean January spatially 

averaged liquid water path anomaly is positive and equals 0.00078 kg/m2 over the 

sea-ice mask. The mean ice water path anomaly is either positive or negative with 

small values over most of the regions. The largest anomaly is negative over the 

Barents Sea. The mean January spatially averaged ice water path anomaly is 

negligible over the mask delimited the sea-ice boundaries. 



61 

Figure 3.31 : January mean (a) liquid water path anomaly (x1 o-2 mm) and (b) ice 
water path anomaly (x1 o-2 mm) in the Arctic when the anomaly is defined as the 
difference between AC1 and AC2 (AC1-AC2) . 

The mean January CRF anomalies at the surface and at the TOA are shown 

respectively in Figures 3.32a and b. The mean January CRF anomalies at the 

surface and at the TOA are both positive over the far northern and eastern Siberia, 

great part of Mongolia, great part of Greenland , Greenland See, Labrador See, 

western Alaska, the Arctic Ocean at the North of Siberia and are negative elsewhere 

in the Arctic. These CRF anomalies over the vast area of the Arctic are rather small 

with absolute values ranging between 0 and 2 W/m2
. When averaged over a mask 

delimited by sea-ice boundaries, we obtain a positive CRF anomaly at TOA of 0.05 

W/m2 and 0.48 W/m2 at the surface. 
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Figure 3.32: Mean January 2007 cloud forcing anomaly (x1 0 W/m2
) at (a) the surface 

and at (b) TOA over the Arctic when the anomaly is defined as the difference 
between AC1 and AC2 (AC1-AC2). 

Figure 3.33 shows the mean January temperature anomaly over the Arctic at 

850 hPa. This anomaly is positive over western and northern Siberia, Alaska, the 

Greenland, Greenland Sea and the Arctic Ocean at the North of Siberia and is 

negative elsewhere. As opposed to the other comparisons done in the other sections 

(for instance for pair 3) , regions with negative (positive) CRF anomalies do not 

necessarily correspond to regions where cooling (warming) is obtained. Figure 3.34 

shows the daily mean CRF anomaly at the TOA as a function of the daily mean 

temperature anomaly for each grid point inside the mask delimitated by sea ice 

boundaries for pair 4 and pair 3. While a good relationship exists between the 

anomalies of CRF at TOA with temperature anomalies for pair 3 (r=0.60), this is not 
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the case for pair 4 with r=0 .09 with several points with positive (negative) CRF at the 

TOA producing negative (positive) temperature anomaly. ln pair 4, the anomalies of 

the CRF at the TOA remain small (-2 W m-2 to +2 W m-2) when compared to pair 3 

(-4 W m-2 to +4 W m-2) . Such small CRF anomalies have a smaller effect on 

temperature than other anomalies resulting of cloud microphysical changes such as 

the atmospheric circulation. ln this research , the exact reason has not been 

investigated. 

Figure 3.33: Mean January temperature anomaly over the Arctic at 850 hPa when 
the anomaly is defined as the difference between AC1 and AC2 (AC1- AC2). 
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Figure 3.34: Daily mean CRF anomaly at the TOA as a function of the daily mean 
temperature anomaly for each grid point inside the mask delimitated by sea ice 
boundaries for the (a) pair 4 and (b) pair 3when the anomaly is defined as the 
difference between AC1 and AC2 (AC1- AC2). 



64 

Figures 3.35 show the co-variation of cloud forcing anomaly at the TOA and at 

the surface as a function of vertically integrated ice and liquid water path anomalies. 

Results show that the CRF anomaly at the TOA is rather weakly related to the liquid 

and ice water path anomalies with both negative and positive CRF anomalies values 

for negative CRF anomalies. These results are due to the fact that the ice and liquid 

water path anomalies are rather small with values one order of magnitude smaller 

than the liquid and ice water path anomalies obtained for the pair 3. The CRF 

anomalies at the surface are more directly related to the liquid water path anomalies 

and do not depend on the ice water path anomalies. 
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Figures 3.35: Pair 4 scatter plot of the daily mean cloud forcing anomaly of January 
2007 at TOA and at the surface (W/m2

) as a function of daily mean vertically 
integrated (a,c) liquid water path anomaly (x1 o-3 Kg/m2

) and (b,d) ice water path 
anomaly (x1 o-3 Kg/m2

) averaged over the sub-domain delimited by sea ice when the 
anomaly is defined as the difference between AC1 and AC2 (AC1-AC2). 
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Figure 3.36 shows the vertical profile of temperature averaged over the sea ice 

mask for aerosol scenarios AC2 and AC1 . ln the presence of contact nucleation 

(AC1), there is a warming of less than 0.5 Kin the lower troposphere between 950 

and 700 hPa with no significant differences higher in the troposphere. 
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Figure 3.36: January 2007 mean temperature (0 C) vertical averaged over a mask 
delimited by sea ice boundaries for aerosol scenarios AC2 and AC1. 

3.2.5 Comparison of AC2 and NAT2 (Pair 5) 

ln this pair, the effect of acid coating in the absence of contact ice nucleation is 

investigated. A comparison of this pair with the pair 1 indicates the role and 

importance of contact ice nucleation when the deposition ice nucleation is affected 

by acid coating . lndeed, one may hypothesize that contact ice nucleation can 

compensate to some extend the decrease of ice nucleation by deposition. The pair 5 

investigated in this section allows us to evaluate this issue. 

The pair 5 includes the acid coated AC2 and the uncoated NAT2 aerosol 

scenarios in the absence of contact INs. Here, the same argument used for the pair 

1 is applicable except that in the pair 5, the absence of contact freezing should be 

considered in the nucleation process. Also, the reasoning applied for the pair 4 could 

be used to investi gate the effect of no the contact 1 Ns on the Arctic clouds 
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characteristics. As discussed in the section 3.2.1, the acid coating on INs contributes 

to reduce the concentration of active deposition INs and consequently decrease the 

number concentration of ice crystals and ice water content. Figure 3.37a and b show 

that similar results are obtained for the pair 5. As expected, results show a lower ice 

water content and ice crystal number concentration in the acid-coated AC2 aerosol 

scenario compared to the uncoated NAT2 scenario throughout the troposphere. 
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Figure 3.37: Vertical profiles of cloud (a) ice water content (x10·3 g/kg) and (b) ice 
crystal number concentration (x1 04 1 /m3

) for aerosol scenarios NAT2, AC2 (sol id 
lines), and NAT1 , AC1 (dotted lines) averaged over time and spatially averaged over 
a mask delimited by sea ice boundaries. 

A comparison between the ice crystal concentration in the troposphere in the 

pair 5 and pair 1 (see Figures 3.37a,b) shows that the decrease of the ice crystal 

concentration in the pair 5 is slightly larger compared to the pair 1. This is due to the 

absence of contact INs in the pair 5. This deactivation of contact INs in the NAT2 

aerosol scenario of the pair 5 contributes to increase the RH; in the troposphere to 

the onset RH; required for the deposition nucleation , activating a part of deposition 

INs. This deposition INs activation event compensates the deactivation of contact 

INs effect in the uncoated scenario of the pair 5 increasing slightly the active INs in 

the uncoated scenario of the pair 5 compared to that of the pair 1. The same thing 

happens in the acid polluted environment, except that since coated INs have higher 

RH; onset for deposition nucleation compared to uncoated INs, the deposition 
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nucleation rate is lower over the coated INs with contact angles as high as 27° in 

AC1 scenario compared to the uncoated NAT1 scenario with contact angle of 12° 

(see Chapter 1). Thus, the absence of contact INs has smaller impact in the polluted 

environment compared to the clear environment. lt is noteworthy to mention that the 

absence of the contact 1 Ns does not have a pronounced effect on the cloud ice 

content in the troposphere. 

Figures 3.38a and b show the vertical profile of liquid water content and liquid 

water drop concentration averaged over the sea-ice mask in the NAT2, AC2, NAT1 

and AC1 aerosol scenarios. Following the same reasoning used in the section 3.2.1, 

the lower ice crystal concentration and higher ice supersaturation in the acidified 

AC2 scenario of the pair 5 contribute to reduce the water evaporation rate by 

Bergeron effect, increasing the liquid water content and water drop concentration 

number in the AC2 scenario compared to the uncoated NAT2 scenario. 

A comparison between the liquid water content anomaly and water droplet 

concentration in the pairs 3 and 1 (see Figures 3.38a,b) shows that the liquid water 

content and droplet concentration in the pair 1 increases more by acid coating on INs 

compared to the pair 5. The larger ice crystal concentration in the AC2 scenario 

contributes to enhance the evaporation of liquid droplets and the deposition on ice 

crystals by the Bergeron effect. As a result, the liquid water content and droplet 

number concentration is slightly lower in the AC2 scenario compared to the AC1 

scenario. The results give a mean January liquid water content anomaly of 3.14x1 0-6 

kg/kg for the pair 5 and mean value of 3.57x1 0-6 kg/kg for the pair 1 at 850 hPa. 
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Figure 3.38: Vertical profiles of cloud (a) liquid water content (x1 o·3 g/kg) and (b) 
liquid drop number concentration (x105 11m3

) for aerosol scenarios NAT2, AC2 (solid 
lines), and NAT1, AC1 (dotted lines) averaged over time and spatially averaged over 
a mask delimited by sea ice boundaries. 

As observed in the figures 3.37 and 3.38, the results show the effect of acid 

coating of INs in both pairs 1 and 3 are similar. The contribution of contact freezing 

on the cloud microstructure in an acidic scenario is therefore very small. The 

hypothesis made at the beginning of this section about the possibility that contact ice 

nucleation could compensate the lower ice nucleation by deposition in the acidic 

aerosol scenario is not verified. 

Figure 3.39 shows the mean January RHi vertical profile over the sub-domain 

delimited by sea-ice boundaries for the NAT2 and AC2 scenarios.The partial IN 

deactivation by the acid coating increases the available water vapor in the 

troposphere making the RHi higher in the acidified AC2 scenario than in the non-acid 

NAT2 scenario. The results give a mean January RHi anomaly of 4% at 850 hPa in 

pair 5 averaged over the sub-domain delimited by sea-ice boundaries. This result is 

very similar to what was obtained in pair 1 (see Figure 3.6b). This means that 

contact ice nucleation is not important enough to significantly reduce the relative 

humidity with respect to ice. 
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Figure 3.39: Vertical profile of the mean relative humidity with respect to ice (%) for 
aerosol scenarios NAT2 and AC2 averaged over time and spatially averaged over a 
mask delimited by sea ice boundaries. 

The mean January ice and liquid water path anomaly over the Arctic are 

shawn in Figures 3.40a and b. These figures show that the increase in the January 

mean liquid water content and the decreases in the ice water content are widespread 

over the Arctic. The results give a January mean positive liquid water path anomaly 

of 7.2 x1 o-3 kg/m2 and a negative ice water path anomaly of -0 .0162 kg/m2 averaged 

over the the sub-domain delimited by sea-ice boundaries. 
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Figure 3.40: January mean (a) liquid water path anomaly (x1 o-2 mm) and (b) ice 
water path anomaly (x1 o-2 mm) in the Arctic when the anomaly is defined as the 
difference between AC2 and NAT2 (AC2-NAT2). 

Figures 3.41 a and b show the CRF anomalies respectively at the surface and 

at the TOA. The CRF anomaly at the surface is positive over the Bering Sea, 

northern Canada and western and central Siberia with values mostly ranging 

between 0 and 15 W/m2 and is negative elsewhere with values ranging from 0 and 

-1 0 W/m2
. The CRF at the TOA is al most negative everywhere in the Arctic except 

over a small area in Sakha at the eastern Siberia and Baffin Bay at the south of 

Greenland where the anomaly is positive with a maximum value as small as 1.6 

W/m2
. However the spatially averaged CRF anomalies over the sea-ice mask at the 

Arctic give a mean negative CRF anomaly of -0.23 W/m2 at the surface and a mean 

negative CRF anomaly of -3.2 W/m2 at the TOA. 
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Based on the dependency of the cloud forcing to the hydrometeor 

concentration in the atmosphere, the increase of the liquid water path in the 

troposphere should increase the CRF at the surface. The resulted negligible CRF 

anomaly at the surface is due to the calder low-level cloud temperatures in AC2, 

which compensates the radiative effect of the liquid water path increase. The 

optically thinner and more transparent clouds formed by the effect of acidic pollutant 

on the cloud microstructure in the mid and upper troposphere increases the infrared 

transmissivity of this part of the atmosphere. As a result, more IR radiation escapes 

to space in the AC2 aerosol scenario. This , results in a negative cloud radiative 

forcing anomaly at TOA averaged over the sub domain delimited by the sea-ice 

boundaries. 
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Figure 3.41 : Mean January 2007 cloud forcing anomaly (x1 0 W/m2
) at (a) the surface 

and at (b) TOA over the Arctic when the anomaly is defined as the difference 
between AC2 and NAT2 (AC2-NAT2). 

Figures 3.42a and b show the co-variation of cloud forcing anomaly at TOA as 

a function of integrated liquid and ice water path. Figure 3.42a shows that the 

increase in the liquid water path does not have any significant effect in the CRF at 

the TOA. Just like the pair 1, the reason of this fact could be the high content of 

liquid water in the troposphere, which causes that the clouds emit as the blackbody. 

However, the CRF at the TOA strongly depends on the ice water path decrease in 

the acidified AC2 scenario. 
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Figures 3.42: Pair 5 scatter plot of the daily mean cloud forcing anomaly of January 
2007 at TOA as a function of daily mean (a) liquid water path anomaly (Kg/m2

) and 
(b) ice water path anomaly (x1 o-3 Kg/m2

) averaged over the sub-domain delimited by 
sea ice wh en the anomaly is defined as the difference between AC2 and NA T2 
(AC2-NAT2). 

The mean January anomaly of temperature at 850 hPa has been shown in the 

Figure 3.43. The temperature anomaly is positive over a small area over the central 

and northern Greenland, Greenland Sea, Sakha at the eastern Siberia . Western and 

central Mongolia and over the Bering Sea and is negative elsewhere in the Arctic 

with cooling up to 3 K. As expected, the regions with positive/negative temperature 

anomaly match to a great extent to the regions where CRF anomaly at the TOA or at 

the surface is positive/negative (see Figures 3.41 a,b) confirming the effect of cloud 

forcing on the tropospheric temperature. 
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Figure 3.43: Mean January temperature anomaly over the Arctic at 850 hPa when 
the anomaly is defined as the difference between AC2 and NAT2 (AC2- NAT2). 

These negative cloud forcings reduce the troposphere temperature at ali 

pressure levels. Figure 3.44 compares the mean January vertical profile of 

temperatures on AC2 and NAT2 averaged over the sea-ice mask. As expected , in 

the AC2 acidified scenario the temperature is lower than in uncoated NAT2 scenario 

with largest values in the lower troposphere. 
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Figure 3.44: Vertical profile of the mean temperature (0 C) for aerosol scenarios NAT2 
and AC2 averaged over time and spatially averaged over a mask delimited by sea 
ice boundaries. 

Table 3.3 displays the temperature anomaly at 500, 850 and 1000 hPa caused 

by the negative cloud forcing . Given that fact that CRF absolute anomaly in the pair 
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5 is larger than in the pair 1 , more infrared energy escapes to the outer space in the 

pair 5, therefore the temperature decreases more in the acidified scenario of pair 5 

compared to pair 1 in which contact nucleation is considered . 

Table 3.3: Pair 5 temperature anomaly at 1000, 850 and 500 hPa and cloud forcing 
anomaly at TOA and surface at the surface averaged over the sub-domain delimited 

by sea-ice boundaries 

Mean CR F anomaly at surface ('Nim') -0.23 

Mean CR F anomaly at TOA (W/m'") -3 .2 

Mean tem perature anomaly 1 000 hPa (OC) -1 .28 

Mean tem perature anomaly 850 hPa (0C) -1.32 

Mean tem perature anomaly 500 hPa (0C) -0.63 

3.2.6 Comparison of AC3 and NAT3 (Pair 6) 

This pair is similar to the pair 3 in terms of the presence or not of the contact 

nucleation in a non polluted environment. lt however differs from the pair 3 by the 

range of contact angles normally distributed according to the probability density 

function (see equation 2.7) . The pair 6 includes two uncoated scenarios: NAT3 in 

which the contact INs are absent and the AC3 scenario with contact INs. 

Figures 3.45a and b show respectively the January mean vertical profile of the 

ice water content and the ice crystal number concentration for the aerosol scenarios 

NAT3 and AC3 spatially averaged over the mask delimited by the sea-ice 

boundaries. The ice crystals concentration in the AC3 aerosol scenario is smaller 

everywhere throughout the troposphere compared to that of the NAT3 scenario in 

which the contact INs are absent. The ice water content in the AC3 scenario is 

smaller th an the NA T3 scenario at ali pressure levels except near the surface 

between 920 and 1000 hPa where the ice water content in bath scenarios are al most 

equal. Following the same reasoning used for the pair 3 in the section 3.2.3, the 
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presence of the contact 1 Ns contributes to deactivate a part of deposition 1 Ns by 

reducing the RHj. As a result, the onset RHi for deposition ice nucleation is not 

reached as often in aerosol scenario AC3. This reduces the total ice crystal number 

concentration and ice mixing ratio in the clouds. 
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Figure 3.45: Vertical profiles of cloud ice (a) content (x10·3 g/kg) and (b) ice crystal 
number concentration (x1 04 1 /m3

) for aerosol scenarios AC3, NAT3averaged over 
time and spatially averaged over a mask delimited by sea ice boundaries. 

Figure 3.46 shows the January mean vertical profile of RHi averaged over the 

sea-ice mask. At the lower troposphere between 1000 and 920 hP a, the RHi in the 

AC3 scenario is equal to that of the NAT3 scenario and is lower in the mid and upper 

troposphere. The January mean RHi negative anomaly over the mask delimited by 

sea ice boundaries peaks at -1 .8 % at 850 hPa.This decrease in RHi is due to the 

formation of ice crystals by contact freezing in the AC3 scenario. These ice crystals 

absorb the avai lable water vapour in the troposphere and contribute to decrease the 

RHj. The required threshold for deposition ice nucleation is therefore not reached as 

often as in the aerosol scenario NAT3. Figure 3.47 clearly shows that the difference 

in the ice crystal concentration is related to the difference in RHi between AC3 and 

NAT3. 



77 

300 

400 

rn 
0... 500 s 
~ 
:::l 600 Cf) 
Cf) 

~ 700 
0... 

800 

900 

1000 
65 70 75 80 85 90 95 

Anomal y of relative humidity with respect to ice (%) 

Figure 3.46: Vertical profile of the mean relative humidity with respect to ice (%) for 
aerosol scenarios NAT3 and AC3 averaged over time and spatially averaged over a 
mask delimited by sea ice boundaries. 

Figure 3.47 shows the ice crystal number concentration anomaly as a function 

of RH; anomaly. As discussed earlier, the negative RH; anomaly is associated with 

negative ice crystal number concentration anomaly. Negative (positive) RH; 

anomalies are associated to negative (positive) ice crystal number concentration . 
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Figure 3.47: January daily mean of ice crystal number concentration (1/m3
) anomaly 

as a function of RH; (averaged over 5% intervals) and spatially averaged over the 
sea-ice mask with the related standard deviation (vertical bars) when the anomaly is 
defined as the difference between AC3 and NAT3 (AC3-NAT3). 
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Figures 3.48a and b show the January mean vertical profile of liquid water 

content and water droplets number concentration averaged over the mask delimited 

by sea-ice boundaries. The liquid water concentration is slightly higher in the 

presence of the contact INs in the AC3 scenario compared to the NAT3 scenario 

throughout the troposphere especially between 900 and 940 hPa where the mixed­

phase clouds are mostly found. The addition of the contact INs in the AC3 scenario 

has a very small impact on the liquid water content. The reason of the increase in the 

liquid water concentration at the presence of contact INs is explained in section 

3.2.3. The differences between both scenarios for the cloud liquid droplet 

concentration are not related to either temperature or RH; (figures not shown) . lt is in 

fact related to the Bergeron effect, which is reduced in the AC3 scenario compared 

to the NA T3 scenario due to the smaller ice crystal concentration th at can absorb the 

water vapor from the evaporation of water droplets. 
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Figure 3.48: Vertical profiles of cloud liquid water (a) content (x1 o-s g/kg) and (b) 
liquid drop number concentration (x1 04 1 /m3

) for AC3and NA T3aerosol scenarios 
averaged over time and spatially averaged over a mask del imited by sea ice 
bou nd aries. 

Figures 3.49a and b show respectively January mean liquid and ice water path 

anomalies averaged over the Arctic sea-ice mask. The liquid water path anomaly is 

positive over the eastern and central Siberia, a great part of Mongolia, central and 

northern Greenland, Foxe Basin , central Arctic Ocean, Bering Sea, Kara See, 
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Labrador Sea and Scandinavia and is negative elsewhere. Values of these 

anomalies remain however small. The ice water path anomaly is negative over most 

of the Arctic with the largest values over the Kara and Barents Sea. These regions 

are warmer than the Central Arctic and are characterized by a large occurrence of 

mixed-phase clouds (e.g. Girard et al., 2012) . Contact ice nucleation is therefore 

more frequent over these areas due to the frequent presence of cloud liquid droplets. 

Results give a mean ice water path anomaly of -5.9x1 0-4 kg/m2 and liquid water path 

anomaly of 2.7x1 o-s kg/m2 averaged over the sub-domain delimited by sea-ice 

boundaries. These results confirm the ice crystal loss and the small liquid water 

increase in the presence on contact INs in the AC3 aerosol scenario. 
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Figure 3.49: January mean (a) liquid water path anomaly (x1 o-2 mm) and (b) ice 
water path anomaly (x1 o-2 mm) in the Arctic when the anomaly is defined as the 
difference between AC3 and NAT3 (AC3-NAT3). 

Figures 3.50a and b show January mean cloud radiative forcing anomalies 

respectively at the surface and at the TOA The CRF anomalies are positive, ranging 

from 0 to 10 W m-2 at the surface and from 0 to 6 W m-2 at the TOA, over a vast 

region in the Arctic including Northern Canada, Central Siberia, Northern Greenland 

and a part of the Bering Sea. This anomaly is negative over the Central Arctic, the 

Alaska and Eastern Siberia with values ranging from 0 to -5 W m-2 at the surface and 

from 0 to -8 W m-2 at the TOA Based on the dependency of the cloud forcing at the 

surface and at the TOA to the hydrometeors concentration , the reduction of the 

clouds ice water path due to the addition of contact INs in the AC3 scenario should 

cause a negative CRF anomalies at the surface and at the TOA over areas where 
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the cloud microstructure is the most affected by contact ice nucleation, which is the 

Barents and Kara Sea. Results are consistent with this idea with negative CRF 

anomaly over these regions of up to -10 W m·2 at the surface and -6 W m·2 at the 

TOA However, when averaged over the sea-ice mask, the mean January negative 

ice water path anomaly of -6x1 0-4 mm produces a very small negative cloud forcing 

anomaly of -0.2 W/m2 at TOA and a negative CRF anomaly of -0.66 W/m2 at the 

surface. These small averaged values are caused by positive CRF occurring in very 

cold areas where the LWP and IWP anomalies are very small. Positive CRF 

anomalies are therefore likely to be due to internai variability of the madel. The 

statistical test performed on these results shows that the CRF anomalies at the 

surface are not statistically significant (see Figure 0 .7 in Appendix 0 for the pair 6). 

However, the negative CRF anomalies at the TOA over the Barents and Kara Sea 

are statistically significant (see Figure 0 .8 in Appendix 0 for the pair 6) . Positive CRF 

anomalies at the TOA are not statistically significant. Therefore, these positive CRF 

anomalies should be interpreted as highly uncertain. 
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Figure 3.50: Mean January 2007 cloud forcing anomaly (x1 0 W/m2
) at (a) the surface 

and at (b) the TOA over the Arctic when the anomaly is defined as the difference 
between AC3 and NAT3 (AC3-NAT3). 

Figures 3.51 a and b show the co-variation of cloud forcing anomaly at TOA to 

the vertically integrated ice and liquid water path anomalies. The small liquid water 

anomaly does not seem to be determinant for the CRF at the TOA. However, a 

stronger relationship is obtained with the ice water path. A variation of the IWP in the 

mid and upper levels contributes to change the atmospheric transmissivity and 

therefore affects the CRF at the TOA. 
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Figures 3.51 : Pair 6 scatter plot of the daily mean cloud forcing anomaly of January 
2007 at TOA as a function of daily mean vertically integrated (a) liquid water path 
anomaly (x1 0-4 Kg/m2

) and (b) ice water path anomaly (x1 o-3 Kg/m2
) averaged over 

the sub-domain delimited by sea ice when the anomaly is defined as the difference 
between AC3 and NAT3 (AC3-NAT3) . 

Figure 3.43 shows the mean January temperature anomaly at 850 hPa. This 

anomaly is positive over southeastern Siberia, North of Greenland, Baffin Sea, 

Greenland Sea, Northern part of the Barents Sea and the Arctic Ocean with values 

ranging mostly from 0 to 2 K and is negative elsewhere in the Arctic with a minimum 

up to -2 K over the Kara Sea. The regions with positive/negative temperature 

anomaly match to a great extent to the regions where CRF anomaly at the TOA or at 

the surface is positive/negative (see Figures 3.50 a,b) . 
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Figure 3.52: Mean January temperature anomaly over the Arctic at 850 hPa when 
the anomaly is defined as the difference between AC3 and NAT3 (AC3- NAT3). 

Figure 3.53 shows the mean January vertical profile of the temperature of AC3 

and NA T3 aerosol scenarios over the Arctic spatially averaged over the mask of sea­

ice boundaries. The temperature vertical profile in the AC3 and NAT3 are very close 

together. These results show that the temperature anomaly can be regionally 

relatively important; however, when averaged over the whole Arctic, the temperature 

anomaly becomes negligible. 
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Figure 3.53: January 2007 mean temperature CC) vertical profiles averaged over a 
mask delimited by sea ice boundaries for aerosol scenarios NAT3 and AC3. 



DISCUSSION AND CONCLUSIONS 

The presence of intense law-pressure system centered over lceland and an 

anticyclone over Siberia during the winter generates large-scale atmospheric 

circulation, which is very favourable to the transport of anthropogenic pollution from 

highly populated areas of northern Europe and north-eastern Asia to the North Pole. 

Most of these aerosols are highly acidic (Bigg , 1980). 

Mineral dust particles are among the most abundant IN in the atmosphere. 

Many laboratory experiments on coated and uncoated mineral dust particles have 

been performed by Eastwood et al. (2008; 2009), Knopf and Koop (2006), Salam et 

al. (2007), Cziczo et al. (2009), Niedermeier et al. (2010) and Sullivan et al. (2010b). 

Results indicate that sulfuric acid coating on these INs substantially increases the 

onset ice supersaturation for ice nucleation. lee nucleation occurs therefore at a 

much lower rate compared to uncoated dust particle. The coating effect on ice 

nucleation was also indirectly observed during the Arctic Gas and Aerosol Sampling 

Program (AGASP) by Borys (1989). ln this study, the authors showed that the IN 

concentration is decreased by 3 to 4 orders of magnitude during highly polluted 

(Arctic haze) events (Borys, 1989). 

Several modeling studies (Girard and Bekcic, 2005; Girard and Stefanof, 2007 

and Girard et al. , 2012) have been set to investigate the impact of the acid sulfuric 

coating on INs on the wintertime Arctic clouds and energy budget. The results of 

these studies show that the acid coating reduces the nucleation rate over the acid 

coated INs forming relatively fewer and larger ice crystals that precipitate more often 

from the clouds. The resulting optically thinner clouds are more transparent to IR 

radiation and produce negative cloud forcing anomaly. This leads to a tropospheric 

cooling, which further promotes water vapor condensation and the reduction of the 

water vapor greenhouse effect. This effect is known as the dehydration-greenhouse 
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feedback that was hypothesised for the first time by Girard and Blanchet (1994; 

1995). 

This hypothesis has been investigated using 1 D and 3D models (Girard and 

Bekcic, 2005; Blanchet and Girard, 2005; Girard and Stefanof, 2007; Girard et al, 

2012). Ali these modeling studies have confirmed the tropospheric cooling produced 

by the DGF. 

ln the most recent modeling study on the DGF by Girard et al. (2012), the ice 

nucleation in is parameterized by the classical nucleation theory, which is a 

simplified parameterization of heterogeneous ice formation independent of 

physiochemical characteristics of aerosols in which ali INs have identical surface 

properties with a single contact angle. Girard et al. (2012) also assumed that only 

deposition ice nucleation is altered by acidic coating . Although no laboratory 

experiment (set up too complex to make such experiments) has shawn any alteration 

of acid coating on INs, it is very likely that the acid coating will alter this ice 

nucleation mode (persona! communication). 

A recent research study conducted by Wheelers et al. (2011) on the deposition 

freezing on mineral dust particles proves that the results obtained by classical 

nucleation theory with the assumption of a constant contact angle for ali dust 

particles fail to fit the laboratory data. The authors have proposed a more refined 

parameterization than the single contact angle framework for CNT to incorporate the 

variability in the IN surface properties in arder to better reproduce the laboratory 

experiments data in the climate models. ln their approach, they assigned a 

distribution of contact angles to deposition INs where the probability of nucleation of 

each individual IN was defined by a normal probability distribution function (PDF) 

(Wheeler et al,. 2011 ; Marcolli et al. , 2007). ln this approach, the nucleability of each 

single IN is equal over the entire surface but varies from particle to particle. 

The purpose of this study is to assess the importance of contact nucleation in 

clean and acid polluted environments to investigate the probable acid coating effect 

on the contact ice nucleation on the wintertime Arctic clouds microstructure and 
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terrestrial energy budget. Also, the effect of more realistic PDF parameterisation of 

contact angles has been investigated in a clean environment through the simulations 

performed by the GEM-LAM madel for January 2007. 

ln the present work, six sets of sensitivity test have been simulated to 

investigate the sensitivity of ice nucleating properties of kaolinite particles to the 

changes in ice formation condition and its impact on the properties of wintertime 

Arctic clouds. The first pair, which includes AC1 and NAT1 aerosol scenarios, 

investigates the effect of acid coating on the wintertime Arctic clouds in the presence 

of contact INs. The second pair, which includes AC3 and NAT1 aerosol scenarios, 

studies the effect of PDF parameterisation in an uncoated IN air masson the Arctic 

clouds and radiative budget. The third pair, which includes AC2 and NAT2 aerosol 

scenarios, is similar to the pair 1 except that contact nucleation is absent. The pair 4, 

which includes AC1 and AC2 aerosol scenarios, studies the effect of including 

contact nucleation in an acid polluted environment. The pair 3, which includes NAT1 

and NAT2 aerosol scenarios, studies the effect of the presence of contact nucleation 

on the properties of Arctic clouds in a clean environment. Finally, the pair 6, which 

includes AC3 and NAT3 aerosol scenarios, is similar to the pair 3 except that the 

PDF parameterization of contact angles is used instead of the single contact angle 

approach. 

The results of the pairs 1, with a mean ice water path anomaly of -0.0155 

kg/m2
, mean liquid water path anomaly of 0.0079 kg/m2

, mean negative cloud forcing 

anomaly of -0.8 W/m2 at the TOA and a surface cool ing of 0.89 °C in the acidified 

scenario, are consistent with the results obtained by Girard et al. (2012) with a mean 

ice water path anomaly of -0.0126 kg/m2
, mean positive liquid water path anomaly of 

0.0153 kg/m2
, mean cloud forcing anomaly of -2.37 W/m2 at the TOA and a mean 

surface cooling of 2.1 °C. 

The results of the pair 1 are consistent with Girard et al (2012) with a mean 

decrease in ice water path of 0.0155 kg/m2 and a mean increase of liquid water path 

of 0.0079 kg/m2 in the acidified scenario compared to respectively ice water path 
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anomaly and liquid water path anomaly of -0.0126 kg/m2 and 0.0153 kg/m2 obtained 

by Girard et al.; mean negative cloud forcing anomaly of -0.8 W/m2 at the top of the 

atmosphere compared to the cloud forcing at the TOA of -2.37 W/m2 obtained by 

Girard et al. and a surface cooling of 0.89 °C near the surface compared to 2.1 

obtained by Girard et al. 

ln the pair 2, the PDF parameterization with contact angles ranging from 4.9 to 

33.2° (see equation 2.7) is compared to the original CNT framework with a single 

contact angle value of 12°. According to the normal PDF, the majority of aerosols 

have contact angles larger than single-a parameterization of contact angle of 12° 

calculated by classical nucleation theory. The onset RHi for deposition freezing is a 

strong function of the contact angle with a clear trend of increasing RHi with 

increasing contact angle. Thus the deposition ice nucleation is very efficient for dust 

particles with smaller contact angles that are in minority according to the PDF 

distribution function . As a result, fewer aerosols are capable to nucleate ice in PDF 

parameterization of contact angle and the nucleation rate of ice crystals in the 

deposition mode decreases. Therefore the ice water content and the ice crystal 

number concentration are smaller in the PDF parameterization compared to single-a 

parameterization. 

Based on the dependency of IN nucleability to the RHi threshold for deposition 

nucleation in the PDF parameterization, the ice crystals nucleate at almost ali values 

of RHi but in the single contact angle approach, the INs initiate deposition ice 

nucleation only after the RHi reaches the threshold required for ice nucleation. One 

therefore expects that the nucleation of ice crystals in the AC3 scenario will be much 

more progressive. The reduced number of ice crystal in the PDF parameterization 

decreases the water vapor deposition rate on the ice crystals by Bergeron effect and 

results in an increase of the RHj . 

ln the PDF parameterization, the fact that some ice crystals can nucleate at 

lower contact angles (in ether words at lower ice supersaturation) prevents the 

saturation ratio to reach the liquid saturation point and reduces therefore the 
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activation of cloud droplets compared to single-a parameterization. Thus, the liquid 

water content and number concentration in single-a parameterization is larger than 

in PDF. 

Based on the dependency of the CRF to the tropospheric hydrometeor 

concentration , a mean decrease of ice crystal and droplet concentrations in the PDF 

parameterisation of contact angle reduces the CRF at the surface and at TOA and 

results in a mean small tropospheric cooling of 0.3 K near the surface over the whole 

Arctic. This surface cooling is smaller than the cooling of the pair 1. 

ln the pair 3, the importance of contact nucleation is investigated in a dean 

environment. ln the presence of contact ice nucleation, a part of the liquid water 

turns into ice by contact nucleation absorbing a part of the available water vapor in 

an ice supersaturated environment. This reduces the RHi in the troposphere and 

reduces the deposition ice nucleation rate, which is highly dependent on RHj. The 

decrease in the deposition IN number concentration is larger than the increase in 

contact IN concentration . Therefore adding contact aerosols reduces the total 

concentration of ice nucleus and contributes to reduce the ice crystal concentration. 

The decreased ice crystal concentration increases the saturation with respect to 

water and limits the liquid water evaporation by Bergeron effect. This results in an 

increase of the liquid water concentration in the troposphere. The decrease of 

tropospheric ice crystal concentration in a clean air mass reduces slightly the cloud 

forcing at the surface and at the TOA and do not have a considerable effect on the 

tropospheric temperature. lt should be noted that despite the tact that the 

temperature anomaly is so small in this pair but the temperature anomaly can be 

regionally relatively important with a cooling of more than 1 K over the Barents Sea. 

ln the pair 4, the effect of contact ice nucleation is investigated in a polluted 

environment (acid-coated INs). Just like the pair 3, by adding contact nucleation 

aerosols, a part of the water droplets nucleate ice upon contact with contact INs lee 

crystals formed in contact mode grow larger by Bergeron effect and prevent the air 

mass to reach the ice supersaturation required for deposition nucleation . This 



90 

deactivates a part of deposition INs and consequently the total ice crystal 

concentration in the troposphere. However, the ice crystal concentration decrease of 

the a cid coated 1 Ns is lower th an the ice crystal decrease due to the present of 

contact INs obtained in the pair 3 (NAT1 and NAT2). ln NAT1 , the presence of 

contact IN contributes to decrease the variability of the cloud ice supersaturation. 

Therefore, the ice nucleation events by deposition are less frequent ln the AC1 

scenario, same argument is true for the pair 4 except that due to the acid coating on 

INs and the higher onset ice supersaturation required for deposition ice nucleation , 

the nucleation rate in AC2 is much smaller than in the NAT2 aerosol scenario. This 

shows that the presence of the contact INs in an acid polluted environment has a 

very small effect on the cloud microstructure in the troposphere. 

Results show small positive CRF anomalies at the surface and at the TOA. 

Because of the small ice and liquid water path anomalies in the pair, these CRF 

anomalies are not dependant to the liquid and ice water path anomalies. These small 

CRF anomalies produce a slight increase in the tropospheric temperature of less 

than 0.5 K in the lower troposphere and negligible temperature anomalies at higher 

altitudes. 

The pair 5 and pair 1 are similar except that contact nucleation is absent in pair 

5. The cloud microstructure alteration by acid coating in this pair is almost the same 

as in the pair 1 and reduced concentration of total active INs contribute to reduce the 

ice crystal concentration and the ice content in the troposphere. The reduced 

number of ice crystals takes up less water vapor in the acidified scenario increasing 

the tropospheric RH;. lt is noteworthy to mention that the decrease of ice crystal 

concentration in the pair 5 is slightly larger than in the pair 1. The reason is the 

absence of contact INs in the pair 5 that increases the RH; to the onset required for 

deposition nucleation activating a part of deposition INs that compensate in part the 

contact INs deactivation. The same thing happens in the acidified environment 

except that since the acid coated deposition INs require higher RH; onset to initiate 

the deposition ice nucleation, the compensation of deactivated contact INs by the 

activated of deposition INs are slightly less stronger. The reduced number of ice 
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crystals combined by the increased supersaturation with respect to water limits the 

Bergeron effect and decrease the water evaporation rate in the troposphere 

increasing the tropospheric liquid drop concentration and water content. Here the 

increase in the liquid water number concentration in the pair 5 is slightly lower than in 

the pair 1, the reason is again the absence of contact INs in the pair 5 that increases 

the ice crystals in the troposphere evaporate more liquid water in the clear scenario 

than in the acidified scenario compared to the pair 1. 

The optically thinner and more transparent mid and high clouds and the thicker 

and calder mix-phase clouds formed in the acidified environment increases the 

upward IR emission to the outer space leading into the a negative cloud radiative 

forcing anomaly and a decrease in the temperature at ali pressure levels. 

The effect of acid coating in both pair 1 and 3 are similar suggesting that the 

contribution of contact INs on the ice formation procedure in the clouds is very weak 

(specially in the acidified environment) and do not have an important effect in the 

cloud microstructure. 

Finally, the pair 6 is similar to pair 3 except that here the contact angle is 

distributed according a normal PDF. Following the same argumentation used for pair 

3, the presence of contact aerosols contribute to reduce the tropospheric RH;. 

Therefore the onset RH; for deposition ice nucleation is not reached as often as in 

aerosol scenario AC3 . The cloud liquid droplet concentration is not related to either 

temperature or RH; but is related to the Bergeron effect, which is reduced at the 

presence of contact INs in the AC3 aerosol scenario due to the smaller ice crystal 

concentration. The activation of the contact INs in the AC3 aerosol scenario has a 

very small impact on the liquid water content and liquid drop number concentration. lt 

increases them slightly in the presence of the contact INs throughout the 

troposphere especially between 900 and 940 hPa where the mixed-phase clouds are 

mostly found. 

Based on the dependency of the cloud forcing at the surface and at the TOA to 

the hydrometeors concentration, the smaller ice water path due to the addition of 
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contact INs in the AC3 scenario the clouds are more transparent towards the IR 

radiation and produce a negative the CRF anomaly at the surface and at the TOA. 

However, a much less stronger relationship is obtained with the liquid water path 

since the co-variation of CRF at the TOA with the liquid water concentration shows 

that the smallliquid water anomaly does not have an effect on the CRF at the TOA. 

Based on the direct dependency between the temperature anomaly and the 

CRF anomaly the temperature anomaly can be regionally relatively important; 

however when averaged over the whole Arctic the mean temperature vertical profiles 

in both AC3 and NAT3 in the pair 6 are very close together suggesting a negligible 

temperature anomaly throughout the troposphere. 

ln conclusion, according to the results of this research , the contact ice 

nucleation has a very small effect on the wintertime (January, February, March) 

Arctic cloud microstructure in a non-polluted environment and an even more 

negligible effect in an acid polluted environment. Also, the decrease of the ice 

crystals concentration in the PDF parameterization decreases slightly the cloud 

forcing and leads to a very slight decrease of the temperature. Therefore the PDF 

parameterization does not have a great effect of the cloud microstructure and the 

energy budget. Finally, the results obtained in this work should be investigated 

further using different climate models and different microphysics schemes to confirm 

this hypothesis and to better understand the mechanisms involved in contact 

nucleation and its effect on the wintertime arctic clouds. 



APPENDIXA 

The difference of geopotential height at 500 hPa, MSLP and temperature at 850 
hPa between the ECMWF analysis and the model output averaged over 

January 2007 for aerosol scenarios NAT2, NAT3, AC1 , AC2 and AC3 
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Figure A.1: The difference of geopotential height at 500 hPa between the ECMWF 
analysis and the madel output averaged over January 2007 for aerosol scenarios (a) 
NAT2, (b) NAT3, (c) AC1, (d) AC2 and (e) AC3 averaged on January 2007. 
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a) 

c) 

Figure A.2: The difference of MSLP between the observations from ECMWF and the 
madel output for scenarios (a) NAT2, (b) NAT3, (c) AC1, (d) AC2 and (e) AC3 
averaged on January 2007. 
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Figure A.3 : The difference of temperature at 850 hPa between the observations from 
ECMWF and the model output averaged over January 2007 for aerosol scenarios (a) 
NAT2, (b) NAT3, (c) AC1 , (d) AC2 and (e) AC3 averaged on January 2007. 



APPENDIX B 

Student t-test 

The statistical test ts which determines the value of the Student's t distribution 

for a desired confidence leve! is given by the following equation (Bélisle and 

Desrosiers, 1983): 

(8.1) 

The indices ref and prt means the reference and perturbed cases, respectively. 

2 2 
fl ptb and flref are the real population means, S ptb and Sref represents the 

variances of the ensemble of respectively nptb and nrer elements. Theses variances 

are unknown but are assumed to be equal ; finally , X ptb and X: ef are the spatial 

sample means of variable X defined by the following equation: 

N,. NY 

"" x .· L.,L_, 1,] 

X = i=I J =l 

N ·N x y 

(B.2) 

in which Nx and Ny are respectively the number of grid points in x and y directions. 

Since n ref = nptb = n , equation (B.1) can be rewritten as: 
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(x ptb - xref )- (,uptb - Jlref ) 
ts = 1 (6.3) 

( 

2 2 y 
s ptb: 

8
rej ) 

8.2 Hypothesis test and determining significant area 

The statistical test of the hypothesis is a formai process which uses the 

information from the samples to decide which of the two hypotheses, null hypothesis 

or alternative hypothesis is true. The alternative hypothesis Ha, generally describes 

the range of possibilities that can be true if Ho is rejected. 

The first step would be to identify and formulate the null and alternative 

hypotheses: 

• Null hypothesis (Ho) assumes that the difference between two ensemble 

means is equal to zero: f-Lprb - f-Lref = 0 

• Alternative hypothesis (Ha) supposes that the difference between two 

ensemble means is not zero: f.lprb - f.lref ::f::. 0 

These assumptions help to identify the areas where the anomaly, the 

difference of the given variable between perturbed and reference ensemble, is 

statistically significant. 

At this step it is assumed that the difference between the mean of the two 

ensembles is zero or in other words, the null hypothesis is true. Therefore the t-test 

is redefined according to equation (6.3) in the context of the null hypothesis to check 

the validity of the Ho hypothesis. 
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t = ex;:-X,:;) 
s ( 2 2 \ 1/2 

sptb + sref 1 

l n ) 

(8.4) 

Assuming T n +n _2 r to be the critical Student distribution value associated 
•4 plb ' 

with degree of freedom of nret+ndsc2 in table 8.1 , H0 is rejected if: 

So for ali the grid points for which the condition t s > T r 1 or 
" ref+" p•b-2·12 

ts < -T 
2

r1 is satisfied, the difference between two samples mean values is 
tlrej+nplb- •/2 

statistically significant with a confidence level of 1- r . 

ln this work, the level of statistical confidence is 95% (1- y= 0.95 ). 

According to table 8 .1 ,for two ensembles of ten simulations and a confidence level 

of 95%, the critical student test value equals 2.201 . Thus the null hypothesis is 

true when the following condition is satisfied: Ho: {-2.201::::; ts ::::; 2.201} 

When the value of the distribution (ts) is outside the range satisfying the null 

hypothesis, i.e. ts > T 11 or ts < - T r 1 ,the nu li hypothesis is rejected 
llreJ+II ptb-2,/2 llrej+llptb - 2•/2 

and therefore the alternative hypothesis (Ha) is true. i. e. the anomaly is non-zero and 

is significant with a confidence level of 1- r = 0.95 . 

These criteria for determining critical regions allow distinguishing the regions 

where the anomaly is significant. Figure 2.2 illustrates an example of the Student t­

test applied to the field of the RHi at 850 hPa for NAT1 and AC1 aerosol scenarios 

over the integration domain during January 2007 (see Appendix 8 for student t-test 

results applied to other variable during January 2007). 
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The significant regions are showed by grid points for which the ratio of the 

absolute value of the statistic test over the critical value at a 95% confidence is 

T ri 
1Jrej+ 11 ptb-2•/2 

smaller than 1 or < 1 (gray areas) and the non-significant regions are 
f s 

T ri 
f " rej+ll ptb-2•12 > l represented by grid points or which this ratio is greater than 1 or 

(white areas) . 

Figure 8.1 : Statistically significant area (gray) for RHi at 850 hPa for January 2007 
for aerosol scenario NAT1 and AC1 where results are valid with a confidence level of 
95%. 

This is seen in this figure that the sorne sectors of the Arctic including Kara Sea, 

Barents Sea, Labrador Sea, the Arctic Ocean at the North of Canada and North 

Atlantic Ocean at the East of Canada are significant areas and we are able to study 

the RHi anomaly over these regions. 



APPENDIXC 

Student t table 
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Table C.1: Student t table 

Degree of ){ freedom 
nrer+ndst-2 0.1 0.05 0.025 0.01 0.005 0.0025 

1 3.078 6.314 12.706 31.821 63.657 636.619 
2 1.886 2.920 4.303 6.965 9.925 31.598 
3 1.638 2.353 3.182 4.541 5.841 12.941 
4 1.533 2.132 2.776 3.747 4.604 8.610 
5 1.476 2.015 2.571 3.365 4.032 4.032 
6 1.440 1.943 2.447 3.143 3.707 5.959 
7 1.415 1.895 2.365 2.998 3.499 5.405 
8 1.397 1.860 2.306 2.896 3.355 5.041 
9 1.383 1.833 2.262 2.821 3.250 4.781 
10 1.372 1.812 2.228 2.764 3.169 4.587 
11 1.363 1.796 2.201 2.718 3.106 4.437 
12 1.356 1.782 2.179 2.681 3.055 4.318 
13 1.350 1.771 2.160 2.650 3.012 4.221 
14 1.345 1.761 2.145 2.624 2.977 4.140 
15 1.341 1.753 2.131 2.602 2.947 4.073 
16 1.337 1.746 2.120 2.583 2.921 4.015 
17 1.333 1.740 2.110 2.567 2.898 3.965 
18 1.330 1.734 2.101 2.552 2.878 3.922 
19 1.328 1.729 2.093 2.539 2.861 3.883 
20 1.325 1.725 2.086 2.528 2.845 3.850 
21 1.323 1.721 2.080 2.518 2.831 3.819 
22 1.321 1.717 2.074 2.508 2.819 3.792 
23 1.319 1.714 2.069 2.500 2.807 3.767 
24 1.318 1.711 2.064 2.492 2.797 3.745 
25 1.316 1.708 2.060 2.485 2.787 3.725 
26 1.315 1.706 2.056 2.479 2.779 3.707 
27 1.314 1.703 2.052 2.473 2.771 3.690 
28 1.313 1.701 2.048 2.467 2.763 3.674 
29 1.311 1.699 2.045 2.462 2.756 3.659 
30 1.310 1.697 2.042 2.457 2.750 3.646 
40 1.303 1.684 2.021 2.423 2.704 3.551 
60 1.296 1.671 2.000 2.390 2.660 3.460 
120 1.289 1.658 1.980 2.358 2.617 3.373 

x 1.282 1.645 1.960 2.326 2.576 3.291 



APPENDIX D 

Maps of significant zones for temperature anomaly, relative humidity with 
respect to ice anomaly, ice water content anomaly, liquid water content 
anomaly, ice crystal concentration anomaly, liquid drop concentration 

anomaly and cloud forcing at the TOA for ali six pairs of study 



104 

Figure 0 .1: Significant area for temperature anomaly for January 2007 for ali six 
pairs calculated using the Student t-test. The gray areas indicate significant zone 
with a confidence level of 95%. 



105 

Figure 0.2: Significant area for anomaly of relative humidity with respect to ice for 
January 2007 for ali six pairs calculated using the Student t-test. The gray areas 
indicate significant zone with a confidence leve! of 95%. 
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Figure 0 .3: Significant area for anomaly of ice water content for January 2007 for ali 
six pairs calculated using the Student t-test. The gray areas indicate significant zone 
with a confidence level of 95%. 
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Figure 0.4: Significant area for anomaly of liquid water content for January 2007 for 
ali six pairs calculated using the Student t-test. The gray areas indicate significant 
zone with a confidence level of 95%. 
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Figure 0.5: Significant area for anomaly of ice crystal concentration for January 2007 
for ali six pairs calculated using the Student t-test. The gray areas indicate significant 
zone with a confidence level of 95%. 
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Figure 0.6: Significant area for anomaly of liquid drop concentration for January 
2007 for ali six pairs calculated using the Student t-test. The gray areas indicate 
significant zone with a confidence level of 95%. 
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Figure 0 .7: Significant area for anomaly of cloud forcing at the surface for January 
2007 for ali six pairs calculated using the Student t-test. The gray areas indicate 
significant zone with a confidence level of 95%. 
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Figure 0.8: Significant area for anomaly of cloud forcing at the top of the atmosphere 
for January 2007 for ali six pairs calculated using the Student t-test. The gray areas 
indicate significant zone with a confidence level of 95%. 



-----------------------------
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Figure 0 .9: Significant area for anomaly of liquid water path for January 2007 for ali 
six pairs calculated using the Student t-test. The gray areas indicate significant zone 
with a confidence level of 95%. 



113 

Figure 0 .10: Significant a rea for anomaly of ice water path for January 2007 for ali 
six pairs calculated using the Student t-test. The gray areas indicate significant zone 
with a confidence level of 95. 
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