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Abstract 
Recently, two Types of Ice Clouds (TICs) properties have been characterized using ISDAC airborne measurements (Alaska, April 2008). TIC-2B were characterized by fewer (< 10 L-1) and larger (> 110 (m) ice crystals, and a larger ice supersaturation (> 15 %) when compared to TIC-1/2A. It has been hypothesized that emissions of SO2 may reduce the ice nucleating properties of IN through acidification, resulting to a smaller concentration of larger ice crystals and leading to precipitation (e.g. cloud regime TIC-2B).
Here, the origin of air masses forming the ISDAC TIC-1/2A (1 April 2008) and TIC-2B (15 April 2008) is investigated using trajectory tools and satellite data. Results show that the synoptic conditions favor air masses transport from the three potentials SO2 emission areas to Alaska: eastern China and Siberia where anthropogenic and biomass burning emission respectively are produced, and the volcanic region from the Kamchatka/Aleutians. Weather conditions allow the accumulation of pollutants from eastern China/Siberia over Alaska, most probably with the contribution of acid volcanic aerosol during the TIC-2B period. OMI observations reveal that SO2 concentrations in air masses forming the TIC-2B were larger than in air masses forming the TIC-1/2A. Airborne measurements show high acidity near the TIC-2B flight where humidity was low. These results support the hypothesis that acidic coating on IN could be  at the origin of the formation of TIC-2B.
1. Introduction


Climate change is proceeding faster and more severely at the high latitudes of the Arctic (ACIA, 2005; IPCC, 2007). Average annual Arctic temperature has been increasing at about twice the global mean rate in the past 50 years. The uncertainties of the amplitude and the evolution of Arctic warming are partly related to a lack of understanding of the contributions of clouds in the energy balance over this region (Dufresne and Bony, 2008). Clouds play a fundamental role both in modulating atmospheric radiation and the hydrologic cycles. This is particularly critical in the Arctic, where interactions can be enhanced by the presence of aerosols (Grenier and Blanchet, 2010; Morrison et al., 2005).


Arctic cloud properties have been investigated in a number of observational studies using aircraft, ground-based remote sensors and satellites. It was recently shown that ice-only clouds are ubiquitous in the upper troposphere during all seasons in the Arctic (Shupe, 2011; Devasthales et al., 2011). Although optically thin ice clouds may have a small effect on the radiation budget at the surface (Intrieri and Shupe, 2004; Lampert et al., 2009), their existence could be important in the Arctic spring to (1) maintain mixed phase low clouds (Morrison et al., 2005, 2012), or (2) in the winter when the warming resulting from the “cloud greenhouse effect (thermal)” dominates (Girard and Blanchet, 2001; Shupe and Inrieri, 2004). Cloud radiative forcing at the surface strongly depends on cloud properties, solar zenith angle, and surface albedo (Shupe and Intrieri, 2004).


The joint detection characteristics of both CloudSat radar and CALIPSO lidar recently reveal the existence of two Types of Ice Clouds (TICs) in the Arctic during the polar night and early spring (Grenier et al., 2009; Grenier and Blanchet, 2010). The type refers to the number of active instruments detecting the cloud; ice clouds of type 1 (TIC-1) are only seen by the lidar whereas ice clouds of type 2 (TIC- 2) are seen by both the lidar and the radar. TIC-2 are further divided into TIC-2A and TIC-2B. TIC-2A are topped by a substantial layer of very small (radar-unseen) ice crystals (TIC-1). In contrast, TIC-2B are not overlaided by TIC-1 (Grenier et al., 2009; Grenier and Blanchet, 2010). In this paper, TIC-1 and TIC-2A are not differentiated and therefore will be identiﬁed as TIC-1/2A.

Jouan et al. (2012) have characterized the TICs microphysical and thermodynamic properties using airborne measurements taken during the Indirect and Semi-Direct Aerosol Campaign (ISDAC), which was conducted over the North Slope of Alaska (NSA) during April 2008 (McFarquhar et al., 2011). Results showed that TIC-2B  are characterized by fewer (< 10 L-1) and larger (> 110 (m) ice crystals and a larger ice supersaturation (by about 15 % to 20 %), close to liquid water saturation at cold temperature (Ta) below -30 °C, when compared to TIC-1/2A. From this study, Two ice clouds representing each type of TICs (TIC-1/2A and TIC-2B) observed during the ISDAC campaign were investigated in detail in Jouan et al. (2012). The synoptic analysis showed that vertical motion within these two TICs are relatively low. The analysis of cloud properties showed that most of the differences between these two TICs are located near the cloud top where the nucleation of ice crystals is most likely to occur. In TIC-1/2A case, it was suggested that the dominant nucleation process was the deposition ice nucleation due to an atmosphere not saturated with respect to liquid water combined with a relatively high ice crystal number concentration (Nic). In the TIC-2B case, either immersion or condensation freezing of haze droplets (coated ice nuclei (IN)) was hypothetized, due to larger relative humidity with respect to ice (RHIce) close to liquid water saturation. 

Knowledge of the chemical composition and number concentration of the ambient ice-forming aerosol particles is important in order to understand the physical process of TICs formation. Numerous studies have attempted to quantify the ice nucleation ability of different particles empirically in laboratory experiments. Hoose and Möhler (2012) have noticed that the observations of ice nucleation on a good ice nuclei such as mineral dust span the full range of water-subsaturated and watersaturated conditions below −10°C. However, most studies have shown that mineral dust are “de-activated” when they are coated with various species such as ammonium sulphate, ammonium bi-sulphate, sulfuric acid and some organics (e.g. Eastwood et al., 2009; Chernoff et al., 2010; Hoose and Möhler, 2012). According to these experiments, the onset ice supersaturation at which ice nucleation occurs (in the immersion mode of unactivated haze droplets) is substantially increased close to the liquid saturation point when mineral dust are coated with sulfuric acid compared to uncoated particles (in the deposition mode), at cold temperature below -30 °C. Sullivan et al. (2010) have shown that the IN de-activation effect of sulphuric acid on mineral dust is irreversible and still effective once the acid has been neutralized with ammonia. Other than mineral dust, a small number of bioaerosols (bacteria, fungal spores, pollen, ...) have been observed to nucleate ice at watersaturated conditions but at temperatures warmer than those observed at the top of TICs (> -30 °C) (Hoose and Möhler, 2012). Solid ammonium sulfate, sea salt, volcanish ash, some organic acids and soot particles are occasionally found to act as immersion/condensation nuclei at cold temprature below -30 °C (Hoose and Möhler, 2012). 


All these laboratory results suggest that IN activated in the upper part of TIC-1/2A identified in Jouan et al. (2012) would be particles nucleating ice at a RHIce less than 120 %; such as mineral dust not covered with an acid and/or organic solution. While, IN activated in the upper part of TIC-2B indentified in Jouan et al. (2012) could be particles nucleating ice at a RHIce greater than 120 % at low temperatures (< -30.0 °C); such as acidified mineral dust, solid ammonium sulphate or soot particles. Once the process of ice nucleation initiated, low concentrations of IN combined to the high supersaturated air with respect to ice, lead to an explosive growth of ice crystals by water vapor diffusion. As a result, the TIC-2B is composed essentially of a relatively low concentration of precipitating ice crystals whereas the TIC-1/2A is composed of a top layer of small ice crystals in relatively large concentrations, which slowly grows to precipitating sizes by water vapor diffusion and followed by collision processes.

 Northern Pacific Ocean and Alaska are regions where mineral particles potentially acting as IN in the atmosphere since they are frequently transported from China desertic areas (Uno et al., 2009) and volcanic regions such as Aleutian Islands (Alaska, USA) or Kamchatka Peninsula (Russia) (Yalcin et al., 2002). During its long-range transport, mineral dust can be coated with organic and inorganic solution (Usher et al., 2003). Bigg (1980) have found that much of the aerosol particles (including dust particles), measured at Barrow (Alaska) during winter 1977 and spring 1978, were covered with sulfuric acid. Prenni et al. (2009) studied the chemical composition of measured IN during the Mixed-Phase Arctic Cloud Experiment (M-PACE) campaign, which took place in the NSA in autumn 2004. The dominant particle types identiﬁed as IN were metal oxides/dust, carbonaceous particles and mixtures of metal oxides/dust with either carbonaceous components or salts/sulphates.
The long-range transport of mid-latitudes anthropogenic pollution is the major source of wintertime and springtime aerosol in the Arctic. A winter-spring maximum is known as Arctic haze (Uttal et al., 2002; Law and Stohl, 2007; Hirdman et al., 2010). Sulphate (compounds including the SO4-2 ion) is the dominant component of these pollutant-enriched aerosols (Barrie and Barrie, 1990; Quinn et al., 2007). Volcanic emissions (releasing sulphate precursor sulfur dioxyde (SO2)), oxidation of biogenic dimethyl sulfide (DMS) and open biomass burning are also important natural sources of sulphate pollution (Fisher et al., 2011; Warneke et al., 2009). SO2 must be oxidized to form sulphate before playing a role in aerosol nucleation and the modification of existing particles. The chemical transformation of SO2 to sulphate in the atmosphere can occur via the gas-phase oxidation (cloud-free air) with the hydroxyl radical (OH) and/or via the oxidation in the aqueous-phase (cloud droplets or pre-existing aerosols) with hydrogen peroxide (H2O2), ozone (O3), and iron catalysis as terminating reactions. These reactions are considered to be the most important sulfur dioxide oxidation pathways on a global scale (Seinfeld and Pandis, 1998). The rates of SO2 oxidation processes are influenced by many factors such as photochemistry, temperature, atmospheric conditions (especially high relative humidity) and concentration and composition of particulate matter (Seinfeld and Pandis, 1998). It will determine the SO2 lifetime in the atmosphere. Once the SO2 gets into the cold, dry, arctic air, the residence time of SO2 should be increased. When SO2 is released into the atmosphere, around 46-82 % of the SO2 emitted undergoes chemical transformations and forms sulphate while the rest is lost through dry and wet deposition (IPCC, 2001; Chin et al., 2000). According to Seinfeld and Pandis (1998), SO2 is chemically active and has a relatively short averaged atmospheric lifetime of ~2 days while sulphate-containing aerosols have an averaged lifetime of ~4-5 days (Adams et al., 1999). 
Recent laboratory experiments have shown that good ice nuclei such as mineral dust are “de-activated” when they are coated with various species such as ammonium sulphate, ammonium bi-sulphate, sulfuric acid and some organics (e.g. Eastwood et al., 2009; Chernoff et al., 2010). These experiments have shown that the onset ice supersaturation at which ice nucleation occurs (in the immersion mode of unactivated haze droplets) is substantially increased close to the liquid saturation point when the kaolinite particles are coated with sulfuric acid compared to uncoated particles (in the deposition mode). According to Sullivan et al. (2010), the IN de-activation effect of sulphuric acid on dust particle is irreversible and still effective once the acid has been neutralized with ammonia.




In this paper, the origin of the air masses in which the ISDAC TIC-1/2A (1 April 2008) and TIC-2B form (15 April 2008), identified in Jouan et al (2012), is investigated to verify the hypothesis regarding the potential link between acidified mineral dust and TIC-2B, considering information gathered from the ARCTAS (Arctic Research of the Composition of the Troposphere from Aircraft and Satellites – April 2008 – Alaska) (Jacob et al., 2010), ISDAC field experiments and trajectory analyses. This paper is organized as follows. In Section 2, temporal variability of Alaska-averaged sulfur dioxide pollution from satellite data is presented with the meteorological conditions associated during March-April 2008. Section 3 and 4 list the main potential sources of sulfur dioxide and transport pathway in Alaska during this reporting period, using a lagrangian approach with the FLEXPART model for the study of the long-range transport. Detailed analysis of sources and characteristics of air masses measured on ISDAC TIC-1/2A and TIC-2B, investigated in Jouan et al. (2012) are carried out in the section 5. Results are discussed by examining the CALIPSO satellite tracks, which intersects the back trajectories in the region away from the airborne measurements. A discussion and conclusions are presented in sections 6 and 7 respectively.

2. Alaskan pollution and meteorological conditions in April 2008


Satellite measurements provide complementary information on the atmospheric abundance of various gas species. In this study, the ability of the ultraviolet and visible spectrometer OMI (Ozone Monitoring Instrument), on board the NASA's Earth Observing System (EOS)-Aura satellite, was used to detect sulfur dioxide.. Aura is a polar orbiting satellite with a nadir ground foot print of 13 x 24 km2 and a 2600 km cross track swath providing daily and contiguous global mapping of the trace gas species. 


SO2 column data are derived using the Band Residual Difference (BRD) algorithm (Krotkov et al., 2006) and the Linear Fit (LF) algorithm (Yang et al., 2007). These algorithms use the SO2 absorption bands between 310 and 360 nm to retrieve the column density of SO2. 


For this study, the OMI Level 2G daily gridded (0.125 x 0.125 °) for the mid tropospheric (between 5 to 10 km) SO2 products (TRM OMI L2G SO2) are used to assess qualitatively the temporal variability of SO2 over the study area of Alaska. OMI L2G SO2 products were acquired using the GES-DISC Interactive Online Visualization ANd aNalysis Infrastructure (GIOVANNI) developed by the NASA Goddard Earth Sciences (GES) Data and Information Services Center (DISC). OMI L2G SO2 products were filtered to remove data with high radiative cloud fraction (> 0.3), large solar zenith angle (> 70 °) and anomalous scenes. Data include only those for which the Quality Flags bit 0 was not set, and thus defined as “good data” (GIOVANNI website : http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html). The total SO2 column density is given in Dobson Units (1 DU = 2.69 x 1016 molecules/cm2). For example, the standard deviation of TRM retrievals in background areas is about 0.3 DU at mid-latitudes. Both the bias and standard deviation increase with solar zenith angle. 

Recent validation of OMI total SO2 column density measurements confirms that OMI is an effective tool for evaluation of anthropogenic and natural SO2 emissions. Good qualitative agreement was found between airborne and OMI measurements for the low altitude anthropogenic sources (Krotkov et al., 2008) as well as strong quantitative agreement between ground-based, airborne and OMI measurements for both eruptive and non-eruptive volcanic emissions at higher altitudes (Spinei et al., 2010; Lopez et al., 2012). However, in each case, the analyses were performed just above the area of emission of SO2 putting aside the question of the ability of OMI to discriminate sources of SO2. Preliminary surveys of volcanic OMI SO2 data indicate that the OMI’s detection limit for high latitude and springtime conditions varies from ~2000 to 4000 tons of sulfur dioxide emitted per day (Lopez et al., 2012). Detection of weaker sources usually requires temporal averaging of the OMI SO2 data.


 The daily variability of the area-averaged SO2 total column above Alaska (studied area can be seen in Figure 1) in mid-troposphere from 27 March to 25 April 2008 is shown in Figure 2. As already mentioned above, most of the differences between TICs are located near the cloud top where the nucleation of ice crystals is most likely to occur, which is why the SO2 concentrations observed by OMI in the mid-troposphere will be used. Two mean periods were distinguished. The period A (27 March-9 April) is characterized by a relatively low concentration of SO2 in the range of 0 to 0.12 DU. The period B (10-25 April) is characterized by a concentration of SO2 3 times higher when compared to the Period A, in the range of 0.06 to 0.39 DU. Atkinson et al. (2011) analyzed the temporal evolution of sulfur species over the period 25 March through 30 April 2008 from a DRUM impact sampler system operating at 50 km north of Fairbanks. In agreement with the OMI results, the authors notice a low concentration of sulfur (< 50 ng.m-3) during the first week of April followed by a period of high concentration of sulfur 2-4 times higher than the first week from 7 to 29 April, 2008. 
The observed variations may originate from changes in source intensity and/or from interactions and modification processes during transport. Only SO2 observations from OMI in the upper part of the troposphere are considered in this paper. When lifted to the free troposphere (higher than 2000 m), the atmospheric SO2 has a longer lifetime, and the long-range transport of atmospheric SO2 from China, for exemple, becomes more efficient (Tu et al., 2004). It is however expected that part of tropospheric SO2 is removed by dry deposition or oxidization to form sulphate aerosols during transport to Alaska. He et al. (2012) investigated the budget and transport of SO2 and sulphate in central and eastern China in April 2008 using the Community Multiscale Air Quality (CMAQ) model to simulate sulfur chemistry. Numerical simulations indicate that ~50 % of the anthropogenic sulfur emissions were transported downwind, and the overall lifetime of tropospheric SO2 was 38 ( 7 h, which may cause a more difficult detection of SO2 after 2-3 days. Then it should be consider that cloud processing and wet deposition may also be a source of modification during transport which may differ during both periods.  



During period A.1 (27 March-2 April), the synoptic pattern was dominated by the presence of a main low-pressure system over the Siberian coast (above the Laptevykh Sea) with a series of low-pressure systems forming over Japan and moving slowly north northeastward toward the Bering Sea (see Figure 3a). This synoptic pattern sets up a ﬂow trajectory directed initially to the eastern China/Siberia to the east northeastward toward the Aleutians into Alaska. During period A.2 (3-9 April), the main low-pressure system moved up into Alaska; the latter, combined with the anticyclone in the central North Paciﬁc, pushes the Asian exit ﬂow eastward without passing through Alaska from 3-9 April 2008 (see Figure 3b). Period B (10-25 April) was dominated by two distinct synoptic patterns. From 10 to 16 April (period B.1), the weakening of the low-pressure system over Alaska and the persistence of the high-pressure system in the central North Paciﬁc allow the establishment of a more zonal pattern in the north that pushes the Asian exit ﬂow northwards into Alaska and the Siberian exit flow directly eastward into Alaska (see Figure 3c). Between the 17 and 25 April (period B.2), the anticyclone in the central North Paciﬁc was split into two weaker high-pressure systems by the incursion of a low-pressure system between them. Further north, the combination of a low-pressure system from the west into the Kamchatka/Aleutians with a high-pressure system into the Alaska took place (see Figure 3d). This leads to the formation of a pressure ridge, thus increasing the transport distance between northeastern China/southeastern Siberia and Alaska. These results suggest that the synoptic conditions encountered during periods A.1, B.1 and B.2 favor air mass transport from eastern Asia/Siberia to Alaska via the volcanic area, with a longer travel time during period B.2. However, the synoptic pattern on Period A promotes air mass transport over a long distance above the North Pacific Ocean providing opportunity to aerosol loss by wet deposition into the marine convective boundary layer, whereas the time of air masses spent over the ocean is significantly shorter during the period B. This could explain the high concentration of SO2 accumulated during B above Alaska compared to the period A.
3. Potential sources of SO2 pollution in Alaska


The average column density of SO2 over April 2008 from anthropogenic sources over the northern hemisphere is shown in Figure 4. In this study, the OMI Level 3G daily gridded (0.25 x 0.25 °) for the Planetary Boundary Layer (PBL - below 2 km) SO2 products (PBL OMI L3G SO2) (available at http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/omso2e_v003.shtml) are used to study qualitatively the anthropogenic sources. OMI L3G SO2 products correspond to the PBL Omi L2G SO2 products filtered for clouds and post-corrected using the methodology of Lee et al. (2009). The standard deviation for this product is ~1.5 DU for instantaneous field of view of PBL SO2 data, but temporal and spatial averaging can reduce the noise by one third. Given this large noise, only SO2 pollution from strong anthropogenic sources and from strong regional pollution can be detected in daily data (Carn et al 2007; Krotkov et al 2008). The highest values, of more than 1.2 DU, are found over eastern China due to the abundance of coal power plants, metal ores, smelting industry and fossil fuel consumptions in these regions. In April 2008, China was one of the largest contributing countries of sulfur dioxide in the northern hemisphere. Lu et al. (2010) estimated the annual SO2 emission of China to be around  ~32.1 Tg in 2008. 


During the same period, intense Biomass Burning (BB) occurred in southern Russia/Kazakhstan and southeastern Siberia, mainly related to agricultural and boreal forest fires respectively (Warneke et al., 2009, 2010). Figure 5 shows ﬁre activity during April 2008 as indicated by the MODerate resolution Imaging Spectroradiometer (MODIS) ﬁre counts (http://neespi.gsfc.nasa.gov/myd14cm1.shtml) in the northern hemisphere. This product presents the total number of fire pixels observed in each grid cell, corrected for multiple satellite overpasses, missing observations, and variable cloud cover. 

Observations from ARCTAS/ARCPAC (Aerosol, Radiation, and Cloud Processes affecting Arctic Climate – April 2008 – Alaska) field experiments reveal that East Asian anthropogenic emissions and Russian ﬁre emissions contributed to aerosol loading found over the North American Arctic (NAA) during the winter-spring season 2008 (Brock et al., 2011; Jacob et al., 2010; Harrigan et al., 2011). Fisher et al. (2011) found that East Asian anthropogenic sources were the largest contributors of sulphate through transport in the free troposphere, followed closely by the European anthropogenic sources contributions at all altitudes, during ARCTAS/ARCPAC projects.


Volcanoes are another significant natural source and provide emissions of sulphate throughout the troposphere that is not neutralized by natural ammonia emission, thus keeping a higher degree of acidity. There were some volcanic activities over the Aleutian Islands and Kamchatka Peninsula in winter-spring 2008. Continuous degassing activities were common on Cleveland and Veniaminof volcanoes located in the Aleutians. In addition, sustained eruptive activities were recorded at Karymsky and Shiveluch volcanoes located in the Kamchatka Peninsula (see Figure 1). The Veniaminof and Cleveland volcanoes were monitored by the volcanologists of the Alaska Volcano Observatory (AVO). The Karymsky and Shiveluck volcanoes were monitored by the volcanologists of the Kamchatka Volcanic Eruption Response Team (KVERT). Using seismic data, satellite images and internet camera data, the daily volcano activity notifications on the websites of AVO (http://www.avo.alaska.edu) and KVERT (http://www.kscnet.ru) noted the presence of persistent activity in Aleutians volcanoes and reported several weak ash-and-gas explosions occurring daily during the reported period in Kamchatka volcanoes. It should be noted that monitoring volcanic eruptions is often challenging due to the remoteness of many of the volcanoes in the region, making a local monitoring network difficult to establish and maintain. Cloudy weather also regularly hinders the ability of satellites to measure SO2 content and thus detect related eruptions. For these reasons, it is very difficult to quantify the emission of SO2 above the volcanoes for a long period such as one month.

4. Transport patheways

Three regions of potential SO2 emissions to Alaska were defined in the previous section: the northeastern China Anthropogenic Emission (AE), the southeastern Siberia Biomass Burning Emission (BBE), and the Volcanic Emission (VE) from the Kamchatka/Aleutians (see Figure 1). Fisher et al. (2011) found that East Asian anthropogenic sources were the largest contributors of sulphate during ARCTAS-A and ARCPAC (Aerosol, Radiation, and Cloud Processes affecting Arctic Climate – April 2008 – Alaska) (Brock et al., 2011) field missions, through transport in the free troposphere, followed closely by the European anthropogenic sources contributions at all altitudes during April 2008. 

The distance, to which highly polluted and possibly acidic air masses are transported, largely depends on the atmospheric circulation and conditions. Dry and wet depositions and chemical reactions play an important role on gas and aerosol lifetime. To assess the abundance and acidity of aerosols over Alaska in April 2008, one has to account for these factors.


In the current study, favorable periods of pollution transport are defined with the mean travel time from the three emission domains to the Alaska domain (see Figure 1) during April 2008 using the Lagrangian Particle Dispersion Model (LPDM) FLEXPART version 6 (Stohl et al., 1998, 2002). FLEXPART was driven by meteorological input data from the 6-hourly European Center for Medium-Range Weather Forecasts (ECMWF) analysis interleaved with operational forecasts every 3 hours. In addition to classical advection, the LPDM includes turbulent diffusion, deposition and parameterizations of sub-grid scale convection. Results are discussed using forward trajectories to describe pollution transport to the Arctic. Ten-day forward trajectories were calculated with the FLEXPART model during the period of 22 March  through 20 April 2008. The simulations were initialized each day at 12:00:00 UTC from 3 boxes in the AE domain and 3 boxes in the BBE domain. From the Kamchatka/Aleutians, five-day forward trajectories were calculated during the period of 27 March through 25 April 2008. The simulations were initialized each day at 12:00:00 UTC from 3 boxes located near the volcanoes of interest (VE). Box positions are shown using stars in Figure 1. The height of all boxes was between 2000 and 2500 m. The starting point of a FLEXPART forward-trajectory is represented by a box with the following size: 0.5° lat. x 0.5° lon. x 500 m alt. For a selected box, 2000 particles are released during 60 min. The dispersion is described by the position of 5 clusters, each containing associated fractions of particles. Tables 1, 2 and 3 give the travel time, the end point altitude/date and the fraction of particle reaching Alaska from the 3 boxes of the AE, BBE or VE domains, each day. From 22 March to 20 April 2008, 4.9 % of particles leaving the AE domain reached Alaska against 8.1 % from the BBE domain. The average travel time of these trajectories to reach Alaska was about 6(2 days (Tables 1 and 2). From 27 March to 25 April 2008, 32.2 % of particles leaving the 3 boxes of VE domain reached Alaska  less than a day (Table 3). Considering the arrival date of particles from AE, BBE and VE domains to Alaska (Table 1), it is noted that an average of ~10-12 %, ~10-20 % and ~37-50 % per day of particles emitted, respectively, from AE, BBE and VE domain boxes reached Alaska during periods A.1, B.1 and B.2, respectively. Almost no air mass emitted from the three domains reached Alaska during period A.2. These results, combined with the synoptic conditions described in the previous section, confirm that the low concentration of SO2 recorded by OMI during the period A.2 is due to unfavorable weather conditions for the transport of pollution into Alaska. 

The OMI SO2 L2G data were used to assess qualitatively the transport of SO2 in the free troposphere from anthropogenic and natural sources. Figure 6 shows the evolution and transport of the OMI total column density of SO2 in the mid-troposphere (5-10 km) for ISDAC periods A.1, A.2, B.1 and B.2 (Figure 2), over the Eastern part of Asia/Russia to Alaska. At first glance, a low concentration of SO2 is recorded by OMI in mid-trosposphere above the Kamchatka/Aleutians during the period A.1 compared to the other three periods (Figure 6a). More surprisingly, there is even a higher concentration of SO2 above the VE domain during the period B.2 when a lower pollution rate is measured above the AE/BBE domains (Figure 6d). These results suggest that volcanoes from Kamchatka/Aleutians were more active during periods A.2, B.1 and B.2 compared to period A.1. Therefore, the high concentration of SO2 recorded over Alaska during the period B appears to be mostly of volcanic origin and therefore more acidic than during the period A.1. 
However, it is difficult to discriminate the SO2 sources in the Alaska area knowing that the air masses can have been influenced by the three defined SO2 sources.  The observed variations may originate from changes in source intensity and/or from interactions and modification processes during transport. When lifted to the free troposphere (higher than 2000 m), the atmospheric SO2 has a longer lifetime, and the long-range transport of atmospheric SO2 from China, for exemple, becomes more efficient (Tu et al., 2004). It is however expected that part of tropospheric SO2 is removed by dry deposition or oxidization to form sulphate aerosols during transport to Alaska. He et al. (2012) investigated the budget and transport of SO2 and sulphate in central and eastern China in April 2008 using the Community Multiscale Air Quality (CMAQ) model to simulate sulfur chemistry. Numerical simulations indicate that ~50 % of the anthropogenic sulfur emissions were transported downwind, and the overall lifetime of tropospheric SO2 was 38 ( 7 h, which may cause a more difficult detection of SO2 after 2-3 days by OMI. Then it should be consider that cloud processing and wet deposition may also be a source of modification during transport.

5. Polluted air masses - Arctic ice cloud Interactions: case studies.
5.1 ISDAC specific cases: overwiew and methodology

Two ice clouds representing each type of TICs observed during the ISDAC campaign were investigated in detail in Jouan et al. (2012). The TIC-1/2A on Flight F9 (TIC-1/2A-F9), associated with a warm front, was observed over the Barrow site on 1 April 2008 from 23:13:43 UTC to 23:45:43 UTC, corresponding to the relatively clean period A.1 identified in section 2. The TIC-2B on Flight 21 (TIC-2B-F21), in the center of a decaying low-pressure system, was observed on 15 April 2008 from 00:55:26 UTC to 01:17:23 UTC, corresponding to the period B.1 that is heavily loaded with SO2 as identified in section 2. 

In this section, the origin of the different observed air masses from which the TIC-1/2A-F9 and TIC-2B-F21 form is investigated in more details.
During the ISDAC field experiment, the National Research Council of Canada (NRC) Convair-580 was equipped with 41 instruments including aerosol sensors. The aerosol number concentration (Na) was measured with a CPC-3775 (> 0.004 µm) and a PCASP (0.12-3 µm) probes. Note that data from the CPC-3775 were valid for lower altitudes only (< 3.5 km above mean sea level) due to instrument limitation. Data from the PCASP were missing for the studied ﬂight F21. A single mass spectrometer (SPLAT-II) measuring the concentration and chemical composition of aerosols (Zelenyuk et al, 2010) and a continuous ﬂow diffusion chamber (CFDC) measuring the IN concentration were also available in the aircraft. Unfortunately, the CFDC was not functional for ﬂights prior to April 8th, 2008 (including Flight 8-15) and aerosol chemical composition from SPLAT-II for studied flights F9 and F21 were not available at the beginning of the analysis (Alla Zelenyuk, personal communication). To compensate this lack of in-situ aerosol observations, this paper proposes an alternative approach to determine the potential acidity of the studied air masses.

Results are discussed examining the CALIPSO satellite tracks, which intersect the back-trajectories in the region away from the TICs layers observed by the aircraft and/or satellites to analyze aerosol occurrence and optical properties. The objective is to investigate in depth the link between TIC-2B formation and acidified mineral dust using a lagrangian approach previously developed by Adam de Villiers et al. (2010b). It will be briefly described here. Both spiral profiles of flights F9 and F21 are divided in 13 boxes between 1 km and 7.5 km in altitude (500 m x 0.5° x 0.5°). The focus is put on the origin of air masses near the top of the cloud (zt_TIC-1/2A-F9 = 6.65 km and zt_TIC-2B-F21 = 6.75 km altitude from ISDAC airborne measurements – see Jouan et al., 2012), where most of the differences between the two clouds are found (Jouan et al., 2012). For a selected box, 2000 particles are released during 60 min. The particles dispersion is computed every 24 h during several days backward in time prior to the measurements and described by the averaged position of 5 clusters. Tables 1 and 2 have shown that the trajectories from the East Asia had an average travel time of about 6(2 days to reach Alaska. Then, for each box, the particles dispersion were computed for 9 days backward in time. The size of the clusters corresponds to the number of particles included in the cluster and the color to its altitude. The color of the mean trajectory of the particles represents the altitude of the ending point. Air mass trajectory estimates remain coherent when the 5 clusters (or at least the largest ones) stay close to each other (e.g. Figure 7). CALIPSO tracks were selected when the time and horizontal position of the satellite overpass was less than 2 hours and 200 km respectively from air mass positions estimates by the FLEXPART simulations (e.g. Figure 8). The variational synergistic algorithm (Varcloud) developed by Delanoë and Hogan (2008) was used here to identify cloud and aerosol properties. This algorithm combines radar and lidar observations to retrieve the ice water content (IWC), extinction and ice crystal effective radius (Re) in regions of the cloud detected by both instruments. These operational products are called DARDAR (raDAR/liDAR) and are available at the data center ICARE (http://www.icare.fr) in France. More details on DARDAR can be found in Delanoë and Hogan (2008, 2010). Jouan et al (2012) have demonstrated the ability of DARDAR to identify ice clouds of type TIC-1/2A and TIC-2B observed during the ISDAC campaign. Taking the A-Train overpass track closest in time and space from the studied ISDAC profiles F9 and F21 (discussed below), they quantified the mean values of T, (att, Z, IWC and Re retrieved from the Varcloud algorithm as a function of the normalized altitude of ice cloud layers within the TIC-1/2A and the TIC-2B. The ratio IWC/Re is also calculated to get a representation of the ice particle number concentration in the cloud: mean values are presented in Table 4. The operational CALIOP aerosol data (version 3.01) is also used along the selected CALIPSO track. These products provide the optical properties of aerosol layers averaged every 5 km horizontally (Liu et al., 2009). Two additional criteria are considered: the layers detected only at a horizontal resolution of 80 km and an optical thickness at 532 nm over 0.03. These two conditions are needed to identify aerosol layers with low optical depths (Adam de Villiers, 2010a). All aerosol layers discussed in this section have a cloud-aerosol discrimination (CAD) greater than 90 %, which ensures that the detected layer by CALIOP contained aerosols (Eguchi et al., 2009).
5.2 
1 April 2008 – TIC-1/2A-F9 ice cloud


On the TIC-1/2A-F9 profile, the transport pathway for the ensemble of 2000 particles released for two boxes: BF91 and BF92 are shown in Figure 7. They are respectively characterized by their geographical coordinates in latitude, longitude and their altitude: BF91 (71.4 °N; 156.3 °W; 6.75 km) and BF92 (71.4 °N; 156.3 °W; 4.25 km). Air masses BF91 and BF92 originate 6 to 7 days before from eastern China/Siberia. They follow on average the tracks reports in Figures 7a, b and 7c, d respectively. This synoptic pattern corresponds to the period A.1, described in section 2, e.g. dominated by a direction of flow from the western North Pacific Ocean into Alaska. Throughout the pathway from eastern China/Siberia to the Aleutians, air masses stay at an altitude ranging from 3 to 4 km before rising over Alaska in their northward track. Particles in the box BF91 more importantly rise (about 4 km) from 31 March to the observation time on 1 April at the top of the cloud around Barrow (see Figure 7b), than particles in the BF92 box, located 2.5 km below. This upward motion spreads over a large distance ahead of the warm front. According to Tu et al. (2004), SO2 transported at altitudes of 2-4 km from East Asia dominated the SO2 distribution in the central Pacific. In our case, SO2 concentrations appear to be smaller over northern Pacific (180 °W and 40 to 60 °N) early April than later (see Figure 6a). AMS data from the ﬁrst two DC-8 ARCTAS ﬂights (1 and 4 April 2008) were excluded due to apparent problems with the instrument (Fisher et al, 2011)
. Particles in the box BF91 more importantly rise (about 4 km) from 31 March to the observation time on 1 April at the top of the cloud around Barrow (see Figure 7b), than particles in the BF92 box, located 2.5 km below. This upward motion spreads over a large distance ahead of the warm front.
 On 30 March, air masses BF91 and BF92 pass just above the volcanoes of the Aleutians (see Figures 7 and 8). The daily volcano activity notifications of AVO reported weak volcanic tremor at Veniaminof at the end of March and a very weak thermal anomaly was detected at the summit of Cleveland on 30 March 2008.

Air masses BF91 and BF92 intercept twice the CALIPSO/CloudSat track on 31 and 30 March 2008, respectively at 13:50 and 13:05:00 UTC (Figure 8). Figure 9 shows the vertical profiles of DARDAR masks of these two selected track sections. On 31 March  2008, air masses BF91 and BF92 were located at 68 °N just in front of an extended ice cloud (< 68 °N) and above a mixed-phase cloud (65 - 72 °N) (Figure 9a). The slope of the ice cloud base between 64 and 68 °N is associated with the arrival of the warm front over northern Alaska. One day before (30 March 2008), BF91 air mass was located just in front of a high-level ice cloud (< 48 °N), whereas the BF92 air mass was located near the active Veniaminof volcano, in a cloudy area (identified CLF91, for Cloud Layer, in Figure 9b). Mean values of T, (att, Z, IWC, Re and IWC/Re retrieved from the Varcloud algorithm along the normalized height of the extended ice cloud CLF91 (56.3-56.7 °N) around the box BF92 are presented in Table 4. With similar temperatures and ice water contents on the first 2 km at the top of ice clouds, the averaged Re of the CLF91 ice cloud is comparable to the averaged Re of the TIC-1/2A-F9 ice cloud with a ratio IWC/Re (index of ice crystals concentration) relatively high. CLF91 seems to belong to the category of TIC-1/2A with a high concentration of small ice crystals. 


The CALIPSO/DARDAR mask independently reveals some aerosol layers near the BF91 and BF92 boxes between 65-74 °N (identified ALF91 in Figure 9a) in the mid-troposphere on 31 March and a wide aerosol layer (identified ALF92 in Figure 9b) over southern Aleutians volcanoes between 41-52 °N from 1 to 10 km in altitude on 30 March 2008. 
The mean attenuated backscatter coefficient at 532 nm (βatt), the mean volume depolarization ratio at 532 nm ((v) and the mean attenuated total color ratio (CRatt) for each aerosol layer are shown in Table 5. CALIPSO Level 2 aerosol layer data at 5 km resolution were used. The volume depolarization ratio ((v) in CALIOP products in aerosol layers is the ratio of the contributions in the backscattering direction of both molecules and particulates in a volume, of the cross-polarization to total signals. The attenuated total color ratio CRatt is derived from the attenuated backscatter ratio between 1064 nm and 532 nm. The relative variation in δv and CRatt go in the same direction as that of the particulate color ratio between 1064 nm and 532 nm (CRp) and the particulate depolarization ratio at 532 nm ((p), but with a lower amplitude with decreasing optical thickness and values of fractions of aerosol accumulation mode. The volume depolarization ratio, δv as the attenuated total color ratio, CRatt, have the advantage of being less unstable than particulate parameters ((p, CRP) when studying thin aerosol layers, e.g. when the particular contribution is low (Adam de Villiers, 2010a). Uncertainties in δv and CRatt are estimated to be about 10 % and 30 %, respectively (Adam de Villiers, 2010a). The volume depolarization ratio (δv) associated with CRatt can qualitatively inform on the nature of the aerosol. (v is sensitive to particle shape. Spherical aerosols (e.g., haze and aqueous smoke particles) produce little or no changes in the polarization state of backscattered light, whereas non-spherical particles like dust or volcanic ashes can generate considerable depolarization (Mishchenko and Sassen, 1998; Atkinson et al., 2011). The relative increase in CRatt is related to the increase in particle size. 

For both aerosol layers ALF92 and ALF91; βatt and CRatt do not vary much between 30 to 31 March 2008, with values of the order of βatt = 1.3-1.4 Mm-1.sr-1 and CRatt = 0.26-0.23, respectively, while (v decreased more steeply from 7 to 4 % (Table 5). Following Liu et al. (2009), one can broadly characterize each of CALIOP individual aerosol layers as “dust” when the volume depolarization ration ((v) is greater than 6 % or as “non-dust” aerosol otherwise. The differences observed here remain small however, and this differentiation may be difficult. However, the back-trajectory analysis (Figures 7a, c) associated to the higher value of the depolarization ratio (~7 %) (Table 5) of the ALF92 aerosols layer on 30 March 2008 suggest that the aerosol layer is composed of dust coming from dry regions of China and Mongolia (Gobi desert) probably mixed with anthropogenic pollution over Eastern China (AE). Tesche et al. (2009) and Giannakaki et al. (2012)’s approaches were used to separate mineral dust and non-dust (considered as anthropogenic particles) contributions based on CALIOP lidar observations. CALIPSO Level 2 aerosol profile data at 5 km resolution were used. Assuming that aerosols can be treated as two aerosol types externally mixed the particulate backscatter contribution of the first aerosol type (βp,1) is obtained from the measured total particulate backscatter coefficient (βp,t) by the following equation:
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where δp,t, δp,1 and δp,2 are the observed total particulate depolarization ratio and the assumed particulate depolarization ratios of the two pure aerosol types, respectively. The backscatter coefficient of the second aerosol type is given by the following equation 
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The separation procedure, Eq. (1), was applied with dust aerosol representing aerosol type 1 and anthropogenic aerosol (or non-dust aerosol) representing aerosol type 2. A value δp,1 = 0.35 was considered for particulate depolarization ratio at 532 nm of Asian dust (Sugimoto et al., 2003; Shimizu et al., 2004). Non-dust particulate depolarization ratios δp,2 can vary from 0.02 to 0.15 with an accumulation around 0.05 (Sugimoto et al., 2003; Tesche et al., 2009). The value δp,2 = 0.05 was considered for the aerosol type 2, as we suppose that transport over the ocean may induce larger moistening. Figure 10 shows the total particulate backscatter ((p,t), the total particulate depolarization ratio at 532 nm (δp,t) and the profiles of the dust (yellow) and anthropogenic (red) backscatter coefficient separated by this analysis with the CALIOP scene classification algorithm of the aerosols layer ALF92. The separation procedure has revealed that the lower layer (< 3 km altitude), with a lower particulate depolarization ratio, is mixed while the middle and upper layer are consisting mainly in dust particles (Figure 10d). CALIOP scene classification algorithm classifies a thin aerosol layer (1 - 2 km altitude) as polluted dust and the middle and upper aerosol layer as dust (Figure 10e). Polluted dust is designed to account for episodes of dust mixed with biomass burning smoke and/or anthropogenic pollution, which is consistent with the results. The following aerosol layer ALF91, on 31 March, has a value CRatt ~ 0.23 and a value (v < 6 %. CALIOP scene classification algorithm classifies the aerosol layer ALF91 as clean continental (Table 5). Adam de Villiers (2010a) note that the CALIOP scene classification tends to deﬁne layers encountered after several days of transport as clean continental in the Arctic, while their analysis shows a connection with the Asian polluted sources. The decrease in (v associated to the slight decrease in CRatt between ALF92 in 30 March and ALF91 in 31 March can occur with the removal of the large particles by wet deposition just after the warm front at the time of cloud dissipation of clouds (Figure 9a) (Bègue et al., 2012). The relative humidity with respect to water (RHwater) inside the ALF92 ( ~ 29.8 %) was drier than ALF91 ( ~ 49.7 %) (Table 5), thus supporting this hypothesis.


These results show that air masses observed within the upper part of the TIC-1/2A-F9 ice cloud were mainly influenced by pure dust from dry regions of China and Mongolia with some mixture of anthropogenic pollution (AE). With a large proportion of desert dust compared to anthropogenic aerosols, added to a low activity of volcanoes from Kamchatka/Aleutians (Figure 6a), air masses forming the TIC-1/2A- F9 can be classified as not acidic. 
5.3 15 April 2008 – TIC-2B-F21 ice cloud


On 15 April 2008 (TIC-2B-F21), the transport pathway for the ensemble of 2000 particles released for two boxes located at 5.75 km (hereafter BF211) and 4.25 km (hereafter BF212) located as before over Barrow (71.5°N; 156.6°W) are shown in Figure 11. Air masses forming the TIC-2B-F21 come mainly from the Aleutians in a direct (BF211 in Figures 11a) or a long transport path (BF212 in Figure 11c). Due to the low-pressure system over Alaska, the air masses stay several days in the same area between 140 °E – 140 °W and 45 – 75 °N the 7 days prior to the observations. The BF211 air mass comes directly from the Aleutians with an upward motion from the PBL (altitude < 2 km) above the North Pacific Ocean 4 days before (on 12 April 2008) at 175 °E longitude and 50 °N latitude (see Figure 11b), to ~5.75 km above the Bering Sea (3 days before) and the NSA (1-2 days before) (Figure 11a). BF212 air mass comes also from the Aleutians. It bypasses the low depression centered on Alaska, then passes over Western Canada and comes back to Barrow with a northwest component. There is a signiﬁcant upward motion from the PBL (altitude < 3 km) to 4 km height above the Northwest Territories (2-3 days before) and the Beaufort Sea (1 day before) (see Figure 11d). The OMI total SO2 columns density at 5 km from 10 to 16 April 2008 (see Figure 6c) show that the studied BF211 and BF212 air masses passed through heavily SO2 (> 1.5 DU) polluted regions. Based on seismic and satellite data, the KVERT reported that weak ash-and-gas explosions may have occurred daily from the 10 to 14 April 2008 at Karymsky and Shiveluch (Kamchatka). BF211 and BF212 air masses are staying at low altitudes when passing over, and moving away from the Aleutian islands.


The back-trajectories of the BF211 ans BF212 air masses are further examined to identify the intercepts with CALIPSO and look at other ice clouds with DARDAR. The trajectory of the BF211 air mass crosses three times the CALIPSO satellite tracks in the three days preceding the observations (see Figure 12). Figure 13a and b shows the vertical profiles of cloud properties retrieved by DARDAR of the track sections on 13 and 12 April 2008, respectively at 23:01:00 and 14:18:00 UTC. On 13 April 2008, BF211 air mass was located at 67 °N inside an extended ice cloud between 58 and 72 °N (identified as CLF211). On 12 April 2008, BF211 air mass was located further south at 58.5 °N inside a second extended ice cloud between 50 and 63 °N (identified as CLF212). Table 4 shows the mean values of T, (att, Z, IWC, Re and IWC/Re along normalized height of extended ice cloud CLF211 (66.5 - 67 °N) and CLF212 (58.0 - 58.5°N), around the BF211 box. For both extended ice cloud layers CLF211 and CLF212, the ratio IWC/Re on the first 2 km at the top of ice clouds is as low as the TIC-2B-F21 ice clouds for an averaged Re also relatively high. CLF211 and CLF212 belong to the category of TIC-2B with a low concentration of large ice crystals. The CALIOP/DARDAR mask also reveals aerosol layers on either side of the ice cloud CLF212, between 44 - 51 °N above the North Pacific Ocean (ALF211) and between 62-70 °N just above the Bering Sea (ALF212) on 12 April 2008 (Figure 13b). ALF211 layer have low values of βatt and CRatt of about 1.7 Mm-1.sr-1 and 0.31 with a volume depolarization ratio (v of about 5(3 % (Table 5). CALIOP scene classification algorithm classifies the ALF211 layer as polluted dust (Table 5). A 10-day back-trajectory analysis (Figure 14a) of one air mass box (BF213) in the ALF211 layer (47.4 °N; 179.8 °E; 3.75 km in Figure 13b) reveals that the air mass come from dry regions of Gobi desert probably mixed with anthropogenic pollution over Eastern China (AE). The analysis in terms of partitioning between dust and non-dust as done previously shows that dust contributes to around 50 % of scattering in the signal above 1 km (Figure 15a and Table 5). The other aerosol layers ALF212 have lower (v (3(3 %) and are classified as a continental clean air mass (Table 5). A 10-day back-trajectory analysis (Figure 14b) of an air mass box (BF214) inside the ALF212 layer (64.6 °N; 170.3 °W; 3.75 km in Figure 13b) reveal a contribution of biomass burning smoke.


The analysis in term of the aerosol layer lidar properties that intercept the BF212 air mass back-trajectory (Figures 11e and 12) with CALIPSO reveals that aerosol layers along the BF212 (eastern part of Alaska) and BF211 (western part of Alaska) air mass back-trajectories seem to be relatively of the same composition. For example, the CALIPSO track section that intercepts the BF212 air mass back-trajectory on 10 April 2008 at ~ 13:00:00 UTC (Figure 12), reveals two aerosol layers between 44 - 60 °N (ALF213 and ALF214 – Figure 13c) above the Gulf of Alaska (Figure 12). The analysis, in terms of partitioning between dust and non-dust as done previously shows a major (larger than 70 %) contribution of anthropogenic and/or biomass burning smoke scattering in the signal (ALF213 and ALF214) (Table 5).


Air masses observed in Alaska on 15 April 2008 appear to be influenced by a mixture of Asian dust (with a proportion of 50 % of anthropogenic pollution) and/or biomass burning smoke (BBE) (with a proportion of 70 % of smoke). No signature of fresh volcanic ash (e.g. higher values of (v due to the proximity) was found in the CALIOP data along back-trajectories of BF211and BF212 air masses forming the TIC-2B-F21. Atkinson et al. (2011) show that, at the Fairbanks site, the second week of April (midday 5 to 17 April 2008) was dominated by Asian dust with some smoke probably resulting from a flow from northern China and south-eastern Siberia, maintained by the presence of an anticyclone in the central North Paciﬁc. 

 Asian dust contribution as observed from the lidar signal analysis appears comparable in both cases, but the synoptic pattern observed in period B is favorable to the accumulation of pollutants from eastern China/Siberia into Alaska and may explain the higher accumulation of SO2 concentrations above Alaska during the TIC-2B-F21 period compared to the TIC-1/2A-F9 period observed from the OMI data (Figure 6a and c). 

6. Discussion






 




This analysis of aerosol properties by back-trajectories FLEXPART gave some answers on the evaluation of the role of acidified mineral dust and the formations of TICs. Air masses forming both TICs were characterized by different sources of aerosols. Air masses forming the TIC-1/2A-F9 were composed of a high proportion of pure dust from dry regions of China and Mongolia with a low contribution of anthropogenic/smoke pollutants and SO2, suggesting the absence of highly acidic ice nuclei. The air masses forming the TIC-2B-F21 were composed of well mixed polluted dust with a relatively high contribution of anthropogenic/smoke pollutants (more than 70 %) and SO2. 
Asian dust contribution as observed from the lidar signal analysis appears comparable in both TICs cases, but the synoptic pattern observed in period B is favorable to the accumulation of pollutants from eastern China/Siberia into Alaska and may explain the higher accumulation of SO2 concentrations above Alaska during the TIC-2B-F21 period compared to the TIC-1/2A-F9 period observed from the OMI data (Figure 6a and c).
The level of acidity of the aerosols forming the TIC-2B-F21 ice cloud can also been determined using in-situ measurements taken during the ARCPAC/ARCTAS Campaign and by examining the thermodynamic properties of the aerosol layer. 
The ARCPAC/ARCTAS projects overlapped in space and time with the Convair 580 aircraft from the ISDAC Campaign. The NASA ARCTAS P-3B and the NOAA ARCPAC WP-3D aircrafts sampled the aerosol acidity near Barrow, on 15 April 2008, respectively, between 22:21:00-01:17:00 UTC and 00:25:00-02:12:00 UTC. An Aerosol Mass Spectrometer (AMS) (Dunlea et al., 2009) measuring submicron aerosol mass and composition as a function of their size was used. These data are also within the precision of the ARCPAC AMS measurement (35 %). The observed aerosol acidity was deﬁned by the mean neutralized fraction as f =(NH4+)/(2(SO42-)+(NO3-)) with all concentrations in molar units (Fisher et al., 2011). On 15 April 2008, the average observed aerosol acidity in the area ( 3 ° latitude and longitude coordinates around Barrow and above 2 km altitude gives low values of the order of 0.33(0.15 (P-3B) and 0.46(0.13 (WP-3D), indicating the presence of highly acidic aerosols. AMS data from the ﬁrst two DC-8 ARCTAS ﬂights (1 and 4 April 2008) were excluded due to apparent problems with the instrument (Fisher et al, 2011).
As explained previously, an increase of δv with particulate age during transport can occur as the aerosol loses its coating, exposing the irregular aerosol surface (Sassen et al., 1989). This is possible if an aerosol composed of ammonium sulfate crosses a dry area with a RHwater below its efflorescence point (~ 37 %). However, if the aerosol is coated with highly acidic conpound such as sulfuric acid, which is highly hygroscopic, it will not lose its moisture coating even at very low RHwater. In this situation, δv should remain unchanged. According to the results, aerosols layers (ALF212, ALF213 and ALF214) forming the TIC-2B are composed of a mixture of dust with anthropogenic and smoke pollutants and SO2. One aerosol layer to the other, the δv remains unchanged (4-5 %) while CRatt and RHwater decrease from 0.31 to 0.24 and 50 to 34.1 %, respectively, below the efflorescence point of sulfate ammonium (Table 5). These results support the idea that air masses forming the TIC-2B-F21 were composed of acid-coated aerosols. Although no signature of volcanic ash was found in the CALIOP data, the contribution of volcanoes to the SO2 accumulation in Alaska during period B is a reasonable hypothesis given the reported volcanic activities by KVERT. 
These results seem to be consistent with the initial assumptions according to which the IN activated in the upper part of TIC-1/2A identified in Jouan et al. (2012) would be particles nucleating ice at a RHIce less than 120 %; such as mineral dust not covered with an acid and/or organic solution. While, IN activated in the upper part of TIC-2B indentified in Jouan et al. (2012) could be particles nucleating ice at a RHIce greater than 120 % at low temperatures (< -30.0 °C) such as acidified mineral dust. The presence of mineral dust, in the second case, allows to exclude the role of soot in the cloud formation, since soot is a generally worse ice nucleus than mineral dust. 

The overall results of the synoptic situation (Jouan et al., 2012), the in-situ characterization of the cloud properties (Jouan et al., 2012) as well as sources, transport of air masses and analysis of the nature and properties of aerosols upstream the TICs, show favorable conditions to the involvement of acidification of aerosols in the formation of the TICs-2B-F21. But without representative in-situ information on the initial concentration of ice nuclei and chemical composition we cannot fully validate this hypothesis. This would be one of the topics for further field experiments.
7. Summary and Conclusion


In this work, the temporal variability of Alaska-averaged SO2 pollution from OMI satellite data, associated to the meteorological conditions during March-April 2008, was presented. Preliminary estimates of the SO2 column amount were calculated based on an assumed SO2 altitude of 5-10 km above Alaska. Two periods have been distinguished; a relatively clean period (very little SO2 concentration) from 27 March to 3 April 2008, and a more polluted period from the 10 to 25 April 2008 with a concentration of OMI SO2 3 times higher than during the first period. Together with trajectory tools and OMI satellite data, the origins and the transport pathways of the SO2 were identified during April 2008. The SO2 emitted from the northeastern China Anthropogenic Emission and from the southeastern Siberia Biomass Burning Emission sources were generally transported to Alaska, passing over the Kamchatka/Aleutians volcanoes, in 5-7 days throughout the month of April. All of the three identified SO2 pollution sources seem to have a direct influence on the SO2 concentration into the North Slope of Alaska. The SO2 distributions during the long-range transport were determined primarily by the atmospheric dynamics. 


The origin of the air masses in which the ISDAC TIC-1/2A (1 April 2008) and TIC-2B (15 April 2008) were formed, was investigated to verify the hypothesis regarding the potential link between acidic aerosols and TIC-2B. Results are discussed by examining the CALIPSO satellite tracks, which intersects the back trajectories in the region away from the airborne measurements. Air masses observed within the upper part of the TIC-1/2A-F9 ice cloud were mainly influenced by a mixture of Asian dust with AE. The separation procedure has revealed an aerosol layer (2 days before the ISDAC observations) slightly mixed with a higher proportion of pure dust aerosols. Added to a low activity of volcanoes from Kamchatka/Aleutians during this reported period, air masses forming the TIC-1/2A-F9 does not appear acidic. Air masses observed within the upper part of the TIC-2B-F21 ice cloud appear to be mainly influenced by an accumulation (due to specific weather conditions) of a mixture of Asian dust with BBE and possible VE emissions (due to important daily volcano activity, according to the KVERT report) into Alaska. The separation procedure has revealed aerosol layers (3 days before the ISDAC observations) well mixed with a higher proportion of anthropogenic and smoke aerosols. Airborne measurements revealed that aerosols were acidic around Barrow, near the sample ISDAC TIC-2B, on 15 April 2008. The thermodynamic properties associated to the CALIOP volume depolarization ratio also indicate that aerosols were highly acidic during the TIC-2B period. 

These results and the analysis of aerosol moistening support the hypothesis that acidic coating on IN could be at the origin of the formation of TIC-2B. However, other studies are needed to confirm this hypothesis, in particular dedicated campaigns to investigate the link between acid-coated aerosols and TIC-2B clouds. The ice crystal growth rate in very cold conditions impinges on the precipitation efficiency, dehydration and radiation balance. A regional climate model evaluating the impact of the IN de-activation effect by acid coating on the cloud microstructure, precipitation and radiation have also been performed by Girard et al. (2012). Results show that acid coating on dust particles has an important effect on cloud microstructure, atmospheric dehydration, radiation and temperature over the Central Arctic, which is the coldest part of the Arctic.
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08/03/22 1 9 4.9 08/03/31
08/03/23 3 8+1 5.67+1.43 08/03/31
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08/03/27 3 4 5.48+2.11 08/03/31
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Table 1: List of days on which FLEXPART simulated 10-day froward trajectories from the AE domain reached the Alaskan domain, with the particles’ fraction, travel time, altitude and date of arrival associated, from the end of March to the end of April, 2008.
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Table 2: List of days on which FLEXPART simulated 10-day froward trajectories from the BBE domain reached the Alaskan domain, with the particles’ fraction, travel time, altitude and date of arrival associated, from the end of March to the end of April, 2008.
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Table 3: List of days on which FLEXPART simulated 5-day forward-trajecotires from the VE domain reached the Alaskan domain, with the particles’ fraction, travel time, altitude and date of arrival associated, from the end of March to the end of April, 2008.
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Lat 56 55670 [090.8] -47.6£25  -555:0.37 -22.1%0.7  11.6£3.9 35515 331.9+130.5
2t =972 km [0.8-0.7] -39.842.5 -548+0.28 -153+46 21.5+12.0 42.8+32 479.3+239.0
[0.7-06] -31.9425 -590+0.47 -91+1.0 64.84104 51.242.3 1148.34+93.7

T1C-2 _F21 [1.0-0.9] -41.3t0.6 -569+0.11 -30.0+#2.0 3.81+0.93 36.841.0  104.3+256
Lat 71071 5°N [0.9-0.8] -388%1.1  -55940.10 -216+3.5 6.09+2.15 41.7+24  143.0+39.0
7t = 5.94 km [0.8-0.7] -347+1.5 -531£0.09 -12.84#1.8 1570+2.75 49.4420  310.5+452
[0.7-0.6] -30.6+1.2 -546+0.14 -14.0+2.3 12.08+3.33 494418  238.7459.0

CL [1.0-0.9] -48.2+22 -581+0.14 -31.3+15 3.07+0.78 33.2+1.2  91.5+20.5

Lat 66.0670°N [09-0.8] -40.9#2.3  -567:0.08 -29.1+0.9 391031 36.2:0.8  108.8:9.6
7t = 7 .62 km [0.8-0.7] -34.142.0 -548+0.27 -221457 6.71+#3.95 41.8437 15544754
[0.7-0.6] -28.6+1.5 -516+0.20 -11.4+18 22.66+3.49 50.941.1  440.5+62.6

CL...2 [1.0-0.9] -54.5+2.4 -593+0.23 -30.4+17 247+0.86 31.7+2.2  76.1+24.2

Lat 56.0-6g5°N [0.9-0.8] -46.0£26  -550£0.09 -236+29 511£1.00 38.2:2.2  133.6+17.4
Zt= 1044 km  [0.8-0.7] -37.9425  -549+0.07 -18.4+0.8 6.35+0.35 44.442.3  144.2+14.6
[0.7-0.6] -30.3+21 -551+0.09 -11.1+3.8 10.83+4.71 58.746.4  178.1+57.4





Table 4: T, β, Z, IWC, Re and IWC/Re from VarCloud Algorithm of different ice cloud layers defined in Figures 9 and 12 with their associated standard deviation, according to the normalized altitude. 

[image: image7.png]Aerosol Layer ALg,1 ALgg2 ALg,,1 ALg,,2 ALg,,3 ALg,,4
Date (m/d) 08/03/31 08/03/30 08/04/12 08/04/12 08/04/10 08/04/10
Time (UTC) 13:49-14:29  13:11-13:40 | 14:19-14:48 14:18 12:53-13:21  12:51-13:23
Start Lat/Lon (°)  65.0/-163.8  41.3/174.4 | 44.51178.7  62.0/-178.3  42.2/-160.4  52.0/-156.1
End Lat/Lon (°)  71.0/-156.7  51.3/170.7 | 51.0/-178.7  69.2/-165.3  52.0/-156.6  59.0/-152.9
Zin-Zonax (kM) 2.3-7.3 1-11 1.4-8.7 1.4-7 2-75 2585
Bssz.au (MM ™".sr™) 1.4+0.3 1.3+0.4 1.7+0.5 1.7+0.4 1.5+0.3 1.5+0.3
CR.« 0.23+0.38 0.26+0.23 0.31+0.21 0.24+0.17 0.27+0.17 0.24+0.15
3, 4+4 7+4 5+3 3+3 5+3 4+3
CFC c.Cc D P.D c.Cc P.D P.D
Basa o (Mm™.sr7) - 0.52+0.29 0.50+0.30 - 0.61+0.18 0.65+0.28
Bsazp1 = Dust - 0.32+0.17 0.27+0.18 - 0.18+0.07 0.15+0.09
Bsaz,p.2 = Pollutant - 0.21£0.25 0.24+0.24 - 0.43+0.17 0.500.27
O, (km™) 0.023+0.012 0.021+0.012 | 0.023+0.014 0.024+0.012  0.034+0.01  0.038+0.02
8.0 (%) 16+13 24+10 2315 105 13+4 1247
RHyater (%) 49.7+15.8 29.8+18.5 59.0+17.5 46.0+24.9 38.0+18.2 34.1+14.2





Table 5: Aerosol layer characteristics defined in  previous Figures from the CALIOP lidar observations.
Figure Captions

Figure 1: Study Area : Alaska [195-220 °W; 60-72 °N – in gray] and Domains of potential SO2 emission to Alaska used for the FLEXPART simulations; the north-eastern China Anthropogenic Emission [AE - in blue]; the south-eastern Russia Biomass Burning Emission [BBE - in green] and the Volcanic Emission [VE - in red] from the Kamchatka Peninsula and Aleutians. In red triangle, the position and name of active volcanoes during April 2008.
Figure 2: Daily variability of the area-averaged SO2 total column above Alaska (Figure 1) from 27 March to 25 April 2008 based on an assumed SO2 altitude between 5 to 10 km (TRM OMI L2G SO2 products). Vertical lines represents the standard deviation. Results should be considered preliminary estimate.

Figure 3: Mean geopotential (m2.s-2) at 850 hPa (contour) and 500 hPa (colorbar) from 27 March to 2 April (a), 3 to 9 April (b), 10 to 16 April (c) and 17 to 25 April (d), 2008.
Figure 4: Monthly mean SO2 total column based on an assumed SO2 altitude below 2 km (PBL OMI L3 SO2 products) over the northern hemisphere in April 2008.

Figure 5: Fire counts on April 2008 from the MODIS Aqua satellite instrument cloud- and overpass- corrected, over the northern hemisphere.

Figure 6: Mean SO2 total column based on an assumed SO2 altitude between 5 to 10 km (TRM OMI L2G SO2 products) from 27 March to 2 April (a), 3 to 9 April (b), 10 to 6 April (c) and 17 to 25 April (d) 2008.

Figure 7: 10-days backward-trajectories from FLEXPART simulations initialized on 1 April 2008 at 23:14 :00 for boxes located at 71.4 °N, 156.3 °W at 6.75 km heigth [BF91] (a, b) and 4.25 km height [BF92]. Clusters of particles are represented every 24 hours from the beginning of the simulation. The colorbar represents the altitude of cluster in meters. Particles are released during one hour.

Figure 8: Calipso track sections (line) and FLEXPART air mass positions (*) along FLEXPART trajectories initialized in the boxes BF91 and BF92 of Figures 7a and c. The color scale indicates the elapsed time in hours between the CALIPSO observation and the aircraft observation.

Figure 9: Dardar Mask track section observed on 31 March (a) at 13:50:00 UTC and on 30 March (b) at 13:05:00 2008 from of the synergistic Cloudsat radar and CALIPSO lidar, with FLEXPART air masses (BF91 and BF92) positions (().

Figure 10: (a) Total particulate backscatter coefficient at 532 nm (green) and 1064 nm (magenta); (b) Total particulate depolarization ratio at 532 nm (green) and the input values of dust (yellow) and anthropogenic (red) particles, (b) Separation of dust (yellow) and anthropogenic (red) particulate backscatter coefficients at 532 nm and (d) Vertical Feature Mask as given by CALIPSO from aerosols layer (ALF92) indicated in Figure 9.

Figure 11: 10-days backward-trajectories from FLEXPART simulations initialized on 15 April 2008 at 01:16 :00 UTC for boxes located at 71.5 °N; 156.6 °W at (a.b) 5.75 km heigth [BF211] and (c.d) 4.25 km heigth [BF212]. Clusters of particles are represented every 24 hours from the beginning of the simulation. The colorbar represents the altitude of cluster in meters. Particles are released during one hour.

Figure 12: Calipso track sections (line) and FLEXPART air mass positions (*) along FLEXPART trajectories initialized in the box BF211 of Figure 11a (left of the dashed line) and initialized in the box BF212 of Figure 11c (rigth of the dashed line). The color scale indicates the elapsed time in hours between the CALIPSO observation and the aircraft observation.

Figure 13: Dardar Mask track section observed on 13 April (a) at 23:01:00 UTC, on 12 April (b) at 14:18:00 UTC that intercept the FLEXPART air masses (BF211) in positions ((), and on 10 April at 13:00:00 UTC that intercept the FLEXPART air masses (BF212) in positions ((). 

Figure 14: 10-days backward-trajectories from FLEXPART simulations initialized on 12 April 2008 at 14:18 :00 UTC for boxes BF213 located at 47.4 °N; 179.8 °W at  3.75 km in heigth (a) and BF214 located at 64.6 °N; -170.3 °W at  3.75 km in heigth (b). Clusters of particles are represented every 24 hours from the beginning of the simulation. The colorbar represents the altitude of cluster in meters. Particles are released during one hour.
Figure 15 : (a) Total backscatter coefficient at 532 nm (green) and 1064 nm (magenta); (b) Total particulate depolarization ratio at 532 nm (green) and the input values of dust (yellow) and anthropogenic (red) particles, (c) Separation of dust (yellow) and anthropogenic (red) backscatter coefficients at 532 nm and (d) Vertical Feature Mask as given by CALIPSO from aerosols layer (ALF211) indicated in Figure 13.


Figure Captions
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Figure 1: Study Area : Alaska [195-220 °W; 60-72 °N – in gray] and Domains of potential SO2 emission to Alaska used for the FLEXPART simulations; the north-eastern China Anthropogenic Emission [AE - in blue]; the south-eastern Russia Biomass Burning Emission [BBE - in green] and the Volcanic Emission [VE - in red] from the Kamchatka Peninsula and Aleutians. In red triangle, the position and name of active volcanoes during April 2008.
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Figure 2: Daily variability of the area-averaged SO2 total column above Alaska (Figure 1) from 27 March to 25 April 2008 based on an assumed SO2 altitude between 5 to 10 km (TRM OMI L2G SO2 products). Vertical lines represents the standard deviation. Results should be considered preliminary estimate.
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Figure 3: Mean geopotential (m2.s-2) at 850 hPa (contour) and 500 hPa (colorbar) from 27 March to 2 April (a), 3 to 9 April (b), 10 to 16 April (c) and 17 to 25 April (d), 2008.
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Figure 4: Monthly mean SO2 total column based on an assumed SO2 altitude below 2 km (PBL OMI L3 SO2 products) over the northern hemisphere in April 2008.
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Figure 5: Fire counts on April 2008 from the MODIS Aqua satellite instrument cloud- and overpass- corrected, over the northern hemisphere.
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Figure 6: Mean SO2 total column based on an assumed SO2 altitude between 5 to 10 km (TRM OMI L2G SO2 products) from 27 March to 2 April (a), 3 to 9 April (b), 10 to 6 April (c) and 17 to 25 April (d) 2008.
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Figure 7: 10-days backward-trajectories from FLEXPART simulations initialized on 1 April 2008 at 23:14 :00 for boxes located at 71.4 °N, 156.3 °W at 6.75 km heigth [BF91] (a, b) and 4.25 km height [BF92]. Clusters of particles are represented every 24 hours from the beginning of the simulation. The colorbar represents the altitude of cluster in meters. Particles are released during one hour.
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Figure 8: Calipso track sections (line) and FLEXPART air mass positions (*) along FLEXPART trajectories initialized in the boxes BF91 and BF92 of Figures 7a and c. The color scale indicates the elapsed time in hours between the CALIPSO observation and the aircraft observation.
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Figure 9: Dardar Mask track section observed on 31 March (a) at 13:50 :00 UTC and on 30 March (b) at 13:05:00 2008 from of the synergistic Cloudsat radar and CALIPSO lidar, with FLEXPART air masses (BF91 and BF92) positions (().
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Replaced by the followind figure :
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Figure 10: (a) Total particulate backscatter coefficient at 532 nm (green) and 1064 nm (magenta); (b) Total particulate depolarization ratio at 532 nm (green) and the input values of dust (yellow) and anthropogenic (red) particles, (c) Separation of dust (yellow) and anthropogenic (red) particulate backscatter coefficients at 532 nm and (d) Vertical Feature Mask as given by CALIPSO from aerosols layer (ALF92) indicated in Figure 9.
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Replaced by the following figure :
[image: image20.jpg]a) 20080415 - x,y,z = [71.5;-156.6;5750] b) 000

[
>
Z[m] v
6000 ¥ + ® o
3
T 5000 °
E =]
5
8
£ 4000

2000

AP

¥+ xy2J00PDO

N

1000

160°F 180 E

C) 20080415 - x,y,z = [71.5;-156.6;4250] 7000

6000

o
=1
S
S

Height [m]

4000

3000

2000

1000

Il
T P R F 5
g azn Y 200 150 100 50 0
140 Yy Time [h]




Figure 11: 10-days backward-trajectories from FLEXPART simulations initialized on 15 April 2008 at 01:16 :00 UTC for boxes located at 71.5 °N; 156.6 °W at (a.b) 5.75 km heigth [BF211] and (c.d) 4.25 km heigth [BF212]. Clusters of particles are represented every 24 hours from the beginning of the simulation. The colorbar represents the altitude of cluster in meters. Particles are released during one hour.
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Figure 12: Calipso track sections (line) and FLEXPART air mass positions (*) along FLEXPART trajectories initialized in the box BF211 of Figure 11a (left of the dashed line) and initialized in the box BF212 of Figure 11c (rigth of the dashed line). The color scale indicates the elapsed time in hours between the CALIPSO observation and the aircraft observation.

[image: image22.png]Q
~—

Calipso 08/04/13

N
o
o

Aerosol

n
o
o

Liquid

Ice

Pressure [hPa]
N
o
o

Clear
Ground

oo
o
o

Latitude [°]
Calipso 08/04/12

Aerosol

Liquid

Ice

:Clear

Ground

55 .
Latitude [°]
Calipso 08/04/10

Aerosol
Liquid

Ice

Clear

Ground

Latitude [°]




Figure 13: Dardar Mask track section observed on 13 April (a) at 23:01:00 UTC, on 12 April (b) at 14:18:00 UTC that intercept the FLEXPART air masses (BF211) in positions ((), and on 10 April at 13:00:00 UTC that intercept the FLEXPART air masses (BF212) in positions ((). 
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Figure 14: 10-days backward-trajectories from FLEXPART simulations initialized on 12 April 2008 at 14:18 :00 UTC for boxes BF213 located at 47.4 °N; 179.8 °W at  3.75 km in heigth (a) and BF214 located at 64.6 °N; -170.3 °W at  3.75 km in heigth (b). Clusters of particles are represented every 24 hours from the beginning of the simulation. The colorbar represents the altitude of cluster in meters. Particles are released during one hour.
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Replaced by the following figure :
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Figure 15 : (a) Total backscatter coefficient at 532 nm (green) and 1064 nm (magenta); (b) Total particulate depolarization ratio at 532 nm (green) and the input values of dust (yellow) and anthropogenic (red) particles, (c) Separation of dust (yellow) and anthropogenic (red) backscatter coefficients at 532 nm and (d) Vertical Feature Mask as given by CALIPSO from aerosols layer (ALF211) indicated in Figure 13.
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