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Abstract 34	
 35	
Summertime Arctic aerosol size distributions are strongly controlled by natural regional 36	

emissions. Within this context, we use a chemical transport model with size-resolved 37	

aerosol microphysics (GEOS-Chem-TOMAS) to interpret measurements of aerosol size 38	

distributions from the Canadian Arctic Archipelago during the summer of 2016, as part of 39	

the “NETwork on Climate and Aerosols: addressing key uncertainties in Remote 40	

Canadian Environments” (NETCARE). Our simulations suggest that condensation of 41	

secondary organic aerosol (SOA) from precursor vapors emitted in the Arctic and near 42	

Arctic marine (open ocean and coastal) regions plays a key role in particle growth events 43	

that shape the aerosol size distributions observed at Alert (82.5° N, 62.3° W), Eureka 44	

(80.1° N, 86.4° W), and along a NETCARE ship track within the Archipelago. We refer 45	

to this SOA as Arctic marine SOA (Arctic MSOA) to reflect the Arctic marine-based and 46	

likely biogenic sources for the precursors of the condensing organic vapors. 47	

 48	

Arctic MSOA from a simulated flux (500 µg m-2 d-1, north of 50° N) of precursor vapors 49	

(assumed yield of unity) reduces the summertime particle size distribution model-50	

observation mean fractional error by 2- to 4-fold, relative to a simulation without this 51	

Arctic MSOA. Particle growth due to the condensable organic vapor flux contributes 52	

strongly (30-50%) to the simulated summertime-mean number of particles with diameters 53	

larger than 20 nm in the study region, and couples with ternary particle nucleation 54	

(sulfuric acid, ammonia, and water vapor) and biogenic sulfate condensation to account 55	

for more than 90% of this simulated particle number, a strong biogenic influence. The 56	

simulated fit to summertime size-distribution observations is further improved at Eureka 57	

and for the ship track by scaling up the nucleation rate by a factor of 100 to account for 58	

other particle precursors such as gas-phase iodine and/or amines and/or fragmenting 59	

primary particles that could be missing from our simulations. Additionally, the fits to 60	

observed size distributions and total aerosol number concentrations for particles larger 61	

than 4 nm improve with the assumption that the Arctic MSOA contains semi-volatile 62	

species; reducing model-observation mean fractional error by 2- to 3-fold for the Alert 63	

and ship track size distributions. Arctic MSOA accounts for more than half of the 64	

simulated total particulate organic matter mass concentrations in the summertime 65	
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Canadian Arctic Archipelago, and this Arctic MSOA has strong simulated summertime 66	

pan-Arctic-mean top-of-the-atmosphere aerosol direct (-0.04 W m-2) and cloud-albedo 67	

indirect (-0.4 W m-2) radiative effects. Future work should focus on further understanding 68	

summertime Arctic sources of Arctic MSOA. 69	

 70	

1. Introduction 71	
 72	
Aerosols have an important role in the summertime Arctic climate system. Similar to 73	

their effects in other regions, aerosols interact directly with incoming solar radiation by 74	

scattering and absorption (Charlson et al., 1992; Hegg et al., 1996; Yu et al., 2006; 75	

Shindell and Faluvegi, 2009; Yang et al., 2014) and indirectly through modification of 76	

cloud properties by acting as the seeds for cloud droplet formation (Lohmann and 77	

Feichter, 2005; McFarquhar et al., 2011). In the summertime Arctic, efficient wet 78	

removal by precipitation and the smaller extent of the polar dome limit transport of 79	

pollution from lower latitudes and maintain an atmosphere that is more pristine than in 80	

the Arctic winter and springtime (Barrie, 1995; Polissar et al., 2001; Quinn et al., 2002; 81	

Stohl, 2006; Garrett et al., 2011; Brock et al., 2011; Fisher et al., 2011; Sharma et al., 82	

2013; Xu et al., 2017). As a result, natural regional Arctic sources make strong 83	

contributions to summertime Arctic aerosol, to the related radiative effects, and to 84	

associated uncertainties (Korhonen et al., 2008; Leck and Bigg, 2010; Heintzenberg and 85	

Leck, 2012;  Karl et al., 2013; Carslaw et al., 2013; Heintzenberg et al., 2015; Croft et al., 86	

2016a; Willis et al., 2016; Burkart et al., 2017a; Mungall et al., 2017; Willis et al., 2017; 87	

Dall'Osto et al., 2017; Breider et al., 2017; Dall´Osto et al., 2018b; Leaitch et al., 2018). 88	

 89	

Observations indicate that aerosol particle formation and growth events occur frequently 90	

in the summertime Canadian Arctic Archipelago region (within 60-130° W and  91	

60-85° N) (Chang et al., 2011b; Leaitch et al., 2013; Willis et al., 2016; Willis et al., 92	

2017; Croft et al., 2016a;  Burkart et al., 2017a; Burkart et al., 2017b; Collins et al., 2017; 93	

Tremblay et al., 2018). These events contribute towards shaping a summertime aerosol 94	

number size distribution that is characterized by a dominant Aitken mode (particles with 95	

diameters between 10 and 100 nm) in this region (Croft et al., 2016b), similar to 96	

observations at other pan-Arctic sites (Tunved et al., 2013; Asmi et al., 2016; Nguyen et 97	
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al., 2016; Freud et al., 2017; Gunsch et al., 2017; Heintzenberg et al., 2017; Kolesar et al., 98	

2017). Summertime Arctic aerosol size distributions are also characterized by a 99	

suppressed accumulation mode (particles with diameters between 100 and 1000 nm) due 100	

to the efficient wet removal processes in frequently drizzling low clouds (Browse et al. 101	

2014) and the limited transport from lower latitudes (Stohl, 2006; Law and Stohl, 2007; 102	

Korhonen et al., 2008) 103	

 104	

Evidence points to a strong marine biogenic influence on summertime Arctic aerosols 105	

(Leck and Bigg, 2010; Chang et al., 2011a; Heintzenberg et al., 2015; Dall´Osto et al., 106	

2018b). The oceans provide the atmosphere with many particle-relevant trace gases 107	

(Carpenter et al., 2012; Carpenter and Nightingale, 2015; Ghahremaninezhad et al., 2017; 108	

Mungall et al., 2017), as well as primary particles (Gantt and Meskhidze, 2013; Grythe et 109	

al., 2014; Wilson et al., 2015). Arctic melt ponds and melting ice are also sources of 110	

vapors such as dimethyl sulfide (DMS) (Hayashida et al., 2017; Gourdal et al., 2018), 111	

which yield condensable products following oxidation (Barnes et al., 2006) that can form 112	

and grow particles (Kirkby et al., 2011). As well, observations suggest a key role for 113	

Arctic marine secondary organic aerosol (Arctic MSOA) in the Canadian Arctic 114	

Archipelago (Willis et al., 2017; Burkart et al., 2017a; Köllner et al., 2017; Leaitch et al., 115	

2018). The condensing vapors that contribute to particle growth by formation of 116	

secondary organics in the Canadian Arctic Archipelago may be more volatile than at 117	

lower latitudes because smaller modes (particle diameters around 20 nm) grow somewhat 118	

more slowly than larger modes (particle diameters around 90 nm) (Burkart et al., 2017a). 119	

However, these vapors are still capable of growing newly formed particles, and the 120	

details about the origin and composition of Arctic MSOA precursors are not well 121	

understood.  122	

 123	

In this study, the terminology Arctic MSOA indicates SOA formed from any organic 124	

precursor vapors emitted in open ocean and coastal regions north of 50° N, excluding 125	

methane sulfonic acid, which we treat as a separate aerosol component, consistent with 126	

most filter-based aerosol species mass measurements. In the Canadian Arctic 127	

Archipelago, Arctic MSOA is likely strongly controlled by marine biogenic activity 128	
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(Willis et al, 2017; Leaitch et al., 2018). Due to the spatial and temporal variability, and 129	

diversity of organic precursor vapor sources and chemistry, the chemical character of 130	

Arctic MSOA is not necessarily the same as other types of MSOA arising from 131	

precursors originating in other marine regions, which could be more strongly influenced 132	

by shipping and differing types of marine biogenic activity (Facchini et al., 2008; Rinaldi 133	

et al., 2010). As well, under our definition of Arctic MSOA, the presence of Arctic 134	

MSOA is not limited to the atmospheric marine boundary layer or marine environment 135	

due to transport of precursors and Arctic MSOA to continental regions. 136	

 137	

There are few measurements of size-resolved aerosol mass concentrations in the 138	

summertime Arctic (Zábori et al., 2015; Giamarelou et al., 2016; Tremblay et al., 2018). 139	

Such measurements can provide insight about the processes that control the size 140	

distributions. Limited observations indicate that growing Aitken-mode particles with 141	

diameters between 60 and 100 nm in the Canadian Arctic Archipelago are composed 142	

almost entirely of organics, suggesting a strong role for secondary organics (Tremblay et 143	

al., 2018). On the other hand, observations from the Svalbard region (within 74-81 °N 144	

and 10-35 °E) indicate that the smaller sub-12 nm particles are composed primarily of 145	

ammonium sulfate, suggesting that ternary nucleation and early growth involving gas-146	

phase water, ammonia (NH3) and sulfuric acid (H2SO4) play a key role in the 147	

development of nucleation-mode aerosols (particle diameters smaller than 10 nm) in the 148	

region (Giamarelou et al., 2016). In the Canadian Arctic Archipelago, summertime gas-149	

phase NH3 concentrations have been observed to be in the range of a few hundred pptv 150	

(Wentworth et al., 2016), levels that could contribute to initial particle formation (Napari 151	

et al., 2002; Kirkby et al., 2011; Almeida et al., 2013). Sources for NH3 in this region are 152	

not yet fully understood, but contributors include Arctic seabird colonies, biomass 153	

burning, and possibly other terrestrial sources such as tundra ecosystems that can 154	

contribute to bi-directional exchange (Skrzypek et al., 2015; Croft et al., 2016a; Lutsch et 155	

al., 2016; Wentworth et al., 2016). In addition to NH3, H2SO4 and gas-phase water, other 156	

components of nucleation mode particles (diameters less than 10 nm) could include, but 157	

are not limited to, iodine (Allan et al., 2015; Dall´Osto et al., 2018a), amines (Almeida et 158	
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al., 2013) and fragmentation of primary particles as clouds and fog evaporate (Leck and 159	

Bigg, 2010). 160	

 161	

Given the complexity of interacting processes and source-related uncertainties described 162	

above, a coupled model-measurement-based approach enables exploration of the role of 163	

particles of biogenic origin in development of summertime aerosol size distributions in 164	

the Canadian Arctic Archipelago. In this study, we use the GEOS-Chem-TOMAS model 165	

(http://geos-chem.org) with size-resolved aerosol microphysics to interpret aerosol 166	

measurements taken during the summer of 2016 in the Canadian Arctic Archipelago, at 167	

both Alert and Eureka, in Nunavut, Canada, and also along the 2016 CCGS Amundsen 168	

ship track. These measurements include aerosol mass loading, total aerosol number and 169	

aerosol size distributions, some of which were taken as part of the NETwork on climate 170	

and aerosols: addressing key uncertainties in Remote Canadian Environments 171	

(NETCARE) (Abbatt et al. (in prep.)). Section 2 describes our methodology, including 172	

further details about the observations, a model description, and a summary of simulations. 173	

Section 3 interprets simulations and observations to explore the contribution of both 174	

marine primary organic aerosol (arising from sea spray) and Arctic MSOA in shaping the 175	

summertime aerosol size distributions and mass concentrations in the Canadian Arctic 176	

Archipelago. We also consider the role of ternary nucleation, the simulated contribution 177	

to particle nucleation events and size distributions, and comparison with observations. 178	

Section 3 also presents sensitivity studies to explore the role of the volatility of the Arctic 179	

MSOA during growth events, and in shaping aerosol size distributions. Finally, Sect. 3 180	

presents estimates of the contribution of Arctic MSOA to summertime Arctic direct and 181	

indirect aerosol effects. Section 4 presents a summary, and highlights key directions for 182	

future research. 183	

 184	

2. Methodology 185	

 186	

2.1 Aerosol measurements in the Canadian Arctic Archipelago 187	

 188	
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Figure1 shows the locations of aerosol measurements, taken at both Alert (82.5° N, 62.3° 189	

W) and Eureka (80.1° N, 86.4° W), in Nunavut, Canada and along the 2016 ship track of 190	

the CCGS Amundsen through the Canadian Arctic Archipelago that we interpret using the 191	

GEOS-Chem-TOMAS model. The measurements at Alert, Nunavut, Canada are made at 192	

the Global Atmospheric Watch (GAW) observatory. Weekly samples of ambient aerosol 193	

are collected on Teflon filters, using a cyclone to limit particles to diameters smaller than 194	

1 µm (PM1.0), and analyzed by ion chromatography for several inorganic ions including 195	

sulfate, ammonium, nitrate, and methane sulfonic acid (MSA). Further details are 196	

provided in Leaitch et al. (2013) and Li and Barrie (1993). Weekly samples are also 197	

collected on quartz filters behind the cyclone (PM1.0) and analyzed for organic and 198	

elemental carbon by thermal volatilization and combustion (Huang et al., 2006), as 199	

described in Sharma et al. (2017) and Leaitch et al. (2018). There is a possibility that 200	

volatile organic carbon (VOC) vapors could also be absorbed on the quartz filters 201	

(Leaitch et al., 2018). As a result, we view these measurements as an upper limit on 202	

organic carbon mass concentrations at Alert as discussed further in Sect. 3.1. Since 2011, 203	

hourly-mean size distributions for particles with diameters from 20 to 500 nm are 204	

measured at Alert using a TSI 3034 Scanning Mobility Particle System (SMPS), which is 205	

verified for sizing on site using mono-disperse particles of polystyrene latex and of 206	

ammonium sulfate generated with a Brechtel Manufacturing Incorporated Scanning 207	

Electrical Mobility Spectrometer. Total particle number concentration for particles larger 208	

than 10 nm in diameter is measured at Alert with a TSI 3772 Condensation Particle  209	

Counter (CPC). The CPC and SMPS agree to within 10% when all particles are large 210	

enough to be counted by both instruments. Data that could be influenced by local camp 211	

activities are filtered from the data set by removing data 1) when the wind direction was 212	

within a 45° angle centred on the Alert camp; 2) during line zeroes to check the 213	

connections to the instruments and any other repetitive occurrence that might influence 214	

the measurements; 3) when logs indicated potential sources nearby (e.g. trucks); and 4) to 215	

account for unknown factors, when data spikes remain that lasted two hours or less.   216	

  217	

At Eureka, Nunavut, Canada, aerosol measurements are taken at the RidgeLab of the 218	

Polar Environment Atmospheric Research Laboratory (PEARL) (Fogal et al., 2013), 219	
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which is located on Ellesmere Island at 610 m above sea level and about 480 km 220	

southwest of Alert. Since 2015, size distributions for particles with diameters between 10 221	

and 500 nm have been measured at the RidgeLab using a TSI 3034 SMPS. Data are 222	

recorded every three minutes and averaged to hourly means. Further details about the 223	

instrument and sampling are presented in Tremblay et al. (2018).  224	

 225	

 226	

 227	
Figure 1: CCGS Amundsen 2016 cruise track through Canadian Arctic Archipelago color coded by the 228	
number of days after 24 July 2016. Land is shaded in grey. Location of Alert and Eureka shown by red and 229	
cyan stars, respectively. 230	
 231	
 232	

During the summer of 2016, the research icebreaker CCGS Amundsen travelled through 233	

the Canadian Arctic Archipelago as a part of the NETCARE project (Abbatt et al. (in 234	
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prep)). Figure 1 shows the cruise track for 24 July - 23 August 2016. During the cruise, 235	

total number concentrations of aerosols with diameters larger than 4 nm were measured 236	

with a TSI 3776 ultrafine condensation particle counter (UCPC). Aerosol size 237	

distributions for particles with diameters between 10 nm to 430 nm were measured with a 238	

TSI 3080/3087 SMPS. Data collected while the wind direction was less than 60° to port 239	

and less than 90° to starboard of the ship’s orientation were accepted for further analysis. 240	

We consider all measurements taken over 23 July 2016 to 24 August 2016, when the ship 241	

was north of 66° N. Further details about the instrumental setup and sampling are in 242	

Collins et al. (2017). Measurements of NH3 were also taken during the cruise with a 243	

Quantum Cascade Tunable Infrared Laser Differential Absorption Spectroscopy (QC-244	

TILDAS) analyzer (Ellis et al., 2010). The instrument has a fast response time that 245	

enabled measurements at 1 Hz during the cruise, with measurements taken from 29 July 246	

2016 to 23 August 2016. NH3 data were also filtered for wind direction, ship speed and 247	

measured aerosol number concentrations to exclude periods that indicated influence from 248	

the ship exhaust. 249	

 250	

Tundra samples were collected in triplicate from three sites near Alert, NU on 14 and 15 251	

July 2016 to estimate tundra NH3 emission potential. The sites ranged from 252	

approximately 1 to 9 km west of the GAW observatory. Sampling and subsequent 253	

analysis for ammonium concentration ([NH4
+]) and pH were carried out according to 254	

Wentworth et al. (2014). From mid June to the end of July 2016, hourly measurements of 255	

tundra temperature were recorded adjacent to the GAW observatory using commercially 256	

available soil temperatures sensors (iButtons, Maxim Integrated). Tundra [NH4
+], pH, 257	

(both based on the 14 and 15 July 2016 soil samples) and hourly temperature were used 258	

to calculate the hourly NH3 tundra compensation, which reflects the predicted 259	

equilibrium NH3 concentration in the atmosphere above the tundra (Wentworth et al., 260	

2014). A tundra-air exchange velocity was calculated using a resistance-in-series scheme 261	

with parameterizations from Wesley (1989) and Walker et al. (2014). The average NH3 262	

emissions at the three sites were then calculated as the mean of the products of the 263	

exchange velocity and compensation point, resulting in estimated emission rates of 0.12, 264	

1.4, and 2.2 ng m-2 s-1. Here, we adopt the highest value to provide an upper estimate on 265	
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the contribution of the tundra to atmospheric NH3. It should be noted that extrapolating 266	

calculated emissions from discrete tundra samples to the entire Canadian Arctic 267	

Archipelago carries a very large degree of uncertainty. However, the paucity of necessary 268	

tundra measurements and the lack of any terrestrial Arctic NH3 fluxes prevent a more 269	

rigorous approach. 270	

 271	

 272	

2.2 Model description 273	

 274	

The GEOS-Chem (GC) chemical transport model version v10-01 (http://geos-chem.org) 275	

coupled to the TwO-Moment Aerosol Sectional (TOMAS) microphysics model (Adams 276	

and Seinfeld, 2002; Kodros et al., 2016; Kodros and Pierce, 2017) is employed in this 277	

study. Our model version has 47 vertical levels and a 4° x 5° horizontal resolution. The 278	

GEOS-FP reanalysis (http://gmao.gsfc.nasa.gov) provides the meteorological fields. We 279	

use a TOMAS version with 15 size sections, including dry diameters ranging from 3 nm 280	

to 10 µm (Lee and Adams, 2012). Tracers within each size bin include particle number 281	

and mass of sulfate, black carbon (hydrophobic and hydrophilic), organic carbon 282	

(hydrophobic and hydrophilic), sea salt, dust and water. All simulations are for the 283	

months of July and August 2016, with a one-month spin-up during June that is not 284	

included in our analysis. 285	

 286	

2.2.1 TOMAS aerosol microphysics 287	

 288	

The TOMAS aerosol microphysics scheme employed in our simulations has 13 289	

logarithmically spaced size sections for aerosol dry diameters from approximately 3 nm 290	

to 1 µm, and 2 additional size sections to represent aerosol dry diameters from 1 to 10 µm  291	

(Lee and Adams, 2012).  Particle formation is treated according to the ternary H2SO4–292	

NH3–H2O nucleation scheme described by Baranizadeh et al. (2016).  The formation rate 293	

of particles at about 1.2 nm in mass diameter is determined from a full kinetics simulation 294	

by Atmospheric Cluster Dynamics Code  (ACDC) (Olenius et al., 2013) using particle 295	

evaporation rates based on quantum chemistry. The scheme is implemented as a look-up 296	
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table as a function of gas-phase H2SO4 and NH3 concentrations, relative humidity, 297	

temperature and condensation sink for condensable vapors. Growth and loss of particles 298	

smaller than 3 nm are approximated with the Kerminen et al. (2004) scheme. 299	

Implementation of this scheme is supported by the findings of Giamarelou et al. (2016) 300	

that nucleation-mode particles in the summertime Arctic are predominantly ammoniated 301	

sulfates. All simulations use the Brownian coagulation scheme of Fuchs (1964) and 302	

consider coagulation between all particle sizes, an important sink for particle number, 303	

particularly for those particles with diameters smaller than 100 nm. Coagulation between 304	

aerosols contained in cloud hydrometeors and interstitial aerosols is parameterized as 305	

described in Pierce et al. (2015). An overview of the condensational-growth assumptions 306	

follows the discussion of inventories and secondary organic aerosol (SOA) scheme 307	

below. 308	

 309	

2.2.2 Natural emissions 310	

 311	

Several natural emissions inventories and parameterizations are used in our study. 312	

Emissions of dimethyl sulfide (DMS) are based on the seawater DMS climatology of 313	

Lana et al. (2011) with modifications for the Canadian Arctic Archipelago region as 314	

described in Mungall et al. (2016), who found that the climatology seawater DMS was 315	

biased low relative to observations from summer 2014. The air-water transfer velocities 316	

for DMS are based on the scheme of Johnson (2010). Natural sources of NH3, along with 317	

biofuel and anthropogenic sources are from the Global Emissions InitiAtive (GEIA) 318	

(Bouwman et al., 1997). For some of our simulations, as described in Sect. 2.3, Arctic 319	

seabird colony NH3 emissions are implemented following Riddick et al. (2012a), Riddick 320	

et al (2012b), Croft et al. (2016a) and Wentworth et al. (2016). Our simulations also 321	

implement an NH3 source from Arctic tundra with a fixed emission rate of 2.2 ng m-2 s-1, 322	

an upper estimate based on inferred bi-directional exchange fluxes calculated using soil 323	

measurements made during the summer of 2016 near Alert, which found the tundra can 324	

act as a source of NH3 to the atmosphere (Murphy et al. (in prep)). Given the uncertainty 325	

in the tundra source, this source can be viewed as a surrogate for the missing emissions 326	

needed to bring the simulated NH3 mixing ratios to agreement with measurements as 327	

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-895
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 18 September 2018
c© Author(s) 2018. CC BY 4.0 License.



	 12	

discussed in Sect. 3.1. Additionally, natural sources of NH3 and organic carbon (OC) 328	

aerosol are included in the biomass burning emissions from the 3-hourly Global Fire 329	

Emissions Database, version 4 (GFED4) for 2016 (Giglio et al., 2013; Van Der Werf et 330	

al., 2017), which is employed in all simulations. Dust emissions employ the Dust 331	

Entrainment and Deposition (DEAD) scheme of Zender et al. (2003), developed in 332	

GEOS-Chem by Fairlie et al. (2007). 333	

 334	

Emissions of sea spray in our simulations are based on the Mårtensson et al. (2003) 335	

parameterization. We view this parameterization as yielding an upper bound on ultrafine 336	

primary marine emissions. Comparisons with the Jaeglé et al. (2011) parameterization, 337	

employed in the standard GEOS-Chem-TOMAS model, indicate that the Mårtensson et 338	

al. (2003)  parameterization yields greater sub-100 nm fluxes by up to a few orders of 339	

magnitude (Jaeglé et al., 2011). This choice of emissions inventory enables evaluation of 340	

the contribution of sea-spray to simulated ultrafine particle concentration under one of the 341	

inventories that is most favorable to ultrafine sea-spray particle production. Additionally, 342	

as opposed to assuming that all sea spray is sodium chloride, we emit sea spray particles 343	

with diameters smaller than 100 nm as hydrophobic organic carbon aerosol and particles 344	

larger than 100 nm as sodium chloride. This modification was introduced based on 345	

measurements indicating that sub-100 nm sea spray particles are composed mostly of 346	

organics, whereas larger particles have a progressively more dominant salt component 347	

(Collins et al., 2013; Prather et al., 2013; Gantt and Meskhidze, 2013; Quinn et al., 2015). 348	

However, knowledge gaps remain related to the spatial distribution of sea spray 349	

composition and hygroscopicity (Collins et al., 2016). 350	

 351	

2.2.3 Anthropogenic emissions 352	

 353	

Our simulations also include global anthropogenic emissions from the Emissions 354	

Database for Global Atmospheric Research 355	

(http://edgar.jrc.ec.europa.eu/archived_datasets.php) (EDGAR) inventory. The EDGAR 356	

inventory is overwritten by regional inventories for Europe (European Monitoring and 357	

Evaluation Program (EMEP) (Crippa et al., 2016)), Canada (Criteria Air Contaminant 358	
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Inventory), the United States (National Emission Inventory (NEI)), and Asia (MIX 359	

inventory (Li et al., 2017)). As well, the Bond et al. (2007) inventory overwrites the 360	

EDGAR fossil-fuel and biofuel emissions for black and organic carbon. 361	

 362	

2.2.4 Chemical mechanism 363	

 364	

The GEOS-Chem-TOMAS chemical mechanism represents the reactions of more than 365	

100 gas-phase species, including particle-relevant reactions such as DMS oxidation by 366	

the hydroxyl radical (OH) to produce sulfur dioxide (SO2) by both the addition and 367	

abstraction channels, and also reaction with the nitrate radical (NO3) (Chatfield and 368	

Crutzen, 1990; Chin et al., 1996; Alexander et al., 2012). SO2 then undergoes either gas-369	

phase reactions with OH to produce H2SO4 or aqueous oxidation with either hydrogen 370	

peroxide (H2O2) or ozone (O3) to produce particulate sulfate. For the aerosol 371	

microphysics scheme, gas-phase H2SO4 can join with water vapor and gas-phase NH3 for 372	

ternary nucleation of nascent particles, and it can also condense to grow pre-existing 373	

particles. The sulfate produced by aqueous-phase reactions is added to particles that are 374	

large enough to have activated to form cloud droplets, only contributing to the growth of 375	

these larger particles. In general, particles with diameters of 50 nm or larger activate in 376	

our simulations, although observations from the Canadian Arctic Archipelago indicate 377	

that particles as small as 20 nm could activate under some conditions (Leaitch et al., 378	

2016). Methane sulfonic acid (MSA) that is produced by the DMS-OH-addition channel 379	

contributes to condensational growth of existing particles, as described in Hodshire et al. 380	

(in prep), but does not contribute to particle nucleation in our simulations. In this study, 381	

we did not include additional chemistry related to production of dimethylsulfoxide 382	

(DMSO). As a result, our simulated yields of MSA may be slightly underpredicted, and 383	

sulfate formation slightly overpredicted (Breider et al., 2014). 384	

 385	

2.2.5 Secondary organic aerosol scheme 386	

 387	

Arctic MSOA is treated with the simplified SOA scheme developed by Kim et al. (2015), 388	

which for all simulations includes SOA precursors from non-marine sources associated 389	
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with terrestrial biogenic, fossil fuel, biofuel, and biomass burning emissions. The scheme 390	

introduces two additional tracers, a gas-phase SOA precursor, and a SOA tracer that is 391	

available to condense on the particles. The gas-phase SOA precursor oxidizes to form 392	

SOA on a fixed timescale of 1-day. For biogenic sources the emissions are distributed 393	

between these two tracers with a 50/50 split to represent the fast oxidation timescale of 394	

biogenic precursors of typically shorter than 1 day. The model employed for this study 395	

does not include aqueous-phase production of SOA. As a part of our sensitivity 396	

simulations (described in Sect. 2.3), additional fixed-flux organic vapor emissions 397	

yielding Arctic MSOA are implemented in the region north of 50° N over open seawater 398	

with a 50/50 split between the gas-phase precursor and the phase that is available for 399	

condensation.  400	

 401	

While our simulations do not include initial formation of nascent particles by clusters of 402	

organic vapors, we do allow growth of particles by condensation of organic vapors, as 403	

well as by condensation gas-phase H2SO4 and MSA. In the standard model, all vapors 404	

condense proportional to the Fuchs-corrected aerosol surface area distribution, behaving 405	

like a non-volatile condensing gas (Donahue et al., 2011; Pierce et al., 2011; Riipinen et 406	

al., 2011; Liu et al., 2016; Tröstl et al., 2016; Ye et al., 2016). The important role of 407	

organic condensation was found at lower latitude continental sites (Riipinen et al., 2011). 408	

Our simulations investigate this role for the Arctic. We also conduct additional sensitivity 409	

simulations (described in Sect. 2.3), which allow condensation of a fraction of the vapors 410	

according to the mass distribution, behaviour like a semi-volatile as opposed to non-411	

volatile condensing organic.  412	

 413	

2.2.6 Wet and dry deposition 414	

 415	

Removal of simulated aerosol mass and number occurs by both wet and dry deposition.  416	

The wet deposition parameterization includes both in-cloud and below-cloud scavenging 417	

as developed by Liu et al. (2001) and Wang et al. (2011), with modifications as described 418	

in detail in Croft et al. (2016b) to more closely link the wet removal to the meteorological 419	

fields for cloud liquid, ice water content, and cloud fraction. To represent the impact of 420	

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-895
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 18 September 2018
c© Author(s) 2018. CC BY 4.0 License.



	 15	

drizzle from summertime Arctic low-level clouds, we implemented wet removal from all 421	

Arctic clouds below 500 m using a fixed efficiency of 0.01 s-1, similar to the approach of 422	

Browse et al. (2012). In-cloud wet removal in GEOS-Chem-TOMAS is limited to the size 423	

range that can activate to form cloud hydrometeors. Size-dependent dry deposition uses 424	

the resistance in series approach of Wesley (1989). Simulated gas-phase species are also 425	

removed by dry and wet deposition as described in Amos et al. (2012). Removal depends 426	

on solubility such that aerosol precursors including ammonia, and sulphur dioxide are 427	

removed by precipitation, while SOA precursors and dimethyl sulphide are not. 428	

 429	

2.2.7 Radiative calculations 430	

 431	

The following radiative transfer calculations are conducted off-line using the simulated 432	

summertime-mean aerosol mass and number concentrations to examine the effects of 433	

organic condensation. For calculation of the direct radiative effect (DRE), aerosol optical 434	

depth, single-scattering albedo and asymmetry factor are calculated with Mie code 435	

(Bohren and Huffman, 1983) and use refractive indices from the Global Aerosol Dataset 436	

(GADS) (Koepke et al., 1997). These optical properties, along with cloud fraction and 437	

surface albedo from GEOS-FP assimilated meteorology are input to the Rapid Radiative 438	

Transfer Model for Global Climate Models (RRTMG) (Iacono et al., 2008), to determine 439	

the change in top-of-the-atmosphere solar flux between two simulations, treating all 440	

particles except black carbon as internally mixed and spherical. 441	

 442	

We also calculate the cloud-albedo aerosol indirect effect (AIE) with the method 443	

described in Croft et al. (2016a) and Kodros et al. (2016). The cloud droplet number 444	

concentration (CDNC) is calculated off-line using the parameterization of Abdul-Razzak 445	

and Ghan (2002), again using the summertime mean aerosol mass and number 446	

concentrations from our simulations. We assume an updraft velocity of 0.5 m s-1 and treat 447	

all aerosols as internally mixed to determine the hygroscopicity parameter of Petters and 448	

Kreidenweis (2007). For each model grid box, we assume cloud droplet radii (r) of 10 µm 449	

and perturb this value with the ratio of summertime-mean CDNC from simulations 450	
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(acronyms described in Table 1 and simulations described in Sect. 2.3), following Rap et 451	

al. (2013), Scott et al. (2014) and Kodros et al. (2016), 452	

 453	

𝑟!"#$%#&"'  =   10 ( !"#!!"#$!!"#$%&!!"#$%!!""!"#$
!"#!!"#$!!"#$%&!!"#$%!!""!"#$!!"#$!%&/!"

)!/!.                                   (1)     454	

 455	

Then RRTMG is used to determine the change in top-of-the-atmosphere solar flux 456	

attributed to the change in effective cloud droplet radii, again using the summertime 457	

meteorological data from GEOS-FP. Our AIE calculation is limited to this single aerosol 458	

indirect effect; the impact of Arctic MSOA on additional indirect effects (Lohmann and 459	

Feichter, 2005) requires further investigation in future studies.  460	

 461	

2.3 Overview of simulations 462	

 463	

Our simulations are conducted with a focus on interpreting the summertime 2016 aerosol 464	

measurements from the Canadian Arctic Archipelago. These simulations are used to 465	

explore the role of biogenic sources in shaping the aerosol size distributions by the 466	

processes of nucleation of particles from gas-phase molecules followed by growth, with a 467	

focus on Arctic MSOA. We also consider the role of marine primary particle emissions.  468	

 469	

Table 1 presents simulation acronyms used in the following discussion. Simulation BASE 470	

employs the standard GEOS-Chem-TOMAS model described in Sect.  2.2. We examine 471	

the potential contribution of regional terrestrial NH3 sources to aerosol size distributions 472	

with simulations BASE+BIRDS, BASE+TUNDRA, and BASE+TUNDRA+BIRDS. 473	

Simulation BASE+BIRDS implements seabird-colony NH3 emissions of 35 Gg spread 474	

uniformly in time between 1 May and 30 September, based on the Riddick et al. (2012a) 475	

and Riddick et al. (2012b) inventory with modifications and spatial distribution as 476	

described in Croft et al. (2016a) and Wentworth et al. (2016). Simulation 477	

BASE+TUNDRA includes a fixed NH3 emission of 2.2 ng m-2 s-1 from all Arctic tundra 478	

as discussed in Sect. 2.2.2. Simulation BASE+TUNDRA+BIRDS uses both the seabird 479	

colony and tundra NH3 sources.  480	

 481	
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 482	

 483	

 484	

 485	
Simulation Acronyms Description 
BASE Base simulation, described in detail in Sect. 2.2. 
BIRDS Seabird-colony ammonia emissions included  
TUNDRA Tundra ammonia emissions included 
AMSOAnv Non-volatile Arctic MSOA  
AMSOAnv/sv 30% non- and 70% semi-volatile Arctic MSOA 
2xAMSOAnv/sv Double organic vapor emissions of AMSOAnv/sv 
100xnuc Particle formation rate scaled by 100-fold 

 486	
Table 1: Description of acronyms that are used in the simulation names. Simulations are described in detail 487	
by full simulation name in Sect. 2.3. 488	
 489	
 490	

Simulation BASE+TUNDRA+BIRDS+AMSOAnv adds a source of Arctic MSOA. This 491	

source draws upon measurements presented by Mungall et al. (2017) indicating that the 492	

marine microlayer is a source of oxygenated volatile organic compounds (OVOCs), key 493	

precursors to secondary organic aerosol. Furthermore, Willis et al. (2017) identified a 494	

positive relationship between the ratio of organic to sulfate aerosol mass concentrations 495	

and time spent over open water, suggesting a marine SOA source. Studies from other 496	

regions also identified biogenic VOCs of marine origin, but their marine sources are not 497	

fully identified (Carpenter and Nightingale, 2015; Tokarek et al., 2017; Chiu et al., 2017). 498	

Likewise for the Arctic, the emission rates for these vapors are not well understood 499	

(Burkart et al., 2017a). Given this uncertainty, we identified a fixed Arctic MSOA-500	

precursor vapor source flux (Arctic MSOA formed with a mass yield of unity) from the 501	

ice-free seawater in the Arctic and near Arctic (north of 50° N). The marine organic 502	

vapors are emitted into the simplified SOA scheme described in Sect. 2.2.5 with a 50/50 503	

split between precursor gas (with a 1-day lifetime before forming SOA) and vapor that 504	

instantly condenses to particles in the marine boundary layer. This split represents 505	

variability in the VOCs lifetime for aging to sufficiently low volatility that they can 506	

condense on the particulate phase. At the point of condensation, we assume the vapors to 507	

be effectively non-volatile, with condensation according to the Fuchs-corrected surface 508	

area. A top-down estimate of the flux (500 µg m-2 d-1; simulated flux magnitude of 468 µg 509	
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m-2 d-1 north of 50° N, reported to one significant figure due to uncertainty) is adopted 510	

that best represents observations as shown in the following sections within the context of 511	

our simulations, which are an upper limit on primary organic aerosol contribution. To put 512	

the implemented flux in context, this is within an order of magnitude of the isoprene flux 513	

estimated from a north temperate deep lake (Steinke et al., 2018). Future work should 514	

include a bottom-up estimate of the SOA-precursor source flux.  515	

 516	

Simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv examines the impact of 517	

particle precursors in addition to H2SO4, NH3 and water that could nucleate nascent 518	

particle clusters in the Arctic. These precursors could include (but are not limited to) gas-519	

phase iodine (Allan et al., 2015; Dall´Osto et al., 2018a), amines (Almeida et al., 2013) 520	

and organics (Riccobono et al., 2014). It is unclear if marine biological activity creates 521	

organic vapors that participate in particle nucleation. Disintegration of larger particles 522	

from evaporating clouds and fog could contribute to the number of nascent particles 523	

(Leck and Bigg, 2010). Unfortunately, a nucleation parameterization does not exist that is 524	

suitable to include interactions of all these materials simultaneously (Riccobono et al., 525	

2014; Dunne et al., 2016; Gordon et al., 2017). To explore these effects, we scale up the 526	

ternary nucleation by 100-fold to represent the potential effects of particle precursors 527	

with similar spatial origin to those involved in ternary nucleation. Almeida et al. (2013) 528	

and Riccobono et al. (2014) observed increases in nucleation rates by about 100-fold 529	

above the sulfate-ammonia-water vapor system when amines or monoterpene-oxidation 530	

products were added. We treat the 100-fold increase as an estimate of how additional 531	

materials could enhance nucleation. We also conduct simulation 532	

BASE+TUNDRA+BIRDS+100xnuc, which is otherwise similar to 533	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv, but without the condensable marine 534	

organic vapors. 535	

 536	

Finally, we conduct simulations to examine the impact of Arctic MSOA volatility. 537	

Burkart et al. (2017a) found that condensing gas-phase materials in the Canadian Arctic 538	

Archipelago were surprisingly more volatile than at lower latitudes. Simulation 539	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv is similar to simulation 540	
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BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv, except that 30% of the Arctic MSOA 541	

behaves as non-volatile compounds and condenses according to Fuchs-corrected surface 542	

area, whereas 70% of the Arctic MSOA behaves as idealized semi-volatile compounds 543	

and condenses according to the particle mass distribution (quasi-equilibrium 544	

condensation). This is a larger fraction of semi-volatile vapors than the 50/50 semi-/non-545	

volatile split employed by Riipinen et al. (2011) for lower latitude continental sites, and 546	

consistent with the findings of Burkart et al. (2017a) for the Canadian Archipelago region 547	

that the condensing vapors were more semi-volatile than at lower latitudes. Simulation 548	

BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv is similar to simulation 549	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, except that for the former, we 550	

double the flux of marine organic vapors to examine the impact of a change in flux since 551	

the geographic distribution of the source rate is highly uncertain. 552	

 553	

We calculate the mean fraction error (MFE) (Boylan and Russell, 2006) between our 554	

simulations and observed aerosol size distributions using the following equation. 555	

 556	

MFE = !
!

!"#|!! ! !!! ! |
(!!(!)!!!(!))/!

!!!
!!!                                                                                             (2) 557	

 558	

where Cm(i) is the integrated value for the ith moment of the simulated aerosol size 559	

distribution and Co(i) is the integrated value for the  ith moment of the observed size 560	

distribution, for the N moments (zeroth to third). Fractional bias is calculated likewise, but 561	

without the absolute value of the numerator. 562	

 563	

3. Results and Discussion 564	

 565	

3.1 Summertime aerosol mass concentrations at Alert 566	

 567	

Table 2 shows the observed climatological- (data available for years 2011 to 2015), 568	

summertime- (July and August) mean mass concentrations for organic carbon (OC), 569	

NH4
+, sulfate (SO4

=) and MSA from filter measurements at Alert and also the 570	

summertime mean for our 9 simulations (all for 2016). These long-term observations at 571	
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Alert provide a useful climatology for comparison with our simulations, even if not for 572	

the same years. An organic matter (OM) to OC ratio of 2.1 was applied to convert the 573	

simulated OM to OC. There is uncertainty in the OM/OC ratio, which can range from 574	

about 1.4 to 2.4; however, the larger values are generally associated with rural and remote 575	

regions (Turpin and Lim, 2001; Russell, 2003; Philip et al., 2014). This ratio (2.1) is 576	

within 4% of summertime-mean OM/OC ratios from the Organic Functional Groups 577	

(OFG) measurements from available years (2012-2014) at Alert that are detailed in 578	

Leaitch et al. (2018). Simulation BASE underpredicts the observed annual mean OC 579	

mass concentrations by a factor of about 3, and is below the inter-annual range shown in 580	

Table 2. The simulated OC is strongly sensitive to Arctic MSOA, increasing by a factor 581	

of 2.5 for simulation BASE+TUNDRA+BIRDS+AMSOAnv relative to simulation 582	

BASE+TUNDRA+BIRDS, to yield better consistency with the measurement mean. As 583	

described in Leaitch et al. (2018), these measurements could also include organics from 584	

condensation of volatile organic compounds directly onto the quartz filters, contributing 585	

to a factor of 1.1-2.5 increase in concentrations relative to OFG analysis by Fourier 586	

transform infrared (FTIR) spectroscopy. This is only one of the potential issues with 587	

determining OC based on sampling at such low concentrations over one week. 588	

Furthermore, the measurement OC mass concentrations were not available for the year of 589	

our simulations, and inter-annual variability in summertime OC is large. As a result of 590	

these complexities, we also compare between the year-matched simulated and SMPS 591	

volume distributions (Sect. 3.3), which we consider to be a more robust evaluation of the 592	

simulated particle mass concentrations. 593	

 594	

The simulated OC mass concentration is also sensitive to the rate of formation of nascent 595	

particles in our simulations. With an increase in nucleation rate, as in simulation, 596	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv relative to simulation 597	

BASE+TUNDRA+BIRDS+AMSOAnv, the simulated OC mass concentrations increase 598	

by about 15% because there are more nucleation- and Aitken-mode particles available to 599	

‘catch’ the condensing vapors, and these smaller particles are less efficiently removed by 600	

wet scavenging. Additionally, the simulations of OC mass concentrations are sensitive to 601	

the assumed volatility of the Arctic MSOA. For the 30/70 split of non-volatile and semi-602	
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volatile vapors as in simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, the 603	

OC mass concentrations are reduced by about 15% relative to simulation 604	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv.  The semi-volatile vapors condense to 605	

larger particles (Pierce et al., 2011; D’Andrea et al., 2013; Hodshire et al. (in prep.)) that 606	

are more efficiently removed by precipitation. The emissions flux of Arctic MSOA-607	

precursor 608	

vapors has a nonlinear impact on the simulated OC mass concentrations. Table 2 shows 609	

that the change in mean OC concentrations differs between simulation pairs with the 610	

same absolute change in Arctic MSOA-precursor emissions (simulations 611	

BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv and 612	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv, relative to 613	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv and 614	

BASE+TUNDRA+BIRDS+100xnuc). 615	

 616	
 OC NH4

+ MSA + SO4
= 

Observations 85.0  
(37.7, 132.9) 

16.3 
(7.6, 31.2) 

58.8  
(30.8, 97.5) 

Simulations    
 BASE 28.7 2.8 54.8 
Extra Ammonia    
 BASE+BIRDS 27.9 12.6 56.6 
 BASE+TUNDRA 27.0 20.0 58.5 
 BASE+TUNDRA+BIRDS 33.3 22.6 66.2 
Arctic MSOA (non-volatile)    
 BASE+TUNDRA+BIRDS+AMSOAnv 72.0 22.0 64.8 
Extra Nucleation    
BASE+TUNDRA+BIRDS+100xnuc 33.2 23.5 69.2 
 BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv 82.0 24.1 72.1 
Arctic MSOA Volatility (mix non-/semi-volatile)    
 BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv 70.2 23.6 69.7 
BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv 104.6 23.4 68.7 

 617	
Table 2: July and August mean aerosol mass concentrations (ng m-3) at Alert from measurements (2011-618	
2015) (brackets show the minimum and maximum annual mean over the measurement period) and GEOS-619	
Chem-TOMAS simulations (2016) as described in Table 1 and Sect. 2.3 for organic carbon (OC), 620	
ammonium (NH4

+), and methane sulfonic acid (MSA) and sulfate (SO4
=). 621	

 622	

 623	

We also evaluated the simulation of relevant inorganic ions. Simulation BASE strongly 624	

underpredicts measured ammonium concentrations by a factor of 8. Implementation of 625	
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the seabird-colony and tundra NH3 sources (simulation BASE+TUNDRA+BIRDS) yields 626	

closer model-measurement agreement (within about 40%), although this is a challenging 627	

simulation given the uncertainties in the NH3 sources within these remote regions. 628	

Relative to measurements taken during the summer 2016 cruise track, simulation BASE 629	

also underpredicts grid-box mean NH3 mixing ratios with a mean fractional bias (MFB, 630	

described in Sect. 2.3) (Boylan and Russell, 2006) of -1.98, which is reduced for 631	

simulations BASE+BIRDS (-1.23), BASE+TUNDRA (-0.22), and 632	

BASE+TUNDRA+BIRDS (+0.06). 633	

 634	

Implementation of seabird-colony and tundra NH3 sources (simulation 635	

BASE+TUNDRA+BIRDS) also increases the simulated summertime (July and August) 636	

mean sulfate concentrations by about 20% over simulation BASE. The extra free NH3 637	

(simulation BASE+TUNDRA+BIRDS relative to BASE) promotes particle nucleation, 638	

which decreases the mean diameter of the particles available for H2SO4 condensation as 639	

sulfate, slowing sulfate wet scavenging as the smaller particles have less efficient 640	

removal. Scaling up the nucleation rate further increases the sulfate concentrations by 641	

about 10-15% as the concentrations of nucleation- and Aitken-mode particles are further 642	

increased, further reducing the mean diameter of the particles available for condensation 643	

of H2SO4, and slowing wet scavenging of sulfate. All simulations are within 20% of the 644	

measured sulfate concentrations. As well, we evaluated the model-measurement 645	

agreement for sodium ions and found agreement within a factor of two for all 646	

simulations. These mass-based comparisons offer confidence that the simulations which 647	

include Arctic MSOA are reasonable. In the following sections, we consider the impact 648	

of Arctic MSOA on total aerosol number concentrations and the moments of the aerosol 649	

size distributions. 650	

 651	

3.2 Total aerosol number concentrations along the 2016 ship track and at Alert 652	

 653	

Figure 2 shows time series measurements during August 2016 of total particle number 654	

concentration for particles with diameters larger than 4 nm conducted from the CCGS 655	

Amundsen (Collins et al., 2017) and for particles with diameters larger than 10 nm at 656	
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Alert. The measurement time series shows episodic bursts of particle number 657	

concentration greater than 500 cm-3. Interestingly, at several times the elevated number 658	

concentrations occur at both Alert and at the ship, such as on August 3, 8, 9, 10, 11, 15 659	

and 16. Both time series also show relatively lower total number concentrations on 660	

August 5 and August 13 to 14, when there was precipitation, and when the ship was in 661	

the Nares Strait region shown on Fig.1. 662	

 663	
 664	
Figure 2: Time series for August 2016 observed number concentration from condensation particle counter 665	
(CPC) for aerosols with (a) diameters larger than 4 nm (N4) along Amundsen ship track (Fig. 1) and (b) 666	
diameters larger than 10 nm (N10) at Alert (described in Sect. 2.1) and for the simulations as described in 667	
Table 1 and Sect. 2.3 (color coded as shown on legend). MFE: mean fractional error between observations 668	
and simulations, color-coded to match simulation names. 669	
 670	

Figure 2 also shows the time series of coincidently sampled simulated number 671	

concentrations for five of the simulations described in Table 1 and Sect. 2.3. We 672	

calculated the model-to-measurement mean fractional error (MFE) (Eq. (2)) for the 673	
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simulations of total number concentration shown on Fig. 2. The BASE simulation is 674	

associated with the greatest MFE values for the ship track (1.44) and Alert (1.84). The 675	

simulations better capture the bursts of particle number when including NH3 sources from 676	

seabird colonies and tundra, similar to the findings of Croft et al. (2016a) with MFE 677	

values reduced to 0.75 for both the Alert and ship track time series for simulation 678	

BASE+TUNDRA+BIRDS.  679	

 680	

Implementation of Arctic MSOA in simulation BASE+TUNDRA+BIRDS+AMSOAnv 681	

increases the MFE relative to simulation BASE+TUNDRA+BIRDS, to 1.06 for the ship 682	

track and 0.96 for the Alert time series. This MFE increase occurs because more vapors 683	

are available to condense on to the particle surface area, building the condensation sink 684	

for H2SO4, which reduces the simulated formation of nascent particles by ternary 685	

nucleation with H2SO4. These effects reduce the number of ultrafine particles, similar to 686	

that described by D’Andrea et al. (2013), who investigated the impact of 687	

anthropogenically enhanced SOA for a set of sites distributed around the world. 688	

 689	

Scaling the nucleation rate by 100-fold reduces the MFE to 0.87 for the ship track and 690	

0.64 at Alert, for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv. This 691	

scaling acts as a surrogate for the parameterization of particle nucleation by materials in 692	

addition to the simulated gas-phase NH3, H2SO4 and water, as described in Sect. 2.3. This 693	

increased nucleation rate enables ultrafine particles to become more numerous, despite 694	

the increased condensation sink associated with the implemented Arctic MSOA source.  695	

 696	

Considering both the 2016 ship track and Alert time series together, the lowest MFE pair 697	

is found for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, 0.72 and 698	

0.65, respectively. This simulation treats the Arctic MSOA as a 30/70 mix of non- and 699	

semi-volatile species. Higher volatility condensing vapors enable simulated growth of the 700	

nascent particles at a slower rate (relative to larger particles) than lower volatility 701	

condensing vapors. As a result, the newly formed particles grow more slowly with semi-702	

volatile Arctic MSOA, which lowers the condensation and coagulation sinks (relative to 703	

non-volatile Arctic MSOA), and increases the total number of particles. As well, there is 704	
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relatively more condensation of the semi-volatile Arctic MSOA to larger particles, which 705	

contribute proportionately less to surface area and more to aerosol mass. These larger 706	

particles are efficiently removed by the frequent low-cloud drizzle of the summertime 707	

Arctic in our simulations. As shown on Fig. 2, the net effect is an increase in the number 708	

of ultrafine particles that better matches the observed time series of total number 709	

concentration. 710	

 711	

3.3 Moments of the aerosol size distribution for Alert, Eureka and ship track 712	

 713	

Figures 3, 4 and 5 show the 2016 summertime (July and August) median aerosol size 714	

distributions from SMPS measurements at Alert (Fig. 3), Eureka (Fig. 4), and for the 715	

2016 ship track (Fig. 5). The figure panels show the zeroth through third moments of the 716	

aerosol size distribution, aerosol number, integrated diameter (length), surface area and 717	

volume. We define the aerosol number distribution (zeroth moment) as  718	

  719	

𝑛! 𝐷! = !"
!!"#!"!!

.                                                                                                           (3)        720	

 721	

The aerosol integrated diameter (length) distribution (first moment) is 722	

  723	

𝑛! 𝐷! =  !"
!!"#!"!!

= 𝐷 !"
!!"#!"!!

.                                                                                     (4)                                                       724	

 725	

The aerosol surface area (second moment) is  726	

 727	

𝑛! 𝐷! =  !"
!!"#!"!!

 = 𝜋𝐷! !"
!!"#!"!!

 .                                                                               (5)                728	

 729	

The aerosol volume (third moment) is  730	

 731	

𝑛! 𝐷! =  !"
!!"#!"!!

= !
!
𝐷! !"

!!"#!"!!
.                                                                                 (6)                                                                                               732	

 733	

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-895
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 18 September 2018
c© Author(s) 2018. CC BY 4.0 License.



	 26	

 734	
 735	
Figure 3: July and August 2016 median aerosol size distributions from scanning mobility particle sizer 736	
(SMPS) measurements at Alert (82.5° N, 62.3° W) (black) (described in Sect. 2.1) and for five GEOS-737	
Chem-TOMAS simulations (color coded as shown on legend). Grey shading shows SMPS 20th to 80th 738	
percentile. Simulations are described in Table 1 and Sect. 2.3. Panels show aerosol distribution moments 739	
(a) aerosol number, (b) integrated aerosol diameter, (c) aerosol surface area, and (d) aerosol volume 740	
distributions. Note the different vertical scale relative to Figs. 4 and 5. 741	
 742	
 743	
The observed distributions are similar between the three measurement sets. The number 744	

distributions peak in the Aitken mode at the particle diameter of 30-50 nm, which is 745	
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 746	
   747	
 748	
Figure 4: July and August 2016 median aerosol size distributions from scanning mobility particle sizer 749	
(SMPS) measurements at Eureka (80.1° N, 86.4° W)  (black) (described in Sect. 2.1) and for five GEOS-750	
Chem-TOMAS simulations (color coded as shown on legend). Grey shading shows SMPS 20th to 80th 751	
percentile. Simulations are described in Table 1 and Sect. 2.3. Panels show aerosol distribution moments 752	
(a) aerosol number, (b) integrated aerosol diameter, (c) aerosol surface area, and (d) aerosol volume 753	
distributions. Note the different vertical scale relative to Figs. 3 and 5. 754	
 755	

similar to summertime observations at other pan-Arctic sites (Tunved et al., 2013; Asmi  756	

et al., 2016; Nguyen et al., 2016; Freud et al., 2017; Gunsch et al., 2017; Heintzenberg et 757	

al., 2017; Kolesar et al., 2017) and also in the central Arctic marine boundary layer 758	

(Heintzenberg and Leck, 2012; Karl et al., 2013; Heintzenberg et al., 2015). Interestingly, 759	

the value for the mode for the number distributions (dN/dlogDp) has its smallest 760	

magnitude of about 200 cm-3 at the most northerly site (Alert), and increases moving 761	

southward to about 300 cm-3 at Eureka and 400 cm-3 for the ship track, which includes the  762	

 763	
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 764	
 765	
Figure 5: July and August 2016 median aerosol size distributions from scanning mobility particle sizer 766	
(SMPS) measurements for the CCGS Amundsen 2016 ship track (black) (described in Sect. 2.1) and for five 767	
GEOS-Chem-TOMAS simulations (color coded as shown on legend). Grey shading shows SMPS 20th to 768	
80th percentile. Simulations are described in Table 1 and Sect. 2.3. Panels show aerosol distribution 769	
moments (a) aerosol number, (b) integrated aerosol diameter, (c) aerosol surface area, and (d) aerosol 770	
volume distributions. Note the different vertical scale relative to Figs. 3 and 4. 771	
 772	
 773	

most southward extent. This pattern is consistent with the hypothesis of an important role 774	

for open water in building summertime aerosol size distributions (Heintzenberg et al., 775	

2015; Willis et al., 2017; Dall´Osto et al., 2018b). A similar pattern is noted for the other 776	

three moments of the aerosol distribution.  777	

 778	

Figures 3, 4 and 5 also show the simulated moments for the 3 sets of aerosol 779	

distributions. Simulation BASE strongly underpredicts all four moments of the 780	

distribution relative to all three of the measurement sets. Table 3 shows the MFE (Eq. (2)) 781	
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between the simulations and measurements, using integrated values from the 4 moments 782	

of the distributions, similar to the approach employed by Hodshire et al. (2018). The 783	

MFEs are 1.17, 1.36 and 1.34 for Alert, Eureka, and the ship track, respectively, for 784	

simulation BASE. Implementation of sources of NH3 from seabird-colonies (simulation 785	

BASE+BIRDS) reduces the MFE for all sites, and additional NH3 from a tundra source 786	

for simulation BASE+TUNDRA+BIRDS further lowers the MFE at all sites (0.53 for 787	

Alert, 0.80 for Eureka and 0.97 for the ship track).  788	

 789	
 790	
Mean	Fractional	Error	 Ship		 Eureka		 Alert		 3-site	mean	
BASE	 1.34	 1.36	 1.17	 1.29	
Extra	Ammonia	 	 	 	 	
	BASE+BIRDS	 1.16	 1.13	 0.75	 1.01	
	BASE+TUNDRA	 1.01	 0.86	 0.66	 0.84	
	BASE+TUNDRA+BIRDS	 0.97	 0.80	 0.53	 0.77	
Arctic	MSOA	(non-volatile)	 	 	 	 	
	BASE+TUNDRA+BIRDS+AMSOAnv	 0.43	 0.35	 0.13	 0.30	
Extra	Nucleation	 	 	 	 	
	BASE+TUNDRA+BIRDS+100xnuc	 0.78	 0.30	 0.31	 0.46	
	BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv	 0.22	 0.08	 0.30	 0.20	
Arctic	MSOA	volatility	(mix	non-/semi-volatile)	 	 	 	 	
	BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv	 0.11	 0.24	 0.10	 0.15	
BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv	 0.22	 0.09	 0.27	 0.19	

 791	
 792	
Table 3: Mean fractional error (MFE) (Eq. (2)) between the nine GEOS-Chem-TOMAS simulations 793	
(described in Table 1 and Sect. 2.3) and the SMPS measurements (described in Sect. 2.1) for summertime- 794	
(July and August 2016) median aerosol size distributions at Alert, Eureka and during the CCGS Amundsen 795	
cruise shown in Figs. 3, 4, and 5, respectively. 796	
 797	
 798	

Figures 3-5 also show that with the NH3 from seabird colonies and tundra (simulation 799	

BASE+TUNDRA+BIRDS), an Aiken mode peak develops around 20-30 nm, but there is 800	

an underprediction of the number of aerosols with diameters between 30 nm to 200 nm 801	

and a strong underprediction of the aerosol diameter, surface area and volume moments. 802	

Simulation BASE+TUNDRA+BIRDS also underpredicts the organic carbon mass 803	

concentrations as shown in Table 2. This simulation suggests that condensation of H2SO4 804	

and MSA alone do not yield sufficient particle growth to match observations from the 805	

Canadian Arctic Archipelago, which show frequent particle growth events (Willis et al., 806	

2016; Collins et al., 2017; Burkart et al., 2017b; Tremblay et al., 2018) and suggest a key 807	
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role for growth by organic vapor condensation (Burkart et al., 2017a; Willis et al., 2017; 808	

Mungall et al., 2017). Marine primary organic aerosols could contribute to the Aitken 809	

mode as investigated further in the following Sect. 3.5. 810	

 811	

With the implementation of Arctic MSOA (simulation 812	

BASE+TUNDRA+BIRDS+AMSOAnv), all four moments of the simulated aerosol 813	

distributions are more consistent with the measurements. The MFE is reduced for the ship 814	

track (0.43), Eureka (0.35) and Alert (0.13). These additional vapors condense on the 815	

simulated particles and build the aerosol diameter, surface area, and volume distributions 816	

to better represent the observations. For the ship track and at Eureka, scaling up the 817	

nucleation rate further reduces the MFE (simulation 818	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv) by maintaining the number of 819	

ultrafine particles despite the increase in the condensation sink that arises with the growth 820	

from the Arctic MSOA. This scaling acts as a surrogate for nucleating vapors that could 821	

be missing in our simulations such as iodine (Allan et al., 2015; Dall´Osto et al., 2018a) 822	

and amines (Almeida et al., 2013), and also possible contribution from primary particle 823	

fragmentation (Leck and Bigg, 2010). For Alert, the MFE deteriorates with nucleation 824	

scaling suggesting that the standard ternary scheme yields sufficient particle formation 825	

for that portion of the Canadian Arctic Archipelago under the assumption of growth by 826	

non-volatile vapors. 827	

 828	

The simulation with a 30/70 mix of non- and semi-volatile Arctic MSOA, respectively, 829	

(simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv) yielded the lowest 830	

MFE for the ship track (0.11) and for Alert (0.10). We find a similarly low MFE for 831	

Eureka (0.09) with a doubling of the Arctic MSOA source under the assumption of a 832	

30/70 mixed volatility (simulation 833	

BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv). Given that our simulations 834	

employ a fixed flux of Arctic MSOA-precursor vapors, and there is likely spatial 835	

variability in their source flux and oxidative aging to become available for condensation 836	

that is not well captured in our simulations; these intra-regional differences in the flux 837	

strength required to match observations are expected. For the same reasons, the 838	
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simulations do not perfectly capture the increase in the magnitude of the mode for the 839	

number, diameter, area and volume distributions between Alert and Eureka. However, 840	

simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv (having lowest 3-site-841	

mean MFE) does capture the larger magnitude of the mode value for all four moments for 842	

the ship track relative to those for Alert and Eureka.  843	

 844	

Our finding that a mixture of non- and semi-volatile Arctic MSOA gives a closer fit 845	

between the simulations and observations is in agreement with the measurement-based 846	

findings of Burkart et al. (2017a) that the condensing vapors were surprisingly more 847	

volatile than at lower latitudes. As discussed by Burkart et al. (2017a), these semi-volatile 848	

(as opposed to non-volatile) vapors enable slower growth of the smallest mode of 849	

particles with diameters around 20 nm and faster growth of the larger mode with 850	

diameters around 90 nm. This larger mode is more efficiently removed by precipitation, 851	

maintaining a relatively pristine environment with lower particle mass concentrations that 852	

favors particle formation and growth. 853	

 854	

The general improvements of the simulations with the addition of Arctic MSOA offers 855	

support for a key role of marine biogenic emissions in shaping the Arctic size 856	

distributions. Simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, 857	

specifically, yielded the lowest MFE for the total number concentration time series 858	

comparisons (Fig. 2), and had close agreement with the observed summertime mean 859	

organic carbon mass concentration at Alert (within about 10%, Table 2). As discussed in 860	

Sect. 3.1, several uncertainties affect the interpretation of the model-measurement 861	

comparisons for the quartz filter OC mass concentrations. The model-measurement 862	

fractional bias (FB) for the volume distribution (Table 4) provides a year-matched 863	

constraint on the total aerosol mass concentrations in our simulations without the 864	

complications associated with the quartz filter measurements such as the possibility of 865	

VOC uptake on the filters. Simulation 866	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv has the lowest volume distribution 867	

FB for both Alert (+0.07) and the ship track (+0.01), while for Eureka two simulations 868	

had the lowest FB, BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv (-0.06) and 869	
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BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv (+0.06). For all three sites, 870	

implementation of Arctic MSOA reduced the fractional bias for the volume distribution 871	

relative to an otherwise similar simulation without Arctic MSOA. As shown in Table 2, 872	

all simulations generally matched the mass of sulfate+ammonium+MSA (and 873	

contributions of other measured species, e.g. nitrate, were minor) so organic aerosol is 874	

likely the most uncertain species. 875	
 876	
 877	
Fractional Bias Ship Eureka Alert 
Base -0.83 -0.87 -0.54 
Extra	Ammonia    
	BASE+BIRDS -0.83 -0.84 -0.50 
	BASE+TUNDRA -0.84 -0.79 -0.45 
	BASE+TUNDRA+BIRDS -0.79 -0.74 -0.38 
Arctic	MSOA	(non-volatile)    
	BASE+TUNDRA+BIRDS+AMSOAnv +0.25 -0.20 +0.19 
Extra	Nucleation    
	BASE+TUNDRA+BIRDS+100xnuc -0.75 -0.69 -0.32 
	BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv +0.36 -0.06 +0.31 
Arctic	MSOA	Volatility	(mix	non-/semi-volatile)    
	BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv +0.01 -0.22 +0.07 
BASE+TUNDRA+BIRDS+100xnuc+2xAMSOAnv/sv +0.38 +0.06 +0.38 
 878	
 879	
Table 4: Fractional bias (as defined in Sect. 2.3) between the nine GEOS-Chem-TOMAS 880	
simulations (described in Table 1 and Sect. 2.3) and the SMPS volume distribution 881	
measurements (described in Sect. 2.1) for summertime- (July and August 2016) median 882	
aerosol size distributions at Alert, Eureka and during the CCGS Amundsen cruise shown 883	
in panel (d) on Figs. 3, 4, and 5, respectively 884	
 885	

 886	

3.4 Role of Arctic MSOA during a growth event in Canadian Arctic Archipelago 887	

 888	

Figure 6 provides an example of a particle growth event from the summer 2016 CCGS 889	

Amundsen ship track through the Canadian Arctic Archipelago. The observations during 890	

14-15 August 2016 show growth of particles from about 15 nm to about 35 nm over a 891	

period of about 10 hours. Collins et al., 2017 and Burkart et al. (2017a) also report 892	

growth rates of about 2-4 nm h-1 for similar size aerosols during other growth events 893	

observed from the CCGS Amundsen during the 2016 cruise. The top right panel shows 894	
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that without the source of Arctic MSOA (simulation 895	

BASE+TUNDRA+BIRDS+100xnuc), the nascent particles do not exhibit sufficient 896	

growth beyond about 15 nm by condensation of H2SO4 and MSA alone. The bottom left 897	

panel shows that with the source of non-volatile  898	

  899	
 900	
Figure 6: Time series of size-resolved aerosol number distributions (color contours show dN/dlogDp) for 901	
the growth event of 14-15 August 2016 as (a) observed along the Amundsen ship track (described in Sect. 902	
2.1) and for the GEOS-Chem-TOMAS simulations along the ship track  903	
(b) BASE+TUNDRA+BIRDS+100xnuc, (c) BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv and  904	
(d) BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv. Simulations are described in Table 1 and Sect. 905	
2.3.  906	
 907	
 908	

Arctic MSOA for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv, there is 909	

growth from about 10 nm to about 50 nm over 10 hours, a growth rate that is faster than 910	

observed for this event and faster than reported by Burkart et al., 2017a.  911	

 912	

The bottom right panel of Fig. 6 shows for simulation 913	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, particles grow from about 10 nm to 914	
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20 nm over about 8 hours, which is closer to the observed rate and slower than the 915	

simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv, which assumed non-916	

volatile Arctic MSOA. Semi-volatile Arctic MSOA also enables faster growth of the 917	

larger mode around 90 nm, in agreement with the observations of Burkart et al. (2017a) 918	

that the larger mode grew faster. We note that the timing of the simulated event shown in 919	

Fig. 6 is not a perfect match to the observations. Capture of the timing of individual 920	

growth events is challenging for global models since sub-grid scale effects, including 921	

spatial variations in the meteorological fields over the time frame of few hours, such as 922	

cloud cover are not perfectly captured for the measurement site by the model resolution. 923	

However, similar to our findings from the previous sections, a source of mixed non- and 924	

semi-volatile Arctic MSOA also yields closer agreement with these measurements from 925	

the Canadian Arctic Archipelago during the summer of 2016. This key role for semi-926	

volatile Arctic MSOA during the frequent summertime growth events in the Canadian 927	

Arctic Archipelago is consistent with measurement-based studies for this region (Willis et 928	

al., 2017; Collins et al., 2017; Burkart et al., 2017a; Leaitch et al., 2018; Tremblay et al., 929	

2018). 930	

 931	

3.5 Size-resolved aerosol composition 932	

 933	

Few measurements are available of the composition of the summertime Arctic Aitken 934	

mode due to insufficient instrument detection limits to detect the extremely low mass 935	

concentrations in this size range (less than 100 ng m-3). However the limited information 936	

available does provide insight into the processes that shape the size distribution. For 937	

example, Giamarelou et al. (2016) found that sub-12 nm particles in the Svalbard region 938	

were primarily ammoniated sulfates, pointing to the importance of particle formation by 939	

ternary nucleation of gas-phase NH3, H2SO4 and water and initial growth by lower 940	

volatility sulfur-containing vapors.  941	

 942	

Figure 7 shows the size-resolved mass fractions for the various aerosol components for 943	

simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv. For the simulated sub-944	

10 nm particles, the simulated summertime (July and August) mean mass fractions at 945	
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Alert, Eureka and for the ship track are primarily biogenic sulfate and MSA, which arise 946	

from oxidation of DMS, which is released to the atmosphere by marine biological 947	

activity. Thus, the simulated composition exhibits similarities with the Svalbard 948	

measurements, with the additional identification of a biogenic source. Figure 7 is also 949	

consistent with the strong summertime biogenic sulfate component observed in the 950	

Canadian Arctic Archipelago by Ghahremaninezhad et al. (2016).  951	

 952	

 953	
 954	
Figure 7: Simulated summertime- (July and August 2016) mean size-resolved aerosol component mass 955	
fractions for (a) Alert, (b) Amundsen ship track and (c) Eureka, for the simulation 956	
BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv as described in Table 1 and Sect. 2.3. Other organics 957	
includes all organic aerosol except the Arctic marine secondary organic aerosol (AMSOA). Biogenic 958	
sulfate includes all sulfate derived from the oxidation of dimethyl sulfide (DMS). 959	
 960	
 961	

 962	

 963	
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Limited measurements of the composition of particles with diameters between 60 to 100 964	

nm during growth events at Eureka show that these particles are almost entirely 965	

composed of organic compounds, which could also include a minor contribution from 966	

MSA (Tremblay et al., 2018). Unfortunately, these measurements were limited to a few 967	

growth events and cannot be directly compared with the simulated summertime mean 968	

mass fractions shown in Fig. 7. Burkart et al. (2017a) calculated a cloud condensation 969	

nuclei (CCN) hygroscopicity parameter (Petters and Kreidenweis, 2007) for the particles 970	

during a growth event in the Canadian Arctic Archipelago and found a value also 971	

indicating a mostly organic composition for those particles large enough to act as CCN. 972	

Figure 7 shows that our simulation captures an increasing contribution of organics with 973	

particle diameters towards 50-100 nm (sizes that can act as CCN), reflecting the key role 974	

of organics in growth of particles towards sizes that can be climate-relevant by acting as 975	

seeds for cloud droplet formation, or directly scattering and absorbing radiation 976	

(diameters larger than about 100 nm). Semi-volatile organic vapors have also been shown 977	

to have a role in growth of particles after they reach diameters of about 5 nm (Tröstl et 978	

al., 2016). However, as noted by Karl et al. (2013) lower volatility vapors are needed for 979	

initial growth over the first few nm. Thus, semi-volatile organic vapors are likely only 980	

important in later growth beyond 10-20 nm. 981	

 982	

Figure 7 shows that the simulated contribution of organics is greatest for the ship track, 983	

reflecting the marine source of the condensable organics in our simulation. The ship track 984	

also has the strongest contribution of ‘other organics’ in the sub-100 nm range, with a 985	

peak contribution for particle diameters of 10-30 nm. This sub-100 nm organic 986	

contribution (shaded in dark green on Fig. 7) represents the mass-fraction contribution of 987	

primary marine organics in our simulation. These primary particles also grow to larger 988	

sizes by condensation of Arctic MSOA in our simulations. As described in Sect. 2.2, all 989	

sea spray emissions with diameters smaller than 100 nm are treated as hydrophobic 990	

organic carbon.  We use the Mårtensson et al. (2003) parameterization, which can be 991	

considered as the upper limit of sea spray emissions for the sub-100 nm range, relative to 992	

other parameterizations. As a result, we consider that our simulation provides an upper 993	

limit on the mass fraction of marine primary organic aerosol in the Aitken mode in the 994	
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Canadian Arctic Archipelago region. The primary aerosol, particularly in the marine 995	

boundary layer, is climate-relevant as it grows by condensation of Arctic MSOA towards 996	

sizes of 50 nm to 100 nm. The dark green shading (‘other organics’) on Fig. 7 for sizes 997	

larger than 100 nm represents contributions to the mass fractions by organics that have 998	

been transported from lower latitudes, including those primary and secondary aerosols 999	

from biomass burning and other non-marine lower-latitude sources. 1000	

 1001	

3.6 Impact of Arctic MSOA on climate-relevant aerosol number concentrations, 1002	

direct and indirect radiative effects 1003	

 1004	

In this section, we consider the role of Arctic MSOA on the simulated total number 1005	

concentration of aerosols with diameter larger than 50 nm (N50) and 100 nm (N100) and 1006	

the associated radiative effects using our simulation with the lowest overall model-1007	

measurement MFE (simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv) 1008	

relative to the simulation without Arctic MSOA (BASE+TUNDRA+BIRDS+100xnuc). 1009	

Figure 8 shows the pan-Arctic distribution of the simulated summertime- (July and 1010	

August) mean surface-layer N50 and N100 for simulation 1011	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv. In the Canadian Arctic Archipelago 1012	

region, the simulated summertime-mean N50 (50 cm-3 to 100 cm-3) and N100 (10 cm-3 to 1013	

30 cm-3) ranges are consistent with monthly mean values from observations at Alert 1014	

presented in Croft et al. (2016b). The panels in the middle column of Fig. 8 show that the 1015	

addition of Arctic MSOA (simulation 1016	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv relative to 1017	

BASE+TUNDRA+BIRDS+100xnuc) yields a N50 increase of about 50-75 cm-3 and a 1018	

N100 increase of about 20 cm-3 in the Canadian Arctic Archipelago. These differences in 1019	

the simulated N50 and N100 are attributed to the process of growth by condensation of 1020	

Arctic MSOA, and will have climate-relevant impacts on aerosol radiative effects. 1021	

 1022	

 1023	

 1024	

 1025	
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  1026	
 1027	
Figure 8: Impact of Arctic MOSA, simulated summertime- (July and August 2016) mean geographic 1028	
distribution of surface-layer aerosol number concentrations for (a) particles with diameters larger than 50 1029	
nm (N50) for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv, (b) surface-layer N50 1030	
difference for simulation BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv relative to simulation 1031	
BASE+TUNDRA+BIRDS+100xnuc, (c) aerosol indirect effect (AIE) at top of the atmosphere 1032	
(methodology described in Sect. 2.2) between these two simulations, attributed to Arctic MSOA 1033	
(AMSOA), (d) similar to a) but for N100, (e) similar to (b) but for N100 difference, (f) direct aerosol effect 1034	
(DRE) at top of the atmosphere (methodology described in Sect. 2.2) between these two simulations, 1035	
attributed to Arctic MSOA (AMSOA). 1036	
 1037	
 1038	
Figure 8 also shows the geographic distribution of the top-of-the-atmosphere DRE and 1039	

cloud-albedo AIE (described in Sect. 2.2) for marine SOA (comparing between 1040	

simulations BASE+TUNDRA+BIRDS+100xnuc and 1041	

BASE+TUNDRA+BIRDS+100xnuc+AMSOAnv/sv). The pan-Arctic mean DRE 1042	

attributed to condensational growth by Arctic MSOA is -0.04 W m-2. The simulated 1043	

Arctic MSOA effect is largest (about –0.1 W m-2 to -0.2 W m-2) over the regions of open 1044	

water such as Baffin Bay, east of Greenland, and the Bering Sea. These are also regions 1045	
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of the largest N100 change since those particles with diameters larger than about 100 nm 1046	

contribute strongly to scattering of solar radiation. Although our simulated Arctic 1047	

MSOA-precursor vapor flux yielded particle distributions that were in close agreement 1048	

with observations from the Canadian Arctic Archipelago (as shown in previous sections), 1049	

there is considerable uncertainty about the Arctic MSOA source function such that 1050	

terrestrial sources could also be missing from our simulations. These effects could change 1051	

the spatial distribution and magnitude of the DRE. Further work is needed to better 1052	

understand the source and nature of Arctic MSOA-precursor vapors in the Arctic to 1053	

reduce uncertainties in the associated DRE. 1054	

 1055	

The pan-Arctic mean cloud-albedo AIE attributed to Arctic MSOA is about -0.4 W m-2. 1056	

The AIE shows a similar geographic distribution to the changes in the N50, with largest 1057	

values of -1 to -2 W m-2 in the Canadian Arctic Archipelago and east of Greenland, again 1058	

related to the open water regions associated with the Arctic MSOA-precursor vapor flux 1059	

implemented in our simulations. As with the DRE, there is a large uncertainty associated 1060	

with the spatial distribution of this AIE due to the uncertainty about the source function 1061	

for Arctic MSOA. However, we view this calculation as an indication that the impact of 1062	

condensational growth by Arctic MSOA is expected to be relevant for the Arctic climate. 1063	

Work is needed to better understand the composition and source flux of Arctic MSOA-1064	

precursor vapors.  1065	

 1066	

4. Conclusions 1067	

 1068	

  We used the GEOS-Chem-TOMAS chemical transport model with size-resolved aerosol 1069	

microphysics to interpret measurements conducted during the summertime of 2016 in the 1070	

Canadian Arctic Archipelago, some as part of the NETwork on Climate and Aerosols: 1071	

addressing key uncertainties in Remote Canadian Environments (NETCARE) project 1072	

(Abbatt et al. (in prep.)). Three measurement platforms were considered. These platforms 1073	

were located at Alert and Eureka, both in Nunavut, Canada and also onboard the CCGS 1074	

Amundsen. We focused on examining the key processes that build summertime aerosol 1075	

size distributions in this region, particularly the role of Arctic marine secondary organic 1076	
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aerosol (Arctic MSOA) condensation. The terminology Arctic MSOA was used to 1077	

indicate secondary organic aerosol formed from precursors from marine (open ocean and 1078	

coastal) sources north of 50° N, excluding MSA, which we treated as a separate aerosol 1079	

component. In the Canadian Arctic Archipelago, Arctic MSOA is likely strongly 1080	

controlled by emissions from marine biogenic activity (Willis et al., 2017; Leaitch et al. 1081	

2018). 1082	

 1083	

We find that Arctic MSOA contributes strongly to the summertime particle size 1084	

distributions in the Canadian Arctic Archipelago. Building on measurement-based studies 1085	

from the NETCARE project, we implemented a flux of condensable Arctic MSOA-1086	

precursor vapors into our GEOS-Chem-TOMAS simulations. This fixed flux of 500 µg 1087	

m-2 d-1 of Arctic MSOA-precursor vapors (with a yield of unity) emitted from open 1088	

seawater in the Arctic and near Arctic (north of 50° N) was a crude representation of the 1089	

source function because of the lack of knowledge about the nature and source of Arctic 1090	

MSOA. However, implementation of condensable Arctic MSOA in our simulation 1091	

reduced the model-to-measurement MFE for the summertime median aerosol size 1092	

distributions by a factor of 2-4 across the three measurement platforms, indicating a 1093	

strong sensitivity of the simulated size distributions to growth by Arctic MSOA. Without 1094	

Arctic MSOA, particle growth to diameters of 50 nm to 200 nm was strongly 1095	

underpredicted in our simulations. Increasing the particle nucleation rate by 100-fold 1096	

further reduced the MFE for Eureka and the ship track, indicating that additional 1097	

materials such as (but not limited to) gas-phase iodine, and/or amines and/or possibly 1098	

extremely low volatility organics may be participating in nucleation, and/or other 1099	

mechanisms such as particle fragmentation, leading to faster rates than our ternary 1100	

scheme.  1101	

 1102	

Introduction of a 30/70 non-/semi-volatile split for the simulated Arctic MSOA reduced 1103	

by 2- to 3-fold the model-to-measurement MFE for the summertime aerosol size 1104	

distributions for Alert (0.10) and the ship track (0.10), and also yielded the lowest MFE 1105	

for Eureka (0.09) if the Arctic MSOA-precursor vapor source flux was doubled. These 1106	

findings offer support that the condensing Arctic MSOAs contributing to growth of 1107	
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particles with diameters larger than about 20 nm in the Canadian Arctic Archipelago 1108	

could contain a large fraction of semi-volatile species. 1109	

 1110	

Size-resolved mass fractions indicated that initial growth of simulated nascent sub-10 nm 1111	

particles (arising from ternary nucleation of ammonia sulfuric acid, water vapors) 1112	

occurred primarily by condensation involving biogenic sulfate and MSA, both derived 1113	

from oxidation of dimethyl sulfide of marine origin. Arctic MSOA contributed about 20-1114	

80% to size-resolved particle mass for diameters between 10 nm and 100 nm, with the 1115	

largest contributions for the ship track simulation. The simulated contribution of primary 1116	

organics of sea-spray origin to sub-100 nm particle mass fractions was largest for the ship 1117	

track simulation in the marine boundary layer, with mass fractions approaching 20% for 1118	

particles with diameters around 10 nm to 20 nm.  1119	

 1120	

By comparing our best (lowest MFE) simulations with and without the Arctic MSOA 1121	

formed from precursors with marine sources north of 50° N, we found that Arctic MSOA 1122	

had a strong summertime- and pan-Arctic-mean top-of-the-atmosphere aerosol direct 1123	

radiative effect (DRE) of -0.04 W m-2, and cloud-albedo aerosol indirect effect (AIE) of  1124	

-0.4 W m-2. The comparison of these simulations with and without Arctic MSOA 1125	

suggested a strong sensitivity of climate-relevant effects to Arctic MSOA. However, we 1126	

caution that a high level of uncertainty is associated with our quantification of these 1127	

effects, due to uncertainty about the composition, and source fluxes for these condensing 1128	

vapors. Future studies are needed to reduce these uncertainties. 1129	

 1130	

Many knowledge gaps remain regarding the role of organics within the processes that 1131	

shape particle size distributions in the Arctic climate system. For example, Willis et al. 1132	

(2017) found that the organics in the aerosol in the summertime Canadian Arctic 1133	

Archipelago were not like typical biogenic SOA, having instead a character with a long 1134	

hydrocarbon chain, implying a fatty-acid-type precursor, which is a common component 1135	

of the marine microlayer. Additionally, Mungall et al. (2017) found that the marine 1136	

microlayer in the Canadian Arctic Archipelago was a source of OVOCs, which could also 1137	

be related to Arctic MSOA. Further measurements are needed to identify the organic 1138	
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vapors that yield Arctic MSOA through condensational particle growth, along with their 1139	

sources, chemistry, and spatial distribution within the Arctic. Additionally, given the 1140	

climate relevance of NH3 through formation of nascent particles, measurements are 1141	

needed to better identify and quantify its sources across the summertime Arctic, and to 1142	

further examine the spatial distribution of the subsequent Arctic particle growth events. 1143	

Further, size-resolved particle concentrations and composition measurements 1144	

(particularly for sulfate and organic aerosol), would constrain the controlling processes 1145	

for all sub-micron particle diameters. Such work could also reduce uncertainty related to 1146	

aerosol effects within the Arctic climate system. This work will also lay a foundation for 1147	

prediction of future aerosol effects within the context of our rapidly changing and 1148	

warming Arctic, as sea ice extent, biological and anthropogenic activity are altered. 1149	
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