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19  Abstract. Recent studies have shown some significant challenges for atmospheric models to
20  simulate tropospheric ozone (Os) and some of its precursors in the Arctic. In this study, ground
21 based data are combined with a global 3-D chemical transport model (GEOS-Chem) to examine
22 the abundance and seasonal variations of Os and its precursors at Summit, Greenland (72.34° N,
23 38.29° W, 3212 m.a.s.l). Model simulations for atmospheric nitrogen oxides (NOx), peroxyacetyl
24 nitrate (PAN), ethane (Cz2Hs), propane (CsHs), carbon monoxide (CO), and Os for the period of
25  07/2008-06/2010 are compared with observations. The model performs well in simulating certain
26  species (such as CO and CsHs), but some significant discrepancies are identified for other
27  species and further investigated. The model generally underestimates NOx and PAN (by around
28  50% and 30%, respectively) for March-June. Likely contributing factors to the low bias include
29  missing NOx and PAN emissions from snowpack chemistry in the model. At the same time, the
30  model overestimates NOx mixing ratios by more than a factor of 2 in wintertime, with episodic
31 NOx mixing ratios up to 15 times higher than the typical NOx levels at Summit. Further
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32  investigation shows that these simulated episodic NOx spikes are always associated with
33  transport events from Europe, but the exact cause remains unclear. The model systematically
34  overestimates C2Hs mixing ratios by approximately 20% relative to observations. This
35 discrepancy can be resolved by decreasing anthropogenic C2Hes emissions over Asia and the US
36 by~ 20%, from 5.4 to 4.4 Tg/yr. GEOS-Chem is able to reproduce the seasonal variability of O3
37 and its spring maximum. However, compared with observations, it underestimates surface Os by
38  approximately 13% (6.5 ppbv) from April to July. This low bias appears to be driven by several
39  factors including missing snowpack emissions for NOx and nitrous acid, the coarse model
40  resolution, model overestimated Os dry deposition velocity during springtime, as well as the

41 uncertainties in the stratosphere-to-troposphere exchange scheme for Os.

42 1. Introduction

43 Ozone (Os) and its precursors (e.g., NOx = NO + NO: and volatile organic compounds) are
44  important atmospheric species affecting both air quality and climate (e.g., Jacob et al., 1992;
45  Fiore etal., 2002; Unger et al., 2006). Tropospheric Os is a potent greenhouse gas and it also has
46  detrimental effects on human health and vegetation (Knowlton et al., 2004; Hollaway et al.,
47  2012; Yue and Unger, 2014). NOx is an important precursor for Os production and peroxyacetyl
48  nitrate (PAN), which serves as a reservoir for NOx. PAN, Os, as well as some of their precursors,
49  have relatively long lifetimes in the atmosphere, enabling them to be transported long distance to
50  remote regions such as the Arctic.

51  Recent studies have shown some significant challenges for atmospheric chemical transport
52 models to simulate Os and its precursors in the Arctic (e.g., Shindell et al., 2008; Alvarado et al.,
53  2010; Walker et al., 2012; Wespes et al., 2012; Fischer et al., 2014; Monks et al., 2015). In the
54  multi-model assessment by Shindell et al. (2008), more than a dozen models all showed
55  systematic and persistent underestimation of Oz at the GEOSummit station, Greenland (hereafter
56  referred to as Summit). Alvarado et al. (2010) used NOx and PAN measurements from ARCTAS
57  (Arctic Research of the Composition of the Troposphere from Aircraft and Satellites) in the
58  summer to compare with model simulations. They found that model simulated NOx mixing ratios
59  were higher than observations, while PAN mixing ratios were lower in fresh boreal fire plumes.
60 In terms of global PAN simulations, Fischer et al. (2014) directly partitioned 40% of NOx

61  emissions from wildfires to PAN formation, which improved the agreement between model and
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62  observations. However, the model still underestimated PAN surface mixing ratios during
63  springtime in the Arctic. Walker et al. (2012) reported that model simulated Oz mixing ratios
64  were biased low when compared with balloon data during summertime from two high-latitude
65 sites at Eureka (80°N, 86°W) and Ny-Alesund (79°, 12°E). Wespes et al. (2012) also revealed
66  that model simulated O3 mixing ratios below the boundary layer in the Arctic are significantly
67  underestimated during spring-summer, compared with ARCTAS measurements. More recently,
68  Monks et al. (2015) further demonstrated that model simulated Oz mixing ratios in the Arctic at

69 the surface and in the upper troposphere were generally lower than the observations.

70  Global anthropogenic ethane (Cz2Hs) emission estimates range from 5.7 Tg/yr to 16.2 Tgl/yr
71 (Blake and Rowland, 1986; Kanakidou et al., 1991; Rudolph, 1995; Gutpa et al., 1998; Xiao et
72 al., 2008; Etiope and Ciccioli, 2009; Pozzer et al., 2010; Aydin et al., 2011; Simpson et al., 2012;
73 Emmons et al., 2015; Franco et al., 2016; Tzompa-Sosa et al., 2017), with a decreasing trend
74 from 1980 to 2009 (Simpson et al., 2012; Helmig et al., 2014a). However, since 2009, global
75  anthropogenic Cz2Hs emissions began to increase (Franco et al., 2015; Hausmann et al., 2016;
76 Helmig et al., 2016). The RETRO (REanalysis of the TROpospheric chemical composition)
77 global emission inventory used to be the global default anthropogenic C2Hs emission inventory,
78  the annual budget of which has been shown too low compared with observations (Xiao et al.,
79  2008; Fischer et al., 2014; Franco et al., 2015, 2016), whereas the emission inventory from Xiao
80 et al. (2008) has been demonstrated to match observations during 1988-2004. Model simulated
81 CzHs mixing ratios are particularly biased low in the remote high latitude regions, when
82  compared with observations (Emmons et al., 2015).

83  Field measurements at Summit show that snowpack emits gas-phase NOx, PAN, nitrous acid
84  (HONO), as well as hydrogen peroxide (H202) during spring-summer, when polar sun rises
85  (Ford et al., 2002; Honrath et al., 2002). Although several 1-D models (Thomas et al., 2011,
86  2012; Frey et al., 2013; Murray et al., 2015) have validated its significant importance for surface
87  NOx as well as Os formation, current global chemical transport models (CTMs) usually do not

88 include this emission source (Zatko et al., 2016).

89 In this study, we employ a global chemical transport model, GEOS-Chem CTM, to evaluate the
90  model performance for surface Os and its precursors over Summit, in conjunction with two years

91 in-situ measurements during 2008-2010. This paper is organized as follows: section 2 describes

3
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92  model methods and observations, followed by detailed comparisons of model simulations against

93  observations for Os and Os precursors in section 3; conclusions are summarized in section 4.

94 2. Observational data and model simulations

95 In situ measurements of NOx, PAN, and non-methane hydrocarbons (NMHCs) were performed
96 at Summit from July 2008 to June 2010 (Helmig et al., 2014b; Kramer et al., 2015). An
97 automated Os chemiluminescence detection system was used to measure NOx (Ridley and
98  Grahek, 1990); a commercial PAN gas chromatography analyzer (PAN-GC, Metcon, In.,
99  Boulder, CO) was employed for the measurement of PAN. Measurements of NMHC relied on an
100 automated GC-Flame lonization Detection (FID) system. Readers are referred to Kramer et al.
101  (2015) and Helmig et al. (2014b) for the details of the measurement techniques and equipment
102 setup. Surface measurements of Os wusing ultraviolet light absorption at 254 nm
103 (Petropavlovskikh and Oltmans, 2012), and CO by GC (Novellie and Masarie, 2015) are from
104  the National Oceanic and Atmospheric Administration (NOAA). Hourly averaged Os and flask
105  sampled CO between July 2008 and June 2010 were downloaded from the NOAA Earth System
106  Research  Laboratory (ESRL) Global Monitoring  Division (GMD)  website
107 (http://www.esrl.noaa.gov/gmd/dv/data/). Vertical ozonesonde data profiles were also
108  downloaded from NOAA ESRL GMD (McClure-Begley et al., 2014).

109 The GEOS-Chem CTM (Bey et al., 2001) was used to simulate the seasonal cycles of Oz and
110  related species (NOx, PAN, NMHCs) at Summit. The GEOS-Chem model has fully coupled Os-
111 NOx-VOC-Aerosol chemistry mechanism and is driven by assimilated meteorological data from
112  the Goddard Earth Observing System version 5 (GEOS-5) of the NASA Global Modeling
113 Assimilation Office. The GEOS-Chem model has been extensively evaluated and applied in a
114  wide range of applications (Martin et al., 2002; Park et al., 2004; Wu et al., 2007; Hudman et al.,
115  2009; Johnson et al., 2010; Huang et al., 2013; Kumar et al., 2013; Zhang et al., 2014; Hickman
116 et al., 2017). GEOS-Chem v10-1 with grid resolution of 4° latitude by 5° longitude, and 47
117  vertical layers was used for the model control simulation. Following McLinden et al. (2000), the
118  Linoz stratospheric Os chemistry scheme was used. The simulation was run from June 2007 to
119  June 2010 and the results from the last two years were used in the final analysis. Time series data

120  were archived with 3-hr temporal resolution at the Summit grid box.
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121 Global anthropogenic emissions of NOx, SOz, NHs, and CO in the model are based on the
122 Emission Database for Global Atmospheric Research (EDGAR) v4.2 inventory, which is
123 overwritten by regional emission inventories where applicable, such as the BRAVO inventory
124  for Mexico (Kuhns et al., 2005), the CAC over Canada, the EMEP emissions over Europe, the
125  Model Inter-comparison Study for Asia Phase Il (MIX) emissions over Asia (Li et al., 2017),
126 and the US EPA NEI 2011 (NEI11) emission inventory (Simon et al., 2010). Soil NOx emission
127  scheme follows Hudman et al. (2012). Lightning NOx emissions are calculated per flash rate
128  based on GEOS-5 computed cloud-top heights (Price and Rind, 1992), which are determined by
129  deep convection and constrained by satellite observations for monthly average flash rates from
130 the Lightning Imaging Sensor and Optical Transient Detector (OTD/LIS) (Sauvage et al., 2007;
131  Murray et al., 2012). Biomass burning emissions are from the Global Fire Emission Database
132 version 4 (GFED4) inventory with monthly resolution (Giglio et al., 2013). The RETRO global
133 anthropogenic NMHC emission inventory (van het Bolscher et al., 2008) was used except for
134  CzHs and propane (CsHs), which follows Xiao et al. (2008, hereafter referred to as X08) for the
135  year 2001. Global biofuel emission inventory follows Yevich and Logan (2003), which includes
136  emissions for C2Hs and CsHs. For biogenic VOC emissions, the Model of Emissions of Gases
137  and Aerosols from Nature (MEGAN) scheme (Guenther et al., 2006) was used. Dry deposition
138 of species in GEOS-Chem uses a standard resistance-in-series scheme (Wesely, 1989), as
139  implemented in Wang et al. (1998). Wet scavenging follows Liu et al. (2001), including
140  scavenging in convective updraft, rainout (in-cloud) and washout (below-cloud) from convective

141 anvils and large-scale precipitation.

142 We first ran the standard GEOS-Chem model with a-priori emissions and compare the
143 simulation results against observations for various species (including NOx, PAN, CzHs, CsHs,
144  CO, and Os, as shown in Fig. 1). Then we focus on the model-observation discrepancies, and
145  where applicable, make revisions to the model simulations and further evaluate the improvement

146  in model performance, as discussed in details below.

147 3. Results and Discussions

148 3.1 NOx
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149  We first combine the two years of data for July 2008 — June 2010 and anylaze their seasonal
150  variations. As shown in Figure 1la, the GEOS-Chem model in general captures the abundance
151  and seasonal variation of NOx for July-October. However, compared to observations the model
152 results significantly (by a factor of 2) overestimate NOx mixing ratios for November-January,
153 while underestimating the data in spring and early summer by over 50%. Another challenge for
154  the model simulation is that it does not capture the decrease of NOx for May-December. We find
155  that during the 2009-2010 winter season, model simulations show several high NOx spikes with
156 peak NOx mixing ratios reaching ~ 0.15 ppbv or higher, which is ~ 15 times greater than typical
157  backgound levels (Fig. 2). These large peaks in NOx were not observed in the data. Similar peaks
158  were also seen in the model simulations during the 2008-2009 winter season; however, there are
159  no measurement data available for this period to compare with.

160  Further analyses show that the model-simulated high NOx spikes during wintertime are all
161  associated with transport events from Europe. We carried out a sensitivity study to examine the
162  impacts of European emissions on Arctic NOx by mannually reducing anthropogenic NOx
163  emissions from the EMEP emission inventory over Europe by 50% (EMEP50). Results show
164  that surface peak NOx mixing ratios over Summit during the spike events (e.g., dates around
165  12/09/2009, 12/15/2009, 1/15/2010 and 1/22/2010) from EMEP50 almost decline proportionally
166 by approximately 50% during 2009/12/01-2010/01/31 (Fig. 2), which confirms that the modeled
167  NOx spikes at Summit during wintertime are associated with transport from Europe. However,
168  the model simulated NOx is still significantly higher than observations. Comparisons for surface
169  NO2 mixing ratios between model simulations and 11 in-situ observational sites over Europe

170  during this period were conducted with data downloaded from http://ebas.nilu.no. For detailed

171  site information, NO2 measurement technique and resolution, refer to Table 1. Measurment data
172 over these two months for each site were averaged to compare with the corresponding grid cell in
173 the model. As shown in Figure 3a, GEOS-Chem overestimates surface NO2 mixing ratios at

174  these sites by over 66%, compared with observations.

175  Instead of using EMEP, we carried out another sensitivity study to force anthropogenic NOx
176  emissions over Europe following EDGAR v4.2 (EURO_EDGAR), with other model
177  configurations identical to control simulations. As shown in Figure 2, the NOx mixing ratios over
178  Summit during 12/2009-01/2010 agree much better with observations, especially for January
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179 2010 where the model captures the magnitudes of observational peaks (Fig. 2). This is because
180  NOx emissions from EDGAR over Europe (1.97 Tg NO) are 12% lower than that from EMEP
181  (2.24 Tg NO) for the months of 12/2009 and 01/2010. Furthermore, the discrepancy for the
182  differences of surface NO2 mixing ratios over Europe between EURO_EDGAR and observations
183 s further reduced (by 50%), relative to the control runs (Fig. 3b). Similarly, we also tested the
184  sensitivty of surface NOx mixing ratios over Summit in response to the changes in the
185  anthropogenic NOx emissions from NEI11 over US and MIX over Asia (including Siberia)
186  during these two months, and found that surface NOx mixing ratio over Summit during these two
187  months were quite close to the control simulations (not shown), reflecting insenstivity to
188  emission perturbations from US and Asia. Therefore, we conclude that uncertainties in fossil fuel
189  NOxemissions of EMEP associated with transport events from Europe in the model are the most

190 likely cause for the wintertime NOx spikes over Summit.

191  For April-July, model simulated monthly mean NOx mixing ratios over Summit are a factor of
192  two lower than the observations (Fig. 4a). In-situ measurements at Summit by Honrath et al.
193 (1999, 2000a, 2000b, 2002) showed upward fluxes of NOx (2.52 x 108 molecules cm= s?) from
194  photolysis of nitrate in snowpack during the summertime, leading to enhancement in NOx levels
195 in the surface layer by approximately 20 pptv, which is comparable to surface NOx mixing ratios
196  in the Arctic from other sources. Similar results were found over the East Antarctic Plateau, a
197  remote Antarctic location (75.1° S, 123.3° E) covered by snow/ice sheet (Frey et al., 2013;
198  Legrand et al., 2014). The standard GEOS-Chem model does not include the photolysis of nitrate
199  from snowpack, implying a missing source for NOx in the Arctic/Antarctic boundary layer.

200 In order to test the sensitivity of model simulated surface NOx mixing ratios to the snowpack
201  emissions, we implement in the model a constant 24-hr NOx flux ~ 2.52 x 108 molecules cm s
202  during April-July over Greenland (60-85° N, 20-60° W), following the measurements conducted
203  at Summit during summertime by Honrath et al. (2002). As a result, we find that on average, the
204  model simulated surface NOx mixing ratios for April to July over Summit are more than double
205 that from the control simulation, which improves the agreement between model and observations
206  (Fig. 4a). However, the model is still not able to reproduce the decreasing trends of NOx for

207  May-October. This may be caused by the seasonally decreasing NOx production rate in the
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208  snowpack from spring to fall from a gradual depletion of the snowpack NOx reservoir (Van Dam

209 etal., 2015), whereas the model considers a simple constant NOx emission flux.

210 3.2 PAN

211 Figure 1b shows the comparison of model simulated monthly mean PAN mixing ratios with the
212 measurement data. The model captures the seasonal variation of PAN well, although
213 significantly (by ~30%) underestimting the PAN mixing ratios for April-June. By running the
214 model simulation with higher horizontal resolution at 2° latitude by 2.5° longitude (hereafter
215  referred to as GEOS-Chem 2x2.5), we find that the monthly mean PAN mixing ratios over
216  Summit during April-July are increased by up to 23.3 pptv compared to the 4x5 simulation (Fig.
217  4b). This can be explained by two reasons. First, coarse model resolution (e.g., 4x5 horizontal
218  resolution) could artificially smear the intense emission sources throughout the entire grid cell
219  (e.g., over urban regions), leading to underestimates of downwind concentrations for species,
220 e.g., Oz and Os precursors (Jang et al., 1995; Yu et al., 2016). Second, ventilation of lower
221 atmosphere could be better resolved by fine model resolution, leading to more efficient vertical
222 advection (Wang et al., 2004; Chen et al., 2009; Yu et al., 2016). However, on average, monthly
223 mean model simulated PAN mixing ratios are still underestimated by 20% during this period,

224 compared with observations.

225  Snowpack can emit not only NOx, but also PAN, based on field studies at Summit during
226 summertime by Ford et al. (2002). GEOS-Chem does not contain snowpack PAN emissions and
227  chemistry. For a sensitivity study, similar to snowpack NOx emissions as discussed in section
228 3.1, we considered a 24-hr constant flux of 2.52 x 108 molecules cm s of PAN from April to
229  July, following Ford et al. (2002). As a result, model simulated PAN mixing ratios agree much
230  better with observations (Fig. 4b). Note that there are also other possible reasons that lead to
231 model bias. For instance, a study by Fischer et al. (2014) showed that an improved agreement
232 between modeled and measured PAN in the high latitudes can be found when the model was
233 forced to emit a portion of the fire emissions above the boundary layer as well as by directly
234 partitioning 40% of NOx emissions from fires into PAN. However, in our case, we did not find

235  much difference beteween a sensitivity study following this method and our control runs.

236 3.3 NMHC
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237  Comparisons of observed surface CzHes and CsHs mixing ratios with GEOS-Chem simulations at
238  Summit are shown in Figures 1c and d. The model simulations agree well with surface
239  measurements of CsHs, but systematically overestimate C2Hs (by approximately 25% annually),
240  with the largest bias (0.48 ppbv) occuring during summer. This is consistent with the study from
241  Tzompa-Sosa et al., (2017), which used the same model as our study and pointed out that using
242  X08 as global anthropogenic C2Hs emission inventory systematically overestimated surface C2Hs
243  mixing ratios over the Northern Hemisphere, compared with ground-based observations.
244 Anthropogenic Cz2Hs emissions over US from NEI11 are shown to geographically match the
245 distribution of active oil and natural wells (Tzompa-Sosa et al., 2017), and the most recent MIX
246  has been updated to synergize anthropogenic Cz2Hs emissions from various countries over Asia
247  (Lietal., 2017). Therefore, instead of using global anthropogenic fossil fuel emissions of C2He
248  following X08, we first conducted sensitivity simulations by overwritting global emission
249  inventories by NEI11 over US, and MIX over Asia (hereafter referred to as NEI11_MIX). Both
250  NEI11 and MIX contain emissions for the years from 2008 to 2010, which could realistically
251  represent the annual and seasonal variations of C2Hs emissions over the US and Asia, thus
252 spatially and temporally better representative of anthropogenic Cz2Hes emissions from mid-
253 latitudes transported to the Arctic regions. In general, model control simulations overestimate
254 annual mean surface CzHe mixing ratios primarily in the Northern Hemisphere, with large
255 differences occurring over Asia and US by up to 5 ppbv, compared with NEI11_MIX during the
256  period of 07/2008-06/2010 (Fig. S1). All the above changes are driven by the substantial
257  reductions of anthropogenic C2Hs emissions between emission inventories, from 3.5 (X08) to 2.5
258  Tglyr (MIX) over Asia, and from 1.9 Tg/yr (X08) to 1.4 Tg/yr (NEI11) over US, reflecting
259  decreasing trend of anthropogenic C2Hs emissions during 2001-2009 because X08 emission
260 inventory is based on the year 2001, which is consistent with Helmig et al. (2014a). Substantial
261  changes in surface C2Hes mixing ratios over the US bewteen control simulations and NEI11_MIX
262  reflects that there exist tempospatial changes of C2Hs emissions from oil and gas productions
263 during the period of 2001-2009. A similar pattern was also found by Tsompa-Sosa et al. (2017).
264 In contrast to the control simulations, NEI11_MIX model simulations show that monthly mean
265 C2Hs mixing ratios over Summit are systematically underestimated by 24%, compared with
266  observations (Fig. 5). Tsompa-Sosa et al. (2017) reported that NEI11 for C2Hs emissions were

267  likely underestimated by 40%, compared with in-situ and aircraft observations over the US. With
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268  NEI11 C2Hs emissions increases by 40%, however, model simulated annual mean C2Hs mixing
269  ratios over Summit only increase by 6% during the period of 07/2008-06/2010, relative to
270  NEI11_MIX.

271 Similar to NEI11_MIX, we further conducted sensitivity studies by only replacing the regional
272 emission inventory for C2Hs over the US, with other regions still following X08 (hereafter
273 referred to as NEI11_ONLY). Consequently, model simulated surface C2Hs mixing ratios over
274 Summit agree better with observations during winter-spring (Fig. 5), decreasing the bias from
275  +15% (control simulations) to +6%. However, model simulated C2Hs mixing ratios during

276 summer-fall are higher than the observations by over 30%.

277 We then scaled up the MIX emissions for C2He by 20% over Asia, with other model
278  configurations identical to NEI11 MIX (hereafter referred to as NEI11_MIX20). By doing this,
279  we increase fossil fuel C2Hs emissions from 2.5 to 3 Tg/yr. We find that annual mean CzHe
280  mixing ratios from NEI11_MIX20 agree quite well with observations over Summit, with bias
281 less than 1% (Fig. 5). This implies that further assessments of anthropogenic C2Hs emissions
282  from MIX over Asia are needed and a more accurate global anthropogenic C2Hs emission
283  inventory should be developed and validated to replace X08 in the future. Note that this standard
284  version of GEOS-Chem does not account for the sink of C2Hs from the reaction with chlorine,
285  which could reduce the global annual mean surface C2Hs mixing ratios by 0-30%, and the global
286  burden of CzHs by about 20%, compared with the simulation without considering the halogen
287  chemistry (Sherwen et al., 2016), which introduces additional uncertainty for our measurement-

288  model comparison, together with the highly uncertain seasonality of C2Hs chemistry.
289 3.4CO

290  Figure le shows the comparison of model simulated CO mixing ratios with observations over
291 Summit. Overall, the model generally captures the seasoanl trend and annual mean of CO, with
292  annual mean model simulated CO mixing ratios slightly overestimated by up to 3 ppbv,

293  compared with observations.

294 3503

10
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295  Surface Os mixing ratios from model simulations and surface observations are compared in
296  Figure 1f. The GEOS-Chem model captures the seasonal variation of Os including the spring
297  peak. However, the model shows a systematic low bias for most time of the year, in particualr for
298  April-July when the surface Oz mixing ratios are underestimated by approximately 13% (~ 6.5
299  ppbv). Here we focus our analysis for the possible causes that lead to the model low bias during
300  April-July.

301  As discussed earlier, snowpack emissions due to the photolysis of nitrate in the snow during late
302 spring and summer could contribute to NOx and HONO levels in the ambient air which could
303  significantly enhance Os production (Crawford et al., 2001; Zhou et al., 2001; Dibb et al., 2002;
304 Honrath et al., 2002; Yang et al., 2002; Grannas et al., 2007; Helmig et al., 2008; Legrand et al.,
305 2014). We ran a sensitivity study to test the response of surface Os mixing ratios to the
306  perturbations of NOx and HONO from snowpack emissions. In addtion to snowpack NOx
307 emissions that are described in Section 3.1, we implemented in the model a constant flux of
308 HONO (4.64 x 10" molecules cm= s%) from April to July over Summit as well (Honrath et al.,
309 2002). As a result, monthly mean model simulated surface Os mixing ratios increase by up to 3
310 ppbv during this period (Fig. 6). The largest effect occurs in July due to relatively strong solar
311  radiation. Os formation due to snowpack emissions in our study is slightly higher than that in
312 Zatko et al. (2016) because HONO from snowpack emissions is not considered in their study.
313 However, for the months of April and May, surface Os mixing ratios only increase by ~ 1 ppbv,
314  compared with the control runs. That is, even after accounting for the snowpack emissions, the

315  model simulated O3 mixing ratios are still significantly lower than the observations.

316  Comparison of the model simulations with different resolutions (4x5 vs. 2x2.5) shows that the
317  finer resolution simulations substantially increase monthly mean Os mixing ratios over Summit
318 by up to 6 ppbv for the months of June and July (Fig. 6). As discussed in section 3.2, fine model
319  resolution can better resolve the emission strengths, which could significantly affect downwind
320 chemical reactions, e.g., Os production efficiency (Liang and Jacobson, 2000). Moreover, terrain
321 elevations from fine model resolution are better represented (thus better representative of
322  Summit’s elevation) and more efficient vertical ventilation of Os and Os precursors can be
323 achieved (Wang et al., 2004). Together with the impact of snowpack chemistry, this brings

324  model simulated surface Os mixing ratios over Summit in much better agreement with
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325  observations for these two months. Unfortunately, there is still a low bias in the model for the
326  months of April and May.

327  Another possible cause for the Os biases between model simulations and observations is the
328  stratosphere-to-troposphere exchange scheme (STE) in the model for Os. Liang et al. (2011)
329  have pointed out that STE could be a significant direct sources of Oz in the Arctic during spring-
330 summer. We retrieved vertical profiles of Os mixing ratios and specific humidity from
331  ozonesondes (0-5 km elevation above the Summit surface) launched at Summit for the months of
332 June and July in 2008 and compared those data with model control runs. Ozonesondes were
333 launched intensively during these two months (a total of 19 times). As shown in Figure 7,
334 compared with observations, model simulated Oz mixing ratios averaged over 0-5 km above the
335 ground level are underestimated by 3% and 9% in June and July 2008 (Fig. 7a). However,
336 specific humidity in GEOS-5 is overestimated by 50% and 81% (Fig. 7b) respectively.
337  Ozonesonde data show that Summit frequently encounters high Os/low water vapors events (e.g.,
338 July 9-11, 2008), which are likely of upper tropospheric/stratospheric origins (Helmig et al.,
339  2007b), but these are not captured by the model, which implies that GEOS-Chem possibly
340  underestimates STE for O3 over Summit.

341  Boundary layer height is another factor that could potentially affect the discrepancy of Oz mixing
342  ratios between model and observations. The mean springtime afternoon (12:00-14:00, local time)
343  boundary layer height in the model at Summit for the year 2009 is 160 m, which agrees fairly
344  well with observations (156 m) at Summit conducted in spring 2005 (Cohen et al., 2007).
345  Therefore, we exclude that model uncertainties in boundary layer height representation in

346  springtime cause the low bias of O3 mixing ratios between model and observations.

347  Lastly, we also compared Oz dry deposition velocity (Vary) in the model in springtime with
348  observations at Summit. For spring 2009, mean O3 Vary in the model at Summit is 0.009 ¢cm s,
349 which is within the range of -0.01-0.01 cm st observed at Summit (Helmig et al., 2009). Helmig
350 et al. (2009) revealed that afternoon (12:00-18:00, local time) Oz Vary during springtime was
351 close to 0.01 cm s™. For other times during the day, Os Vary was either close to zero or negative
352  (i.e., Os production over the snow outweighs its dry deposition). As a result, the net mean Oz Vary

353  from observations during springtime is about 4-6 times lower than model simulations. Therefore,
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354  model overestimation of Os loss via surface uptake is another factor that contributes to the low

355  bias of surface Os mixing ratios at Summit in the model during springtime.

356 4. Conclusions

357 We combine model simulations with two-year (July 2008-June 2010) ground based
358  measurements at Summit to better understand the abundance and seasonal variations of
359  tropospheric Os and related species in the Arctic. In general, the GEOS-Chem model is capable
360  of reproducing the seasonal cycles of NOx, PAN, Cz2Hs, C3Hs, CO, and Os. However, some major
361  discrepancies between model and observations, especially for NOx, PAN, C2Hs, and Os are also

362 identified.

363  There are significant differences between model simulated NOx mixing ratios and observations
364 for the spring and winter seasons. The model underestimates NOx mixing ratios by
365  approximately 50% during late spring to early summer, which is likely due to the missing NOx
366  emissions from nitrate photolysis in the snowpack. At the same time, the model overestimates
367 NOx mixing ratios by more than a factor of two in wintertime. Model simulations indicate
368  episodic but frequent transport events from Europe in wintertime leading to NOx spikes reaching
369 15 times typical NOx mixing ratios at Summit; these large NOx spikes are not seen in the
370  observational data. We have carried out multiple sensitivity model studies but are still unable to

371 reconcile this discrepancy.

372 The model successfully captures the seasonal cycles and the spring maximum PAN mixing
373 ratios, although it underestimates PAN by over 30% during late spring and early summer. Model
374  sensitivity studies reveal that this discrepancy could be largely resolved by accounting for PAN

375  emissions from snowpack.

376  For CsHs and CO, model simulations overall agree well with the surface measurements,
377  however, the model tends to systematically overestimate surface Cz2Hs mixing ratios by
378  approximately 20% on an annual average, compared with observations. This may be explained
379 by that annual emission budgets of C2Hs over US and Asia from X08 emission inventory are
380  higher than those from NEI11 and MIX by over 40%. By replacing X08 over US with NEI11 for
381  CzHs, and scaling up MIX by 20%, the model-observation bias can be resolved, with annual

382  mean bias less than 1%. However, care must be taken to interpret this result because we do not
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383 take into account other factors that may influence the discrepancy of surface C2Hs mixing ratios

384  at Summit between model and observations, such as the C2Hs chemistry with cholorine.

385 GEOS-Chem is able to reproduce the seasonal variation of surface Oz at Summit but persistently
386  underestimates Os mixing ratios by approximately 13% (~ 6.5 ppbv) from April to July. This low
387  bias is likely caused by a combination of misrepresentations, including the missing snowpack
388 emissions of NOx and HONO, inaccurate representation of Summit’s elevation from coarser
389  model resolutions, model overestimated Oz dry deposition velocity during springtime, as well as
390 the underestimated STE.

391 All the results presented above reveal the importance of local snowpack emissions in regulating
392 the air quality over Arctic. Improvements in global CTM could likely be achieved by coupling
393  snowpack emissions of reactive gases and photochemistry modules in order to better simulate O3
394  and Os precursors over snow and ice in the Arctic (Zatko et al., 2016). Moreover, this study also
395 demonstrates that anthropogenic emissions from midlatitudes play an important role in affecting
396 the Arctic air quality. However, further investigations in anthropogenic NOx emissions over
397  Europe and C2Hs emissions over Asia and North America are needed. The uncertainties in Os
398 dry deposition and STE scheme in GEOS-Chem are warranted to be better quantified in our

399  future study.
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749  Table 1. Surface NO2 measurements over Europe during 2009/12/01-2010/01/31.

Site ID Site name Lat. °N) Lon.(°E)  Altitude a.s.l Technique Resolution
BEOOO1R Offagne 49.88 5.20 z(lrg()) chemiluminescence hourly
BEO032R Eupen 50.63 6 295 chemiluminescence hourly
DEOOOLIR  Westerland 54.93 8.31 12 NaJ_solution daily
DKO0O008R Anholt 56.72 11.52 40 UV _fluorescence hourly
F10096G Pallas 67.97 24.12 340 chemiluminescence hourly
GBO0014R  High Muffles 54.33 -0.8 267 chemiluminescence daily
NLOOO9R Kollumerwaard  53.33 6.28 1 chemiluminescence hourly
NOOO01R Birkenes 58.38 8.25 190 glass sinter daily
NOOO39R Karvatn 62.78 8.88 210 glass sinter daily
NOOO56R Hurdal 60.37 11.08 300 glass sinter daily
SEO005R Bredkalen 63.85 15.3 404 abs_tube daily
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Fig. 1. Box plot comparison for seasonal variations of (a) NOx, (b) PAN, (c) C2Hs, (d) CsHs, (€)
CO, and (f) Os between GEOS-Chem model simulations (red) and in-situ measurements (blue)
over Summit for the period of 2008/07-2010/06. Data shown are monthly averages during this
period. The thick (thin) bars represent the 67% (95%) confidence intervals. Black and green dots
represent median and mean values, respectively. The statistics are based on daily averages.
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766 Figure 2. Timeseries of surface NOx mixing ratios over Summit from observations, GEOS-
767  Chem model control simulations, EURO_EDGAR, and EMEP50 during 2009/12/01-2010/01/31.
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Figure 3. Scatter plots between measured monthly mean NO2 mixing ratios at 11 observational

sites over Europe and model simulations from (a) GEOS-Chem control simulations and (b)
EURO_EDGAR during 2009/12/01-2010/01/31; also shown is the corresponding model-to-
observation slopes (k) and correlation coefficients (r) for each panel. The dash line is the 1:1

ratio. Explanations of site abbreviations are listed in Table 1.
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789  Figure 4. Monthly mean surface (a) NOx and (b) PAN mixing ratios from observations (black
790 circles), simulations with (green triangles) /without (purple squares) snowpack emissions, and
791  GEOS-Chem simulations with horizontal grid resolution 2° x 2.5° (orange diamonds) over the
792  period of April- July during 07/2008-06/2010. Vertical bars denote standard deviations over the

793 course of observations for each month.
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795  Figure 5. Monthly mean surface CoHs mixing ratios at Summit from observations (black
796  circles), GEOS-Chem model control simulations (purple squares), NEI11 MIX (orange
797  diamond), and NEI11_ONLY (green triangles) simulations during 2008-2010; vertical bars
798  denote the standard deviation over the course of observations for each month.
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808 Figure 6. Monthly mean surface Os mixing ratios from observations (black circles), GEOS-
809  Chem control runs (purple squares), with snowpack chemistry (green triangles), and horizonal
810  grid resolution 2° x 2.5° (orange diamonds) for April-July. Vertical bars denote the variability

811  over the course of observations for each month.
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821  Figure 7. Comparisons of vertical profiles of (a) Os and (b) specific humidity between GEOS-
822  Chem simulations and ozonesondes in June and July 2008 respectively, averaged over 1-km
823  altitude bins. Black and green solid circles represent observations and simulations in June 2008
824  while purple and red triangles denote observations and simulations for July 2008 respectively.
825  Solid and dash horizontal error bars represent observational standard deviations for June and July

826  respectively.
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