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2.2 ODE Definition 24	  

 Several definitions of ODE conditions can be found throughout the literature.  For 25	  

example, some studies define an ODE, partial or severe, as when O3 mixing ratios are below 20 26	  

nmol mol-1 (Ridley et al., 2003), 10 nmol mol-1 (Tarasick and Bottenheim, 2002), 5 nmol mol-1 27	  

(Bottenheim et al., 2009; Frieß et al., 2011; Jacobi et al., 2010), or 4 nmol mol-1 (Piot and von 28	  

Glasow, 2008, 2009; Ridley et al., 2003).  For this study, a specific set of ODE criteria, defined 29	  

below, were developed to examine ODEs identified using the O-Buoy data set.  We define and 30	  

distinguish periods of “major” ozone depletion events (MODEs; defined differently here than 31	  

originally defined by Ridley et al. (2003) (see below)) from a less severe ODE term to enable us 32	  

to compare and contrast the temporal and spatial differences between them.  Note that as defined 33	  

below, any ODE can include the shorter periods of MODEs, but the MODE criteria are not 34	  

necessary for an event to be defined as an ODE.  These criteria are visually illustrated in Fig. 3 35	  

using sample O-Buoy data. 36	  

 As discussed in the main text, background O3 conditions were established if O3 mole 37	  

fractions stayed above 25 nmol mol-1 for longer than 12 hours.  If O3 dropped below 15 nmol 38	  

mol-1 for longer than one hour, the event was considered to be an ODE.  The ODE start time is 39	  

defined as the time at which O3 drops below 90% of its local maximum concentration prior to 40	  

depletion.  If O3 subsequently rose above 25 nmol mol-1 for longer than 12 hours, the ODE was 41	  

considered terminated; the ODE end time was defined as the time when O3 reached 90% of the 42	  

local maximum O3 mole fraction after rising above 25 nmol mol-1 for more than 12 hours.  It 43	  

should be noted that the increase in O3 mole fraction on 17 April 2011 seen in Fig. 3 does not 44	  

recover above 25 nmol mol-1 for longer than 12 hours, and its subsequent decrease does not 45	  

represent a new ODE.  For the calculation of the O3 depletion timescale, an O3 decrease stop 46	  



time was defined as the time at which O3 first reached 10% of the difference of the preceding 47	  

maximum and ultimate minimum O3 mole fractions during the ODE. 48	  

MODEs are cases for which O3 dropped below 10 nmol mol-1 for longer than one hour, 49	  

with the start time defined as the time at which O3 fell below 10 nmol mol-1.  If O3 then increased 50	  

above 10 nmol mol-1 for longer than 12 hours, the MODE is considered terminated, with the 51	  

MODE stop time defined as the time at which O3 recovered above 10 nmol mol-1. 52	  

2.3 Air Mass Trajectory Analysis 53	  

 As discussed in Sect. 2.3, the NOAA HYSPLIT air mass trajectory model was used to 54	  

estimate the spatial scales of ODEs and some meteorological parameters (i.e. temperature and 55	  

wind speed).  In obtaining the back trajectories, the time lengths for which the back trajectories 56	  

were run were determined by the temporal lengths of the ODEs themselves.  This time length 57	  

was defined as the time between the ODE start time and the O3-decrease stop time.  A 58	  

distribution of the time scale for each ODE is presented in Fig. S1.  Though there is a large level 59	  

of uncertainty associated with using a back trajectory model for longer than more than a few 60	  

days (Kahl, 1993), we see the majority of events occur on a timescale of less than 4 days. 61	  

2.4 Monte Carlo Experiment 62	  

Two versions of a Monte Carlo experiments were performed to determine the statistical 63	  

probability of overlap of O3-depleted air masses with O-Buoys locations.  In the first, 17 64	  

different sized, circular air masses, determined by the spatial scale estimations of ODEs 65	  

determined by O-Buoys placed in the Arctic Ocean (O-Buoys1 and 2; Fig. S2) were randomly 66	  

placed in an area defined by the bounds of the sea ice in the Arctic Ocean.  We note that though 67	  

19 events were observed between these two buoys, two events were excluded from analysis.  The 68	  

first was excluded due to an undefined spatial scale (discussed in Sect. 2.3).  The second event 69	  



excluded, is included in Fig. S2, but excluded from the Monte Carlo analyses due to it (diameter 70	  

of 3532 km) being larger than the area of interest. 71	  

3.1 Ozone Depletion Timescale 72	  

The amount of MAX-DOAS data available during the 2009 deployment of O-Buoy1 in 73	  

Barrow was limited by the amount of solar radiation present.  The solar elevation angle remained 74	  

low enough such that there can exist substantial gaps between subsequent periods of BrO 75	  

measurements. In spite of these gaps, the average BrO mole fractions during three ODEs were 76	  

comparable to the calculated BrO required for the observed ozone depletion timescale (Table 77	  

S1), and are discussed below. 78	  

In the events starting 30 Mar 2009 (Fig. S3a) and 12 Apr 2009 (Fig. S3b), O3 levels can 79	  

be seen to decrease as BrO begins to rise before the several hour BrO data gaps.  As can be seen 80	  

from Table S1, the average BrO observed during this period was 8.5 pmol mol-1 and 13.0 pmol 81	  

mol-1 for 30 Mar and 12 Apr, respectively, while the observed rate of O3 depletion was 82	  

calculated to require 9.0 pmol mol-1 and 4.0 pmol mol-1, respectively.  The 30 Mar event 83	  

occurred with relatively steady winds (between 6 and 8 m s-1), while the 12 Apr event wind 84	  

speeds gradually fell from 10 m s-1.  Both events occurred under fairly steady temperatures.  The 85	  

third event (02 May 2009) required 15.2 pmol mol-1 BrO, while the observed BrO was 13.1 pmol 86	  

mol-1.  This event also occurred under steadily decreasing temperatures and calm winds (≤5 m s-87	  

1; Fig. S3c).  While there are no BrO data at the onset of O3 depletion, there was a noticeable 88	  

increase in BrO levels in the mid afternoon.  Forty-eight hour HYSPLIT backward trajectories 89	  

(Draxler, 1999) were computed every 2 hours during the period of O3 decrease, starting from the 90	  

O3 decrease stop time (Fig. S3d,e, f).  For the 30 Mar and 12 Apr events, the trajectories agreed 91	  

that the air masses travel near the coast of the Canadian archipelago, an area for which satellites 92	  



have observed enhanced BrO (Choi et al., 2012; Koo et al., 2012; Richter et al., 1998; Salawitch 93	  

et al., 2010).  The trajectories during the 02 May O3 decrease showed that air had traveled from 94	  

across the sea ice in the Beaufort and Chuckchi Seas. 95	  

It would be expected that Barrow, a coastal location, would observe ODEs primarily due 96	  

to the advection of O3 depleted air, given the evolution of the solar elevation angle during polar 97	  

spring and findings from previous studies (Bottenheim and Chan, 2006; Koo et al., 2012; 98	  

Oltmans et al., 2012).  The observations here are not inconsistent with these ODEs initiating 99	  

locally relative to the O-Buoy given the presence of BrO; in the absence of O3, the lifetime of 100	  

BrO is controlled by its photolysis, which is about 100 seconds (Lehrer et al., 2004; Simpson et 101	  

al., 2007), and thus observations of local BrO in the boundary layer should be indicative of 102	  

active O3 destruction chemistry.  However, the gaps in the BrO data prevent us from making any 103	  

further conclusions. 104	  

3.2 ODE spatial scales 105	  

 To estimate how many buoys would be required for consistent overlap of ODE sizes with 106	  

the site of O-Buoys, we repeated the Monte Carlo experiments with two additional observation 107	  

points at potential sites of future O-Buoys for a total of three observation sites.  The first is near 108	  

the North Pole (86˚N, 54˚W), an area that has been previously shown to feature deep, long-term 109	  

depletions of O3 (Bottenheim et al., 2009).  The second is in the East Siberian Sea (75˚N, 170˚E), 110	  

which is in an area that back trajectory studies have shown O3-poor air to originate.  Figure S4 111	  

shows that, with the three simultaneously observation points, the mode of the frequency vs. 112	  

number of overlaps plot shift to 5, instead of 0 using just one observation site (Fig. 9a).  113	  

Additionally, there are no instances of the experiment in which the 17 ODEs sizes from the 114	  

distribution did not overlap with an O-Buoy. 115	  



3.3 Temperature and wind speed during ODEs 116	  

To determine whether the wind speeds observed during ODEs had some relation to 117	  

ODEs, we also examined the wind speeds during times when ozone was not depleted (non-118	  

ODEs).   In the case of wind speeds observed by the O-Buoys, the majority of wind speeds are 119	  

between 1-4 m s-1 during non-ODEs (Fig. S5a) with a clear mode at 3.5 m s-1 (median ~3.9 m s-120	  

1).  As a comparison, the wind speeds during the ODE cases typically range between 2-5 m s-1 121	  

with a mode of 3.5 m s-1 and median of ~3.6 m s-1 (Fig 12a).  To determine whether wind speeds 122	  

upwind were different than those measured at the buoy, we calculated average wind speeds for 123	  

each non-ODE from the HYSPLIT backward air mass trajectories (Draxler and Hess, 1997, 124	  

1998; Draxler, 1999) by dividing the length of each trajectory by the time span of the ODE 125	  

(ODE start time – ODE end time).  The HYSPLIT analysis for the non-ODE cases showed a 126	  

mode comparable to the ODE case at 3.5 m s-1 (median 5 m s-1) with 21 of 33 cases between 5 127	  

and 6 m s-1 (Fig. S5b).  These results do not show a clear difference between wind speeds 128	  

occurring during ODEs and those occurring during non-ODEs. 129	  

  130	  
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Table S1: Average BrO mole fractions during three periods of O3 decrease from O-Buoy1 at 205	  

Barrow, AK, MAX-DOAS, the corresponding propagated errors, and the estimated BrO required 206	  

for the observed O3 depletion timescales based on Eq. 5 (Sect. 3.1 of the main text).  207	  

ODE start time 

(UTC) 

O3 decrease  

stop time (UTC) 

Observed 

𝛕𝐎𝟑 (hours) 

Average 

observed BrO 

(pmol mol-1) 

Measurement 

uncertainty  

(pmol mol-1) 

Estimated BrO 

required from 

observed 𝛕𝐎𝟑 

(pmol mol-1) 

30 Mar 2009 20:06 31 Mar 2009 19:20 24.3 8.5 3.2 9.0 

12 Apr 2009 06:18 14 Apr 2009 11:22 71.7 13.0 3.2 4.0 

02 May 2009 05:51 02 May 2009 23:00 18.7 13.1 3.0 15.2 

 208	  

  209	  



 210	  

 211	  

 212	  

 213	  

 214	  

 215	  

 216	  

Figure S1: Time lengths of ODEs as defined by the ODE start time and the O3 decrease stop 217	  

time. 218	  

	  219	  

  220	  



 221	  

Figure S2: Distribution of ODE sizes utilized in the Monte Carlo experiments.  These 18 sizes 222	  

come from O3 data observed from O-Buoy1 in 2010 and O-Buoy2 in 2011, both deployed in the 223	  

Beaufort Sea.  Note that this distribution includes the largest ODE size that was excluded from 224	  

the Monte Carlo simulations. 225	  

	   	  226	  



Figure S3: Periods of O3 decrease from O-Buoy1 at Barrow and corresponding 48 hour 227	  

HYSPLIT backward trajectories (computed every two hours during these time periods).  228	  

Decrease starts at a, b) 20:06 30 Mar 2009; c, d) 06:18 12 Apr 2009; and e, f) 05:51 02 May 229	  

2009.  Transparent black bars represent the ODE start time and O3 decrease stop time as defined 230	  

in Sect. 2.2. 	  231	  



	  232	  
Figure S4: Results from Monte Carlo simulation experiment with three observation sites.  233	  

Histogram shows the number of times a circular air mass overlapped with at least one 234	  

observation site out of 2000 iterations. 235	  

 236	  
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	  249	  
Figure S5: a) Histogram of the average wind speed measured by the O-Buoys during non-ODEs. 250	  

b) Histogram of average wind speeds from non-ODEs, as determined from the HYSPLIT 251	  

backward air mass trajectory. 252	  
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