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Abstract. Understanding the drivers of atmospheric ozone variations in the Arctic is difficult because there are few long-
term records of vertical ozone profiles in this region. We present 12 years of ozone profiles over Summit Station, Greenland
(72.6 N, 38.4 W; 3200 meters) that were measured from 2005 to 2016. These profiles are subjected to data screening and are
extended to 60 km using a robust extrapolation method. The total column ozone and the partial column ozone in four
atmospheric layers (troposphere to upper stratosphere) are analyzed. The monthly mean total column ozone reaches a
maximum of about 400 DU in April, then decreases to minimum values between 275 and 300 DU in the late summer and
early fall. The partial column ozone values peak at different times between late winter and early summer. There is a positive
trend in the total column that is likely due to increases in springtime ozone, however, these trends are not robust given the
short period of record. A stepwise multiple regression analysis is performed to determine the primary drivers of ozone
variations over Summit Station. This analysis shows that the variations in total column ozone are due primarily to changes in
the tropopause pressure, the quasi-biennial oscillation (QBO), and the volume of polar stratospheric clouds. The eddy heat
flux is also important for variations in the partial column ozone in the different altitude regions. The importance of the QBO
appears to be a unique characteristic for ozone variations over the Greenland Ice Sheet (when compared to other nearby

Arctic Stations) and may be related to the fact that Greenland is particularly sensitive to the phase of the QBO.

1 Introduction

There is great interest in atmospheric ozone globally since the inception of the Montreal Protocol in 1987. Various
parameters influence atmospheric ozone concentrations including dynamical variability (Fusco and Salby, 1999; Holton et
al., 1995; Kivi et al., 2007; Rao et al., 2004; Rex, 2004), photolysis involving photochemical reactions (Bottenheim et al.,
1986; 2002; Sumner and Shepson, 1999; Van Dam et al., 2015; Yang et al., 2010), climate variables (Rex, 2004), and

anthropogenic emissions of gases that interact with ozone (Cooper et al., 2010; Horowitz, 2006; Van der A et al., 2008).
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Studies show that the mean total column ozone decreased from 1997 to 2003 globally (e.g., Newchurch, 2003), but some
reports show that ozone depletion has recently decreased due to the ramifications of the Montreal Protocol (Weatherhead and
Andersen, 2006; WMO, 2014; Steinbrecht at el, 2017; Weber et al, 2018). Recent work shows evidence of decreases in
lower stratospheric ozone from 1998 to 2016 (Ball et al., 2018). Because of these changes, it is important to monitor ozone
variability at many locations globally and to determine the causes of the variability.

During winters with persistent westerly zonal winds in the Tropics, planetary-scale Rossby waves propagate from the
troposphere to the stratosphere. These winds are related to the tropical quasi-biennial oscillation (QBO) (Ebdon 1975;
Holton and Tan, 1980). The interactions of these waves with the stratosphere modulate a meridional mass circulation
towards the polar regions called the Brewer-Dobson circulation (Lindzen and Holton, 1968; Holton and Lindzen, 1972;
Wallace, 1973; Holton et al., 1995 ). The location of the zero-wind line (latitude where the zonal wind speed is zero relative
to the ground) is an important indicator of the strength of this circulation (Holton and Lindzen, 1972; Holton and Tan, 1980).
During the easterly phase of the QBO, the zero-wind line shifts north, facilitating the propagation of planetary waves into the
Arctic polar vortex. This creates a weaken vortex that increases the transport of relatively warm, ozone-rich air into the
Arctic (Holton and Tan, 1982). The warmer temperatures also lead to less photochemical loss of ozone in the stratosphere
(Rex, 2004; Shepherd, 2008). Conversely, during the westerly phase of the QBO, the propagation of planetary waves
between the Tropics and the Arctic decreases, and the polar vortex is strengthened resulting in lower temperatures and
increased probability of photochemical ozone loss. Thus, dynamical processes and the state of the polar vortex are important
factors that determine ozone amounts in the Arctic.

Although there is strong observational evidence to support this teleconnection between the tropical and arctic atmospheres, a
complete theoretical explanation has proved difficult (Anstey and Shepherd, 2014). The interaction of the background zonal
mean wind and planetary waves is not completely understood, which makes it difficult to ascribe, in detail, how atmospheric
dynamics affect the polar vortex. Furthermore, these effects depend on location and can also affect different portions of the
atmosphere ( Stachelin et al., 2001; Rao, 2003; Rao et al., 2004; Yang et al., 2006; Vigouroux et al., 2008; 2015). Thus,
detailed analyses of the vertical structure of ozone are needed at various locations in the Arctic to fully understand the
variability of ozone concentrations. This situation is exacerbated by both the lack of observations at high latitudes, as well as
the difficulty of making quality measurements during winter; many remote sensing instruments for measuring ozone depend
on solar radiation (Bowman, 1989; Hasebe, 1980; Vigouroux et al., 20008; 2015). Despite its importance, much uncertainty
still exists in understanding the temporal and spatial variability of ozone ( Mclntyre, 1989; Stachelin, 2001; Jin et al., 2006;
Manney et al., 2011).

One of the most important and reliable instruments for measuring the vertical profile of ozone is the ozonesonde. These
instruments can be launched year-round and can provide valuable information for validation of remote sensing instruments
aboard satellites. The Global Monitoring Division (GMD) of the National Oceanic and Atmospheric Administration
(NOAA) launches ozonesondes routinely and have used the data to study trends, patterns, and the vertical distribution of

ozone from many locations (Logan, 1994; Steinbrecht et al., 1998; Logan et al., 1999; Solomon et al., 2005; Miller et al.,
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2006). Ozonesonde profiles from various Arctic stations have been used to study the climatology of the ozone cycle (Rao et
al., 2004), the vertical distribution of ozone and its dependence on different proxies (Rao, 2003; Tarasick, 2005; Kivi et al.,
2007; Gaudel et al., 2015), trends and annual cycles of ozone (Christiansen et al., 2017), the variability of ozone due to
climate change (Rex, 2004), ozone loss and relation to dynamical parameters (Harris et al., 2010), the difference of ozone
depletion in the Arctic and Antarctic (Solomon et al., 2014), and to evaluate other sensors measurements (McDonald et al.,
1999; Vigouroux et al., 2008; Ancellet et al., 2016).

In spite of this, the long record of ozonesonde launches (2005-2017) by NOAA GMD has never been used to study the long-
term variability of tropospheric and stratospheric ozone over Summit Station, Greenland (72.6 N, 38.4 W; 3200 meters).
Summit Station is located in central Greenland atop the Greenland Ice Sheet (GrlS) and is the drilling site of the GISP2 ice
core. Over the past few decades, near-surface temperatures over the GrIS have increased, which has resulted in increased
snowmelt and runoff (Box and Cohen, 2006; Ettema et al., 2009; Hanna et al., 2013). It is also a location that is affected at
times by pollution from mid-latitudes (Shindell et al., 2008). Greenland is in a unique location in the Arctic that is
particularly sensitive to changes in the QBO [see Figure 2a of Antsey and Shepherd, (2014)]. In fact, the North Atlantic
sector (0 to 60 W longitude) is the only Arctic location where the westerly-minus-easterly January mean 1000 hPa
geopotential height field is statistically significant [see Figure 2a of Antsey and Shepherd, (2014)], indicating the sensitivity
of this region to changes in the QBO.

In this study, we use 11 years of ozonesonde measurements (from 2005 to 2016) to document the vertical structure of ozone
over Summit Station. In section 2, we describe the ozonesonde measurements and the data screening that was performed on
these measurements. Section 3 describes how the ozonesonde measurements are combined with climatology of the upper
atmosphere to create vertical profiles from 0 to 60 km. Section 4 discusses the results of the data analysis including
determination of the seasonal and annual cycles of total ozone, as well as the cycles of partial ozone in four atmospheric
layers that represent the troposphere, and lower, middle, and upper stratosphere. This section also determines the dependence
of ozone over Summit Station on various ozone proxies using multiple regression (Appenzeller et al., 2000; Brunner et al.,

2006; Kivi et al., 2007; Vigouroux et al., 2015; Steinbrecht et al., 2017). Section 5 presents the conclusions of this research.

2 Data

Summit Station, Greenland is chosen as the study area for this research because there is a long history of ozonesonde
observations at this location. Figure 1 shows the location of Summit atop the Greenland Ice Sheet (GrlS). Table 1 lists the
geographic coordinates and elevation of Summit, as well as Ny-Alesund, Svalbard and Kiruna, Sweden, which are other sites
that are discussed in this paper.

The initial focus of NOAA GMD’s ozonesonde program at Summit was to measure ozone profiles to estimate the ozone
concentration in the stratosphere. These measurements were started in February 2005 and continue until the summer of 2017.

The data used in this study span 11 annual cycles from February 2005 through June 2016. We have chosen this time period
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partly because this is the time period of the ozone proxies that are used for analysis. Ozonesondes were typically launched
once per week except during the MATCH campaign when the frequency was temporarily increased to one every few days
(Von Hobe et al. 2013). The ozonesonde profiles are available for download at NOAA’s Earth System Research Laboratory.
The ozonesondes use an electrochemical concentration cell (ECC) to measure ozone ( Komhyr, 1986; Komhyr et al., 1989;
Johnson et al., 2002; Deshler et al., 2008, Deshler et al., 2017, Sterling et al., 2017). The ozonesondes were manufactured by
Environmental Science (EN-SCI) and used a sensing solution of neutral buffered 1% potassium iodide. The Strato telemetry
software was used until the summer of 2014, then SkySonde was used thereafter. The raw data were also processed using
SkySonde; details of ozonesonde homogenization can be found in Sterling et al. (2017). The ozonesonde were flown with a
Vaisala RS80 radiosonde from 2005 to June 2014 and then an InterMet radiosonde until the end of the study period; both
types of radiosondes measured temperature, pressure, and relative humidity. The profiles have been interpolated by NOAA
GMD to a standard altitude grid with 100-meter spacing. The uncertainty in ozone concentration is + (5 — 10)% up to 30 km
(Smit et al., 2007).

Data screening was performed on each ozonesonde used in this study. First, the maximum height reached by all of the
ozonesondes is examined, because this is an important parameter that affects the calculation of the total column ozone.
Figure 2a shows a histogram of the maximum height of the ozonesondes for the entire 11-year period. Most of the ozone
profiles have maximum heights of 30 km or greater, but there is a significant fraction with maximum heights below 20 km.
This bi-modal distribution is caused partly by the fact that the burst altitude of the balloons that carry the sondes depends on
season; lower maximum altitudes are achieved in the extreme cold experienced during winter. To keep the uncertainty in the
calculation of total column ozone acceptable, only ozonesondes that reached a maximum height of greater than 18 km were
used in this study; profiles with maximum heights below 18 km were eliminated from further analysis. This reduces the
uncertainty induced by using climatology to extrapolate the profile vertically through portions of the atmosphere that have
appreciable ozone. Two ozonesonde profiles reached a maximum altitude of 50 km and were removed from further analysis
due to erroneous readings from the pressure sensor.

Another data screening issue is related to missing data in the ozonesonde profiles. Most of the missing values occur at high
altitudes because the ozonesonde ceased to report valid measurements after reaching some height. There were also some
missing data in between valid ozone measurements. Figure 2b shows a histogram of the percentage of missing data in each
profile; note that the vertical scale is logarithmic. Only a small fraction of the profiles has significant missing values. In this
study, profiles that have a percentage of missing data greater than 40% are eliminated from further analysis. In the remaining
profiles, if missing values occurred between valid ozone measurements, the profile was interpolated to fill the missing data.
Table 2 lists the characteristics of the ozonesondes used in this study. After applying the data screening, Table 2 indicates
that at least 25 ozonesondes are retained for analysis in each month, which satisfies the requirement for calculating a
meaningful monthly-mean profile (Logan et al., 1999).

Figure 3 shows all of the screened profiles. Note that this plot is based on available screened ozonesondes and the time gaps

between sondes are ignored. The seasonal dependence of the maximum height reached by the individual ozonesondes can

4



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-620 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 18 September 2018 and Physics

(© Author(s) 2018. CC BY 4.0 License.

Discussions

20

25

30

clearly be seen, with lower maximum heights in winter. The data are displayed as mixing ratios in ppmv and, therefore, are

not indicative of the total amount of ozone as a function of altitude.

3 Methods

The total column abundance of ozone in the vertical profile is a useful parameter for understanding the amount of ozone in
the atmosphere. The ozone column density is traditionally defined using the Dobson Unit (DU), which is the thickness of
compressed gas in the atmospheric profile in units of 10 pm at standard temperature and pressure, 1 DU is equivalent to 1
milli-atm-cm, or 2.69 x 10'® molecules/cm?. The total column ozone (TCO) in DU can be calculated as

(VMR*1070); P; V
TCO =Y., —— —1—2
Rg Ti MW gip* 10

Ah; , )]

where i designates the i layer of the atmosphere, VMRIi , Pi, and Ti are the volume mixing ratio (ppmv), pressure (Pi), and
temperature (K) of the layer obtained from the ozonesonde, Rd is the gas constant for dry air [287 Pa m3 K-1 kg-1], Vo is
the standard volume [22.4136 *10-3 m® mol™'], and MW,; is the molecular weight of dry air [28.9644 *10 kg mol]. The
factor 10 is a conversion factor between ppmv and mole/mole for ozone mixing ratio. Ab; is the thickness of the
atmospheric layer in 100 m increments. The factor 107 in the denominator is a conversion factor between meter and 10
micron. The ozone column for a single layer can be found using Eq. 1 by summing over an individual layer.

To provide realistic values of total column ozone, the screened ozonesondes must be integrated over all layers of the
atmosphere that contain appreciable ozone. Therefore, the ozonesondes were extrapolated to 60 km using climatological
profiles that are appropriate for the atmosphere over Greenland. To assess the uncertainty in applying the climatological
data, four different extrapolation methods were used. Two climatological ozone profiles were used, along with two different
methods of merging these profiles to the actual measured ozonesonde profile.

We use both the monthly climatological profiles from McPeters and Labow (2012) (referred to here as the ML climatology)
and one constructed from monthly averages using the 11 years of actual ozonesonde profiles. In the first case, the monthly
ozone profile from the ML climatology is extended above each individual sonde profile up to 60 km. [The ML climatology
for each month was estimated on a 10-degree latitude grid using data from the Microwave Limb Sounder on Aura (2004—
2010) and ozonesonde data (1988-2010) (McPeters and Labow, 2012)]. In the second case, the 11-year monthly averages
are used above each individual sonde profile, and then the associated ML climatology for the given month is used to 60 km.
The amount of data used from the 11-year averages depends on the maximum altitude reached by the individual ozonesondes
and the maximum altitude of the 11-year average itself, both of which depend on season. For example, a sounding that only
reached 20 km would be extrapolated over a large altitude range of 10 to 15 km, using the 11-year monthly average.
However, another sounding that reached a relatively high altitude, say 30 km, might not be extrapolated at all by the 11-year
monthly average. But the purpose here is to use as much of the actual data from the ozonesondes as possible and to compare

those profiles to those constructed by simply using the ML climatology.
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An additional consideration is how to merge the different ozone profiles together. This was done in two ways. First, the
profiles were constructed by simply attaching the different vertical sections together with no attempt to smooth the
transitions between the different sections. In certain cases, this caused large discontinuities in the profiles at the boundaries
between the vertical sections. To mitigate this, a second method was used that merged the upper level profiles by scaling
them to the lower section, which ensured smooth transitions between each section. The scaling was accomplished by first
determining the ratio of the upper-most ozone value from the ozonesonde and the lower-most value of the climatological
profile. The climatological profile is then scaled by this ratio (the scale factor) to merge it with the ozonesonde profile.

To assess the differences in the four methods of constructing the upper ozone profile, Figure 4 shows the monthly average
total column ozone for the 11-year period calculated from the four different constructed profiles. The values shown along the
top axis of the graph are the monthly averages of the standard deviations of the TCO of the four constructed profiles. Figure
4 shows that these methods agree well for most of the year, indicating that each of the methods provides reasonable values of
total column ozone. As expected, the standard deviation of different methods is large in January and December when the
ozonesondes have the lowest average maximum height (see Table 2). For these months, a greater portion of the individual
ozone profiles had to be constructed from climatology and, therefore, the different construction methods are more uncertain.
The lack of an absolute reference for stratospheric ozone over Greenland make it difficult to choose which method is best.
Therefore, the average of the four methods is used for subsequent analysis in this study.

Figure 4 also shows the multi-year averages of total column ozone measured at the nearby Arctic stations of Kiruna and Ny-
Alesund, which were retrieved from measured by solar Fourier Transform Spectroscopy [from Vigouroux et al., 2008],
which are discussed below in Section 4. TCO at Kiruna is similar to Summit Station except in winter and early spring. In
most months, the TCO at Summit is less than that measured at Ny-Alesund. The different geographical locations and the
higher elevation of Summit Station likely contribute to these disparities. (For comparison, the ML climatological ozone
profile has about 1.5% of total column ozone (about 6 DU) in the lowest 3 km of atmosphere.) However, the different time
periods and locations of the Kiruna and Ny-Alesund datasets might also contribute to this disparity. Detailed analysis of the
vertical variation in TCO at these stations will be discussed further in the section 4.

To determine the drivers upon which the monthly average total column ozone at Summit depend, we use a stepwise multiple
regression (SMR) model similar to that used by Appenzeller et al., 2000; Brunner et al., 2006; Kivi et al., 2007; Vigouroux
et al., 2015; Steinbrecht et al., 2017. The model is briefly explained here, while the analysis and results are discussed below
in Section 4. The model involves the use of various proxies that have been previously identified as important indicators of
ozone concentrations in the troposphere and stratosphere. To facilitate comparisons to other locations, similar proxies are
used in this study that were used by (Brunner et al., 2006; Kivi et al., 2007; Vigouroux et al., 2015). Figure 5 shows time
series of the proxies: tropopause pressure (TP), the Quasi-Biennial Oscillation at both 10 hPa and 30 hPa (QBO10; QBO30),
volume of polar stratospheric clouds (VPSC), eddy heat flux (EHF), Arctic Oscillation (AO), equivalent latitude (EQL) at
three potential temperature levels 370 K, 550 K, 960 K, solar flux (SF), and the El Nifio-Southern Oscillation index (ENSO).
(The monthly averaged values for TP, VPSC, and EHF are calculated using data from the dates of ozonesondes.) Table 3

6
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lists the sources of these proxies. This list is similar to that used by previous studies (Brunner et al., 2006; Vigouroux et al.,
2015) and contains variables that are known to influence ozone concentrations in the troposphere and stratosphere (Brunner

et al., 2006; Vigouroux et al., 2015. Following Vigouroux et al (2015), the multiple regression model is given by:
V() = Ag + Aycos (550 + Asin (35) + Agcos () + Ausin() + Ti_g AeX (6, + £(), @)

where Y(t) is the final regression model, t is the month (1 to 12), Ap-A4 are coefficients related to the seasonal cycle, A
(when k >=5) are the coefficients related to the proxy time series X(t)i, and € is the residual (that is not explained by the
combination of the seasonal cycle and the proxies). Any linear trend in the data is considered as one of the proxies using
Xi(t) = t. The model is implemented using the following procedure. First, the seasonal cycle for the 11-year period is
determined by finding the coefficients Ay-A4. These terms are then subtracted from the original TCO time series to yield a
residual time series. Using the technique described in Section 7.4.2 of Wilks, 2011, stepwise regression (with forward
selection) is then performed on the residual time series using the different proxies. To accomplish this, each proxy is
regressed with the residual TCO time series, and the proxy that has the highest explained variance (R?) is selected. This
proxy [e.g., AsXs(t)] is then included in a new fit to the residual TCO time series using multiple linear regression to create a
new residual time series. This process is repeated until none of the remaining proxies increase the R* by more than 1%. To
be consistent with previous studies and to account for auto-correlation in the residuals, we applied the Cochrane-Orcutt
transformation (Cochrane & Orcutt 1949; Vigouroux et al. 2015) to the final model, but it had an insignificant effect on the
overall results. Therefore, it was not used to adjust the final regression model. The different proxies and their usefulness in

explaining the variance of the time series of TCO are described below in section 4.4.

4 Results and Discussion

In this section, the 11-year record of ozonesonde profiles over Summit Station, Greenland is discussed. First, the vertical
profiles of ozone and their temporal variation are described. This is followed by a brief comparison of the seasonal cycle of
ozone over Summit to other nearby Arctic locations. The trends of ozone in various vertical sections of the atmosphere are
discussed, while acknowledging that it is difficult to ascribe trends over such a short time period. Finally, we describe the

results of the SMR analysis, which yields insight into the primary drivers of ozone variability over Greenland.

4.1 Vertical profiles

Figure 6 shows profiles of the monthly average partial column ozone (PCO) in 100-meter layers over Summit Station,
Greenland. The maximum PCO (in DU) occurs at about 20 km in all months. However, there is a significant dependence on
the timing of the peak ozone amount (in DU) with the maximum peak value occurring in January and the lowest peak values
in July, August, September, and October. There is also significant seasonal variation in the ozone between about 10 and 30

km, which greatly affects the total column ozone. As an example, even though the minimum average TOC occurs in October
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(black dashed line in Figure 4), the peak of October’s PCO is greater than that of June, July and September. This is because
October has higher ozone around 20 km but lower ozone in both the upper and lower layers compared to June, July and
September.

The differences between the monthly average profiles over Summit and the ML climatology are also plotted in Figure 6. The
Summit ozone profiles have lower ozone than the climatology below 10 km. Between 10 km to 20 km, warmer/colder
months show lower/higher ozone in sondes comparing to climatology. Between 20 km to 35 km, the ML climatology has
lower values than the Summit ozonesondes. Above about 35 km, ozone profiles are merged with the ML climatology,
therefore, the differences are close to zero. These differences justify the use of the average of the different methods to

estimate the missing ozone at high elevations for each sonde, as described in Section 3.

4.2 Seasonal cycle

Figure 7a shows the seasonal variation of the PCO profiles in each 100-meter layer. The seasonal cycle in the profiles is
apparent with maximum values occurring in spring between roughly 15 and 22 km. Minimum values occur in the summer
and autumn with large decreases in ozone in the lower stratosphere between 10 and 25 km. These variations are similar to
those reported previously for Arctic sites (e.g., Rao, 2003; Rao et al., 2004; Vigouroux et al., 2008; 2015). The values of
springtime ozone are quite low over Summit in 2005 and especially in 2011. These were well documented as times of
extreme ozone loss throughout the Arctic (Jin et al., 2006; Manney et al., 2011). The ozonesonde data from Summit confirm
that these events also occurred over Greenland. Figure 7b shows the corresponding values of total column ozone for all of
the screened ozonesondes in Dobson units and clearly shows the seasonal cycle, including the timing of the peaks and
troughs in TCO throughout the year. For comparison, the daily values of TCO for the entire Arctic region (latitude > 63° N)
are shown; these data were obtained from the NASA Ozone Watch produced by Paul A. Newman of Goddard Space Flight

Center (https://ozonewatch.gsfc.nasa.gov/NH.html). The variation of TCO over Summit Station over this time period agrees

well with the NASA Ozone Watch data, however, there are times when the TCO over Summit differs greatly (by as much as
50-100 DU) from the Arctic average.

Figure 8 shows the multi-year averages for four atmospheric layers: surface to 10 km, 10 to 18 km, 18 to 27 km, and 27 to 42
km. These layers were chosen to match those used by Vigouroux et al (2008). For the purpose of this study, the layers
represent the troposphere, lower stratosphere, middle stratosphere, and upper stratosphere, respectively. (Note that the
tropopause is low in the Arctic, so the layer from the ground to 10 km represents primarily values in the troposphere, but also
contains some ozone from the lowest portion of the stratosphere. However, we refer to this layer here as the “troposphere”
for convenience.) The values shown in Figure 8 are the partial column ozone (PCO) amounts, which are the column ozone in
Dobson units that are contained within the respective atmospheric layers. The largest values of PCO occur in the layers of
the lower (75-150 DU) and middle stratosphere (120-175 DU), which straddle the peak in column ozone amount around 20
km. The PCO in the troposphere and upper stratosphere range from 20-40 DU and 60-80 DU, respectively.
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The seasonal cycle is different in the various atmospheric layers. The timing of the peak ozone at different altitudes is due to
different physical processes that affect ozone concentrations. At Summit Station, the PCO values in the upper stratosphere
peak later in the year with values of about 75-80 DU in May, June, and July. The values are about 10 to 20 DU higher than
the minimum in October due to increased daylight in spring when photolysis equilibrium is reached (Crutzen, 1971). The
PCO in the middle stratosphere peaks earlier in winter in January and February. This is due to accumulation of transported
ozone from lower latitudes during wintertime caused by the Brewer-Dobson circulation (Staehelin et al., 2001). The PCO in
the lower stratosphere peaks in March and represents the well-known springtime maximum in the Arctic, which is caused by
winter accumulation that occurs before ozone transport to the troposphere (Rao, 2003; Rao et al., 2004; Stachelin et al.,
2001). The PCO peaks in the troposphere in April, caused primarily by relatively large ozone concentrations between 6 and
10 km. However, this ozone appears to be transported downward in the troposphere later in the spring because
concentrations peak between 4 and 6 km in May. The peak in the upper troposphere in April is likely caused by intrusion of
ozone-rich air from the stratosphere. The subsequent intrusion of ozone into the troposphere later in the spring are likely the
result of tropospheric folds that occur in mid to late spring (Holton et al., 1995; Van Haver et al., 1996). The greatest
seasonal variation (shown as uncertainty bars in Fig. 7) is seen in the lower and middle stratosphere with values peaking in
late winter and early spring, and then decreasing to minimum values in late summer and early autumn. The ozone variations
seen in winter (Nov-Jan) in the upper stratosphere (27-42 km) may be due to poor statistical sampling because fewer sondes
reach those altitudes in winter.

Figure 8 also shows the values of PCO based on FTS for Kiruna and Ny-Alesund (from Vigouroux et al, 2008) and exhibit
similar seasonal cycles to those at Summit. Vigouroux et al., 2008, only report values for March-September at Ny-Alesund
and January-November at Kiruna because measurements were only obtained during periods of sunlight. However, the
amount of ozone in the troposphere is much less over Summit Station because of the high surface elevation of that site
[roughly 3200 meters above sea level (asl)]. Kiruna is located at 580 meters asl; Ny-Alesund is near sea level at 40 m asl.
This effect is largest in the lowest layer, ground to 10 km, where the PCO at Kiruna and Ny-Alesund are consistently 10-20

DU larger than at Summit.

4.3 Trends

Trends in the total column ozone over Summit Station, Greenland are now considered. It should be emphasized that
determining significant trends using linear regression over such a short time period is of questionable value. For instance, the
trends can be greatly influenced by the endpoints of the time series over which the regression is performed. Therefore, the
following results should be interpreted with caution. Here we report the slope of the linear fit (trend) as well as the
uncertainty in the slope. There is some confidence for trends that have a slope that is greater than the uncertainty in the slope.
Figure 9 shows the TCO values for the multi-year (annual) and seasonal averages. (To be consistent with the SMR analysis,
these averages were calculated using the time range of the proxies.) The trends in winter, spring, and summer are positive,

but none of the trends is significant. There is a decreasing trend in fall in TCO (-1.18 DU/year), but with a comparable
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uncertainty (+1.24 DU/year). The regression slope for the annual values (1.26 DU/year) is positive and is greater than the
uncertainty (+0.87 DU/year), indicating a slight increase in the annual TCO over Summit Station from 2005 to 2016.

However, caution should be used when interpreting the increase in TCO because of the short period of record (12 years).

4.4 Drivers of ozone variation over Greenland

To identify the drivers of ozone variations over Summit Station, Greenland, the SMR technique described in Section 3 is
used. We refer back to Figure 5 and Table 3, which describe the proxies used to determine the causes of ozone variations.
The most dominant source of ozone variation is the seasonal cycle, so the first step in the analysis is to remove this cycle.
Figure 10 shows the values of total column ozone (top panel) and the partial ozone column values for each of the four
altitude regions introduced in section 4.2 (bottom four panels). The seasonal cycle is determined by fitting the time series
with the first five terms in Eq. 2. These cycles are also shown in Figure 10. The first row of Table 4 (and the titles in Figure
10) shows that the seasonal cycle explains over 50% of the variance in both the total and partial column ozone values. The
coefficient of determination, R, for total column ozone is 0.68, or 68%.

The SMR analysis is then performed on the residual time series, which are determined by subtracting the seasonal cycles
from the total and partial column ozone time series. Before the results of the SMR analysis are discussed, it is important to
note that the removal of the seasonal cycle likely decreases the influence of proxies that have seasonal variations. Figure 5
shows that this is mostly true for the eddy heat flux and, to a lesser degree, the volume of polar stratospheric clouds.

The SMR analysis is initiated by calculating the coefficient of determination (Rz) for each proxy using the residual time
series. The best proxy at each step in the analysis is the one with the largest R” value, which is at least 1% higher than R* of
previous step. Table 5 summarizes the results of the analysis for each time series. The list of proxies is in order of
importance (in descending order of R? values) and is different for each of the five residual time series. We also list the sign
of the slope of the regression fit of each proxy in Table 5 to the left of the R? value (except for the QBO because this proxy
involves multiple terms); the sign of the slope indicates positive of negative correlation between the proxy and the residual
time series. The bottom row of Table 5 lists the cumulative R* value of all accepted proxies and, therefore, shows the
variance explained by the selection of proxies. Figure 11 is a graphical representation of the results in Table 5. The time
trends were included in the regression analysis by using Ay =1 in Eq. 2. A small positive trend was detected in total column
because of low and mid stratospheric (10-27 km) layers, however, this should be interpreted with caution due to the short
period of study.

Table 5 and Figure 11 show that tropopause pressure (TP) is the most important proxy for all of the time series except in the
upper stratosphere (27-42 km). The seasonal cycle in TP is difficult to detect in Figure Sa, but the largest values of TP
generally occur in winter and spring; note that the y-axis in Figure 5a decreases upward, so large pressure values indicate
lower height levels in the atmosphere. TP has been shown to correlate well with total column ozone (Appenzeller et al.,
2000; Steinbrecht et al., 1998). Lower TP (higher tropopause height) leads to lower values of ozone (Steinbrecht et al.,

1998). Tropopause height can also be increased due to lower stratosphere temperatures (Forster and Shine, 1997), which can
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result in ozone depletion (Rex, 2004). An increase in tropopause height is also correlated with increases in tropospheric
temperature, which can affect the ozone concentration via vertical transport. The transport of ozone to higher levels in the
atmosphere can increase ozone destruction because photochemical reactions increase (when sunlight is available)
(Steinbrecht et al., 1998).

Table 5 and Figure 11 show that the QBO is the second most important proxy in the lower (10-18 km) and middle
stratosphere (18-27 km), and essentially tied for second (along with VPSC) for total column ozone. The QBO has been
shown to be important for transport of ozone from the tropics to higher latitudes (Hasebe, 1980; Bowman, 1989; Thompson

et al., 2002; Brunner et al., 2006; ; Nair et al., 2013; Anstey and Shepherd, 2014; Li and Tung, 2014; Steinbrecht et al.,
-1
2017;). Here two proxies of the QBO are used (Figures 5b, 5c): the zonal wind (in m s ) at 10 hPA (QBO10) and 30 hPa

(QB030) at Singapore as in previous studies (Brunner et al., 2006; Anstey and Shepherd, 2014; Vigouroux et al., 2015).
Choosing to characterize the QBO using winds at two pressure levels is supported by the review of Anstey and Shepard
(2014), which states that there is currently no consensus as to what pressure level in the tropics has the greatest influence at
high latitudes. To accommodate the approximate 28-month cycle of the QBO and the lag time of its effect, five coefficients
(including sinusoidal terms) are used to model the combined effect of the QBO10 and QBO30 (Vigouroux et al., 2015). As
mentioned in the Introduction, the QBO modulates planetary-scale Rossby waves and consequently the poleward transport of
ozone from the Tropics by shifting the zero wind line.

A close evaluation of the residual ozone and the QBO time series shows that the largest ozone values occur when the QBO is
in the easterly phase. Under these conditions, the stratospheric circulation leads to increases in ozone over Greenland by both
weakening the polar vortex and warming it up (Holton and Tan, 1980). In general, higher stratospheric temperatures in the
Arctic lead to less photochemical loss of ozone (Rex, 2004; Shepherd, 2008). On the other hand, the westerly phase of the
QBO strengthens the polar vortex, which decreases stratospheric temperatures over Greenland and leads to ozone loss.

To our knowledge, no previous studies have focused on the effect of stratospheric dynamics on ozone over Greenland
specifically. In spite of this, Greenland appears to be located in an area of the Arctic that is particularly sensitive to the QBO,
which might explain why the QBO proxy explains a significant portion of the variance in the ozone residual time series over
Summit Station. Figure 2a of Anstey and Shepherd (2014) indicates that the stratosphere over Greenland exhibits the most
extreme variability in westerly versus easterly phases of the QBO. Our results show that ozone over Summit Station is more
dependent on the QBO phase than other nearby Arctic stations; see the analysis by Vigouroux et al (2015) for Ny-Alesund
and Kiruna. According to Anstey and Shepard’s results (Figure 2a), the locations of both Ny-Alesund and Kiruna should be
influence by the QBO phase, but to a lesser degree than Summit Station. It is important to note that the time series of ozone
variations over Ny-Alesund and Kiruna were available only during sunlit times and, therefore, have data gaps during an
important time when ozone fluctuations depend on the winter stratospheric circulation. Furthermore, the effect of the QBO

on Arctic ozone is complicated, and its effect at different locations is an area of active research (Anstey and Shepherd,
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2014). But long time series of the vertical profile of Arctic ozone are needed to more fully understand the connection to the
QBO.

To investigate the robustness of the QBO proxy and its effect on the regression analysis, we removed the QBO from the list
of proxies and re-calculated the SMR analysis to study the changes in final model. Inclusion of the QBO proxy increased the
final model correlation coefficient of residuals by <1%, 12%, 32%, 21%, 12% in the 0-10 km, 10-18 km, 18-27 km, 27-42
km layers, and the Total Column respectively. The effect is greatest in the 18-27 and 27-42 km layers and decreases in
importance lower in the atmosphere. This analysis shows that the QBO plays a significant role in explaining ozone variations
over Greenland. Furthermore, no other proxy accounts for the ozone variance provided by the QBO proxy and, thus, the
QBO is an important and unique contributor.

Polar stratospheric clouds in the Arctic atmosphere contribute to ozone loss through photochemistry (Rex et al, 2004;
Brunner et al.,, 2006). In this study, the volume of polar stratospheric clouds is multiplied by effective equivalent
stratospheric chlorine (EESC) to account for the modulation of VPSC by EESC (Brunner et al., 2006). The cumulative effect
of VPSC has been shown to have a semi-linear relationship to ozone loss (Rex et al., 2004). To account for the cumulative
effect on ozone, we use equation 4 from Brunner et al. (2006). For simplicity, we use the term VPSC here to refer to the
collective effect that includes EESC and accumulation. This proxy is shown in Figure 5d. VPSC is the second most
important proxy for TCO because of its influence on stratospheric layers (10-42 km) layers (Table 5). Lower stratospheric
temperatures result in more polar stratospheric clouds, thus, large VPSC is an indicator of low stratospheric temperatures and
a stronger polar vortex (Rex, 2004). The reduction in potential temperature is associated to ozone loss (Rex, 2004) and
higher values VPSC are then negatively correlated with the total column ozone, which is confirmed by the negative slope of
this proxy (Table 5).

The Brewer-Dobson circulation is one of the most important processes that impacts ozone transport from the Tropics to the
Arctic (Stachelin et al., 2001). The seasonsal cycle of ozone in the extratropics is caused, in part, by this circulation (Fusco
and Salby, 1999). The vertical component of the Eliassen-palm flux and the eddy heat flux (EHF) are proportional to each
other and are both good indicators of the Brewer-Dobson circulation (Brunner et al., 2006; Eichelberger, 2005; Fusco and
Salby, 1999). In this study, the spatially-averaged EHF at 100 hPa over 45-75° N is used. The variation of EHF is shown in
Figure 5e. As mentioned above, the seasonal variation of EHF is similar to that of ozone over Summit Station with
maximum values in winter. Large values of EHF indicate higher wave forcing of stratospheric circulation, which weakens
the polar vortex and leads to higher ozone (Fusco and Salby, 1999), therefore, Table 5 shows that the correlation between
EHF and ozone is positive and it is the first most important proxy in upper stratosphere (27-42 km).

The other proxies, the Arctic Oscillation (AO) (Figure 5f), solar flux (Figure 5j), and the El-Nifio Southern Oscillation
(ENSO) (Figure 5k), have little influence on either the partial or total column ozone over Summit Station. The AO proxy
also plays a minor role in the ozone variations over Summit Station, but has been tied to changes in the polar vortex and
stratospheric circulation (Appenzeller et al., 2000). The AO is the third most important proxy in the lower stratosphere, but it

does not significantly affect the TCO.
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Equivalent latitude (EQL) can also affect the ozone concentration. Equivalent latitude is an index estimated based on
potential vorticity (PV) that is indicative of isentropic ozone (air parcel) transportation between the lower stratosphere and
upper troposphere (Danielsen, 1968; Butchart & Remsberg, 1986; Allen & Nakamura, 2003). Adiabatic vertical movement
of air parcels changes the volume of an air parcel, which consequently changes the ozone mixing ratio. Moreover, isentropic
horizontal advection can affect the ozone concentration when an air parcel is transported to a location with surrounding air
that has different properties (Danielsen, 1968; Butchart and Remsberg, 1986; Salby and Callaghan, 1993; Allen and
Nakamura, 2003, Wohltmann et al., 2005). We used equivalent latitude at three potential temperature levels of 370 K, 550 K,
and 960 K. Monthly fluctuations of these levels are shown in Figures 5g, h, and i. The EQL proxies has been found
insignificant contributor to ozone fluctuations at Summit Station. However, EQL at 960 K influenced the ozone within the
tropospheric layer in spite of very little influence in the stratospheric layers and the total column ozone. Because of this, we
believe that this effect is spurious and is not supported by any physical process, therefore, we removed this proxy from
further analysis.

The solar flux and ENSO show insignificant contributions at any level in the atmosphere and the TCO. The solar flux and its
11-year cycle are known to influence stratospheric ozone concentrations (Newchurch, 2003; Brunner et al., 2006), but Figure
5g shows that the solar flux completes only one solar cycle during the relatively short time period of this study. However, the
solar flux has been found to be a significant proxy in other regions of the Arctic with longer datasets (Vigouroux et al.,
2015). The El Nifio-Southern Oscillation (ENSO) is also an important proxy of ozone variations in many locations (Doherty
et al., 2006; Randel et al. , 2009). The time series of the multivariate ENSO index (MEI) is shown in Figure 5h. To
investigate the effect of ENSO variations on ozone over Summit Station, the MEI was used with time lags between 0 and 4
months in a manner similar to Randel et al., 2009 and Vigouroux et al. 2015. None of the time-lagged MEI proxies affected
the ozone variation over Summit Station. The physical mechanism between warm ENSO conditions and polar stratosphere
warming is not fully understood yet, however, observations show that unusual convergence of EP flux follows a warm
ENSO, which promote warming in the polar regions (Taguchi and Hartmann, 2006; Garfinkel and Hartmann, 2008).
However, it is shown that the easterly phase of the QBO reduces the effect of a warm ENSO on the polar stratosphere
(Garfinkel and Hartmann, 2007). This might be the reason that Greenland is not affected significantly by the ENSO effect
via its modulation of the Arctic polar vortex; see Figures 6 and 8 in (Garfinkel and Hartmann, 2008).

Figure 12 shows the results of the final regression model. The final regression is calculated using the coefficients that were
found by fitting the seasonal cycle and those determined in the SMR and then re-calculating Eq. 2. The final values of R? are
shown as the bottom row in Table 4. By comparing the two rows in Table 4, the effect can be seen of how the SMR analysis
explains additional variance beyond that of the seasonal cycle. The SMR analysis increases the R? values between 4 and 22%
in the different altitude regions and 16% in the TCO.

Figure 12 shows that the final regression model fits the ozone variations well both in TCO and the PCO in the four altitude
regions. Furthermore, it can be seen that the final regression model provides significantly more information than the seasonal

cycle alone. Using Figure 11 and Table 5, we conclude that the tropopause pressure, QBO, and VPSC explain the majority of
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ozone variations in the total column ozone. The tropopause pressure and QBO play major roles in the variation of ozone in

the four different altitude regions, while VPSC, the eddy heat flux, and AO play minor roles.

It should be noted that the proxies may be correlated with each other (Appenzeller et al., 2000; Vigouroux et al., 2015). We

calculated the covariance matrix for all combinations of the proxies used in the SMR model and found that most covariances

5 are less than 0.20. However, certain combinations of the EHF, VPSC, and the EQL proxies are significantly correlated with
each other; EHF-VPSC = 0.66, EQ370-EQ550 = 0.58, VPSC-EQ370 = 0.40, and EHF-EQ370=0.38. The EQL proxy did not

contribute significantly to the final model, even if both EHF and VPSC were excluded from the analysis, thus, this

correlation does not affect the overall analysis. The contribution of VPSC to the ozone fluctuations is greater than that of

EHF, but removing VPSC did not improve the contribution of EHF. However, the inclusion of EHF slightly decreased the

10  contribution of VPSC in troposphere. In spite of this, the SMR analysis is useful for understanding how the individual

proxies explain the variance of ozone and for determining the primary drivers of variability in the residual time series of

ozone. We also acknowledge that the regression model developed here is likely to be unsuitable for other Arctic locations

due to the unique characteristics of Summit Station including its high altitude on the GrIS. Furthermore, other studies have

shown that the analysis of ozone drivers depends significantly on the study location ( Staehelin et al., 2001; Rao, 2003; Rao

15 etal, 2004; Yang et al., 2006; Vigouroux et al., 2008; 2015).

5 Conclusions

To fully understand the ramifications of the Montreal Protocol, there is continued interest in global ozone concentrations.

There is also continuing debate as to what controls Arctic ozone and what are the relative contributions of dynamics and

photochemistry (Antsey and Shepard, 2014). Understanding what cause variations in Arctic ozone is particularly difficult

20 because there are few long-term records of the vertical profile of ozone in this region. We present 12 years of vertical

profiles of ozone over Summit Station, Greenland that were measured from 2005 to 2016 using ozonesondes launched by

NOAA. These profiles are subjected to data screening and are extended to 60 km using four different extrapolation methods.

The differences in the extrapolation are not significant, so the average of the four methods is used to create profiles that are

used for further analysis.

25 The ozone profiles over Summit Station are used to examine ozone variations over the Greenland Ice Sheet. The total

column ozone and the partial column ozone in four atmospheric layers are analyzed: surface to 10 km, 10-18 km, 18-27 km,

and 27-42 km. The monthly mean total column ozone reaches a maximum of about 400 DU in April, then decreases to

minimum values between 275 and 300 DU in the late summer and early fall. In the tropopause (surface to 10 km), the partial

column ozone increases during spring to a maximum in April because of stratosphere-troposphere exchange caused by

30 tropopause folding. In the lower to middle stratosphere, the ozone increases from fall into the winter with peak values

occurring in late winter or early spring. The ozone then decreases during the spring and summer. This cycle is consistent

with winter accumulation of ozone followed by the springtime breakup of the polar vortex and a return to photolysis
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equilibrium in summer. In the upper stratosphere, the partial column ozone peaks in late spring or early summer, which is
consistent with ozone production associated with solar illumination and photolysis.

The multi-year trend in total column ozone is positive over the 12-year period of this study. This is likely caused by a similar
trend in the springtime ozone, which is also positive. Because the ozone amounts are higher in spring, the positive trend in
spring dominates a negative trend in fall when the ozone concentrations are at a minimum. However, we acknowledge the
large uncertainty associated with these trends due to the short period of study (12 years).

Stepwise multiple regression analysis is performed to determine the dominant proxies that affect ozone variations over
Summit Station. After removing the seasonal cycle, the SMR analysis was successful in identifying proxies that explained a
significant portion of the ozone variance. The coefficient of determination (R?) of the final regression model was 0.84 for
total column ozone and between 0.69 and 0.84 for the different altitude regions, which was a significant improvement over
fitting simply with a seasonal cycle. The tropopause pressure, quasi-biennial oscillation, and the volume of polar
stratospheric clouds are important proxies for the total column ozone. The partial column ozone amounts in the different
altitude regions depend primarily on tropopause pressure and quasi-biennial oscillation but also somewhat on the volume of
polar stratospheric clouds, eddy heat flux, arctic oscillation. Interestingly, equivalent latitude, the solar flux, and El Nifio-
Southern Oscillation proxies are not important for ozone variations over Summit Station. We suspect that a longer period of
study is required to fully analyze the effect of solar flux on ozone fluctuations. The relative importance of the QBO at all
altitudes may be related to the fact that Greenland lies in a region that is particularly sensitive dynamically to variations in
the phase of the QBO winds (Anstey and Shepherd, 2014). Thus, the primary drivers of ozone variations over the Greenland
Ice Sheet may be unique when compared to other nearby Arctic stations, like Ny-Alesund and Kiruna. However further
study is required because Ny-Alesund and Kiruna lack measurements during the polar night and, thus, a full seasonal cycle.
This is especially important because winter is a critical period for ozone accumulation and transportation to the Arctic. Thus,
additional studies that include the full seasonal cycle of ozone in the Arctic are needed. In addition, a longer time series of

ozone profiles over Summit Station would be helpful to determine if the conclusions of this study are robust.
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Table 1: List of observing stations used for analysis in this study.
Station Latitude Longitude Altitude (km)
Summit 73N 38E 3.22
Ny-Alesund 79N 12E 0.02
Kiruna 68 N 20E 0.42
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Table 2: Effect of data screening on number of ozonesondes used each month in this study. “Total” contains the number of
original ozonesondes from NOAA GMD, “Missing Data > 40%” contains the number of ozonesondes rejected because more than
40% of data in the vertical profile is missing, “Burst altitude < 18 km” contains the number of ozonesonde rejected because the

5 burst altitude of the sonde balloon was below 18 km. “Retained for analysis” shows the number of ozonesondes that were retained
for data analysis.

Month Total More than >40% Burst altitude
<18 km Retained for analysis

January 46 1 21 25 (54%)
February 54 2 11 43 (80%)
March 70 2 5 65 (93%)
April 42 0 0 42 (100%)
May 48 0 0 48 (100%)
Jun 42 1 3 39 (93%)
July 39 1 4 34 (87%)
August 43 0 0 43 (100%)
September 42 2 3 39 (93%)
October 46 3 7 39 (85%)
November 46 1 5 41 (89%)
December 45 2 13 32 (71%)
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Table 3: Proxies used in the stepwise multiple regression performed in this study to explain variance in the total column ozone
amount over Summit Station, Greenland.

Description Source

Quasi-biennial Based on equatorial stratosphere winds  http:/www.geo.fu-
oscillation (QBO) at 30 and 10 hpa berlin.de/en/met/ag/strat/produkte/qbo/index.html

Eddy heat flux Averaged over 45-75 N at 100 hP https://acd-ext.gsfc.nasa.gov/Data_services/met/ann_data.html
(EHF)

Equivalent latitude At 3 altitude levels of potential Calculated at FMI
(EQL) temperature 370K, 550K, 960K

Solar flux ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-
features/solar-radio/noontime-

flux/penticton/penticton_observed/tables/table_drao_noontime-

flux-observed_monthly.txt
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Table 4: Correlation of determination for the seasonal cycle and final regression model of ozone variations over Summit Station,
Greenland (2005-2016).

Sfc-10 km 10-18 km 18-27 km 27-42 km Total Column
Seasonal cycle model R® 55 68 53 73 68
(%)
Final regression model, 77 84 69 77 84
R’ (in %)
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Table 5: The correlation of determination (Rz) in % obtained in the stepwise multiple regression analysis. The regression is
performed on the residual ozone time series after subtracting the seasonal cycle. The R? values are listed in order of importance in
the descending order. Proxies with could not improve the R> more than 1% are excluded from model and shown here as <I.
5 Proxies such as Solar flux, EQL and ENSO that found insignificant in all layers are not listed. The sign next to the R? value is the
sign of the slope of the regression. The R*of the final residual model for each atmospheric layer is shown in the bottom row. The
sign of the QBO is not shown because its contribution comes from several different terms and a single slope sign is, thus, not

applicable for this proxy.

Sfc-10 (km) 10-18 (km) 18-27 (km) 27-42 (km) Total Column
Proxy R’ Prowy R Proxy R Proxy R Proyy R
TP 35.4,+ TP 27.5, + TP 10.6, + EHF 5.1, + TP 30.0, +
EHF 2.7, - QBO 7.0 QBO 8.8 VPSC 43,- VPSC 6.3, -
QBO 1.3 AO 4.6, + VPSC 6.6, - TP 2.7,+ QBO 6.0
AO <1 VPSC 25, - EHF 4.7, + QBO 25 Trend 1.6, +
Trend <1 Trend 1.3,+ Trend 1.2, + Trend <1 EHF 1.9, +
VPSC <1 EHF <l AO 1.1, - AO <1 AO <1
Total R? 39.4 459 33.1 14.5 45.6
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Figure 1: Map showing the locations of study sites used: Summit Station Greenland, Ny-Alesund Svalbard, and Kiruna Sweden.
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5 Figure 2: Characteristics of ozonesondes launched at Summit Station, Greenland between 2005 and 2016. a) Histogram of the
maximum height reached by each ozonesonde. b) Histogram of the percentage of missing data in each ozonesonde.
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Figure 3: Profiles of ozone (in ppmv) measured by NOAA ozonesondes that have been screened and retained for data analysis. The
maximum heights achieved in winter are lower than other times of year due to premature balloon bursts.
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Figure 4: Monthly mean total column ozone using four different methods for extrapolating climatological ozone above the
measured ozonesonde profiles. The four methods are explained in the text, but involve either linking or scaling the calculated

5  climatology (CC) based on the average ozonesondeprofile or ML climatology (McPeters and Labow, 2012). The mean of the four
methods is shown as the black dashed line. The values shown along the top axis are the monthly averages of the standard
deviations of the total column ozone of the four constructed profiles (as explained in the text). The monthly mean total column
ozone for Kiruna, Sweden and Ny-Alesund, Svalbard are also shown based on Vigouroux et al (2008).
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Figure 5: Time series of the proxies used in this study to analyze ozone variations over Summit Station, Greenland. The sources of
the proxies are listed in Table 3. The units of the proxies: are unitless for ENSO and AO; m/s for QBO10 and QBO30 (positive
values are westerly zonal winds, negative values are easterlies); W m™ for Solar Flux and Eddy Heat Flux (EHF), hPa for
Tropopause Pressure (TP), 10° km® for Volume of Polar Stratospheric Clouds (VPSC), and degrees for equivalent latitude (EQL)

5  at potential temperatures of 370, 550, and 960 K. The proxy for VPSC is actually the cumulative volume of polar stratospheric
clouds times the effective equivalent stratospheric chlorine (EESC) and cumulative EHF is named EHF (Brunner et al., 2006), as
explained in the text.
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Figure 6: a) Monthly average profiles of partial column ozone for each 100-meter layer over Summit Station, Greenland (2005-
5 2016). b) Difference between the monthly average partial column ozone profiles at Summit and the ML climatology from McPeters
and Labow (2012).
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Figure 7: Time series of ozone variations over Summit Station, Greenland from 2005 to 2016. a) Partial column ozone (PCO) for
each 100-meter layer. b) Purple points are the total column ozone (TCO) calculated from the vertical profiles. The black line is the
average TCO for the Arctic (latitudes > 63 N) obtained from NASA’s Arctic Ozone Watch. Note that the time scales are different

5 for the two panels. The time scale for panel (a) is approximate to avoid gaps between the plotted profiles, while the time scale for
panel (b) is accurate.
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Figure 8: Partial ozone columns (PCOs) for different altitude layers at Summit Station, Greenland (purple). PCO values are also

shown for Ny-Alesund, Svalbard (green), and Kiruna, Sweden (red). The altitude is relative to sea level. The uncertainty bars for

Summit Station represent the standard deviation of the monthly average from 2005 to 2016. The corresponding values for Ny-
5 Alesund and Kiruna are from Vigouroux et al. (2008) and are shown for comparison.
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Figure 9: Trends in the annual and seasonal average total column ozone over Summit Station, Greenland. The annual trend is
shown in red; the seasonal trends are shown in yellow (spring), green (summer), fall (cya), and winter (purple). The numbers at
the right of each curve show the linear trend (slope) and the uncertainty in those trends obtained from linear regression. (Caution

5 should be used when considering the significance of these trends due to the relatively short time period over which they were
computed.)
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Figure 10: Time series of the total column ozone (top panel) and the partial column ozone in four atmospheric layers (four bottom
panels) from Summit Station, Greenland (black dots). The fitted seasonal cycle is shown as the green curve. The coefficient of
determintation (R for each seasonal fit is shown in the title for each panel.
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Figure 11: The contributions of the individual proxies determined by stepwise multiple regression (SMR) analysis for the four

atmosphere layers (surface to 10 km, 10-18 km, 18-27 km, 27-42 km) and the total column ozone. [TP — Tropopause Pressure,

QBO - Quasi-biennial oscillation, VPSC — Volume of Polar Stratospheric Clouds, EHF — Eddy Heat Flux, and AO — Arctic
5 Oscillation]
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Figure 12: The results of the final regression model (red curve) of ozone variations over Summit Station, Greenland. The black
dots are the original time series of the total column ozone and the partial column ozone from Figure 10. The fitted seasonal cycle is

shown for reference as the green curve. The coefficient of determination (Rz) for each seasonal fit and for the final regression
5 model are shown in the title for each panel.
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