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Abstract A reduction of the total ozone over the southern tip of South America lasting 3 weeks occurred
in November 2009. Analyses of the ERA-Interim reanalysis data and the total ozone observed by the

Ozone Monitoring Instrument indicate that the total ozone reduction event was caused by a migration of the
polar vortex toward the South American continent at the time of the vortex breakup. The vortex

migration is associated with an enhanced wave flux from the troposphere at 120-150°W and 50-60°S to the
west of the South American continent to the stratosphere over the southern part of the continent,

which led to a large negative geopotential height anomaly in the lower stratosphere. In November, a
blocking event was diagnosed from the 500-hPa geopotential height over the west of the South American
continent. These results suggest a relation between the long-lasting reduction of the total ozone over the
southern tip of South America and the blocking phenomenon in the troposphere of the Southern
Hemisphere through wave propagation from the blocking region in 2009. Analysis of the total ozone
anomaly for 50-60°S and 65-75°W over the southern tip of South America in November for 1979-2015
indicates that the negative ozone anomaly in November 2009 was one of the largest anomalies in this 37-year
period and was associated with the large negative geopotential height anomaly in the lower stratosphere.
Analyses of dynamical fields were also conducted for other years with large geopotential height anomalies.

1. Introduction

An Antarctic ozone hole has occurred every year over Antarctica in austral spring since the early 1980s. When
the ozone hole developed, the ozone concentration at middle and high latitudes in the Southern Hemisphere
was temporarily reduced. Kirchhoff et al. (1997) reported a dramatic total column ozone (hereafter, total
ozone) reduction as low as about 200 Dobson units (DU) over Punta Arenas, Chile, for 4-5 days in October
1995. Pérez et al. (2000) reported short-term low-ozone events at Rio Grande, Carmen de Patagones, and
San Luis in the South American continent in September 1996 and October 1997. These low-ozone events
were associated with polar vortex elongation in September and October in the direction of the southern part
of the South American continent with an eastward phase shift. Brinksma et al. (2002) reported short-term
low-ozone events over New Zealand in September, October, and November 1997. These low-ozone events
were associated with polar vortex elongation and distortion in September and October and ozone-depleted
vortex remnant advection after the vortex breakup in the direction of New Zealand in November. The transit
of low-ozone air masses due to the polar vortex elongation and ozone-depleted vortex remnant advection
after the vortex breakup caused a reduction of the total ozone amount over several days, because the phase
(the longitude) of the polar vortex elongation travels eastward in September and October and the small-scale
ozone-depleted vortex remnant is diluted, diffusively and chemically, for a short period in November.

In contrast to these short-term reductions, low-ozone events over New Zealand or the southern part of the
South American continent can also occur just before or during the Antarctic polar vortex breakup due to
polar vortex migration with low-ozone air masses. Ajtic et al. (2003) discussed the advection of such a low-
ozone air mass to New Zealand in December 1998. In the southern part of South America, low total ozone
was observed for a long period, totaling 3 weeks, in November 2009. The ozone reduction and associated
increase in ultraviolet radiation were measured by lidar and radiometers at the Network for the Detection
of Atmospheric Composition Change station at Rio Gallegos (51.5°S, 69.3°W) in Argentina (Wolfram et al.,
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2012). Although the lidar observations were not performed daily, partly due to bad weather conditions, they
showed ozone concentration reductions at altitudes of 20-35 km on 13-14 November 2009 and 15-25 km on
22-23 November 2009. The serial occurrence of ozone reductions at different altitudes resulted in a 3-week
reduction in the total ozone as reported by de Laat et al. (2010).

An irreversible advection of a low-ozone air mass, as the polar vortex undergoes breakup, is a critical factor in
ozone reductions lasting several weeks over the southern tip of the South American continent. The migration
of the polar vortex, accompanied by a low-ozone air mass, often occurs during the period of polar vortex
breakup (Atkinson & Plumb, 1997). This may result in a long period of ozone reduction in the regions around
Antarctica. The distortion and breakup of the polar vortex are largely caused by an increase in planetary wave
activity in the stratosphere. Therefore, an analysis of the planetary wave activity in 2009 may lead to a better
understanding of the deformation and migration of the vortex.

In this study, we analyze the geopotential height field and wave activity flux, as well as the total ozone dis-
tribution at 50-60°S when the polar vortex migrated toward the southern part of the South American conti-
nent in November 2009. The geopotential height field is decomposed into zonal wavenumbers 1 and 2,
which are the dominant components in the Southern Hemisphere. We also show a relation between the
long-term low total ozone event observed over the southern part of the South American continent and a
blocking phenomenon in the troposphere of the Southern Hemisphere. This is associated with the planetary
wave propagation from the troposphere to the stratosphere during a low-ozone event. The analysis of the
geopotential height field and the total ozone distribution for November 2009 is extended to November in
the years from 1979 to 2015 to consider the geopotential height anomalies and the total ozone for these
37 years, and it is found that the November 2009 event was one of the largest negative anomalies.

2, Data for Analysis

2.1. Meteorological Data

The European Centre for Medium-Range Weather Forecasts provides ERA-Interim reanalysis data for the per-
iod from 1 January 1979 to the present (Dee et al., 2011). In this study, we utilize the daily-mean ERA-Interim
reanalysis data for the 37 years from 1979 to 2015. The horizontal resolution of these data is 1.5° x 1.5°in lati-
tude and longitude. The vertical range spans 37 pressure levels from 1 to 1,000 hPa.

2.2. Total Ozone Data

We use the daily total ozone data from the observations by the Total Ozone Mapping Spectrometer (TOMS)
from 1979 to 2005 and the Ozone Monitoring Instrument (OMI) from 2006 to 2015. The TOMS data used are
the “TOMS Nimbus-7 Total Column Ozone Daily L3 Global 1 deg x 1.25 deg Lat/Lon Grid V008" and “TOMS
Earth Probe Total Column Ozone Daily L3 Global 1 deg x 1.25 deg Lat/Lon Grid V008.” The OMI data used
are the “OMI/Aura Ozone (03) DOAS Total Column L3 1 day 0.25 degree x 0.25 degree V3.” The URLs for these
data sets are provided in the Acknowledgements.

2.3. Data From a Nudged Chemistry-Climate Model Simulation

In this study, we also use the output from a nudged chemistry-climate model (nudged CCM) to discuss
the ozone variation over Rio Gallegos. The CCM used for this study is the MIROC 3.2 CCM, which was used
for a global simulation of the ozone, HCl, and CIO during the stratospheric sudden warming event in the
Northern Hemisphere high latitudes in January 2010 (Akiyoshi et al., 2016). The model is a global spectral
model with T42 horizontal resolution (2.8° x 2.8°) and 34 vertical atmospheric layers above the surface.
The top layer is located at an altitude of approximately 80 km (0.01 hPa). See Akiyoshi et al. (2016)
for details.

The data from the nudged CCM simulation used for the analyses presented in sections 3 and 7.2 are from
the REF-C1SD simulation, which is recommended by the Chemistry Climate Model Initiative (CCMI; Eyring
et al, 2013; Morgenstern et al, 2017). This simulation is identical to the REF-C1 simulation, which is a
simulation of the past climate and chemical constituent distribution forced by the observation data of
ozone depleting substances (ODS) concentration, greenhouse gas (GHG) concentration, sea surface tem-
perature, sea ice, quasi-biennial oscillation, volcanic aerosols, and solar radiation variation, except that the
meteorological fields are nudged toward the observations. The zonal wind velocity, the meridional wind
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Figure 1. Time series of the total ozone over Rio Gallegos (51.5°S, 69.3°W)
from 1 September to 31 December observed by the Ozone Monitoring
Instrument (OMI; red) and calculated by the chemistry-climate model (CCM)
nudged toward the horizontal winds and temperature of the ERA-Interim
data (blue). DU = Dobson unit.

velocity, and the temperature in the CCM are nudged toward the daily
data of the ERA-Interim reanalysis (Dee et al., 2011) below 1 hPa. Above
1 hPa, the zonal-mean zonal wind and temperature are nudged toward
the zonal-mean monthly mean data of the COSPAR International
Reference Atmosphere 86 (CIRA 1986; Rees et al, 1990). These daily
and monthly data are linearly interpolated to the time steps of the
CCM. The timescale for nudging of zonal winds, meridional winds, and
temperature is set to 1 day.

3. Time Series of Observed and Simulated Total Ozone
Over Rio Gallegos

At Rio Gallegos (51.5°S, 69.3°W) in the southern tip of South America, lidar
measurements of the ozone profile were taken in spring 2009 (Wolfram
et al, 2012), and a comparison among the lidar observations, the satellite
observations by the Microwave Limb Sounder, and a nudged chemistry-
climate model simulation from September to November was performed
(Sugita et al., 2017). These observations and the model simulation demon-
strated changes in the vertical profile of the ozone during the low-ozone
event in November 2009. Figure 1 shows a comparison of the total ozone
amounts over Rio Gallegos between TOMS/OMI and the nudged CCM
from September to December 2009. The CCM reproduced very well the

observed total ozone amount and its variations over Rio Gallegos. At the end of September and the begin-
ning of October, low-ozone events occurred over Rio Gallegos for several days. These events occurred when
the tip of the elongated polar vortex passed over Rio Gallegos associated with the eastward traveling (rota-
tion) of the vortex around the South Pole, as shown in Kirchhoff et al. (1997) and Pérez et al. (2000), while a
low-ozone event lasting several weeks in November was associated with the polar vortex breakup process
accompanied by polar vortex migration in the direction of the southern tip of the South American continent.

4, Migration of the Antarctic Polar Vortex Toward the South American Continent at
the Time of Its Breakup in 2009

In middle to late November 2009, the Antarctic polar vortex gradually migrated toward South America and
broke up in early to mid-December. According to the definition of Langematz and Kunze (2006), the breakup
date was 4 December, when the zonal mean westerlies at 65°S at 50 hPa decreased below 10 m/s. Conversely,
according to the definition of Wough and Rong (2002), the breakup date was 12 December, when the hori-
zontal wind speed averaged along the vortex edge fell below the critical value of 15.2 m/s at the 500 K poten-
tial temperature surface. These two methods were used in Akiyoshi et al. (2009) to calculate the springtime
breakup date of the Antarctic polar vortex. The vortex migration and breakup resulted in a long-lasting period
of low total ozone over this region. Figure 2 shows the total ozone distribution observed by OMI and the
potential vorticity distribution and polar vortex boundary calculated from the ERA-Interim reanalysis data
in the Southern Hemisphere middle and high latitudes on 13 and 23 November 2009. The polar vortex
boundary on Ertel’s potential vorticity was calculated by the method of Nash et al. (1996). As shown in
Figure 2, on 13 November, Rio Gallegos was inside the polar vortex as defined by the potential vorticity field
at a potential temperature of 675 K and at the edge of the vortex at 475 K. By 23 November, Rio Gallegos was
outside the polar vortex at 675 K due to a reduction in the vortex area at this altitude. Rio Gallegos remained
inside the polar vortex at 475 K. The variations in the timings of the advection of vortex air at different alti-
tudes over Rio Gallegos resulted in a 3-week total ozone reduction over the southern tip of South America,
as shown in the time series of the total ozone over Rio Gallegos in Figure 1 and the total ozone map in
Figures 2a and 2b. The average westerly zonal jet at the 675 K surface between 50°S and 75°S was 18.3 m/
s on 13 November. This weakened to 10.3 m/s on 23 November. This indicates that the polar vortex at the
upper altitudes had already begun to decay on 23 November. The polar vortex area at 675 K on 23
November in Figure 2 was reduced compared to its extent at 475 K on the same day and at 675 K on

13 November.
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Figure 2. Total ozone distribution from the Ozone Monitoring Instrument in the Southern Hemisphere middle and high
latitudes on 13 and 23 November 2009, and the potential vorticity distribution and polar vortex boundary on isentropic
surfaces, derived from the ERA-Interim reanalysis data. Each projection corresponds to total ozone on 13 November (a) and
that on 23 November (b), the potential vorticity at 675 K on 13 November (c) and that on 23 November (d), and the
potential vorticity at 475 K on 13 November (e) and that on 23 November (f). The values for the total ozone are expressed in
Dobson units (1 DU = 1 m-atm-cm = 2.69 x 10%° molecules/mz), and those for the potential vorticity are expressed in
potential vorticity units (PVU; 107° mz-sq-K-kg*]), indicated by color. The white area with rough boundaries in panels
(a-b) indicates missing data. The boundaries of the polar vortex are indicated by thick solid white lines in panels (c-f). The
outer boundary of each panel is 30°S. The location of Rio Gallegos is designated by the solid black triangle marked “RG.”
The longitudes are bottom, 0°E; right, 90°W; top, 180°E; and left, 90°E.

5. Analysis of the Total Ozone and the Geopotential Height in November 2009

In this section, we compare the total ozone and the geopotential height in November 2009 with the clima-
tology for the period 1979-2015. The geopotential height distribution, and thus the temperature distribution,
is reflected in the total ozone distribution (Wirth, 1993).
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Table 1

Correlation Coefficient Between the Total Ozone and the Geopotential Height
at 50 hPa, 50-60°S and 69.3°W in November 1979-2015, Based on the Daily
Data of Ozone Monitoring Instrument and ERA-Interim

The South American continent is more vulnerable to low-column ozone
in spring compared with Australia and New Zealand (Ajtic et al., 2004). A
long-lasting low total ozone event over Rio Gallegos such as that in

Pressure (hPa)

2009 occurred with a dynamical field that was different from
Correlation coefficient

10
20
50
100
200

the climatology.

g:g;‘ We investigate the wave components of the geopotential height at 50 hPa
0.90 at the latitude range associated with this event. The choice of the 50-hPa
0.82 level is based on the result of our analysis that the temporal correlation
0.65 between the daily total ozone and daily geopotential height at 50-60°S

Note. The correlation coefficients are statistically significant at the 99.9% and 69.3°W in November for the period 1979-2015 is highest at 50 hPa

level according to a t test.

and has a positive value, as shown in Table 1. The correlations in the years

1979-1982, when the area of the ozone hole had not yet increased or had
just started increasing, are not as high as those after 1982, with values of 0.30, 0.48, 0.59, and 0.57 for the years
1979, 1980, 1981, and 1982, respectively. Note that the area of the ozone hole is defined by the area where
the total ozone is less than 220 DU (e.g., NASA Ozone Watch, https://ozonewatch.gsfc.nasa.gov/). Although
the spatial scale of the ozone-poor air mass is much smaller than that of the polar vortex, lwao and
Hirooka (2006) showed longitudinal positive correlations between the total ozone and geopotential height
in the troposphere and stratosphere for the air mass originating from the ozone hole. Conversely, longitudi-
nal negative correlations in the troposphere and weak correlations in the lower stratosphere were found for
the air mass of the anticyclonic anomaly around the tropopause with tropopause uplift (see their Figures 14
and 12 for the two types of minihole in the Southern Hemisphere). Thus, a high positive correlation between
the total ozone and geopotential height in the lower stratosphere suggests an air mass originating from the
polar vortex.

Figure 3 shows the Hovmoller diagrams for the wavenumber 1 and 2 components of the geopotential height
at 50-60°S and 50 hPa, during the period from 1 October to 31 December in 2009, along with those in 1980,
1997, and 2011, in which the minimum phases of wavenumbers 1 and 2 were also observed near Rio
Gallegos, and those of the composite from 1979 to 2015, for comparison. Figure 4 shows the Hovmoller dia-
grams for the wavenumber 1 and 2 components of the total ozone from TOMS/OMI at 50-60°S. This latitude
range includes Rio Gallegos (51.5°S, 69.3°W). The wavenumber 1 and 2 components of the total ozone in
2009, 1980, 1997, and 2011 in Figures 4a, 4c, 4d, and 4e indicate temporal and longitudinal high positive cor-
relations with those of the geopotential height at 50 hPa shown in Figures 3a, 3¢, 3d, and 3e, respectively, in
October and November. The positive correlations in October and November suggest variations caused by
low temperatures and the ozone-poor air mass of the ozone hole or an air mass originating from it.

As shown in Figure 3b, the minimum phase of wavenumber 1 of the composite geopotential height for
1979-2015 is located around 0°E during October-December. In 2009, wavenumber 1 is considered to have
remained quasi-stationary with a minimum phase around 0-30°E and a maximum phase around 180-
150°W in October and in the middle and end of December, as indicated in Figure 3a. However, the minimum
phase longitude in November 2009 is considerably different from those in the 37-year climatology series. The
minimum phase is located near the longitude of Rio Gallegos, indicated by the dashed vertical line. The
minimum phase of the geopotential height corresponds to that of the total ozone, as shown in Figure 4a.

As shown in Figures 3¢, 3d, and 3e, we found three other years (1980, 1997, and 2011) in which the minimum
phase of wavenumber 1 of the geopotential height was located near the longitude of Rio Gallegos in
November for all 37 years 1979-2015, although their minimum phase was located slightly west of the long-
itude of Rio Gallegos. The minimum phase of wave number 1 of the total ozone was also located there
(Figures 4c, 4d, and 4e). These 3 years are discussed later in section 7, together with other years in the
period 1979-2015.

It is well known that the phase of zonal wavenumber 2 in the Southern Hemisphere stratosphere predomi-
nantly travels eastward with a period of 10-20 days (e.g., Harwood, 1975). Because wavenumber 2 is not a
stationary wave but a traveling wave, the composite for the 37 years has a very small amplitude due to the
cancelation among the components for all years, but some evidence of the eastward movement can be seen
in October and in the first half of November (right panel of Figure 3b). The wavenumber 2 component of the
composite of the geopotential height does not show a high correlation with the wavenumber 2 component
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Figure 3. Hovmoller diagram of the wavenumber 1 (left panels) and 2 (right panels) components of the geopotential height at 50-60°S and 50 hPa for ERA-Interim,
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using red for positive values and green for negative values. The longitude of Rio Gallegos is designated by the vertical black solid line at 69.3°W.

AKIYOSHI ET AL.

12,528



'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres

10.1029/2017JD028096

1 6DEC

1DEC

16NOV 1

3
INOVH .

160CT

(c)

\r\\
[/~

A

WN 1

(’/

I DO

U)w (U/

)5 ))))5 '

______

R

L& i

y NI &
N =

N\

’Y@/,

160CT

0 60E120E180120W60W 0 O 60E120E180120W60W O

1980
WN 2

(d

10CT

) 1997

WN 1

(b)
1JAN
16DEC 1
1DEC 1
16NOV 1
1NOV-'{I‘

A
- |1 ]
/ )
t {
b} /
/ 4
i P

0 60E 120E 180 120W60W 0

1979-2015
WN 1

WN 2

SSmamena

Y
Lo o

[ou]

7

100

80

60

40

i)

20

AN

WN 2

1JAN

16DEC

1DEC

16NOV 1

1TNOV 1

160CT {

14

10CT 4

Figure 4. Same as Figure 3, but for the wavenumber 1 (left panels) and 2 (right panels) components of the total ozone from the Total Ozone Mapping Spectrometer/

0 60E 120E 150120W60W O O G6OE 120E 180 120W6OW

16DEC

1DEC

A58

jO @) O}

0 60E 120E 180 120W60W

16DEC{

1DECA

16NOV

INOV ==

160CT

10CT +

WN 1

0 60E 120E 180 120W60W 0

2011

WN 2

////\l(((f/ &

3 Y [ >25220
— 1|\ S S
YT aq

SO ST [E68LEE{cC4¢q

ARRAY) s s 2

SHUTEPS A

ey Bz

%&:(4_& ﬁ’ 5 S 5//'

vy iy

) - | )- {/W/W//W _%/

0 60E120E180120W60W O O 60E 120E 180120W60W 0

(50-60S)

Ozone Monitoring Instrument at 50-60°S. The value of the wave component is indicated using orange for positive values and blue for negative values.

AKIYOSHI

ET AL.

12,529



100 Journal of Geophysical Research: Atmospheres 10.1029/2017JD028096

'AND SPACE SCiENCE

Figure 5. The geopotential height distribution in November 2009
(contour) and its anomaly from the 37-year-mean (color) in the Southern
Hemisphere at 10 (top), 50 (middle), and 500 hPa (bottom). The anomaly
is normalized by the standard deviation from the climatology at each
grid point.

of the composite of the total ozone. In mid-October 2009, the phase of
zonal wavenumber 2 traveled eastward, as in the climatology (right panel
of Figure 3a). However, in late October, the phase speed decreased.
Consequently, the negative anomaly of zonal wavenumber 2 was located
over the longitude of South America throughout November. This behavior
for wavenumber 2 of the geopotential height is different from the
climatology.

Considering that wave number 1 is mainly associated with a shift of the
polar vortex from the South Pole and wave number 2 is associated with
the elongation of the polar vortex around the South Pole, the develop-
ment of wavenumber 2 with wavenumber 1 was important for the elon-
gated vortex edge to reach the southern part of the South American
continent in November 2009.

6. Analyses of Processes Associated With a Connection
Between the Stratosphere and Troposphere

Figure 5 shows the normalized geopotential height anomaly at 10, 50, and
500 hPa in November 2009 from the climatology for 1979-2015. A large
positive anomaly of more than three standard deviations (the maximum
value is 3.67) is evident around 120°W at 500 hPa. At the upper levels of
10 and 50 hPa, large negative anomalies over the South American conti-
nent are evident. The minimum value at 50 hPa is —2.80 standard devia-
tions. It is suggested that the large positive anomalies in the troposphere
and the large negative anomalies in the stratosphere have some relation.

Figure 6 shows height-longitude cross sections of Plumb's wave activity
flux and the geopotential height anomaly from the zonal mean at 50-
60°Son 9, 11, and 13 November 2009. These values were calculated using
the ERA-Interim reanalysis data and the method of Plumb (1985). The fig-
ure indicates that a large wave activity flux originating around 120°W in
the troposphere is propagating into the stratosphere on 9 and 11
November (top and middle panels), where a large negative geopotential
height anomaly developed around 60°W (near Rio Gallegos) on 11 and
13 November (middle and bottom panels). The wave propagation is also
evident from the westerly tilted contours of the geopotential height at
60-120°W on these days (the vertical structure tilts westward with
increasing height).

Figure 7 indicates longitudes where blocking patterns occurred at
500 hPa for a latitude range of 30-65°S as a function of time in
November 2009 in accordance with the method of Mendes et al. (2008,
2012); see also Tibaldi et al. (1994) for details on the method. In this diag-
nosis, the latitudinal gradients of the geopotential height were examined.
The gradients of the daily geopotential height between 55°S and 40°S and
those between 65°S and 50°S were investigated. If the former is positive
and the latter is less than —10 m/degree, then the geopotential height
field was diagnosed as showing a blocking pattern at a specific instant
in time. This process was repeated at intervals of 2.5° in latitude until
the north edge was at 30°S and was performed at every longitude for
the data in November. The large positive anomaly in the November-mean
geopotential height field at 500 hPa shown in the bottom panel of
Figure 5 was a result of the frequent occurrence of blocking patterns in
the daily geopotential height field in November (Figure 7). Figure 7 indi-
cates that a blocking pattern was present at 120-150°W on 1-6
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Figure 6. Wave activity flux (arrows) and geopotential height anomaly from the zonal mean (color) at 50-60°Son 9, 11, and
13 November 2009. The scales for the wave activity flux are represented at the bottom; the left scale is for pressure
levels below 200 hPa (for the troposphere), and the right scale is for those above 200 hPa (for the upper troposphere and
stratosphere). The length of the arrows is proportional to the flux, and the arrows are colored depending on the
magnitude of the flux for conspicuousness.

November and around 90°W on 8-10 November. Accordingly, the wave activity flux from the troposphere to
the stratosphere was enhanced on 8-11 November and a negative geopotential height anomaly developed
in the stratosphere around 60°W on 8-13 November (Figures 6 and 3a). The wave propagation was also
evident from the westerly tilted contours of the geopotential height at 60-120°W on these days, as
shown in Figure 6. Thus, the large negative anomaly is associated with polar vortex migration (Figures 8
and 2). Also, a blocking pattern was present on 13-15 November around 120-165°W, on 19-23
November around 120-150°W, and 25 November-1 December around 120°W. Enhanced wave activity
flux from the troposphere to the stratosphere was evident around 120°W on 20-30 November.
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reanalysis grid (2.5° x 2.5° in latitude and longitude), we linearly interpo-
lated the ERA-Interim data from a resolution of 1.5° x 1.5° to a resolution
of 2.5° x 2.5°. To confirm that the interpolation does not significantly
influence the blocking pattern diagnosis, we repeated the diagnosis of
blocking events using the ERA-Interim data without any spatial
interpolation but with a slightly modified latitude range and conditions
for the diagnosis of a blocking pattern (see section 1 and Figure S1 in
| the supporting information). The longitude-latitude distribution of the
geopotential height at 500 hPa on 9 November 2009 (one of the days
diagnosed as blocked and shown in the top panel of Figure 6) is also
I shown in Figure S2, where a blocking pattern is evident around
60°-120°W in the latitude range of 30°S-66°S when the wave activity flux
from the troposphere to the stratosphere was enhanced. Although there
are some differences between Figures 7 and S1 (e.g., the geopotential
height field on 10 November 2009 was not diagnosed as blocked in
Figure S1), the differences are insignificant, and the result that blocking
patterns were often found to the west of the South American continent
in November 2009 is unchanged.

7. Dynamical Field and Total Ozone at 50-60°S for the
37-Year Period of 1979-2015

7.1. Location of the Antarctic Polar Vortex Before the Breakup
During 1979-2015

Because the 2009 low total ozone event over Rio Gallegos was associated
with the Antarctic polar vortex breakup process, we examined the geogra-
phical distribution of the polar vortex breakup by analyzing the longitude-
latitude distribution of the cumulative number of days the polar vortex

1NOV
0

120E

180 1200 60W 0

existed during the week before the breakup date for the 37-year period
of 1979-2015 (Figure 9). The ERA-Interim data were used for the analysis.

Longitude The day of the polar vortex breakup was defined as the day when the

—32 PVU contour at 450 K encloses an area of less than 5 x 10° km?, as

Figure 7. Longitudes where blocking patterns occurred at 500 hPa in the ~ Was done at the National Centers for Environmental Prediction to calculate
Southern Hemisphere in November 2009 indicated by solid black as a func-  the Southern Hemisphere polar vortex vanishing date (www.cpc.ncep.
tion of the date from 1 November to 30 November. The longitude of the noaa.gov/products/stratosphere/winter_bulletins/sh_10/Fig_7.gif).

large negative geopotential height anomaly at 50-60°S and 50 hPa in
November 2009 (see Figure 10) is designated by the vertical red dashed line.

Because the Antarctic polar vortex breaks up not only in November but
also occasionally in October and December, the analysis provides the
distribution of the vortex air with low ozone just before the breakup,
independent of the month. The figure indicates that the vortex breakup occurred more commonly in the
South America-Atlantic Ocean-Indian Ocean longitudinal section at 50-60°S, which indicates that the low-
ozone air mass of the polar vortex tended to stay in or flowed out to this longitudinal section more frequently.
This result is consistent with the croissant shape of the climatological maximum total ozone on the Indian
Ocean side and the minimum on the Pacific Ocean side (left panel of Figure 4b), which reflects the climato-
logical wavenumber 1 planetary wave structure with the maximum phase around 180°E and the minimum
phase around 0°E (left panel of Figure 3b).

7.2. Analysis of the 50-hPa Geopotential Height and the Total Ozone at 50-60°S for 1979-2015

During the period between 1979 and 2015, there were a few cases of extremely low geopotential height
occurring in the lower stratosphere around South America. Figure 10 shows the geopotential height anomaly
from the 1979-2015 mean at 50-60°S and 50 hPa in November, normalized by the standard deviation at each
longitude. The analysis indicates that negative anomalies of less than —2.5 standard deviations occurred in
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Figure 8. Same as Figures 2c and 2e, but for 9 November 2009. The potential
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Figure 9. Distribution of the cumulative number of days the polar vortex
existed in the week before polar vortex breakup for the 37 years of 1979-
2015. The ERA-Interim data are used for the analysis. The number of days is

indicated by color. The coastline is denoted by light-green lines.

1987, 1997, 2001, and 2009. The mean total ozone distribution in the
Southern Hemisphere in November for these 4 years and those for 1980
are shown in the figure. The geopotential height anomaly in 1980 is not
very large but has similar distributions of ozone and geopotential height
to those in 2009, as described later in this section. The years 1994 and
2001 have anomalies of more than —2.0 standard deviations. Around
60°W and 50-60°S near Rio Gallegos, negative anomalies of less than
—2.5 standard deviations occurred in 2009 and 1997. These negative
anomalies are associated with low total ozone in this region, as shown
by the total ozone maps in the figure. In 1997, however, a large geopoten-
tial height anomaly was not exactly located at the Rio Gallegos longitude
but at longitudes slightly eastward over the Atlantic Ocean. Furthermore,
the period of low total ozone associated with the large negative anomaly
in the 50-hPa geopotential height only lasted for 2 weeks in November.
Negative anomalies in wavenumber 1 were evident around 30°W, though
only in the first half of the month (left panel of Figure 3d).

Large negative anomalies of less than —2.5 standard deviations were evi-
dent in 1987 and 2001 as well as in 2009 and 1997 (Figure 10). However,
these geopotential height anomalies were located around 130°W and
70°E, respectively, so the low total ozone corresponding to these anoma-
lies did not affect the South American continent.

Figure 11 shows the anomaly of the total ozone from TOMS/OMI for the
1979-2015 mean at 50-60°S in November. Large negative anomalies of
less than —2.0 standard deviations around Rio Gallegos are evident in
1997 (—2.6 standard deviations at 35.0°W), 2009 (—2.4 standard deviations
at 77.5°W), and 2011 (—2.3 standard deviations at 92.5°W), although the
geopotential height anomaly in 2011 is not very large (Figure 10). These
3 years are shown in Figure 4 for the wavenumber 1 and 2 components
of the total ozone. Apart from Rio Gallegos, negative anomalies of less than
—2.0 standard deviations are evident in 2001 and 2013, which correspond
to the negative anomalies in the geopotential height around 70°E and
120°E in Figure 10, respectively.

In 1980, a negative anomaly for wavenumber 1 of the geopotential height
was located slightly to the east of Rio Gallegos during the middle of
November (left panel of Figure 3c). This created a weak negative total
ozone anomaly around Rio Gallegos (Figure 4c). The longitude-time cross
sections of the wavenumber 1 and 2 components of the geopotential
height are similar to those observed in November 2009, although the
amplitude is smaller (Figure 3c). Accordingly, the total ozone anomaly is
smaller than that observed in November 2009 (Figures 12a and 12c). The
reason for this is that the ozone hole over Antarctica had not yet substan-
tially developed in 1980. Thus, a long-lasting period of low total ozone did
not occur over the South American continent in the late spring of 1980.
However, that event may be noteworthy because it was a dynamical field
in which the Antarctic polar vortex was elongated and migrated in the
direction of South America. If the concentration of ODS in the atmosphere
had been high under the dynamical field of 1980, a long-lasting period of
low total ozone would have occurred over South America. We have con-
firmed this by means of a numerical experiment using the CCSRNIES
MIROC3.2 CCM (see Akiyoshi et al., 2016, for details of the model). The hor-
izontal wind speeds and temperature were nudged toward those of the
ERA-Interim reanalysis data for 1980, while concentrations of ODS from
the year 2000 were used. Figure 12 shows the observed and simulated
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Figure 10. Geopotential height (GPH) anomaly from the 1979-2015 mean at 50-60°S and 50 hPa in November, normalized
by the standard deviation at each longitude. The magnitude of the anomaly is indicated by its color. The longitude of Rio
Gallegos is designated by a solid vertical black line at 69.3°W. The mean total ozone distribution in the Southern

Hemisphere in November for the years when the normalized geopotential height anomaly is less than —2.5, and those of
1980 are also shown using polar maps with the color scale in Dobson units. The location of Rio Gallegos is designated by

red dots in the polar maps.

total ozone at 50-60°S from October to December 2009 and 1980. From a comparison of Figures 12a and 12b
for 2009, and Figures 12c and 12d for 1980, the model can be seen to simulate the total ozone variation and
distribution very well. The result of the simulation with the wind and temperature for 1980 and ODSs for 2000

Normalized TOZ 50S-60S

2015

2010 25

2005 1.5

2000 o5

November

0 60F 1206 180 1200 50W 0
Longitude

Figure 11. Total ozone (TOZ) anomaly from the Total Ozone Mapping
Spectrometer/Ozone Monitoring Instrument for the 1979-2015 mean at
50-60°S in November, normalized by the standard deviation at each longi-
tude. The magnitude of the anomaly is indicated by its color. White indicates
missing data. The longitude of Rio Gallegos is designated by a solid vertical
black line at 69.3°W.

is shown in Figure 12e, where a low total ozone event over Rio Gallegos is
evident for about 3 weeks in November as in the 2009 event in Figure 12b.

Figure 13 shows a histogram of the total ozone anomaly for 50-60°S and
65-75°W in November from the 1979-2015 mean of TOMS/OMI. Rio
Gallegos is located within this region. This histogram is equivalent to the
distribution of the total ozone anomaly along the longitudes 65-75°W
including the vertical black line at 69.3°W in Figure 11. In this region
around Rio Gallegos, there were 2 years when the standard deviation
was less than —2.0 (2009 and 2011) out of the 37 years between 1979
and 2015, as shown in Figure 13. In 2009, as shown in Figure 1, the total
ozone had low values under 300 DU over 25 days from 9 November to 3
December after high values of around 370 DU on the first several days in
November. In 2011, the total ozone was under 300 DU for 15 days from
9 November to 23 November after having values around 300 DU in early
November. In particular, the total ozone on 17 and 20 November showed
very low values under 220 DU (182 and 210 DU, respectively) owing to the
transit of the vortex air. Thus, the period when the total ozone was less
than 300 DU was shorter than that in 2009. Although these 2 years have
the same classification of negative anomaly as the November-mean total
ozone in Figure 13, the negative anomaly in November 2009 is one of
the largest anomalies in magnitude and duration for the 37 years in asso-
ciation with the large negative geopotential height anomaly.
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Figure 12. Longitude-time cross section of the total ozone at 50-60°S in October-December 2009 (upper panels) and
1980 (lower panels). The total ozone amount is represented by the color scale in Dobson units (DU). The longitude of
Rio Gallegos is designated by the vertical black solid line at 69.3°W. (a) Observations in 2009 by the Ozone Monitoring
Instrument (OMI). (b) Simulations for 2009 by the nudged chemistry-climate model (CCM). (c) Observations in 1980 by the
Total Ozone Mapping Spectrometer (TOMS). (d) Simulations for 1980 by the nudged CCM. (e) Simulations for 1980 by
the nudged CCM with ozone depleting substance concentrations for 2000.
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Number

Figure 13. Histogram of the total ozone anomaly at 50-60°S and 65-75°W in November from the 1979-2015 mean of the
Total Ozone Mapping Spectrometer/Ozone Monitoring Instrument. The anomalies are normalized by the standard
deviation. The numbers in the panel denote the years (“79” denotes the year 1979, and “09” denotes the year 2009). The
mean value of the total ozone in this region is 322 DU, and the standard deviation is 22.0 DU.

7.3. Analyses of Blocking Patterns at 500 hPa and Wave Activity Flux in the Years of Large Negative
Geopotential Height Anomalies in the Stratosphere

Concerning the effect of the troposphere, the relationship between Antarctic polar vortex migration toward
the Southern Hemisphere lower latitudes at the time of the polar vortex breakup and the blocking event in
the Southern Hemisphere troposphere was examined for several years showing large negative geopotential
height anomalies in the stratosphere. In the Northern Hemisphere, the relationship between sudden strato-
spheric warming and blocking events in the troposphere, and the role of wavenumbers 1 and 2 has been
widely investigated and discussed (e.g., Castanheira & Barriopedro, 2010; Labitzke, 1965; Nishii et al.,, 2011;
Quiroz, 1986; Taguchi, 2008). Some studies indicated that sudden stratospheric warming events in the
Northern Hemisphere were preceded by blocking (e.g., Bancald et al., 2012; Harada et al,, 2010; Martius
et al,, 2009). This may suggest that monitoring blockings may lead to improved forecasts of the vortex beha-
vior associated with sudden stratospheric warmings and, thus, polar vortex breakup (e.g., Mukougawa et al.,
2005, 2007), conditional on the ability of the models to accurately simulate blocking. In this study, we focus
on the Southern Hemisphere in November when the Antarctic polar vortex is breaking up or in the conditions
immediately preceding the breakup.

We examined whether blocking phenomena occurred in the November geopotential height distributions at
500 hPa in the Southern Hemisphere troposphere in the years of the large negative geopotential height
anomalies at 50 hPa (i.e., 1987, 1997, 2001, and 2009). This was done using the diagnosis method of
Mendes et al. (2008, 2012) for a latitude range of 30-65°S as was done for 2009 in section 6. Figures 14a—
14¢ show that blocking patterns were diagnosed in the troposphere to the west of the large negative geo-
potential height anomaly at 50 hPa in 1987, 1997, and 2001. The durations of the blocking patterns in
November of these years were somewhat shorter or much shorter than that in 2009 in Figure 7. In 1987,
blocking patterns were diagnosed to the west of the large negative geopotential height at 50 hPa around
180°E on 17-27 November (Figure 14a), and enhanced wave activity flux from the troposphere to the strato-
sphere and the development of a negative geopotential height anomaly around 130°W in the stratosphere
were evident on 18-22 November (Figure 15a), and a polar vortex elongation to this longitude section
occurred on these days (Figure 16a).

In 1997 and 2001, blocking patterns were evident to the west of the large negative geopotential height at
50 hPa for a few days on 2-5 and 6 November 1997 and 12-16 November 2001 (Figures 14b and 14c).
Accordingly, an enhancement of the wave activity flux from the troposphere to the stratosphere was evident
on these days, and negative anomalies in the stratosphere around 40°W in 1997 and 50°E in 2001 developed
(Figures 15b and 15c¢). In 1997, the polar vortex migrated in the direction of 40°W at the beginning of
November (Figure 16b), corresponding to the days with blocking. In 2001, migration occurred in the direction
of 50°E around the days with blocking (Figure 16c), but it was not the only migration that occurred in
November in this year.
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Figure 14. Same as Figure 7, but for November 1987 (a), 1997 (b), 2001 (c), 1994 (d), and 2011 (e). The longitude of the large negative geopotential height anomaly at
50-60°S and 50 hPa in each year (see Figure 10) is designated by the vertical red dashed line.

In addition, in 1994 and 2011, the geopotential height anomalies were not as large as those for the above
4 years, but they show large negative anomalies of less than —2.0 standard deviations (Figure 10), and block-
ing patterns in the troposphere to the west of the negative geopotential height anomaly at 50 hPa are diag-
nosed on 8-10 November 1994 and 12-14 November 2011, as shown in Figures 14d and 14e. The wave
activity flux from the troposphere and stratosphere was enhanced, and accordingly, negative anomalies in
the stratosphere around 100°W in 1994 and 30°E in 2011 developed (Figures 15d and 15e). Then, the polar vor-
tex tended to migrate toward lower latitudes at these longitude sections on these days (Figures 16d and 16e).
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Figure 15. Same as Figure 6, but for 20 November 1987 (a), 4 November 1997 (b), 14 November 2001 (c), 10 November 1994 (d), and 14 November 2011 (e).

As in section 6, we also diagnosed the blocking patterns in November of these years using the ERA-Interim
data with a resolution of 1.5° x 1.5° in latitude and longitude and with a modified latitude range and
conditions for the diagnosis. The results are shown in Figure S3 in the supporting information. The
longitude-latitude distributions of the geopotential height at 500 hPa for one of the days diagnosed as
blocked in each year (the days of the years in Figures 15 and 16) are shown in Figure S4. From the
longitude-latitude distributions of the geopotential height, a blocking pattern is evident around the days
when the wave activity flux from the troposphere to the stratosphere was enhanced. As in 2009, although
there are some differences between Figures 14 and S3, the differences are insignificant, and our conclusion
is unchanged that blocking patterns were diagnosed to the west of large negative anomalies in the strato-
sphere in association with the enhanced wave activity flux from the troposphere to the stratosphere.

These results suggest that for the years showing large negative geopotential height anomalies at 50 hPa in
November, blocking patterns occurred for up to several days in the Southern Hemisphere troposphere to
the west of the large negative geopotential height anomalies in the stratosphere in association with the
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Figure 16. Same as Figures 2c and 2e, but for 20 November 1987 (a), 4 November 1997 (b), 14 November 2001 (c), 10 November 1994 (d), and 14 November 2011 (e).
The potential vorticity distributions at 675 K (upper panels) and those at 475 K (lower panels).
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polar vortex migration from the pole to the lower latitudes. The frequency and duration of blocking patterns
in November 2009 were much higher and longer than those of 1987, 1997, 2001, 1994, and 2011. However,
not all large negative geopotential height anomalies in the stratosphere and polar vortex migrations were
associated with blocking.

8. Conclusions

We investigated the total ozone distribution and the dynamical field at 50-60°S around Rio Gallegos (51.5°S,
69.3°W) in November 2009, when a long-lasting low total ozone event was observed there. A low-ozone
event also occurred in October. In October, however, the main driver of the low-ozone event was the move-
ment of the edge of the elongated polar vortex, which resulted in a reduction of the total ozone lasting
several days.

Our analyses of the ERA-Interim reanalysis data indicate that a several-week reduction of the total ozone was
caused by the polar vortex migrating toward the South American continent at the time of the vortex breakup.
The polar vortex migration and the development of the negative geopotential height anomaly in the strato-
sphere were associated with an enhanced wave flux from the troposphere to the west of South America to
the stratosphere over the southern part of the continent. Furthermore, the enhanced wave flux propagation
and blocking in the troposphere to the west of the South American continent occurred almost simulta-
neously in the timescale of a few days to several days, where a large positive anomaly of more than three
standard deviations of the 500-hPa geopotential height from the climatology for 1979-2015 was evident
around 120°W in November. The blocking and wave propagation resulted in a large negative anomaly of less
than —2.5 standard deviations of the geopotential height at 50 hPa and of less than —2.0 standard deviations
of the total ozone over the South American continent at 50-60°S in November 2009.

We also investigated the total ozone and the dynamical field for the period from 1979 to 2015. Our analyses
of the geopotential height at 50 hPa in November for the past 37 years indicate that the large negative anom-
aly of less than —2.5 standard deviations in the lower stratosphere around South America occurred only in
1997 and 2009. In 1997, the polar vortex migrated toward the South American continent before its breakup
and caused a period of low-0zone amount, but for a shorter period than in 2009. The large negative anomaly
in 1997 was also associated with blocking in the troposphere, but the period diagnosed as blocked was much
shorter than that in 2009. An enhancement of the wave activity flux from the troposphere to the stratosphere
was evident in association with the blocking. In addition to 1997 and 2009, a nudged CCM simulation demon-
strated that if the concentration of ODSs in the atmosphere had been high under the dynamical field of 1980,
a long-lasting period of low total ozone would have occurred over South America as in 2009.

In addition to the years with large negative geopotential height anomalies at 50-60°S around South America,
in 1987,2001, 1994, and 2011, there were very large negative geopotential height anomalies of less than —2.0
standard deviations in different locations (longitudes). For these years, total ozone also shows large negative
anomalies near the longitudes except for the year 1994, when the TOMS data were missing. The negative total
ozone anomaly in November 2011 was categorized as being in the same range as 2009 in our analysis, but the
period when the total ozone was less than 300 DU was shorter than that in 2009. The geopotential height
anomaly in November 2011 was less than —2.0 standard deviations and smaller than those in 2009 and 1997.

In association with the enhanced wave activity flux from the troposphere to the stratosphere, blocking pat-
terns were evident for up to several days in the years showing large negative geopotential height anomalies
in the stratosphere (1987, 1997, 2001, 1994, and 2011). The frequency and duration of blocking patterns in
November 2009 were much higher and longer than those in these years. However, not all large negative geo-
potential height anomalies in the stratosphere and polar vortex migrations were associated with the occur-
rence of blocking.

From the climatology for 1979-2015, the South American continent is more vulnerable to polar vortex air
with low column ozone in spring than Australia and New Zealand. In addition, analysis of the total ozone
anomaly around Rio Gallegos in November from the 1979-2015 mean of TOMS/OMI indicates that the nega-
tive anomaly in middle and late November 2009 is one of the largest anomalies in magnitude and duration in
those 37 years in association with the large negative geopotential height anomaly in the lower stratosphere
and the frequent occurrence of blocking patterns.
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For a better prediction of the risk of high ultraviolet exposure in late spring at the time of the vortex breakup,
not only accurate numerical predictions but also dynamical process studies associated with ozone depletion
are needed. Thus, attention should be paid to tropospheric dynamics and climate as well as the polar vortex
in the Southern Hemisphere stratosphere.
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