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Abstract

The stratospheric polar vortex and its breakup are important dynamical phenomena.

In previous studies, three diagnostics for vortex breakup have been suggested by using

the potential vorticity (PV) and zonal wind for the lower stratosphere. These three

diagnostics, however, cannot be applied for the upper stratosphere, since the evolution

of the polar vortex is more complicated and, therefore, it is more difficult to prescribe key

parameters. Here we define the dates of the breakup and formation of the polar vortex

by finding the maximum peaks in the averaged rates of change in the equivalent latitude,

PV, and wind speed at the vortex edge. By applying our new definition to the

ERA-Interim reanalysis data, the breakup and formation dates of the Arctic and Antarctic

polar vortices for the whole stratosphere were obtained for 1979-2018. Our

newly-defined vortex breakup date is compared with the date of the stratospheric final

warming, which is defined as the timing of zonal mean westerlies changing to easterlies

without recovering to a westerly exceeding the threshold westerly wind speed. To see if

our definition is consistent with atmospheric transport near the vortex edge, the dates of

the formation and breakup of the polar vortex are compared with the mixing ratios of

long-lived trace species. It turns out that the newly defined dates well match the changes

of concentrations of trace gases in the stratosphere for the winter of 1996-1997.

1



52

53

54

55

56

57

Considering all the above observations, our definition of the vortex formation and

breakup appears to be applicable to the whole stratosphere.

Keywords polar vortex; vortex breakup; vortex formation; stratospheric final warming;

potential vorticity
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1. Introduction

The winter stratosphere is dominated by strong westerly wind and the polar vortex. The

strong westerly wind during winter generates steep meridional gradients in potential

vorticity (PV) and isolates an extremely cold air mass with high PV. This resulting polar

vortex plays an important role not only in the large-scale circulation, distribution of trace

gases, formation of the polar stratospheric cloud, and polar ozone depletion (Solomon

1999; Choi et al. 2002; Karpetchko et al. 2005) but also in the stratosphere-troposphere

coupling on both intraseasonal and interannual timescales through the annular mode

(Baldwin and Dunkerton 2001; Baldwin et al. 2003). Diagnostics of the polar vortex in

previous studies have generally been based on two parameters, zonal wind and potential

vorticity. The zonal mean zonal wind at certain latitudes and heights with a wind velocity

criterion have been widely used to identify the onset of spring (Black et al. 2006; Black and

McDaniel 2007; Hardiman et al. 2011; Hu and Ren 2014).

Defining the polar vortex by using the zonal winds is simple and easy to apply and

provides useful information in the zonal mean sense. On the other hand, diagnosis using

potential vorticity is more appropriate for quantifying the day-to-day variations in the polar

vortex as well as its breakup events. Defining the edge of the vortex and its breakup is a

useful diagnostic although it is somewhat subjective. Previously, three diagnostics for the

polar vortex breakup have been discussed by Waugh et al. (1999) in detail. Following their

notation, these are "PV area", "PV and U", and "U area". For future purposes, they are
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briefly summarized here:

(1) In the "PV area" method, the vortex breakup is defined when the area within a
specific PV isoline, which represents the boundary of the polar vortex, becomes less
than a minimum area (Manney et al. 1994; Waugh and Randel 1999). Waugh and
Randel (1999) used the average PV at the daily boundary of the polar vortex for
wintertime (December to February; DJF) for this specific PV value, and used the
80°-latitude circle for the minimum area.

(2) In the "PV and U" method suggested by Nash et al. (1996), the edge of the vortex is
found using the maximum PV gradient constrained by strong nearby zonal wind, and
the vortex breakup is defined to be when the average wind speed along the vortex
edge becomes smaller than a critical value. Nash et al. (1996) used the criterion of
15.2 m s for the breakup dates at 450 K.

(3) In the "U area" method by Waugh et al. (1999), the vortex breakup is defined to
occur when the total area within which the zonal wind exceeds a specific value falls
below a minimum value. Waugh et al. (1999) used 25 m s~ as the criterion, and the
region within the 75°-latitude circle as the minimum area.

All three methods require parameters to be prescribed and prescribing the necessary
parameter values is relatively easy in the lower stratosphere, as shown in Section 3.1. In
the upper stratosphere, however, it is hard to choose the right values for these parameters,

and this is why an exact breakup date is not available for the upper stratospheric polar
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vortex. Dynamical features in the upper stratosphere are usually more complicated than

those in the lower stratosphere. One reason is mid-winter sudden stratospheric warming

(SSW); following SSWs, recovery of the westerly jet varies year-to-year. Thus, determining

the criteria for the upper stratospheric vortex breakup is not easy compared to that for the

lower stratospheric vortex.

Another important dynamical phenomenon in the stratosphere is the stratospheric final

warming (SFW). Following Andrews et al. (1987), the SFW is the event that is followed not

by a reversion of stratospheric conditions to the usual winter pattern but by a transition to

the summer structure of warm temperatures and easterly winds. At the time of the SFW,

which is often accompanied by the abrupt breaking of the polar vortex, the zonal wind

reverses from a westerly to easterly wind. Similar to the SSWs, SFW events also affect the

tropospheric circulation by rapid deceleration of the high-latitude circumpolar westerlies in

both the stratosphere and troposphere (Black et al. 2006; Black and McDaniel 2007). In

several studies SFWs are regarded as the same as the breakup of polar vortices (Black et

al. 2006; Black and McDaniel 2007; Hardiman et al. 2011). The date of the SFW is a

significant factor in understanding interannual and decadal variability, and thus has been

extensively studied. SFWs are usually defined at the time when zonal mean zonal wind at a

specific altitude and latitude fall below zero without returning to a threshold value until the

subsequent autumn. The reason for the threshold value is that the zonal wind sometimes

recovers from zero wind to a certain extent after a mid-winter SSW before it completely falls
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below zero. The date of the SFW can be sensitive to the choice of the threshold value (Fig.

12).

In this study, we suggest a method for defining the date of the breakup and formation of

the polar vortex. This method does not require prescribing parameters and can be used in

the upper stratosphere as well as in the lower stratosphere. The breakup dates obtained by

this method are compared with SFW dates.

The boundary of the strong polar vortex plays the role of a transport barrier (Hartmann et

al. 1989; Schoeberl et al. 1992) and, hence, the concentrations of trace species that are

rich in the subtropics have large differences across the vortex boundary. As shown in Choi

et al. (2002), concentration of long-lived chemical species is a good indicator of the

evolution of the polar vortex. By observing tracer concentrations, we were able to evaluate

the usefulness of our new definition of vortex formation and breakup. The formation and

breakup dates of the polar vortices are compared to the mixing ratios of methane (CHa),

nitrous oxide (N20), water vapor (H20), and ozone (Os) observed by satellite instruments.

In section 2, the data and analysis techniques used in this study are described. Section 3

presents different characteristics of the upper and lower stratospheric polar vortices and

suggests an alternative diagnostic for the vortex breakup. The newly defined formation and

breakup dates of the polar vortex are compared with satellite tracer measurement data in

section 4. Finally, the key findings are summarized in section 5.
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2. Data

Air temperature and wind data for the period 1979-2018 were obtained from the
European Center for Medium-Range Weather Forecasts Re-Analysis Interim (ERA-Interim;
Dee et al. 2011). The data are defined on 37 pressure levels from the surface to 1 hPa at
1.5° horizontal resolution. The number of temperature observations is limited in the upper
stratosphere due to the height limitations of the radiosonde, which induces bias in the
reanalysis dataset (Marlton et al., 2021). A lack of reliability of the upper stratospheric
dataset can also be another reason for difficulty in the breakup diagnosis at this level. The
isobaric variables are interpolated onto 22 isentropic levels from 380 K (~15 km altitude) to
1260 K (~41 km altitude) with 1.2-km vertical spacing before calculating the isentropic PV.
Since the isentropic PV increases exponentially with height, we produced the modified PV
(hereafter MPV) following Lait (1994) by multiplying a scaling factor of (8/é)~92, where & is
the reference potential temperature of 420 K. The unit for MPV is the potential vorticity unit
(PVU), where 1 PVU is 107® K m? kg™* s™. The two-dimensional spatial distribution of PV
can be simplified by conversion into a monotonic one-dimensional function of the area
enclosed by each MPV isoline or equivalent latitude (EL), that is, a latitude equivalent to the
area within the PV isoline (Butchart and Remsberg 1986).

For the data of stratospheric trace gases, mixing ratios of methane (CHa4), nitrous oxide
(N2O), water vapor (H20) and ozone (Os) from the Improved Limb Atmospheric

Spectrometer (ILAS) were used, which is an instrument onboard the Advanced Earth
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Observing Satellite (ADEOS) (Sasano et al. 1999; Yokota et al. 2002). ILAS uses the solar
occultation method and observes only the high latitude regions. Although the solar
occultation measurements have disadvantages of low sampling frequency and limited
latitudinal coverage compared to the limb emission sounding, they give the most accurate
concentration data. During the 8 months of operation from November 1996 through June
1997, ILAS observations covered the Northern (57°N-72°N) and Southern (64°S—89°S)
Hemisphere high latitudes. During any day, observations took place up to 14 times
following the latitude circle.

In addition to the above data, we used the ozone mixing ratio from the Polar Ozone and
Aerosol Measurement (POAM) Il and POAM llI (Glaccum et al. 1996; Lucke et al. 1999).
POAM Il and lll are on-board the Satellite Pour I'Observation de la Terre (SPOT) 3 and
SPOT 4 satellites, respectively. POAM Il and lll, which also uses the solar occultation
technique, covers the periods from November 1993 to November 1996 and from April 1998
to December 2005, respectively. The mixing ratio of ozone was used since long-lived
chemical species such as CH4 and N20O were not observed by POAM Il and Ill. Ozone was
observed up to 14 times in a day following the latitude bands of 54°N-71°N and

63°S—-88°S.

3. Diagnostics for the Breakup of the Polar Vortex

3.1 Vortex Evolution in the Lower Stratosphere

8
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Before defining the vortex breakup in the upper stratosphere, we show the evolution of a

lower stratospheric vortex to reveal the characteristic features and how they differ from

those in an upper stratospheric vortex. The evolution of the polar vortex represented by

MPV is shown in Fig. 1 on the 450 K (~17 km) isentropic surface. The meridional gradient

of MPV is over EL, and average wind speed along the MPV isolines are also shown. The

year 1996-1997 is chosen, when ILAS data are available, and we can compare the vortex

evolution with tracer concentrations later. The variables shown here are smoothed three

times by 1-2-1 smoothing (3-point moving average by using 0.25:0.5:0.25 weighting) in EL

and by a 5-day running mean in time. The location of the vortex edge is defined by the

maximum of the average wind multiplied by the meridional gradient of the MPV in EL. From

January through April 1997 the maximum MPV gradient is located near 65°N and is in good

agreement with the maximum wind speed. The edge of the polar vortex is also located near

the maximum MPV gradient during the same time period. In May, the polar vortex decays

rapidly.

To observe the characteristic features of the vortex more clearly, three days are selected

in Fig. 1, denoted by A, B, and C. Those days represent the mature vortex (10 March), and

before (10 May) and after (20 May) the breakup of the polar vortex, respectively. In Fig. 2,

the MPV gradient and the wind speed over EL, as well as the isentropic distribution of MPV

are shown on those days. In the mature stage of the polar vortex on 10 March, the edge of

the polar vortex with 20.1 PVU (Fig. 1a) corresponds to distinct peaks in both MPV gradient
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and wind speed at the EL of 65°N (Fig. 2a). The edge is also clearly discernible by the color

contrast in the MPV distribution in Fig. 2d. As the season progresses toward summer, the

polar vortex weakens, and both the maximum MPV value and the area of the polar vortex

decrease. On 10 May, the edge of the vortex with 17.4 PVU (Fig. 1) at 69°N has a much

smaller MPV gradient and wind speed, and the vortex has broken into two parts (Fig. 2e).

On 20 May, the peaks in both MPV gradient and wind speed are not found any more (Fig.

2c), and the vortex shape does not appear in the isentropic distribution (Fig. 2f). Therefore,

the polar vortex must have broken up sometime in the period 10-20 May 1997.

To determine the exact vortex breakup date, three diagnostics, which are summarized by

Waugh et al. (1999), have been used. All of them can be easily applied to the above case

since the vortex evolution is simple. In Fig. 3, the three methods are applied to obtain the

date of the vortex breakup. To apply the "PV area” method (Fig. 3a) the value of MPV is

needed to represent the location of the edge, and the average MPV during DJF is used

following Waugh and Randel (1999). As shown in Figs. 1 and 3a, MPV has some small

variability during DJF at the vortex edge. Since the MPV value at the vortex edge does not

change much, using the average winter value of 18.6 PVU seems reasonable. By using this

value and the MPV at 80°N in EL, we determined the vortex breakup date to be 17 May,

1997.

In the "PV and U" method (Fig. 3b), we define the date of the vortex breakdown as the

date when the maximum wind speed averaged along the MPV isolines falls below 15.2 m

10
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s™1, following Nash et al. (1996). The choice of the value 15.2 m s™ in the lower
stratosphere is somewhat arbitrary, but it looks to be applicable for the case in Fig. 3b. This
method determines the date of the polar vortex breakup to be 13 May, 1997. Using the "U
area" method in Fig. 3c, when the zonal wind speed at 75°N becomes smaller than a
threshold value of 25 m s™, following Waugh et al. (1999), the polar vortex breakup date is
determined to be 3 May, 1997. The dates of the 1996—-1997 Northern Hemisphere (NH)
polar vortex breakup at 450 K defined by three different methods are dependent on the
choice of parameters. Although choosing these parameters is subjective, determining the
vortex dates can be done after proper "tuning” of the parameters, as suggested by Waugh

et al. (1999), particularly for the study of the interannual variations.

3.2 Vortex Evolution in the Upper Stratosphere

To see if the same approaches used in section 3.1 are applicable for determining the
vortex breakup in the upper stratosphere, we analyzed a case for the upper stratospheric
vortex. Figure 4 exhibits the evolution of the polar vortex within the same time period at
1260 K (=41 km). In contrast to the lower stratosphere, MPV isolines show more complex
behavior, and this is due to the occurrence of mid-winter breakup of the polar vortex.

To use the "PV area" method, we need the MPV value representing the vortex edge. In
this case, the DJF mean of the MPV at the daily vortex edge is 18.9 PVU (green line in Fig.

4a) and appears to represent the seasonal vortex boundary only until late February. The
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vortex breakup date obtained using 18.9 PVU is 5 April. Following this, another vortex,

which formed in late February is still present (Fig. 4a) near 60°N in EL. In contrast to the

lower stratosphere (Fig. 1), the upper stratosphere in 1997 experiences significant

variability in MPV during winter and, thus, defining the vortex edge by the winter-average

MPV is not plausible. If we considered a different MPV value instead of the DJF mean, it

could be found using Fig. 4b. From 18 February through 10 April during the late stages of

the vortex, the value of MPV does not change much at the edge, and its average for the

52-day period is 14.4 PVU. If we choose this value to define the vortex edge, then the

vortex breakup date would be diagnosed as 28 April. Without selecting the appropriate

MPV value, which is applicable to the upper stratosphere each year, we are not able to use

the "PV area" method for the whole stratosphere.

To use the other two methods, "PV and U" and "U area", the wind speed criteria require

the threshold value. Since the wind speed increases with height in the winter stratosphere,

it is difficult to choose a threshold value applicable to the whole stratosphere. For these

reasons, all three diagnostic methods defined in section 1 are unsuitable for defining the

vortex breakup date in the upper stratosphere.

To observe the evolution of the upper-stratospheric vortex more closely, 4 days are

selected to represent the important phases: 15 January, 10 February, 25 March, and 15

April, marked by red lines A-D, respectively, in Fig. 4a. Their MPV distributions and their

gradients are exhibited in Fig. 5. The edge of the vortex at 59°N on 15 January (Figs. 5a

12
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and 5e) rapidly moves poleward and is located at 79°N on 10 February (Figs. 5b and 5f).

There is another maximum in the MPV gradient at 50°N (Fig. 5b), and it moves poleward

(Fig. 4a). This second maximum in Fig. 5b is not a vortex edge by our definition at the

present time, but it could grow to become a vortex edge. This second maximum also moved

poleward and finally became an edge found at 61°N on 25 March (Figs. 5¢c and 5g). By

observing the absence of the vortex on 15 April (Figs. 5d and 5h) we suggest that the

vortex broke up between 25 March and 15 April. If this is indeed the case, the breakup date

of 28 April estimated using the "PV area" method would be too late. The subtropical edge

shown in Figs. 5d and 5h is discussed in the next section.

3.3 New Diagnostic for Vortex Breakup Date

Difficulties in the application of the diagnostics described in section 1 to the upper

stratospheric vortex generally arise from the varying dynamical properties of the polar

vortex with respect to altitude. To find an alternative diagnostic for vortex breakup

regardless of the altitude, features common to the polar vortex in both the lower and upper

stratosphere need to be found. In a similar sense, the features commonly observed during

both the formation and breakup stages of the vortex should be considered. We have been

concentrating on the mid-to-high latitudes, since our focus is on the breakup of the vortex.

To see the vortex formation, its temporal evolution in the lower latitudes also needs be

observed.
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Figure 6 shows the characteristic features of the vortex evolution, as in Fig. 1 (same
smoothing), but over the extended latitudinal range of 10°S—80°N in EL on the 1260 K
isentropic surface. In addition to the vortex edge appearing in the polar region in winter,
distinguishable edges are also seen in the subtropical region near 30°N in July 1996 and
April-July 1997. These summertime edges are mainly determined by the maximum MPV
gradient rather than strong zonal winds. In general, quasi-horizontal mixing by wave
breaking in winter strengthens the horizontal PV gradients at both the poleward and the
subtropical edges of the stirring zone (Polvani et al. 1995). The remnant of a wintertime
subtropical edge could remain until summer (Nakamura and Ma 1997; Neu et al. 2003). For
example, a minor edge exhibited by the MPV gradient at 28°N on 25 March (Figs. 5¢ and
5g) still remains on 15 April at 34°N (Figs. 5d and 5h), and it appears in Fig. 6 as a major
edge after the polar vortex vanishes.

The EL of the daily vortex edge in Fig. 6 shifts rapidly between the low and high latitudes,
and this is more clearly seen in Fig. 7a. The rapid shift from high to low latitudes in spring is
associated with the vortex breakup, and the shift from low to high latitudes in autumn is
associated with the vortex formation. Since the MPV and zonal wind speed at the polar
vortex edge in Figs. 7b and 7c are significantly bigger than those at the tropical or
subtropical edge, the MPV and wind speed at the edge in winter can be clearly
distinguished from those in summer. Therefore, considering the parameters that are

important for the existence of the polar vortex, such as high EL, large PV, and strong wind

14
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speed, the formation and breakup of the polar vortex could be characterized by the rapid

increase and decrease of each variable at the edge, respectively. In other words, the

formation and breakup of the polar vortex could be determined by detecting the peaks in

the rate of temporal changes in EL, MPV, and wind speed at the edge. Therefore, we

attempt to utilize the temporal changes of these three parameters at the edge to define the

dates of the polar vortex formation and breakup.

In our calculations, the temporal change in the variables at the edge is obtained after

using the 10-day running mean to reduce large day-to-day noise of each variable. The rate

of change of each variable is normalized by its standard deviation for the entire period of

data. Figure 7d shows the normalized rates of temporal changes of EL by the green line,

MPV by the red line, and wind speed by the blue line, at the edge. The dates of positive and

negative peaks of each variable are generally in good agreement with each other. In Fig. 7d,

however, the opposite signs of peaks are observed between the wind speed and the other

variables in midwinter. In January and February 1997, the sign of peak wind speed is

opposite to those of EL and MPV. The reason is that the maximum wind speed appears in

middle latitudes in contrast to MPV, which increases with the latitude. As shown in Fig. 6,

wind speed decreases while the MPV increases during the poleward movement of the

vortex edge in January, and that is the reason for the opposite signs of the variables in Fig.

7d. During the vortex formation (breakup), however, the wind speed increases (decreases)

rapidly, and thus all three variables show the common sign of the peaks. Since the size of

15
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the peaks are different depending on the variable, we combine the three variables together

to detect the meaningful peaks in the time series rather than considering them all

individually. Therefore, we averaged the values from three lines to obtain the dates of the

maximum peaks (black line).

The positive and negative maximum peaks of the black line appear on 22 September,

1996, and 7 April, 1997, and we define these as the formation and breakup of the polar

vortex, respectively. Considering the observations in Fig. 5d, 7 April seems to be

acceptable as a breakup date. We call this new method the “edge-change” method, and

define the term "edge-change metric" as the values of the black line in Fig. 7d. There are

also several minor peaks in the average change rate that are due to intraseasonal

variability in the strength and area of the polar vortex, associated with the upward

propagation and breaking of the planetary waves. However, these minor peaks generally

appear in midwinter and are distinguishable from the maximum peaks related to the

formation and breakup of the vortex.

Determining the dates of vortex formation and breakup by the "edge-change" method is

possible for the lower stratosphere, where other diagnostics have been applied previously.

Figure 8 shows a comparison of breakup dates of the NH polar vortices from 1979 to 2018,

determined by the "edge-change" method defined in this study, and the "PV area", "PV and

U", and "U area" methods on the 510 K (~21 km) isentropic level. The interannual variability

in the breakup dates in Fig. 8 generally agrees well with Fig. 2 in Waugh et al. (1999), and
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with Fig. 8 in Waugh and Polvani (2010), who showed the breakup dates of the NH polar

vortices at 500 K. In addition, there are generally good agreements between the breakup

dates from the "edge-change" method and the dates from the other three methods.

Therefore, the "edge-change” method may be considered as giving similar results to those

obtained by other methods, for the lower stratosphere.

Note that there are some cases showing significant differences between the breakup

dates. Years of 2009 and 2013 are among them (red diamonds in Fig. 8), and the major

SSWs occurred in these two years (Harada et al. 2010; Nath et al. 2016). In these years,

observing the evolution of the MPV distribution and the vortex edge such as in Fig. 9 would

be useful to find the appropriate breakup date. The maximum negative peaks in the

"edge-change" metric are found on 16 February in 2009 and 31 January in 2012, which are

obviously associated with the SSW. In Figs. S3 and S4, the polar vortex, which is split and

weakened after the day of maximum negative "edge-change" metric, recovers again and

remains until the second negative peak days of 26 April 2009 and 3 May 2013. Therefore,

choosing the next dates of the maximum rate of change, 26 April in 2009 and 3 May in 2012,

would be more appropriate for determining the breakup dates, and those two dates are

shown in Fig. 8. To identify the NH vortex breakup day in an objective manner, we define

the vortex breakup day as the date of the negative peak "edge-change" metric after March

1 based on the observations in Figs. 8 and 9. If there were no vortex edge after March 1,

the last day of the negative peak "edge-change" metric before March 1 would have been
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defined as the breakup date.

An advantage of the "edge-change" method is that a consistent determination can be

made for the formation and breakup dates of the polar vortex regardless of altitude. Figure

10 shows vertical profiles of the formation and breakup dates from 430 K (~16 km) to 1260

K (~41 km) of the NH and Southern Hemisphere (SH) polar vortex for the period

1979-2018. In general, the formation and breakup of the polar vortex occur earlier in the

upper stratosphere and later in the lower stratosphere. This downward propagation of

formation- and breakup-timing of the polar vortex has been reported in several studies

(Manney and Sabutis 2000; Choi et al. 2002; Hardiman et al. 2011). The formation and

breakup dates show different characteristics in each hemisphere. In the NH, the polar

vortex first formed late in September at 1260 K, and the formation took about 116 days until

it arrived mid-January at 430 K (Fig. 10a). The breakup of the NH polar vortex, however,

took only approximately 35 days on average with large year-to-year variability in its vertical

profiles (Fig. 10b). In the SH, the vortex formation from 1260 K to 430 K took 92 days on

average between early March and mid-April, which is much shorter than in the NH (Fig.

10c). The breakup of the SH polar vortex (Fig. 10d) took about 67 days covering the same

altitude range. This is longer than for the NH vortex breakup, and it also shows less

interannual variability.

Figure 11 shows the time series of the polar vortex breakup dates determined by the

“‘edge-change” method for two isentropic levels of 1260 K and 510 K for 1979-2018. In SH,
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linear trends are drawn before and after 2000 in Figs. 11b and 11d. The year 2000 is
subjectively chosen. Vortex breakup in SH has been delaying in the lower stratosphere until
around 2000, with a statistically significant linear trend at a 95% confidence level (p=0.018).
After 2000 a small and statistically insignificant trend is exhibited in the vortex breakup date
in Fig. 11d. The trends before and after 2000 may be associated with the depletion and
recovery of the Antarctic ozone layer. In their Fig. 6, Langematz and Kunze (2006) showed
a significant change in the trend of the spring changeover around 2000 in the SH. Zambri et
al. (2021) reported that the Antarctic column ozone in November decreased during
1979-2001 (-47 DU decade™), but started to recover after 2001 (+24 DU decade™). Trend
in the upper stratosphere is of opposite sign until around 2000, although it is statistically

insignificant. There is no significant decadal trend in the NH vortex breakup dates.

3.4 Comparison of the Vortex Breakup with the SFW

Vortex breakup dates constitute a good diagnostic for studying interannual climate
change, specifically, by analyzing the vortex evolution.

Another diagnostic for understanding the vortex evolution is the SFW. As in Introduction,
the SFW is defined as the event followed by the transition from the usual winter to the
summer stratospheric conditions (Andrews et al., 1987). The date of the SFW is easier to
define than the breakup date, particularly in the upper stratosphere since only the zonal

wind is used for defining the SFW. The vortex breakup dates defined in this study are
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shown in Fig. 12 along with the SFW dates, for 430 K to 1260 K. The date of the SFW is
defined when the zonal-mean zonal wind falls below zero without returning above a
threshold value until the subsequent autumn (Black et al. 2006). The threshold value must
be prescribed, and Black et al. (2006) used 5 m s™* at 50 hPa, and 10 m s™* at 10 hPa. The
zonal-mean zonal wind in Fig. 12 was smoothed using a 5-day running mean and averaged
between 60°N—80°N.

We obtained the date of the SFW in the NH by using both the 5 m st and 10 m s™
threshold and shown in Fig. 12 for the period of 1992—-2005. This period is identical to that
shown in Figs. 15 and 16. See Figs. S1 and S2 for the rest of the data period. In Fig. 12, the
SFW date by the 10 m s™ threshold is represented by green diamond. The SFW date by
the 5 m s™* threshold is shown by yellow square only when the two SFW dates by the
different thresholds are not identical. The date of the SFW is generally not very sensitive to
the choice of the threshold value. When the SSW occurs, however, determining the SFW
date can be significantly affected by the threshold value, e.qg., for the case in 2001 and 2002
(See the list of the SSW events in Table 1 of Choi et al. 2019). In 2001 (Fig. 12j), on the 760
K surface, the estimated SFW date with the 10 m s~ threshold is found to be 2 February,
while the date would be 13 May if the threshold were 5 m s™. In 1999 and 2000 (Figs. 12h
and 12i), the SFW date in the upper stratosphere is also sensitive to the choice of the

threshold value.
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4. Vortex Breakup Diagnosed with Changes in Tracer Distribution

Mixing ratios of long-lived tracers such as CH4 and N20O exhibit large differences before
and after the vortex breakup (Choi et al. 2002), associated with irreversible mixing. Thus,
our definition of the vortex breakup date can be evaluated using the evolution of the tracer
concentrations. Fig. 13 shows the temporal evolution of CH4 and O3z mixing ratios observed
by ILAS from 1 November 1996 through 30 June 1997 on the isentropic levels of 1260 K
(~41 km), 800 K (~32 km), and 450 K (~17 km). High and low mixing ratios of CH4 and Os,
represented by the color scale, exhibit the boundary of the polar vortex fairly well. In the
lower stratosphere (at the 450 K level) significantly high mixing ratios are observed inside
the vortex, and this is due to a weaker transport barrier than in the mid-stratosphere (800 K),
as shown by Haynes and Shuckburgh (2000) using the effective diffusivity. The EL at which
the mixing-ratio discontinuity appears generally agrees well with the vortex edge defined
dynamically, even in the upper stratosphere. These distinctive differences in CH4 and O3
across the edge of the polar vortex do not appear after the breakup date, and the tracers
have a uniformly well-mixed distribution from low to high latitudes.

Significant discontinuities of tracer concentrations across the vortex edge in EL (Fig. 13)
can also be observed on the same latitude circle (Fig. 2 from Choi et al. 2002), which show
large and small mixing ratios outside and inside the vortex, respectively. After vortex
breakup, the tracer mixing ratio has relatively similar values following the latitude circle due

to the absence of the vortex edge. Thus, another diagnostic for the vortex breakup might be
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the standard deviation of the tracer mixing ratio following the latitude circle, which

decreases significantly afterwards. The date of the vortex breakup at each level is shown

by red dots in Fig. 14, along with the standard deviations of CH4, N20O, H20, and O3 mixing

ratios. The breakup dates distinguish between the high and low standard deviations before

and after, and this implies the mixing of air from inside and outside the vortex and

subsequent disappearance of the vortex edge.

To observe vortex formations and breakups over a longer time period, the Oz mixing ratio

was obtained from POAM Il and POAM IlIl in addition to the ILAS data. The standard

deviation of the O3 mixing ratio from the combined POAM II, ILAS, and POAM Il data are

shown in order, in Figs. 15 and 16. The formation and breakup dates are generally in good

agreement with the high and low daily maximum MPV as well as the high and low zonal

standard deviation of Os, respectively. In Fig. 12j, our estimation includes an exceptionally

early breakup date in February 2001 in the lower stratosphere. When comparing with the

Os standard deviation in Fig. 15, the early vortex breakup date appears to be consistent

with the evolution of Os concentration. Considering the observed features of tracer

concentrations discussed in this section, the definition of vortex formation and breakup

using the "edge-change" method seems to be well supported by their distribution and

evolution.

5. Summary
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Vortex breakup in the stratosphere is an important dynamical phenomenon, and

determining its date has significant potential for understanding climate change. In previous

studies the date of vortex breakup has been diagnosed using three methods: "PV area”,

"PV and U", and "U area". All of these methods were used successfully for the lower

stratosphere near the 450-500 K isentropic levels following some "tuning” of key

parameters (Waugh et al. 1999). In the upper stratosphere, however, subjectively choosing

the parameters is more difficult due to the complex features in the vortex evolution.

This study has focused on the temporal change of the EL, MPV, and zonal wind at the

vortex edge, which have been observed to change significantly at the time of vortex

breakup and formation (Fig. 7). Based on these observations, the dates of the formation

and breakup of the polar vortex are defined by finding the maximum peaks in the averaged

rates of change in EL, MPV, and wind speed at the vortex edge. We applied the

“‘edge-change” method to 22 isentropic levels in both the NH and SH from 380 K (~ 15 km)

to 1260 K (~41 km) for the period 1979-2018, using the ERA-Interim reanalysis data. The

onset and breakup dates of the polar vortices generally start from the upper stratosphere

and propagate downwards to the lower stratosphere. For the lower stratosphere, the

‘edge-change” method shows similar results to those obtained by the other three diagnostic

methods from previous studies.

The SFW is another diagnostic for the evolution of the stratospheric vortex, and we

compared the SFW dates with our newly-defined vortex breakup dates. The dates of the
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SFW are close in both the lower and upper stratosphere, while the vortex breakup dates

mostly appear later in the lower stratosphere. Usually the SFW date is not very sensitive to

the choice of threshold value. In some cases, however, the SFW date can be different by up

to two months when the midwinter SSW occurs. Therefore, the vortex breakup date seems

to be dynamically consistent throughout the stratosphere and could be more useful for

observing interannual changes in the polar vortex.

The polar vortex plays an important role as a transport barrier for stratospheric tracers.

Thus, analysing tracer concentrations along with the evolution of the vortex is useful in

understanding the transport of tracers in the stratosphere. Comparison between the dates

of polar vortex breakup defined in this study and the evolution of the CH4 and Os mixing

ratios show that discontinuities of tracer concentrations through the EL became much

smaller just after the breakup date. Furthermore, zonal standard deviation of the tracer

mixing ratio following the latitude circle decreases significantly after the dynamically

obtained vortex breakup date. These observations apply to both the upper and lower

stratosphere, and in both the NH and SH. Using these observations, determining the date

of the vortex breakup by the "edge-change" method seems to be supported by transport of

tracers. Therefore, our definition of the breakup date based on the “edge-change” could be

an acceptable diagnostic for the polar vortex in both the lower and upper stratosphere.
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506  Supplement

507  Supplements 1 and 2 show the same as Fig. 12, but for the periods of 1979-1991 and

508  2006-2018, respectively. Supplements 3 and 4 show the same as Fig. 2, but for the years

509  of 2009 and 2013, respectively.
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List of Figures

Fig. 1 Isolines of MPV (contours, PVU) and its meridional gradient (red shading) over EL
and time, on the 450 K isentropic surface in the NH for 1996—-1997. The blue contour
represents the average wind speed (m s™1) along the MPV isoline. Black squares indicate
the edge of the polar vortex. Red vertical lines A, B, and C denote 10 March, 10 May, and

20 May, respectively.

Fig. 2 MPV gradient (red line) and wind speed (blue) along MPV isolines versus EL on the
450 K surface on (a) 10 March, 1997, (b) 10 May, 1997, and (c) 20 May, 1997, and in the
right panel their corresponding MPV fields (d), (e), and (f) for the same dates,
respectively. Location of the vortex edge on each day is marked by a dotted line in the left

panel and a thick black solid contour in the right panel.

Fig. 3 On the 450 K surface: (a) Black squares and line denote the values of MPV at the
vortex edge and 80°N in EL, respectively. Horizontal dashed line represents 18.6 PVU,
and green vertical lines represent the 3-month winter period; (b) Maximum wind speed
along MPV isolines. Horizontal dashed line represents 15.2 m s™*; (c) Zonal wind speed
for which the contour encloses the area equivalent to 75°. Horizontal dashed line

indicates 25 m s™1.

32



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

Fig. 4 (@) Isolines of MPV (contours, PVU) over EL and time, on the 1260 K isentropic
surface in the NH for 1996-1997. Green and blue contours represent 18.9 and 14.4 PVU,
respectively. Black squares indicate the edge of the polar vortex. Red vertical lines A, B,
C, and D denote 15 January, 10 February, 25 March, and 15 April, 1997, respectively.
(b) Black squares show the MPV at the vortex edge. The two horizontal dashed lines
represent 18.9 PVU and 14.4 PVU, respectively. Green vertical lines represent the
3-month winter period. Blue vertical lines represent the period from 18 February through

to 10 April.

Fig.5 Same as in Fig. 2, but on the 1260 K surface for (a) 15 January, (b) 10 February, (c)
25 March, and (d) 15 April, all in 1997, and (e)—(h) are their corresponding MPYV fields.

Location of the subtropical edge is marked by a dotted line in (d) and dotted contour in

(h).

Fig. 6 Isolines of MPV (contours, PVU) and its meridional gradient (red shading) in EL
(10°S—80°N) and time on the 1260 K isentropic surface in the NH for 1996-1997. The
blue contour represents the average wind speed (m s™) along the MPV isoline. Black

squares indicate the edge of the polar vortex.
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Fig. 7 Changes in time of (a) EL at the vortex edge, (b) MPV, (c) average wind speed
along the MPV isoline at the vortex edge on the 1260 K surface, and (d) normalized
changes of EL (green line), MPV (red), wind speed (blue), and their average (black) at

the vortex edge.

Fig. 8 Comparison of polar vortex breakup dates in the NH on 510 K isentropic surfaces
for the period 1979-2018 using the “PV and U”, “U area”, “PV area”, and “edge-change”

criteria. Red diamonds denote the years of 2009 and 2013.

Fig. 9 Isolines of MPV (contours, PVU) and its meridional gradient (red shading) in EL
(10°S—-80°N) and time on the 510 K isentropic surface (upper panels) and normalized
changes of EL, MPV, wind speed, and their average in the NH (lower panels) for (a)
2008-2009 and (b) 2012-2013. The blue contour represents the average wind speed (m

s™1) along the MPV isoline. Black squares indicate the edge of the polar vortex.

Fig. 10 The dates of formation and breakup of the NH and the SH polar vortex (orange

line) and their average (thick black line) from 430 K to 1260 K for the period 1979-2018.

Fig. 11 Black solid lines denote the vortex breakup dates determined by the

“‘edge-change” method at (a) 1260 K in NH, (b) 1260 K in SH, (c¢) 510 K'in NH, and (d)
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710

510 K in SH for the period of 1979-2018. Red solid and dotted lines in (b) and (d) are the
linear trends for 1979-2000 and 2000-2018, respectively. The red solid line is

statistically significant at the 95% confidence level (p=0.018).

Fig. 12 Zonal-mean zonal wind (m s™1) from 430 K to 1260 K averaged from 60°N to 80°N
for the period of 1992—-2005. Red circles and green diamonds denote the dates of the
vortex breakup obtained by the "edge-change" method and the SFW defined by the 10 m
s~ threshold, respectively. Yellow squares denote the SFW defined by the 5 m s

threshold.

Fig. 13 CHa4 and Os mixing ratios observed by ILAS in EL and time on the 1260 K, 800 K,
and 450 K isentropic surfaces in the NH from 1 November, 1996, to 30 June, 1997. The
black square denotes the location of the vortex edge each day, and the vertical line

represents the date of the polar vortex breakup using the “edge-change” method.

Fig. 14 Standard deviation of the mixing ratios of (a) CHa, (b) N20, (c) H20, and (d) Os
following the latitude circle from the ILAS observations for 1 November, 1996, to 30 June,
1997. Gray isolines represent the potential temperature, and the red solid circle denotes
the date of the polar vortex breakup on each isentropic surface using the “edge-change”

method.
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Fig. 15 The standard deviation of the Oz mixing ratio (denoted by color shading) following
the latitude circle from the POAM Il (October 1993—November 1996), ILAS (November
1996—June 1997), and POAM Il (April 1998—November 2005) observations, and the
daily maximum MPV (107 K m? kg™t s7; denoted by contours) on each isentropic
surface in the NH for the period 1992-2005. Red solid diamonds and circles denote the
dates of the formation and breakup of the polar vortex, respectively. In the lower part of
each panel, the latitudes of the POAM lI, ILAS, and POAM lll observations are

represented by blue, yellow, and red lines, respectively.

Fig. 16 Same as in Fig. 15, but for the SH. Contour lines represent the daily minimum

MPV on each isentropic surface.
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MPV, MPV gradient, and wind speed on 450 K 96
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726 Fig. 1 Isolines of MPV (contours, PVU) and its meridional gradient (red shading) over EL
727 and time, on the 450 K isentropic surface in the NH for 1996—-1997. The blue contour

728 represents the average wind speed (m s™1) along the MPV isoline. Black squares indicate
729 the edge of the polar vortex. Red vertical lines A, B, and C denote 10 March, 10 May, and
730 20 May, respectively.
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733 Fig.2 MPV gradient (red line) and wind speed (blue) along MPV isolines versus EL on the
734 450 K surface on (a) 10 March, 1997, (b) 10 May, 1997, and (c) 20 May, 1997, and in the

735 right panel their corresponding MPV fields (d), (e), and (f) for the same dates,

736 respectively. Location of the vortex edge on each day is marked by a dotted line in the left
737 panel and a thick black solid contour in the right panel.
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Fig. 3 Onthe 450 K surface: (a) Black squares and line denote the values of MPV at the

vortex edge and 80°N in EL, respectively. Horizontal dashed line represents 18.6 PVU,

and green vertical lines represent the 3-month winter period; (b) Maximum wind speed

along MPV isolines. Horizontal dashed line represents 15.2 m s™%; (c) Zonal wind speed

for which the contour encloses the area equivalent to 75°. Horizontal dashed line

indicates 25 m s™1.
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Fig. 4 (@) Isolines of MPV (contours, PVU) over EL and time, on the 1260 K isentropic

surface in the NH for 1996-1997. Green and blue contours represent 18.9 and 14.4 PVU,

respectively. Black squares indicate the edge of the polar vortex. Red vertical lines A, B,

C, and D denote 15 January, 10 February, 25 March, and 15 April, 1997, respectively.

(b) Black squares show the MPV at the vortex edge. The two horizontal dashed lines

represent 18.9 PVU and 14.4 PVU, respectively. Green vertical lines represent the

3-month winter period. Blue vertical lines represent the period from 18 February through

to 10 April.
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Fig. 5 Same as in Fig. 2, but on the 1260 K surface for (a) 15 January, (b) 10 February, (c)

25 March, and (d) 15 April, all in 1997, and (e)—(h) are their corresponding MPV fields.

Location of the subtropical edge is marked by a dotted line in (d) and dotted contour in

(h).
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MPV, MPV gradient, and wind speed on 1260 K
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Fig. 6 Isolines of MPV (contours, PVU) and its meridional gradient (red shading) in EL
(10°S—-80°N) and time on the 1260 K isentropic surface in the NH for 1996-1997. The
blue contour represents the average wind speed (m s™1) along the MPV isoline. Black

squares indicate the edge of the polar vortex.
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770  Fig. 7 Changes in time of (a) EL at the vortex edge, (b) MPV, (c) average wind speed

771 along the MPV isoline at the vortex edge on the 1260 K surface, and (d) normalized
772 changes of EL (green line), MPV (red), wind speed (blue), and their average (black) at
773 the vortex edge.
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776 Fig. 8 Comparison of polar vortex breakup dates in the NH on 510 K isentropic surfaces

77 for the period 1979-2018 using the “PV and U”, “U area”, “PV area”, and “edge-change”

778 criteria. Red diamonds denote the years of 2009 and 2013.
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(a) NH polar vortex in 2008/2009 (510 K) (b) NH polar vortex in 2012/2013 (510 K)
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780
781  Fig. 9 Isolines of MPV (contours, PVU) and its meridional gradient (red shading) in EL
782 (10°S—-80°N) and time on the 510 K isentropic surface (upper panels) and normalized
783 changes of EL, MPV, wind speed, and the "edge change" metric in the NH (lower panels)
784 for (a) 2008-2009 and (b) 2012—-2013. The blue contour represents the average wind
785 speed (m s™1) along the MPV isoline. Black squares indicate the edge of the polar vortex.
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788  Fig. 10 The dates of formation and breakup of the NH and the SH polar vortex (orange

789 line) and their average (thick black line) from 430 K to 1260 K for the period 1979-2018.
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(a) NH polar vortex breakup on 1260 K (b) SH polar vortex breakup on 1260 K
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791

792  Fig. 11 Black solid lines denote the vortex breakup dates determined by the

793 “‘edge-change” method at (a) 1260 K in NH, (b) 1260 K in SH, (¢) 510 K in NH, and (d)

794 510 K in SH for the period of 1979-2018. Red solid and dotted lines in (b) and (d) are the

795 linear trends for 1979-2000 and 2000-2018, respectively. The red solid line is
796 statistically significant at the 95% confidence level (p=0.018).
797
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799  Fig. 12 Zonal-mean zonal wind (m s™) from 430 K to 1260 K averaged from 60°N to 80°N

800 for the period of 1992—-2005. Red circles and green diamonds denote the dates of the
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801 vortex breakup obtained by the "edge-change" method and the SFW defined by the 10 m

802 s~ threshold, respectively. Yellow squares denote the SFW defined by the 5 m s™*
803 threshold.
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806  Fig. 13 CHa and Os mixing ratios observed by ILAS in EL and time on the 1260 K, 800 K,

807 and 450 K isentropic surfaces in the NH from 1 November, 1996, to 30 June, 1997. The

808 black square denotes the location of the vortex edge each day, and the vertical line
809 represents the date of the polar vortex breakup using the “edge-change” method.
810
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812  Fig. 14 Standard deviation of the mixing ratios of (a) CHa4, (b) N20O, (c) H20, and (d) O3

813 following the latitude circle from the ILAS observations for 1 November, 1996, to 30 June,
814 1997. Gray isolines represent the potential temperature, and the red solid circle denotes
815 the date of the polar vortex breakup on each isentropic surface using the “edge-change”
816 method.
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Fig. 15 The standard deviation of the Oz mixing ratio (denoted by color shading) following
the latitude circle from the POAM Il (October 1993—November 1996), ILAS (November
1996—June 1997), and POAM Il (April 1998—November 2005) observations, and the
daily maximum MPV (1076 K m? kg™* s7%; denoted by contours) on each isentropic
surface in the NH for the period 1992-2005. Red solid diamonds and circles denote the
dates of the formation and breakup of the polar vortex, respectively. In the lower part of
each panel, the latitudes of the POAM I, ILAS, and POAM lll observations are

represented by blue, yellow, and red lines, respectively.
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829 Fig. 16 Same as in Fig. 15, but for the SH. Contour lines represent the daily minimum
830 MPV on each isentropic surface.
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