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Abstract: Monthly average total ozone and monthly average temperature at 50 hPa
(Tso) over Eureka, both obtained by ECC type ozone sonde observations, were high
throughout the winter to early spring of 1997/98 in contrast to those in the former 3
years.

The situation is discussed in relation to the relative location of Eureka with respect
to the polar vortex boundary and the chemical ozone loss inside the polar vortex. In
1997/98, Eureka was inside the polar vortex in the lower stratosphere (475 K potential
temperature level) only in the middle of December, early to mid-February and early to
mid-March. The period was shorter than in the former 3 years. Moreover, daily Ts,
values when the lower stratosphere over Eureka was inside the polar vortex were not
so low compared with those in the former 3 years, and PSCs were not observed over
Eureka. The year to year variation of the temperatures in the lower stratosphere (Tso)
over Eureka inside the polar vortex was generally consistent with the variation of the
one within the entire polar vortex.

A positive correlation between intravortex potential vorticity (PV) and ozone
mixing ratio is expected in the lower stratosphere in the absence of strong chemical
ozone loss. In 1997/98, this relation seems to have held during the winter to early
spring over Eureka. Also, the total ozone in 1997/98 over Eureka when Eureka was
inside the polar vortex in the lower stratosphere was higher than in the former 3 years.
These suggest that the chemical ozone loss in 1997/98 inside the polar vortex was small
in contrast to the former 3 years.

1. Introduction

Toward winter, cooling of polar stratospheric air in the lack of solar radiation leads
to formation of the circumpolar wind belt. This westerly wind belt (polar wind jet)
defines the polar vortex. The boundary of the polar vortex is characterized by large
gradients in temperature, mixing ratio of trace constituents and potential vorticity, and
maximum in polar wind jet speed, and is considered to be a kinematic barrier to large
scale transport. The Antarctic polar vortex develops lower temperature and persists
longer than the Arctic polar vortex, because planetary wave activity is more frequent
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Table 1. Number of ECC type ozone sonde observations at Eureka from September 1993 to March

1998.
1993 1994 1995 1996 1997 1998 Total
January 8( 7 15 (15) 12 (11) 13 ( 6) 13(7) 61( 46)
February 6(6) 12 (9) 5( 3) 12 (11) 9(5 44 (3
March 4 (4 16 (16) 11 (9) 12 (9) 14 (11) 57 ( 49)
April 4(4) 7(6) 11 ( 10)
May 3(3) 3( 3)
June 4 (3) 4( 3
July 5(5) 5(595)
August 5(4) 5(5) 4(4) 14 ( 13)
September 5(59) 4(4) 4(4) 4(4) 17 ( 17)
October 4(2) 4 (4 4(2) 5(4) 4(2) 21 ( 14)
November 3(3) 5(3) 5(5) 4(4) 4 (4 21 ( 19)
December 11 (10) 10 ( 8) 15 (14) 11 ( 4) 9( 6) 56 ( 42)
Total 23 (20) 46 (40) 80 (74) 48 (35) 81 (63) 36 (23) 314 (255)

Numbers in parentheses are numbers of total ozone data.

and of larger amplitude in the Northern Hemisphere, which modifies the temperature
and dynamical structure of the polar vortex. The cause of the polar stratospheric
ozone depletion in winter is this very low temperature in the polar vortex. Polar
stratospheric clouds (PSCs) are formed in the cold polar vortex. Then, stable halogen
reservoir compounds are converted to active forms on these surfaces and ozone is
depleted photochemically with the return of solar radiation. Polar ozone is depleted on
a very small scale in the Arctic compared to the Antarctic for the above-mentioned
reason (WMO, 1994). However, there were large ozone decreases in the Arctic lower
stratosphere in 1994/95 and 1995/96, and, especially, in 1996/97.

In a previous paper (HIROTA et al, 1998), we reported the results of ECC type
ozone sonde observations in winter to early spring at Eureka (80°N, 86°W) from
September 1993 to April 1997, and suggested the occurrence of chemical ozone loss in
the lower stratosphere over Eureka, especially in 1996/97. This paper reports the
difference of the ozone layer and temperature over Eureka between 1997/98 and the
previous years, compares them with meteorological conditions over the polar region and
discusses the possible cause of the difference. An outline of observations is given in
HiroTtaA et al. (1998). The number of ozone sonde observations in each month is shown
in Table 1. Column amount of ozone (total ozone) was calculated from the vertical
ozone profile when the ozone sonde reached an altitude higher than 17hPa. Temper-
ature data were also obtained by ozone sonde observations.

2. Results and Discussion

2.1. Year to year variation of total ozone and stratospheric temperature
Seasonal variation of monthly average total ozone over Eureka shows a maximum
in early spring and a minimum in autumn (HIROTA et al., 1998), and is similar to the one
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Fig. 1. Monthly average total ozone and temperature at 50 hPa over Eureka.
®: 1993/94, O: 1994795, ~: 1995/96, +: 1996/97, <: 1997/98

at Resolute (74.7°N, 95°W) (FioLETOV et al., 1997). Monthly averages of total ozone
over Eureka are shown in Fig. 1, together with monthly average temperatures at SOhPa
(Tso) (19-20km). Ts, was chosen because this height is just above the ozone density
peak altitude. Figure 1 indicates that the total ozone and Tso from December to March
since 1993/94 are positively correlated (correlation coefficient is 0.80).

In 1997/98, both total ozone and Ts, were high throughout from December to
March in comparison with those in previous years. They were very similar to those in
1993/94, except for February.

2.2. Meteorological condition of the Arctic vortex

Variation of total ozone over an Arctic site, Eureka during the winter to early
spring is basically controlled by two factors. One is relative location of the site with
respect to the polar vortex boundary. The other is the chemical ozone loss process
inside the vortex.

First, relative location of Eureka with respect to the polar vortex boundary was
estimated from isentropic potential vorticity (PV) in the lower stratosphere. PV was
calculated from the Japan Meteorological Agency (JMA) objective analysis. In the PV
maps at 475K potential temperature (17-19km) from December to March, large
gradients were usually observed between 30 and 40X 10 °K m?s~'kg ™!, and this region
was considered to be the boundary of the polar vortex. This potential temperature was
chosen, because this height was close to the ozone density peak altitude. Some
examples of PV maps in 1996/97 and 1997/98 are shown in Fig. 2. On 10 February,
14 March and 22 December 1997, and on 8 February and 10 March 1998, Eureka was
considered to be inside the polar vortex in the lower stratosphere. On the other hand,
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Fig. 2a. 1996/97.
Fig. 2. Potential vorticity map at 475 K potential temperature level over the Northern Hemisphere.
Potential vorticity: X107°K m’ 'kg~'. @ in the maps show the locatiion of Eureka, with
0° longitude at the top and 90° W to the right.

Eureka was not inside the vortex on 5 January and 27 February 1998. From these
maps since 1993/94, Eureka, with a PV value higher than 40X 10"°K m?*s 'kg™', was
judged to be inside the polar vortex. When the PV value was lower than this value,
Eureka was judged to be on the boundary of or outside the polar vortex. This threshold
value seems to be appropriate for the 5 winters from 1993/94 to 1997/98.

Then, in relation to the chemical ozone loss, the daily PV at 475K potential
temperature level and daily Ts, over Eureka are shown in Figs. 3 and 4, respectively.
As seen in Figs. 3 and 4, when Eureka was inside the vortex in 1994/95, 1995/96 and
1996/97, Ts, was often as low as the nitric acid trihydrate (NAT) formation tempera-
ture (about —80°C) and actually PSCs were observed, though, in some cases, PSCs
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Fig. 4. Temperature at 50 hPa over Eureka. o : A NAT formation temperature
of —77.2°C at 50hPa (H,O0=5ppmv, HNO;=10.5ppbv). —: Period
when PSCs were observed over Eureka.

were observed at higher temperature than the NAT formation temperature (NAGAI et
al., 1997a, b). The periods when PSCs were observed are shown in Fig. 4.
Corresponding to the situations in the lower stratosphere over Eureka, those over
the polar region from 1993/94 to 1996/97 were as follows. In 1993/94, averaged
minimum temperatures in the lower stratosphere (465 K) inside the polar vortex were
generally warmer than in 1992/93 and 1994/95, except for the short period from late
February to early March (MANNEY et al., 1996). PSCs were not observed over Eureka,
though Eureka was inside the vortex during this period. In 1994/95, lower strato-
sphere daily minimum temperatures (50hPa) over the north polar region (65-90°N)
reached record low values in December and January, and again during March after a
warming event in February (National Oceanic and Atmospheric Administration
(NOAA), 1995). Ts values when Eureka was inside the vortex were in good agree-
ment with averaged minimum temperatures (50 hPa) inside the vortex (DoNovaN et al.,
1995). In 1995/96, Eureka was generally inside the vortex from December to the
middle of March, and NOAA (1996) again reports record low temperatures in the lower
stratosphere over the north polar region from December to early March. In 1996/97,
the polar vortex was undeveloped into early January (4 December 1996 and 9 January
1997 in Fig. 2a), but clearly defined by the middle of January, and Eureka remained
inside the vortex from late January to early April; Tso was low continuously from
February to March. An unusually cold, polar-centered vortex (10 February and 14
March 1997 in Fig. 2a) remained in a relatively undisturbed state from January to late
April (NOAA, 1997, NEwMAN et al., 1997). These results indicate that the tempera-
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tures in the lower stratosphere inside the polar vortex were generally consistent with
those over Eureka inside the polar vortex.

In 1997/98, Eureka was inside the polar vortex in the lower stratosphere only in the
middle of December, early to mid-February, and early to mid-March. The period
when Eureka was inside the polar vortex was short compared with those in the former
3 years. The higher total ozone and Ts, in 1997/98 presented in 2.1 was partly due to
this fact. JAPAN METEOROLOGICAL AGENCY (1998) reports that the polar vortex (at 30
and 100hPa) in 1997/98 generally shifted toward the European side in December
because of the strong Aleutian high, though Eureka in the lower stratosphere was on the
edge of the polar vortex on 22 December 1997 as shown in Fig. 2b. The vortex was
weak and over the European side in January, and was over the Barents Sea in February
(5 January, and 8 and 27 February 1998 in Fig. 2b). In March, the vortex at 100 hPa
was strengthened and shifted over northern Greenland, and the vortex at 30 hPa shifted
over the Svalbard Islands (10 March 1998 in Fig. 2b). These meteorological condi-
tions seem to be consistent with the relative location of Eureka with respect to the polar
vortex boundary.

2.3. Total ozone and temperature inside the vortex

As shown in Fig. 4, daily Ts, values in 1997/98 when Eureka was inside the polar
vortex were not so low compared with those in the former 3 years, and PSCs were not
observed over Eureka. Table 2 shows the average total ozone and average Tso, and the
correlation between daily values in each year over Eureka in which Eureka was inside
the polar vortex in the lower stratosphere, starting from 1993/94. The number of the
data in each month is very low (no data in January 1998, and only one data point each
in December 1993, January 1994 and March 1996), average values between December
and March are shown. It is evident that the total ozone values in 1994/95, 1995/96
and 1996/97 are lower than in 1993/94 and 1997/98. Similar variation can be seen in
Ts. The higher total ozone and Ts, in 1997/98 presented in 2.1 was also due to the fact
that these two quantities were higher even within the vortex.

Table 2. Average total ozone, average temperature at 50 hPa (Tsy), and correlation between daily total ozone
and Ts,, when Eureka was inside the polar vortex in the lower stratosphere (at 475 K).

T

Correlation
Year Ozone sonde Average total Average A
observations* ozone** Teo** slope 5 correlation
(m-atm cm/" C) coefficient
1993/94 10 347 (47) —69.6 (7.9) 2.0 0.35
1994/95 24*»* 319 (48) —173.4 (7.5) 4.7 0.74
1995/96 19 326 (32) —176.1 (6.3) 1.3 0.26
1996/97 21 311 (45) —178.7 (2.2) 25 0.12
1997/98 10 376 (59) —-69.4 (5.5) 9.3 0.87

*: Ozone sonde observations, when the ozone sonde reached an altitude higher than 17 hPa.
**. Standard deviations are shown in parenthesses.
***. Data on 31 January, 1 February and 24 March are omitted, because total ozone values were very
high, though the PV values were high instantaneously.
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Fig. 5. Ozone mixing ratio (ppmv) over Eureka in 1996/97.

NOAA (1998) reports a similar situation, i.e., that the Arctic polar vortex in the
winter of 1997/98 was cold in December, but after a warming event in January warmer
and less stable than in previous years. As mentioned before, in December, the polar
vortex shifted toward the European side and Ts over Eureka was rather warm.

2.4. Chemical ozone loss

Figure 3 shows PV at the 475 K potential temperature level, together with ozone
mixing ratio at the same level over Eureka. In the lower stratosphere (475K level)
inside the polar vortex, a positive correlation between PV and ozone mixing ratio is
expected in the absence of strong chemical ozone loss, because the distribution of ozone
in the lower stratosphere is largely controlled by dynamics (PLuMB and Ko, 1992;
DoNovaN et al., 1995, 1996). As shown in Fig. 3, this relation between intravortex PV
and ozone mixing ratio seems to hold in the first half of each observation period in
1994/95, 1995/96 and 1996/97. In the latter half, the ozone mixing ratio decreased
from that expected from the PV change. This would be due to the formation of PSCs
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in the lower stratosphere inside the very cold vortex and the increase of active chlorine
compounds in the presence of PSCs. Actually, enhanced chlorine monoxide (ClO) was
observed in these years by UARS Microwave Limb Sounder or a ground-based FTIR
system (MANNEY et al., 1996; DONOVAN et al., 1996, 1997). For example, as shown in
Fig. 5, ozone mixing ratio in the lower stratosphere (around 475K) in 1996/97
increased through the end of February due to the diabatic descent of air (DONOVAN et
al., 1997), and then decreased abruptly probably due to the chemical ozone loss. These
results indicate that there were chemical ozone loss in 1994/95 (MANNEY et al., 1996;
BirDet al, 1997), 1995/96 (DoNovaN et al., 1996) and especially in 1996/97 (DONOVAN
et al., 1997; NEwMAN et al., 1997). If the chemical ozone loss process is working inside
the polar vortex, positive correlation between total ozone and Ts, expected from the
diabatic descent of air, would be weakened. This relation is suggested by the difference
between 1997/98 and the former 3 years over Eureka, as shown in the fifth and sixth
columns of Table 2.

However, as shown in Fig. 3, the decrease of ozone mixing ratio was not clear in
1997/98, because the polar vortex came and went over Eureka, and seemed to be rather
small in comparison with those in the former 3 years. Also, the total ozone in 1997/98
over Eureka when Eureka was inside the polar vortex in the lower stratosphere were
higher than in the former 3 years (Table 2). This would be due to that the polar vortex
in 1997/98 was warmer in the lower stratosphere than in the former 3 years. Actually,
PSCs were not observed over Eureka. This suggests the less efficient activation of
chlorine species and suggests that the chemical ozone loss in 1997/98 inside the polar
vortex was small in contrast to the former 3 years.

Similar situations were seen in 1993/94 except for early March, when the ozone
mixing ratio was lower than that expected from the PV change. MANNEY et al. (1995)
report chemical ozone loss from late February to early March in 1993/94. This
suggests that PSCs were formed somewhere in the vortex except for Eureka, and total
ozone over Eureka was considerably lower than in 1997/98 (Table 2). Positive corre-
lation between total ozone and Ts, was rather low compared with that in 1994/95, partly
because the data in 1993/94 were relatively concentrated in February and March.
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