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Abstract. The 1995-96 northernhemisphere (NH) winter was colder thanany
of the previous17 N]] winters, with temperatures continuously below the type 1polar
stratospheric cloud (P SC) threshold forover 2 1/2 months; UPPC {tropospheric ridges in
late Ieb and early Mar 1996 led to thelowest observed NH winter lower stratospheric
temperatures, and the latest observation of N Htemperat ures below the type 2 PSC
threshold. Consistent with the unusual cold and past cvidence of chemical processing on
PSCs, the lower stratospheric ozone (Oz) (Icelease observed by UARS h41,S in1995-96
was greater thaninany of the previousd N] | winters. Oz decreased throughout the
vortex over an altitude range approaching that typically sceninthe southern hemisphere
(S11). The decrease between late 1 )ec and carly Mar was ~2/3 of t hat over the equivalent
S11 period. 1lowcvct, as inother N] 1 winters, temperaturesin 1 996 rose above PSC
thresholds before the spring equinox, so conditions comparableto the S11 ozone hole
didnot arise. Column O3 above 1 (1(1 hPashowed asinall downwardt rend from late Dec

1995 through carly Mar 1996, apparently due tothe lower stratospheric 0, depletion.




Meteorology

The 1995-96 NIl winter was colder overall thanany of the previous 17 N Winters.
Fig. 1 compares high latitude minitmumn US, National Meteorological Center (NMC)
temperatures in 1995-96 at 465 K potentialtemperature (50 hPa) with those in the N1
and SHin other years since the Upper Atimosphere Research Satellite (U ARS) launch,
and in the 13 NI winters before the UARS Jaunch. After 1 Dec 1995, temperatures
were below 195K (the approximate type 1 P'S( formation threshold near 50 hPa) on 89
days, cornpared with a previous Nl maximum of 82 days in1994-95 [Zurck et al.,1996].
Temperatures were below 188 K (the approximmate type 2 1'S(; threshold) on 27 days
during the 1995-96 winter, as opposed Lo a previous maximum of 1 8 days in 1983-84.

Two upper tropospheric blocking ridges had a profound eflect on the lower
stratospheric flow. Fig. 2 shows 4G5 K maps fiom calculations of high-resolution UK
Meteorological Office (UKMO) potent ial vorticity (PV) (using the method of Sution
el al. [1994]) 011 20 Feb and 3 Mar 1996; supciimposed 011 these are 465 K UKMO
temperature contours and 315 1{ (~300hPa) "V contours. As noted by O’Neill et al.
[1994] (and references therein), upper tropospheric blocking events (as evidenced by the
buckling of the 315 K 1"V contowrs) are associated with a pattern of low temperatures
and distortion of the vortex inthelowerstratosphere, suchthat the coldest region is
along the vortex edge. Thus, verylow temperatures Mere located 11car the region of
strongest winds, so that large amounts of air could quickly experience PSC processing.
High- resolution I'V fields indicate introsion of (xtra-vortex airinto the vortex inthe
days following 20 l'cb, at 465 K and levels below. These 2 events in 1996 led {o the
latest obscrvation of 465 K temperatures below 188 K inthe NH (I1g.1) and, during
the first of these events, the lowest NH temperatures in the NMC record (these briefly
approached values typical of the S11 at t he equivalent time of year).

While cach NII winter since the U ARS Jaunch has included periods of unusual

cold [Zurek et al., 1996], the 1995 96 winter was the most persistently cold, with




temperatures remaining continuously below 19L K for 80 days. It was also the only year
since the UARS Jaunch to be unusuvally cold throughout February (Fig. 1). Consistent
with the unusual cold and past evidence: of hieteroge neous chemistry on PSCs, the UARS
Microwave Limb Sounder (MIS) observed enhisnced ClO inthe Nl vortex in mid- to
late-1)ec 1995, with most of the sunlit portion of the vortex filled with high ClO, and
vortex-averaged values higher than previously observed at this tivne [Santee et al., 1996].
During Ieb 1996, lower stratospheric ClO was as high as previously observed by ML.S,
and high values persisted into early Mar 1996 [Santecel a/z., 1 996]. The unusual and
persistent cold and the chlorine activation observed by M 1,S indicale the likelihood of
greater chemical Ojdestructioninthe 1 99596 winter than previously observed inthe

NH. We present here MLS O3 obscr vations which confirm this expect ation.

Data and Analysis

The MLS Version 303 data and validation are described by Froidevavz el al. [1996].
Version 4 data arc now being produced and will be shown except wheri comparing
directly to observations in previous years for which Version 4 data arc not yet available.
Version 4 changes include retrieval of HNOg inthe satne band as the 205 GHz O3 data
presented here (see Santee et al. [199[i]) and refinements in tangent pressure retrievals,
fidd-of-view pointing and estimated civors. Version 4 O data a 165 K arcon average
~0.2-0.25 ppimv lower than Version 3 data in the polar regions discussed here. Yor
both versions, precisions of individual O3 measurements are typically ~0.2 ppmyv, with
absolute accuracies of 1 5-20% inthelower stratosphere. To conserve the lifetime of the
MLS scan mechanisin, full vertical scanning mcasurements were taken on only about
2 days out of every 3 during thenorth-looking periodsin Nov/Dec 1995 and Feb/Mar
1996. In addition, a problem with the UARS spacecraft caused h4l, S to be turned off’ on
4-12 Yeb 1996.

MLS data are gridded by binning and interpolating 24 h of data, and interpolated
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to isentropic (potential temperatui ¢, 0) su rfaces using UKMO [Swinbank and O ’Neill,
1994] temperatures. 'V and high resolution PV fields [Sutton et al., 1994] arc calculated
from the UKMO analyses. Three dimensional Og transpor t calculations are done using
UKMO horizontal winds, computed diabatic descent rates, and a reverse trajectory
procedure like that of Sutton et al.[1994], butincluding diab atic effects. Thesc are
runon both a 4° by 5° latitude-long jtude grid [Manncy ¢t al., 1995a, b, 1996a] (for
examination of many levels and timme periods), and a high-resolution (0.8° equatorial
spacing) equal-arm grid (for detailed examination of individual daysandlevels). UKMO
mecteorological data arc used in the analysis of M1.S O3 to be consistent with these
calculations. UKMO N]] lower stratosphericteinperatures arc usually 1-3 K higher than
NMC temperatures {Manney ¢t ol., 1 996b]; an exception is during the ridging event

around 20 Ieb, when UKMO temper atures were ~3 K lower than those from NMC.

Ozone

Fig. 3 shows 465 K N1l vortex-alt:1zt{;c(I M 1,S Oz during 199596 andthe previous 4
winters. As noted above, the Version 4 averages are ~0.23 pp1 nv Jower than those for
Version 3 (which can be directly compared with previous years). Fig. 4 shows 465 K
MLS O3 maps during the 1995-96 Nl winter. Vortex-averaged Oyin early 1 )ee 1995
was similar to previous years, but the incrcase during Dee was slightly smaller. This
difference is thought to be primarily due to interannual diflerences in the developiment
of the polar vortexand associated transport; comparison withtransport calculations
suggests no cvidence of chemicalloss at this time.

Between 25 1ec 1995 and 29 Jan 1996, 465 K vor tex O3 dear cased slightly (Iigs. 3
and 4). Small decreases (~5%) were obscrved up throughi 585 1 over the same period.
In general, transport processes are expected to Incercase lower stratospheric 0,at this
time, through replenishiment by diabat ic descent. Iransport calculations on the 4°

by 5° grid show incrcases of 10-15%, which, combined with observed decreases, gives
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estimated chemical losses of ~1 0% and ~20% at 465 K and b8 K, respectively, over
the period; sensitivity tests using difterentinitialization days and/orthe high resolution
calculations snow very similar results,

1)uring Ieb 1 996, 465 K vortex- averaged Ogdecrcasedrapidly, with largest decreases
well within the vortex. By early February, high O3 is concentrated along the vortex
edge (I'ig. 4). Between 29 Jan and 3 Mar “191)(;, vortex- averaged Oy (11ig.3) decreased
by ~0.017 ppmv/d or ~0.7%/d. I'or comparison, the decrease over the period shown in
Feb/Mar 1993 is ~0.012 ppmv/d or ~0.4%/d. High-1esolution transport calculations
without chemistry for periods of ~3 weeks (Iig. 5) show calculated Oz in the vortex
interior considerably higher than that obser ved on bot h 20 Ieb and 3 Mar. On 20 Feb
1996, since highest O3 is along the vortex edge. the distortion of the flow by the upper
tropospheric ridge leads to the intrusion of higher 03 into the vortexinthe transport
calculation. A slight increase in observed vortex-averaged Oz (g . 3) was also seen at
this time. Filaments of higher Os pulled ofl the vortex over the Pacific (J'ig. 5) appear
to correspond to higher 03 regionsinthe M LS observations (Fig. 1).

A vortex-avmaged O, increase of ~0.005 ppimv/d at 465 1{ is expected due solely
to transport processes during Feb 1 996 (Fig. 6), leading to an estimated chemical loss
rate of ~0.02 ppinv/d or ~0.8%/d. Chemical depletion is miasked by transport to a
lesser degree thanin previous winters, when transport calculat ions imply 03 increases of
~0.007 ppmv/d (1 994-95, Manncy et al. [1 996a]), ~0.009 ppinv/d(1992-93 and 1993-94,
Manney et al. [1 995a, b]) and ~0.01 ppmv/d ( 1991-9?). Fven wit hasmaller increase
duc to transport, the greater obscrvedy at ¢ of decrease results ina faster estimated
chemical Oy loss rate in 1995-M thanin previous NHwinters observed by M 1,S.

Iig. 7 suminarizes the Oz loss obscrvedby N11,S over t hei!)!19596 NHwinter,
sh owing changes in lower strat ospheric Og b etween 241)ec 1 995and 3 Mar 1996 as a
function of equivalent latitude (PV expressedasthe latitude that would encompass

the same area as the PV contour, sce, e.g., Buchart and Remsbe rq [1986]) and 0. O




decreased throughout the vortex (equivalent latitude greater than ~60°) below ~550 K.
This is incontrast to previous years: i11992-93 and 1994-$5, large O3 decreases
(calculated over the same lengthof time, for a period encompassing the time when
most 03 destruction was expected) were confined near the vortex center and below
~520 K; 1 1991-92 and 1993-94, whichhadshorter cold periods, little decrcase was
secn. The pattern of decrcase in 199596 is qualitatively similar to that in recent SH
winters, and themagnitude of the decrease isr\lig/:gt}mt over the equivalent S11 period.
I 11 contrast to the SII, however, the NI final warming, in 1996 bepan in carly March
(as is typical inthe N, Fig. 1), so little additional chemical Oz loss was expected;in
the S11, temperatures below 195 Kare typically present for1-2months longer, and 03
continues to decrcase for ~lmonth after the spring cquinox.

Maps of h41,S coluinn Oz above 10() 1iPa, with46 hPaUKMO t emperature contours
overlaid, arc shownin}ig.8. Column Oz tends to be corrclated with lower  stratospheric
temperaturc and has been observed to be extremely low during upper tropospheric
blocking events [e.g., Petzoldt et 01., 1994, andreflerences therein]. Since column Og is
not, in gen cral, expected to be correlated with the vortex (cf. Figs. 2 and 8), Fig. 9
indicates the time trends by showing the average colurnn Qg inthe region that is both
north of 40° N and where column Oy isJess than 260 DU (less than 250 DU for Version
4, due to the bias between versions). In this average, column Qg above 100 hPain late
Dec is lower thanin previous years. This difference is likely due mainly to interannual
variability indynamical processes or inchemnical effeets other than T hose associated
with heterogencous chemistry on } S(I's, since significant chemical depletion by this
mechanism is neither expected nor observed at this timne.

During Feb 1996, columnn Oz varied on a time scale of a few days; comparison
of Fig. 9 with Fig. 1 shows these variations to be correlated wit h changes in lower
stratospheric temperature. While column Oq values fluctuated from day to day, between

late Dec 1995 and carly Mar 1996 t here was a small over al decrcase (~1 O DU) that




may reflect the observed chemical Q4 depletion in the lower stratosphere. This decrease
was at least twice that inany of the previous4 NJ] winters over asimilar period; in
1991-92 and1993-94, increases of about this magnitude were scen. Although chemical
O3 loss inthe N]] vortex was observed at somce time incach of the 5 winters since the
UARS launch, t he 1995-96 winter was unique in that lower strat ospheric O3 decreased
throughout the entire period from late Dec through carly Mar. More sustained low
temperatures and greater C10 enhancenent|[Santce ef al., 1996] during this winter led
to Oy losses sufliciently large that the effect on column 03 was noticeable. Nl ozone
depletion comparable to thatl inthe SHwould require both persistence of temperatures
below PSC thresholds after thespring cquinox, andtemperatures dill’illp; Jate winter and

carly spring even lower than those observedin 199 5H-96.

Acknowledgments. We thank the MLS teain for their efforts inmaking the data
avail able, the U KMO (R. Swinba nk, A. O ’Neill) and NMC (A. J. Miller and M. E. Gehnan)
for meteorological data. Work at theJet Propulsion Laboratory, California Institute of

Tecknology, was done under contract with the National Aeronautics and Space Administration.



9

References

Butchart, N., andl<. . Remsberg, The arca of the stratospheric polar vortex as a diagnostic
for tracer transport on anisentropic surface. J. Atmos. Sei., 43, 131$1339, 1986.
Froidevaux, L., etal., Validation of UARS MI1.S Ozone Mcasurements, J. Geophys. Hes., 101,
1O, OI7-10,060, 1996.

Manney, G. |,., et al., Lagrangian transport calculations using UARS data. Part 1 : Ozone,
J. Atmos. Sci., 52, 3069-3081, 1995Ha.

Manney, G. 1,., et a., Fvidence for Arctic ozone depletion in late Vebruary and early March
1094, Geophys. Res. Lett., 2,?,2911.2’914, 1995t).

Manney, G. 1,.,, et a., Arctic. ozonce depletion obscerved by UARS MLS during the 1994-95
winter, Geophys. Res. Letl., 23, 85 88, 1 996,

Manney, G. 1,., ¢t a., Comparison of UKMO and NMC stratospheric analyses during northern
andsouthern winter, J. Geophys. Iics., 101, 10,311- 10,334, 1 99Gh.

O’Neill, A, et a., Iivolution of the stratosphere during northern winter1991 /92 as diagnosed
from U.K. Meteorological Office analvses, J. Atmos. Sei., 51,2800- 2817, 1994.

Petzoldt, K., et al.,, Correlation betwecnstratospheric temperature, total ozone, and
t ropospheric west her systems, Geophys. Res. Lett., 21, 1203- 1206.1994.

Santee, M. 1,., et d., Polar vortex conditions during the 1995-96 Arctic winter : MLSHNO;3
and ClO, Geophys. Res. Letl., this issue, 1 996.

Sutton, R. 1., et a., High-resolution sti atospheric trace] fields estimated from satellite
observations using lLagrangian trajec Lory calculations, J. Atmos. Sei., 51, 2995-3005,
1994.

Swinbank, R., and A. () 'Neill, A strat osphere- troposphere data assimilation system,
Mon. Weather Rev., 122, 686- 702, 19941,

Zurek, R. W, et al., Interannual variability of the north polai vortex inthe lower stratosphere

during the UARS mission, Geoplys. Res. Lett. , 23, 289 292, 1 996,




10

Figure 1. Minimum 465 K NMC vortex temperatures during the 1995-96 NH winter (cyan
line), compared with the envelope and average for the 1 991-92 through1994-95 NH winter’s
(dark shading, white line), the envelope and al(’rage for the1978 79 through 1990-91 N1
winters (mediumn shading, yellow line), and the envelope fo11992 through1995 S11 winters

(light shading, S11 curves begin 1Junc).

Figure 2. ligh-resolution UKMO 465 K PV (colors), 465 K 185,190 and 195 KUKMO
temperature contours (black) and 315 K 1)\’ contours (white)on 20 I'et) and 3 Mar 1996. The
projection is orthographic, with 0°at the bottomand 9019 to the right; dashed lines are 30°

and 60° N.

Figure 3 Vortm-averaged Os(ppuw)for | Dee through 20 Mar. Open cyan circles show

Version 4 ML.S datain 1995-96.

Figure 4. 465 K MLLS O3 ou 21 1 )ec1995,29 Jan, 20 ¥eb and 3 Mar 1996. Layout is as in

Fig.2; 0.25 and 0.30 x 10" 1 K m?kg 's"1 P’V contoursare overlaid.

Figure 5. High-resolution 465 K Qg (ppmiv) from transport calculations on 20 Feb and 3 Mar

1996. Layout is as in Vig. 4.

Figure 6. Observed (black circles) and calculated (line) O3 change fromn 30 Jan through 3 Mar

] 996, andchemical Ogloss estimated from t hese (g rey tiiangles).

Figure 7. Observed o3 change (ppmnv) between 24 ec 199~J and 3 Mar 1996, in equivalent

latitude/f-space (see text). Dashed contoursindicate that Oy decreased.

Figure 8. As in lig. 4, but for coluinn Oy above 100 hPa. 46 hPatemperature contours of

185, 190 and 195 K are overlaid.

Figure 9. Average column 03 poleward of 40°N for column Q4 <260 DU (< 250 DU for

version 4) from MLS during 5 NH winters. Symbols and line styles are as in Fig. 3.
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