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We address the cause of the largely natural total ozone decline in the stratosphere from its spring maximum
to fall minimum in the northern hemisphere and show that this is mainly due techi@lyzed ozone destruction.

While in an earlier paper, using HALOE satellite observations, an analysis was made only for the year 1993,
here we also analyze later years, yielding very similar results. We emphasize the role of the subtropical
meridional transport barrier in isolating the chemistry at middle to high latitudes from that over the tropics.
We find that for all years net ozone production takes place between the “subtropical barrier”, at &dgut 30

and 50 N. Nevertheless, also in this latitude region the ozone content declines due to transport to higher
latitudes where very strong chemical ozone loss takes place due to summer tiraetM&ion. An interesting

result of the analysis is that, rather irrespective of the starting values of total ozone in early spring, chemical
ozone loss yields about the same minimum total ozone amounts in early fall. The result of our study strongly
depends on improved determinations of rate coefficients of several reactions in the stratospheric ozone budget.

1. Introduction As in Brihl et al.? latitude sweeps of zonal average HALOE

. . . data (Q, H20, CHs;, NO + NO,, HCI, and total inorganic and
A recent analysis based on data obtained with the Halogen o, tive chiorine deduced from HF) were entered daily for 5

Occultation Experiment (HALOE) on the UARS (Upper At- days about every month to reduce errors due to deficiencies in
mosphere Research Satellite) for the year 1993 and a phOtO'the dynamics of the model. Between these times, and in regions

qhe{n;cgl modélindicated that NQcatalyzed ozone destruc-  \ore HALOE data were not available, all species are calculated
tion# via the pair of reactions from model dynamics and chemistry. Rate coefficients of
relevant reactions not discussed above have been taken from
NO + O;—NO, + O, De More et al® Figure 1 shows, as an example, calculated net
O+ NO,—~NO+ 0, (1) ozone destruction for June_1994 with the contributions of the
NOy, CIOy, and HQ catalytic cycles (eq 1 and Table 1). It
demonstrates the large role played by, Ni®ozone destruction
during summer. The budget analysis is restricted to the region
below the 10 hPa level. We have found that higher up there is
a growing net ozone destruction with height, possibly indicating
still existing problems with the rate constants adopted for
reactions, such as @ OH—H + Oz, O+ HO; — OH + Oy,

. and OH+ HO, — HyO + Oy, and maybe in @photolysis,
+ H20 — 2HNO; on stratospheric sulfate aerosoModel reminiscent of the “ozone deficit” problem, which have been

esgmatefs ﬁf NngmalnI()i/ ENO3) to NQdconverflzn have been discussed for more than a decdd@ecause this discrepancy
substantially enhanced by recent updates of the rate constanty, o ,ses with altitude and the mentioned reactions are signifi-

for;h’\? rea_c)tioHns OHFNNOéj I(EM)' — Hl(;103 * (MI) and_ OHI cant only above the 10 hPa height level, we assume that this
+ HNG; 20 + NOs. stimated ozone 10ss IS also  ,ohlem’is not significantly affecting our analysis below the
enhanced by the larger measured rate coefficient for the reaction o j)p4 level. Because of short chemical relaxation times of less

s 8
o+ N.02 NO + O, In the present _study we extend the than 3 days, transport cannot be fast enough to transfer any
analysis of the seasonal total ozone decline to several years after
1993. TABLE 1: Most Important Odd Oxygen (O + Oj)
Destruction Catalytic Cycles in the Stratosphere Besides the
NOy Cycle of Eq 1

is largely responsible for the ozone decline in middle to high
latitudes from spring to fall. NQcatalysis is enhanced by NO
(NOx + NO3 + 2Nz05 + HNO3; + HNO4 + CIONO,) to NO
(NO + NOy) activation, which is strongly favored by long
daylight hours during summer, which hinder j@,0s, and
thereby HNQ formation by the heterogeneous reactiosOil

2. Seasonal Cycle of Total Ozone in the Northern

i Clott:

Hemisphere Cl+0,—~Clo+ 0,

To assess the impact of the changes in odd nitrogen chemistry CO+0—CI+0, @
on the hemispheric ozone budget and the spring to fall total HO« .
ozone decline at high and middle latitudes, the Mainz two- ~ Pelowabout30km: 0,—HO, + 0,
dimensional (2-D) mod@was applied, fed with HALOE data. HO, + O,—2OH+ 0O, (3)

and higher up:
T Part of the special issue “Harold Johnston Festschrift”. OH+ O;—~HO, + O,
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L, 10°molec/cm3/s % L due to NO b(_etwet_en a cold strat(_)spheric winter and sp_ring season (1993)
5,000~ = e with significant ClQ-induced ozone depletion and a warm
WOhooom__ 1 £ 0] ] winter and spring season without significant chemical ozone
. o loss (1994).
2 Figure 4 shows the different terms of modeled and observed
100} -0.010% £ 100 s %0 May—August ozone budget in the lower stratosphere for the
0O 20 40 60 80 years 19931999, now in Teragram (Tg) added up for two
Latitude [degrees] Latitude [degrees] latitude regions. 1997 was excluded because of too large

uncertainties due to data gaps. Gaps in HALOE data also lead
6 3 ] 3
L, NOx, 10°molec/cm”/s L, ClOx, 10'molec/cm®/s to larger uncertainties during 1996, 1998, and 1999 than in the

WOh e 000 ] g 1of 0.500 — 3 years 1993-1995. The difference between the calculated
10,250~ o jeeT————oi0- chemical net ozone production term and the measured total
T’-050\2.500 e Iﬁﬁ:\\& column change between 10 and 100 hPa is balanced by

100 N g 100 0.005 = § (meridional) transport. Thus, although net ozone production of
0 20 40 60 80 o 20 40 50 80 59-85 Tg_ (Figure 4a;+ symbols) is calculated for the 3@o
Latitude [degrees] Latitude [degrees] 50° N region, the observed ozone column actually decreased
(9—35 Tg, Figure 4ax symbols). This is due to an export of
L, HOx, 10°molec/cm’/s L, OX, 10°molec/cm?®/s 89—-113 Tg to the region north of B3N (& symbols), where

10t //\ 2 10 0.500 — large chemical ozone loss takes place (1180 Tg, * symbols)
&2_03/‘““‘ = 0.200 due to strongest N(activation caused by long daylight hours,
0050 ———— g °'°5°\ which reduce NQ formation from NQ, as discussed in the
2 g 100 N Introduction_. W?thin u_ncertainty limits th_e obse_rved de_cline of
[ S a T 60‘0058’5 54—100 Tg in high latitudesA symbols) is consistent with the

Latitude [degrees] Latitude [deqress] model estimates for transport and chemistry<{26 Tg, O

symbols, Figure 4a).

Because chemical loss is slow (Figure 1), observed ozone
decreases in the lowermost stratosphere below about 100 hPa,
including those due to the seasonal upward shift of the
tropopause, contribute to tropospheric ozone. Making the
somewhat daring assumption that the difference between average

: 8 - area-weighted calculated chemical ozone loss and observed total
0 20 40 60 80 0O 20 40 60 80 ozone loss of 4674 Tg (Figure 4b,&, shown as negative
Latitude [degrees] Latitude [degrees] numbers) is due to transport into the troposphere, a stratosphere
Figure 1. Diurnal average net ozone chemical production and tO troposphere ozone flux of {47) x 10" (molecules/c/s
destruction rates as calculated by a 2-D model reinitialized daily with during four months north of 30N is calculated, or (23.5) x
HALOE data (in 16 (molecules/crf)/s and percentage changes), also 100 (molecules/cf)/s averaged over the entire northern
sholwinfg a;)solu;%;:d_r;]elative Icgnt_ribtuhtions ‘t)f_gh?_ diff?rtﬁntgstalytic hemisphere. Considering that the maximum downward flux of
cycles for June . The panel Ox is the contribution of the Chapman : ; ; :
rgaction and reactions invglving @). Contours are 0.01, 0.02, 0.85, Ozonp near Fhe tropopau§e OcCCurs In spring, our estimate is
0.1,0.2, 0.5, 1, 2, and 5 (both signs). consistent with earlier estimated annual aver_ag_eﬂ@(es_of
~3 x 1019 *and 4x 10' (molecules/cri/s1® It is interesting

; ; S to note that the largest flux into the troposphere is calculated
chemical ozone disequilibrium from above to below 10 hPa. >
4 for the year 1994 which had almost no Gldduced ozone

Furthermore, above 10 hPa less than 20% of all stratospheric - Y . X . .
depletion in the polar vortex region during winter and spring

ozone is located with little seasonal change in the observed’ = . .
: g (Figure 4b). Whether stratospheric ozone depletion by CHD
ozone column (see Figure 2). . . . ? .
have a feedback on tropospheric chemistry is an interesting

Figure 3 shows the calculated chemical ozone changes. ; . L .
between 10 and 100 hPa during the four summer months (May Ejﬁfsg}'gf: however, is of greater significance in the southern

to August) during the years 1993 to 1999 as functions of latitude, The ozone budaet presented here is consistent with the main
except for 1997 when the HALOE data set had too large gaps role being bla edgb pNQcataI sis in the soring to fall total
in middle latitudes. All budget terms are expressed in Dobson g play y ys pring

ozone decline north of 30N. It is remarkable that for those

units (DU), area weighted by the cosine of the latitude. The ears in which insignificant Cl@induced ozone loss had taken
100 hPa level was chosen because at lower altitudes, chemicaY : . 9 . .
place in winter/spring, calculated chemical ozone loss during

ozone loss is too slow to contribute significantly to the seasonal late spring and summer was so much larger so that in the fall
ozone decrease (see Figure 1). Instead, the decrease of 0ZoNg "t the same total ozone amourts580 Tg between 100
between the 100 hPa level and the tropopause is largely due to d 10 hp d north of 30 cul t% d d
downward transport into the troposphere. anc a and nortn o ) were calcuiated and measure
) ) as in the CIQ perturbed years (Figures 2 and 4). This gives

Calculated chemical column ozone destruction nortys6” credence to the presented ozone budget and the approach taken
N, which is strongly determined by N@atalysis, more than — j, this study. The consistent ozone budget, which is presented
compensates for the net chemical ozone production OCCUIMNGhere very much depended on major improvements in the rate

between the subtropical meridional transport barrier atSIB coefficients defining NQNO, ratios, as mentioned in the
N and about 50N. Figure 3 also contains the changes in column |04/ ~tion

ozone in the lower stratosphere that are directly derived from
the HALOE profiles for which Figure 2 shows examples for

two extreme years. Note the large difference in the change of
ozone profiles in the high-latitude lowermost stratosphere  From Figure 2 it can also be seen that the tropics seem to be

6, P day

Poet, 106molec/cm3/s 1994

Pressure [hPa]

3. Vertical Winds in the Tropics
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Figure 2. Zonal average profiles of ozone concentrations in the lower stratosphere as observed by HALOE for latitudes bétiNesard 253

N (step 10) in 1993 and 1994. The labels above each plot give the selected latitude bands. Key: (solid lines) late April; (dotted lines) late May;
(dashed lines) July; (dastdotted lines) August. HALOE can retrieve only downAd.75 hPa. The uncertainty of the zonal average ozone data
below 100 hPa in high latitudes and middle latitudes is on the order e2Q®2’ above 50 hPa, 5% is typic.

decoupled from the rest of the hemisphere since the profiles also agree with the mean upward velocities derived from net

show almost no change with season, despite, for example, nearadiative heating rates.

25° N, a calculated weighted column ozone production of 86

DU in the 10-100 hPa range. This tropical chemical ozone 4. Conclusions

production appears to be compensated by ozone loss through oz0ne destruction by NQcatalysis in the altitude range

upward motion (see Figure 2). Net chemical production rates peqween 10 and 100 hPa at high to middle latitudes is largely

of up to~5 x 10° (molecules/crfy/s (Figure 1) are consistent  yegnonsible for the total 0zone decline from May to August in

with an upward velocity of the order of 0.5 mm/s, according to {he extratropical northern hemisphere. This effect becomes

the formula particularly clear after recent revisions of critical rate constants
that enhance NPto NOy conversion (NQ activation) and

fz P,(O,) dZ catalytic ozone destructidh® The ozone budget and seasonal

18km 1 ozone decline are characterized by net ozone production in the

30° to 5C° N latitude region, strong net{@lestruction poleward

where P,(O3) denotes net ozone production, jJQhe ozone of 50° N, with the largest value in the year 1994 when almost

concentration, andv the upward velocity, both at altitude no chlorine-induced ozone depletion took place in winter and

Figure 5 shows resulting vertical velocities for data of the years spring, and export of ozone from the °3® 50° N to higher

1993 and 1994 for altitudes between 22 and 28 km together latitudes causing in both regions the observed seasonal decrease

with values derived from HALOE water vapor distributions in ozone. We also tentatively estimate an ozone flux-dD—

using the “tropical tape-recorder” meth&fdThese velocities 75 Tg from the stratosphere to the troposphere between May

1
W2~ 15
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Calc. chemical ozone change, 100 to 10hPa, DU July, 25N
28F ' - ]
501 ] I '
- i
_50F 4
4IO 6IO 80 . .
Latitude 0.4 0.6

w, mm/s

Observed ozone change above 175hPa, DU

93" ' Figure 5. Vertical velocities in the tropics derived from the ozone
sol  CoIT 8‘% ] budget in the years 1993 (dotted line) and 1994 (dashed line), from
_______ 9% 1 the HALOE water vapor “tape recorder” (solid line), and from radiative
——n 38 1 heating (daskdotted line).
or ) ] contained and to play only a minor role in the seasonal O

decline. In this region, net ozone production bels®0 km is
compensated by upward transport with velocities of the order

—50F 1 of 0.5 mm/s, in accordance with the estimate by Mote éf al.
‘ ) . based on upward propagation of the seasonal signal of HALOE
40 60 80 water vapor mixing ratios in the tropical stratosphere.
Latitude
UARS/HALOE Acknowledgment. We thank the HALOE team under J.

Figure 3. Calculated chemical column ozone loss between 100 and Russell (Hampton University and NASA Langley Research
10 hPa during May to August as a function of latitude (panel a) and Center) for cooperation. This paper is presented to Harold
observed column ozone loss above 175 hPa (HALOE satellite data, johnston, a highly esteemed colleague and friend, who has made

panel b) for the years 1993999 in DU weighted by the cosine of  gch main contributions to chemical kinetics, atmospheric
latitude. 1997 is not shown because of too large gaps in the HALOE chemistry, and health of the planet.

data.
a Chem. changes and transport of ozone, Tg References and Notes
* * * 1 Destruction, 50-90N (1) Crutzen, P. JQ. J. R. Meteorol. Sod97Q 96, 320.
150k * ] (2) Johnston, HSciencel971, 173 517.
(3) Brihl, C.; Crutzen, P. 1. Geophys. Re200Q 105, 12163.
° x ° Observed loss, 50—90N (4) E.g.: Fahey, D.; Ravishankara, A. Bciencel999 285 208.
100, 8 o N 87 Eoleworgﬂ (rc;gpos%th 50N (5) Dransfield, T. J.; Perkins, K. K.; Donahue, N. M.; Anderson, J.
g A . L B Mossied s 50-90N G.; Sprengnether, M. M.; Demerjian, K. Geophys. Res. Lett999 26,
+ A 1 chemistry+transport 687.
sor % x o (6) Brown, S. S.; Talukdar, R. K.; Ravishankara, AJRPhys. Chem.
x R X A 1999 103 3031.
ol . . ‘ X] Observed loss, 30-50N (7) Brown, S. S.; Talukdar, R. K.; Ravishankara, A.Ghem. Phys.
94 96 98 Lett. 1999 299, 277.
yeor (8) Gierczak, T.; Burkholder, J. B.; Ravishankara, AJRPhys. Chem.
b A 1999 103, 877.
Average strqt. column ozone chcqge, 30—90N, Tg (9) Grooss, J.-U.; Bitl, C.; Peter, TAtmos. Emiron. 1998 32, 3173.
or ] (10) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;
Flux into troposphere (=) Kurylo, M. J.; Howard, C. J.; Ravinshankara, A. R.; Kolb, C. E.; Molina,
_s0k® o + ©] ob o chan M. J. Chemical kinetics and photochemical data for use in stratospheric
R 2 § 21 Modelled chemital chonge, modeling,JPL Publ. 97-4, 1997.
a " A 10-100hPa (11) Molina, M. J.; Rowland, F. S\ature 1974 249, 810.
—100r x *' Opserved by HALOE above (12) Bates, D. R.; Nicolet, MJ. Geophys. Red.95Q 55, 301.
, . 175hPa (13) E.g.: Eluszkiewicz, J.; Allen, Ml. Geophys. Re4993 98, 1069.
_150F * N Miller, R. L.; Suits, A. G.; Houston, P. L.; Tuomi, R.; Mack, J. A.; Wodtke,
A. M. Sciencel994 265 1831. Grooss, J.-U.; Mier, R.; Becker, G.;
McKenna, D. S.; Crutzen, P. J. Atmos. Cheml999 34, 171.
—200F n . . ] (14) Murphy, D. M.; Fahey, D. W.; Proffitt, M. H.; Liu, S. C.; Chou,
94 96 98 K. R.; Eubank, C. S.; Kawa, S. R.; Kelly, K. K. Geophys. Re4993 98,
year 8751.

Figure 4. Calculated and observed ozone budget terms for the summer  (15) Gettelman, A.; Holton, J. R.; Rosenlof, K. #.Geophys. Re4997,
lower stratosphere of the years 199899 (May to August). Panel a: 102 19149.
separate terms for regions south and north 6f 80100 to 10 hPa. (16) Mote, P. W.; Dunkerton, T. J.; Mcintyre, M. E.; Ray, E. A.; Haynes,

Panel b: terms for the whole area north of the subtropical barrier. ~ P- H-; Russell, J. M., lilJ. Geophys. Re4998 103 8651.
(17) Bhatt, P. P.; Remsberg, E. E.; Gordley, L. L.; Mclnerney, J. M.;

. . Brackett, V. G.; Russell, J. Ml. Geophys. Re4.999 104, 9261.
and August with largest values in the years 1994 and 1998 when (18) Brihl, C.: Drayson, S. R.: Russell. J. M- Il: Crutzen, P. J.:

little ClOx-induced winter to early springtime ozone depletion Mcinerney, J. M.: Purcell, P. N.; Claude, H.; Gernandt, H.; McGee, T. J.;
took place. The tropical region appears to be largely self- McDermid, I. S.; Gunson, M. R]. Geophys. Red.996 101, 10217.



