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A Reevaluation of the Ozone Budget with HALOE 
UARS Data: No Evidence for the Ozone Deficit 

P. J. Crutzen,* J.-U. GrooR, C. Bruhl, R. Muller, J. M. Russell Ill 

Recently, additional ozone production mechanisms have been proposed to resolve the 
ozone deficit problem, which arises from greater ozone destruction than production in 
several photochemical models of the upper stratosphere and lower mesosphere. A 
detailed ozone model budget analysis was performed with simultaneous observations of 
0,, HCI, H,O, CH,, NO, and NO, from the Halogen Occultation Experiment (HALOE) on 
the Upper Atmosphere Research Satellite (UARS) under conditions with the strongest 
photochemical control of ozone. The results indicate that an ozone deficit may not exist. 
On the contrary, the use of currently recommended photochemical parameters leads to 
insufficient ozone destruction in the model. 

O n e  of the goals of stratospheric modeling 
is to reproduce observed 0, concentrations, 
a prerequisite for the prediction of future 0, 
trends. Several model studies (1-7) have 
used experimental data to simulate strato- 
spheric chemistry; most (1-5) have con- 
cluded that 0, production by 0, dissocia- 
tion is significantly smaller than its destruc- 
tion in the upper stratosphere and lower 
mesosphere. This discrepancy is called the 
"ozone deficit problem." To account for it, 
additional autocatalvtic 0, ~roduction 

J A 

mechanisms involving vibrationally or elec- 
tronically excited 0, molecules produced 
from 0, photolysis have been proposed (8- 
I 1  ). One of the proposed mechanisms, the 
photodissociation of vibrationally excited 
0, as a source of O,, has been discarded 
because of efficient deactivation of high 

P. J. Crutzen. J.-U. GrooO, C. Brljhl, R. Muller, Max- 
~lanck-lnstitute for Chemistry, Post Office Box 3060, 
55020 Malnz, Germany. 
J. M. Russell Ill, NASA Langley Research Center, Mail 
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vibrational levels (6, 12). However, the 
formation of highly vibrationally excited 0, 
(where the vibration state w 2 26) from 0, 
photolysis at a wavelength of 226 nm, fol- 
lowed by the reaction 0, ( u  2 26) + 0, -+ 

0 + O,, has recently been proposed as a 
significant source of 0, (9). 

Here, we revisit this issue, adopting sun- 
set and sunrise observations of HALOE ( 1  3 ) ,  
together with a photochemical, gas phase- 
only, box model with an exact numerical 
package for stiff differential equations (14). 
The model integrates a comprehensive pho- 
tochemical set of reactions, using currently 
recommended rate coefficients, absorption 
cross sections (1 5), and solar fluxes (16). 
Starting from zonally averaged sunrise or 
sunset HALOE measurements of O,, H,O, 
CH4, HC1, NO, and NO,, the model calcu- 
lates the diurnal variabilities of the concen- 
trations of the HALOE gases and several 
important compounds not measured by 
HALOE, in particular O('D) and O(,P), H, 
OH, HO, and H,O,, C1, C10, HOC1, 
ClONO, and C1,0,, and NO,, N,O,, 

15. The identification of products is based on high-pres- 
sure liquid chromatography (HPLC) and, with the 
exception of glycine and guanidine, by 'H NMR 
spectroscopy of product (crystallized in the case of 
H,S, indole, and phenol, and isolated by HPLC in the 
case of NH,, CH3NH2, HCN, and imidazole). The 'H 
NMR identifications were confirmed by ',C NMR in 
the cases of the H2S, indole, and phenol adducts. 
The NMR assignments were based on the chemical 
shifts of starting materials and the analogous amino 
acids and other derivatives. The imidazole product 
was determined to be the N-adduct because of the 
presence of the imidazole protons at positions 4 and 
5. The Indole adduct was determined to be linked at 
the 3-position of indole because of its lack of the 
proton at position 3 on 'H NMR and the chemical 
shift of C-3 by analogy with tryptophan. The phenol 
adduct was determined to be the para product on 
the basis of the splitting pattern and chemical shifts 
on l H  and 13C NMR spectroscopy. 

16. This work was supported by the National Aeronau- 
tics and Space Administration Specialized Center 
of Research and Training in Exobiology. We thank 
J. L. Bada, L. E. Orgel, and G. F. Joyce for helpful 
comments 
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HNO,, and HNO,. Photolvsis rates are cal- 
J ,  

culated at 15-mi; intervals. The model is 
applied to the stratosphere between about 25 
and 55 km, at 23ON during July and 23's 
during January, when conditions of strongest 
photochemical control on ozone and strato- 
spheric chemistry in general are found. The 
observations were reset at 24-hour intervals. 
and the model was run over full diurnal 
cycles for 40 days to ensure convergence in 
chemical species concentrations between 
successive davs. The difference between our 
modeling res"1ts and those of several previ- 
ous studies will be discussed in the section on 
sensitivity studies. 

In Fig. lA ,  we show the percentage 
changes in 0, concentrations, r,, calculated 
during the final day of integration. Except 
for a small region with slight negative de- 
viations near 40 km in one case (12 January 
1994, 23"S, sunset), all cases show an in- 
crease in calculated 0, concentrations, cor- 
responding to an 0, surplus (1 7) instead of 
a deficit, especially above the 3-hPa (1 
hectopascal = 100 Pa) pressure level (-40 

Table 1. The reactions most relevant to the 0, 
budget. 

Reaction A(0,) 

0 + CIO 
0 + NO, 
0 + 0, 
0 + OH 
0, + H 
0, + OH 
0, + HO, 
0 + HO, 
O('D) + H,O 
HO, + NO 
HO, + OH 
CIO + NO 
0, + hv 

-+ CI + 0, 
+ NO + 0, 
-+ 
-+ 

2 0, 
H + 0, 

-+ OH + 0, 
-+ HO, + 0, 
+ OH + 20,  
-+ OH + 0, 
+ 2 OH 
-+ NO, + OH 
+ H,O + 0, 
-+ CI + NO, 
+ o + o  
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Fig. 1. (A) The calculated 0, increase over a 24-hour period during the 
last day of calculation relative to the observation by HALOE, r,, for the 
following cases: 12 January 1994 at 23"s (solid line) and 12 July 1994 
at 20°N (dashed line), initialized with HALOE sunset data; 27 January 

km). There are two possible reasons for this 
surplus: Either O3 production by photolysis 
of oxygen is too high, or destruction by the 
reactions listed in Table 1 is too low. In the 
former case, there would be n o  need for 
additional 0, production mechanisms. Fur- 
thermore, our photolysis rates correspond 
closely to those derived from line by line 
calculations (1 8). 

Figure 1B illustrates the effect of remov- 
ing the constraint imposed by the HALOE 
observation for O,, while maintaining all 
other conditions as in Fig. 1A. Above -45 
km (2 hPa), no difference is seen between . . 
the ;wo calculations, because photochemi- 

3.2 , . , : ,  - 
25 " ' i '  

2.68 _ ; : : ' : 
12 
10 -  - - 

n 
8 -  = 6 -  

0 
Z 4 -  

0 1 
0 5 10 15 20 

Time (hours) 
0 5 10 15 20 

Time (hours) 

Fig. 2. Calculated diurnal variations of O,, 0, HCI, 
CIO, NO, and NO, volume mixing ratios as  well as 
OH and HO, concentrations for 45-km altitude 
(23"S, 12 January 1994). Sunset is marked with a 
dotted line. The discontinuity in 0, at sunset rep- 
resents the surplus in the 0, budget, r,. 

1994 at 21 "S (dotted line) and 27 July 1994 at 23"N (dash-dotted 
line), initialized with HALOE sunrise data. (B) The total 0, increase, r,', 
over the model period for a run without resetting the 0, values. 

cal equilibrium is achieved in less than 1 
day. Below -30 km, considerable produc- 
tion of 0, is obtained in the second calcu- 
lation (Fig. 1B). This surplus is actually 
needed for the transport of ozone to higher 
latitudes in order to e x ~ l a i n  the ozone ob- 
servations in these regions, where O3 pro- 
duction is small. This, however, cannot be 
the case for the surplus at the higher levels, 
where ~hotochemistrv dominates and r a ~ i d  
adjustient to photdchemical equilibrhm 
occurs. O n  the basis of HALOE satellite and 
recommended photochemical and kinetic 
data, our model calculations thus do not 
indicate a need for a significant additional 
source of O3 besides direct photolysis of 0, 
(19). ~, 

As a n  example of the results of the mod- 
el calculations, Fig. 2 shows the calculated 
diurnal variation of 0 ,  O,, NO, NO,, OH, 
HO,, C1O (20), and HCl near 45-km alti- 
tude for the 23"s January sunset initializa- 
tion case. For the same case, Fig. 3 illus- 
trates the most important terms in the 
ozone budget, calculated from that of odd 
oxygen (or 0, equivalent) Ox, whose con- 
centration is defined as 

+ 2[NO,] + 3[N,O,] + [HNO,] 

This definition allows easy identification of 
the various terms in the ozone budget (1)  

where Po is the production of odd oxygen 

by 0, photolysis, Do is the destruction by 
the reaction 0 + O3 + 20, ,  and DN, DH, 
and DcI are the destruction terms due to 
catalytic chains of reactions involving NO,, 
HO,, and C10, radicals. The  term PN rep- 
resents O3 production by "smog" reactions, 
which has little influence in the height 
domain considered here. For each of the 
reactions in Table 1, the changes in odd 
oxygen, AO,, and their allocation to any of 
the terms in the 0, balance (2) have been 
indicated. 

The  HALOE O3 measurements have 
been successfully validated against a large 

Mean reaction rate svl) 
B 

Fraction of total O3 loss rate D(%)  

Fig. 3. The total odd oxygen destruction rate D 
and production rate P.  Also shown are the individ- 
ual contributions Do, D,, D,, and D,, to the de- 
struction rate D as (A) absolute and (B) relative 
values. 
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set of correlative measurements (21). T o  
establish the sensitivity of our analysis to 
remaining uncertainties in the HALOE 
measurements of 0, and other compounds, 
we have included the typical uncertainties 
in 0, [+ 10% at  50 km down to +2% at  35 
km (21)], H 2 0  [+12% near 40 km and up 
to +18% above and below (22)], NO, 

d \ C;' b,,' a 

, , -45 - 
- 40 

a - 
- 

35 2 
- 30 

Fig. 4. Sensitivity studies with r, as defined in Fig. 
1 for the reference case (Ref.) (1 2 January 1994, 
23"s) shown as a solid line in all panels. (A) The 
impact of the uncertainties of the different HALOE 
channels. (B) Calculations in which several photo- 
chemical rate constants influencing the HO, con- 
centrations are varied at the maximum of their 
uncertainty range. The dotted line (case a) corre- 
sponds to calculations for a 1 u increase in the rate 
constant of the reaction OH + 0 + H + O,, the 
dashed line (case b) to calculations for a l a  in- 
crease in the rate constant of reaction 0 + HO, + 

OH + O,, and the dash-dotted line (case c) to 
results for a 1 u decrease in the rate of the reaction 
HO, + OH + H,O + 0,. Case d shows the result 
for the combination of cases a, b, and c. (C) Com- 
parison with previous studies. The dashed line 
(case a) corresponds to a calculation where the 
HALOE 0, and NO, concentrations were re- 
placed by those of LIMS (3), the dotted line (case 
b) to a calculation in which the zenith angle was 
held constant at noon values, and the dash-dot- 
ted line (case c) to a run neglecting the methane 
oxidation chain. 

[+15% at  30 km up to +35% at 50 km 
(23)], and HC1[+5% at 30 km up to +7% 
at 50 km (24)] in our calculations, both 
individually and combined. Fig. 4A shows 
the change in 0, concentration over the 
24-hour period, r3 (as defined above), for 
these conditions. Individually, each of these 
cases produces better agreement than the 
original model results from Fig. 1 between 
production and destruction, but no clear O3 
deficit. A n  additional 0, source is required 
only when all uncertainties are combined, a 
case that is unlikely. 

T o  explore the sensitivity of our analysis 
to uncertainties in rate constants, we per- 
formed calculations in which several key 
reactions were assigned to extreme values in 
their reported error ranges (15). Case a in 
Fig. 4B shows r ,  for a l a  (28% at  250 K)  
increase in the ;ate constant for the reac- 
tion O H  + O + H + 0,. Case b shows 
results obtained by assigning a la (28%) 
increase in the rate constant for O + HO, 
+ O H  + O,, although this choice would 
strongly enhance existing problems with 
mesospheric observations of HO, (25). In 
both cases, the 0, surplus was reduced, and 
an 0, deficit appeared between 3 and 10 
hPa in case b, mainly because of enhanced 
concentrations of O H ,  leading to more 
C10, from the reaction OH + HC1+ C1 + 
H,O. Reduction of the rate constant for the 
mijor odd hydrogen loss channel HO, + 
OH + H,O + 0, (26) by la (48%) en- 
hances the latter effect (case c, Fig. 4B). 
Finallv, the combination of the cases (case , . 
d) clearly produces a pronounced deficit. 
Again, the likelihood for this situation to 
occur appears to be low. 

Previous studies on the "ozone deficit" 
problem (1-7) were mostly based on  two 
sets of satellite measurements, namely LIMS 
(Limb Infrared Monitor of the Stratosphere) 
in 1978-1979 (27) and ATMOS (Atmo- 
spheric Trace Molecules Observed by Spec- 
troscopy) during April and May 1985 (28). 
The LIMS observations of 0, show higher 
concentrations than those from HALOE. 
However, daytime LIMS Oj values in the 
mesosphere were systematically too high as a 
result of chemical excitation effects (29). If 
0, values that are too high are used in a 
photochemical model, an ozone deficit is 
artificially produced, because higher O3 con- 
centrations result in larger O3 loss through 
the catalytic cycles. In Fig. 4C (case a), we 
show our calculated 0, imbalance obtained 
with the LIMS (daytime) 0, and modified 
(nighttime) NO, observations (30) used in a 
recent study (3), together with estimated 
HC1 concentrations of 1979. A slight O3 
deficit is calculated, except near 2 hPa (46 
km). The  preliminary ATMOS data from 
1985 used in an older study (2) were too 
high (28). In fact, in studies that use smaller 
0, values from a revised ATMOS data set, 

the ozone deficit had already been removed 
or significantly reduced (6, 7). We also note 
that the revised ATMOS 85 and HALOE 
data agree (within error) with each other. 

For a calculation where the solar zenith 
angle is held constant a t  noon values to 
simulate the photochemical equilibrium ap- 
proach used in ( 3 ) ,  we obtain a significantly 
lower 0, surplus (case b in Fig. 4C). More- 
over, neglecting the methane oxidation 
chain leads to significantly lower O3 values 
and a slight 0, deficit a t  -40 km (case c in 
Fig. 4C). A combination of these effects, 
together with the fact that we use HALOE - 
0, measurements to constrain our model, 
may explain why several earlier studies (1- 
5 )  have found a pronounced ozone deficit 
in contrast to our conclusions. 

Accepting HALOE observations and 
currently recommended rate constants and 
other photochemical parameters, we thus 
conclude that there is n o  compelling need 
for significant 0, production by noncon- 
ventional mechanisms. In fact, for these 
conditions our analvsis shows too little 0, 
destruction above 40 km. A n  ozone deficit 
may, however, still be obtained if rate con- 
stants and HALOE species measurements 
are chosen toward the limits of currently 
established uncertaintv limits. Our results 
indicate the need for improved determina- 
tions of rate constants affecting 0, chemis- 
try in the upper stratosphere and meso- 
sphere, improved observations of key pho- 
tochemical parameters and chemical spe- 
cies, and detailed intercom~arisons between 
model calculations. 
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After allowing for postglacial rebound of 
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ler orbitograph~ integrated by satellite) 
tracking data and improved satellite force 
models (18, 19); an ionosphere correction 
is produced directly from the dual frequency 
altimeter measurements (20); a wet tropo- 
sphere correction is provided by on-board 
microwave radiometer measurements of the 
integrated water column (21 ); and the al- 
timeter system calibration is monitored at 
two ground verification sites (22). The TIP 
satellite is in a near circular orbit at an  
altitude of 1336 km that is inclined to the 
equator at an  angle of 66.06", thus defining 
the latitudinal coverage of the measure- 
ments. The ground track repeats every 10 
days and has a maximum cross-track spac- 
ing of 316 km at the equator (1 7). The T/P 
data have an  absolute point-to-point accu- 
racv of better than 5 cm (1 7). Because orbit . . 
altitude errors can be geographically corre- 
lated, even better accuracy is obtained for 
the measurement of sea level changes over 
10-day intervals, with the data agreeing 
with island tide gauges at the 2-cm rms 
level (23, 24). 

There are two radar altimeters on  board 
TIP: a dual-frequency altimeter, which op- 
erates 90% of the time. and an exoerimen- 
tal, solid-state single-frequency altimeter, 
which ooerates the remainine time. Data - 
from both altimeters were used in this study 
(25). The radar altimeters collect 10 mea- 
surements per second, but l-s averages were 
used in this study, which ~ i e ld s  about a 
half-million measurements every 10 days. 
These measurements have been corrected 
for the effects of ionospheric path delay, 
dry-wet troposphere delay, and variable sea 
state. The resultine sea level variations " 
have also had tidal effects removed, includ- 
ing the solid Earth tides, the ocean tides 
(26), and the ocean tidal loading. Sea level 
variations caused bv variations in air ores- 
sure loading (the ''inverted barometer;' ef- 
fect) were not removed because it is the 
total sea level signal that is of interest, and 
globally, the current model for this correc- 
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