Lovr 440YI0 ) -~ %

UCRL- 98088
PREPRINT

AUG 2 3 1988

A TWO-DIMENSIONAL MODEL STUDY OF PAST
TRENDS IN GLOBAL OZONE

UCRL-~-98088

Donald J. Wuebbles DE88 015432
Douglas E. Kinnison

This paper was prepared for submisston to
the 1988 Interpational Quadrennial Ozone Symposium
to be held in Gottingen, Fed. Rep. of Germany
Aungust 8-13, 1988

August 1988

This is & preprint of a paper intended for publication in a journal or proceedings. Since
changes may be made before publication, this preprint is made available with the

anderatanding that it will not be cited or reproduced without the permission of the
author.

DISCLAIMER

i i
f the United States
i ed as an t of work spo d by an ageocy o b
This r::::: a]’i:ith'm \he‘:lniled States Govmmph:l nor anny';g::;yl ::ln::i,::ry :l:y r:' - :i. |
v implied, or assu A :
elj{p‘oyea. mnkwes rach w::;:ym‘ upre: :ufulnw of any information, apparatvs, 2::\:;::} ;r-
lely o 'ndmd.m . W' ts that its use would ot infringe privately owned rigl d o
n d' GM‘ ific commercial praduct, process, or service by.lndc name, tradem +
ematocaure, mymi dors not ncoessarily constitute or imply its m:ihomn;e?‘_t;m rmom‘l"mws
:::::::::t:; :: e e SEMG o :i;yu::'m'e or nn::o lhose of the
and opinions of authors expresed herein do not neocasdl DISTRIBUTION OF THIS DOCUMERT 15 —
Utited States Government of any agency thegeof. » z

Foc -




.4

A TWO-DIMENSIONAL MODEL STUDY OF PAST TRENDS IN GLOBAL OZONE

Donald J. Wuebblzs and Douglas E. Kinnison

Lawrence Livermore National Lahoratary. Universitv of Califoruia
Livermore, CA 94550. LSA

ABSTRACT

Emissions and atmospheric conrcentrations of several trace
gases important to atmospheric chemistry are known 1o have
increased subsiantiallv over recent decades. Solar flux varia-
tions and the aimospheric nuclear test series are also likely
to have affected stratospheric ozone. In this study, the
LLNL two-dimensional chemical-radiative-transport model of
the troposphere and stratosphere has been applied to an ana)-
vsis of the eflects that these natural and anthropogenic influ-
ences may have had on globa) ozone concentrations over the
last three decades. In general, model determined species dis-
tributions and the derived ozone trends agree well with pub-
lished analyses of land-based and satellite-based observations.
Alsu, the total ozone and ozore distribution trends derived
from CFC and other trace gas effects have a different response
with latitiude than the derived trends from solar flux varia-
tions. thus providing a “signature™ for anthropogenic effects
on ozone.

1. INTRODUCTION

At the Quadrennial Ozone Svmposium in 1984, we pre-
sented a theoretical analysis, using the LLNL ene-dimensional
model, on the past trends in ozone and temperature expecied
from ernissions of chlorofluorocarbons and other trace gases
(Wucbbles. 1981). In this paper, we examine these trends us-
ing the LLNL two-dimensional model, which provides much
Tmore information on latitudinal and seasona! effects. Emis-
sions and atmospheric concentrations of several trace gases
important to global atmospheric chemistry, including CO,,
CH,, N,O and several chlorocarbons, are knawn to have in-
creased substantially over recent decades. In addition, varia-
tions in ultraviolet radiation during the 11-year solar cycle are
likely te have influenced upper stratospheric photochemistry.
We also consider the effert of nitrogen oxides (NO, ) produced
from the atmospheric nuclear test series of the late 19505 and
early 1960s.

The LLNL 1wo-dimensional chemical-radiative-transport
model of the troposphere and stratosphere has been applied
1o analvzing the effects that these natural and human-related
influences mayv have had on global ozone concentrations over
the last three decades. Similar calculations were included in
a recent international study of global trends (Watson, 1988);
hawever. results presented here are based on an updated ver-
sion of the model.

2. THE LLNL TWO-DIMENSIONAL MODEL

The LLNL zonally-averaged two-dimensional chemical-
radiative-transport model currently determines the atmo-
spheric distributions of 31 chemically active atmospheric trace
constituents in the troposphere and stratosphere, The madel

domain extends from pole 1o pole, and from the ground to
0.56 mb {approximatelv @ to 54 k). Approximately 93 chem
ical and photachemical reactions are included in the model.
Reaction rates, solar flux data, absorption cross-sectiuns, and
quanturn vields are based on the lates. NASA panel recom
mendations (Demoare et al., 1987, except for NO, - O which
is based on prior recommendations). Photodissociation rates,
including the effects of multiple scattering, are computed as a
function of time at each zone, with uptical depths consistent
with calculated species disrributions.

The diabatic circulation for the ambient atmosphere is
determined using net heating rates calculated in an internally
consistent way with the derived species distributions. Th-~
technique for deriving the diabatic circulation is similar to
that used by Solomon et al. {1986): the vertical velocity is
determined from the zonallv averaged residual Eulerian ther-
modynamic equation. while the horizontal velucity is deter-
mined using the equation for mass continuitv. The net heating
rates are determined using accurate solar and infrared radia-
tive models. The solar model includes absorption and scat-
tering effects of Oy. O,, and NO, at ultraviolet and visible
wavelenghts, and for 11,0. CO,, and O, in the nrar infrared.
The longwave emission and absorption by O;, C0,, and H,0
are included in the infrared submodel.

Temperatures for the atmosphere vary continuously over
the annual cycle based on the reference data set of Barnett
and Corney (1985). The derived diabatic circulation depends
strongly on the temperature distribution; by using observed
temperatures for the ambient atmosphere, an accurate rep-
resentation of the diabatic circulation ran be derived. The
mode} determined net radiative heating rates, and resulting
diabatic circulation, compare well with those derived from
LIMS data (Kieh! and Solomon. 1986; Rosenfield et al.. 1987;
Solomon et al.. 1986).

For all of the model calculations presented here. the dia-
batic circulation is assumed to be unchanged from that derived
for a reference atmosphere corresponding 10 the mid-1980s. At
the conference, we plan to discuss internaliv consistent pertur-
bations to stratospheric temperatures: unfortunatelv results
from this version of the mode} were not available by 1he time
we had to write this paper.

3. HISTORICAL EMISSIONS AND INFLUENCES

Modeling past trends require estimates of the historical
changes in trace gas emission and concentrations, variations
in solar ultraviolet radiation. and NO, produced from nuclear
tests. Possible effects from other influences such as the El Chi-
chon eruption, the Antarctic ozone hole. or possible changes in
climate or atmospheric dvnamics, were not included. As much
as possible, available measurements and emissions evaluations
were used in the development of the histarical scenarius.

The historical emissions for the chlorocarbons CFCl,,
CF,Cly, CCly and CH,CCl; were based on the expressions
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develoned by Wuebbles et al. (1984) from available Chemical
Manufaciuring Associaticn data and other databases. The
tite historv of CH, concentrations were based on measure
ments made since 1978 indicating a 1% per vear increase in
methane concentrations (Blake and Rowland. 1988; WMNO,
1985) and data for carlier periods {e.g.. spectral data and ice
core data). Historical changes in N;0 surface mixing ratios
were based on the data and analysis of Weiss (1981). The
expression for increase in CQ, concentrations developed by
Wuebbles et al. (1984) was used: this was based on observa
tions a1 Mauna Loa since 1958 and assumes a pre-industrial
concentration of 270 ppmv.

Manv uncertainties remain regarding the variations in ul-
travioler radiativn during the 11-vear solar cvele. The vari-
ations assumed here are derived from the analvses of Heath
and Schlesinger (1984. 1986). Their analyses. based on SBUV
dava. assume that the spectrum of solar rotation induced vari-
ations are preserved over the solar cvcle and that the irradi-
ance variations are linearly related to the ratio uf the core
to wing ermissions of the Mgll line. Their analvses produced
variations in the ultraviolet flux from solar minimum to solar
maximum of 9% at 205 nm, 4% at 250 nm, and 1% at 270 nm.
These variations are much smaller than used in prior published
muodeling studies. For the model studies presented here, the
solar cvcle flux changes are assumed to have a sinusoidal varia-
1ion with 1ime. Magnitudes of respective solar cyeles are based
on F10.7 solar radio flux data (Heath and Schlesinger. 1984).
with the magnitude of solar cvele 21 (1974 1985) taken to be
1.0 {i.e.. same solar flux variatiuons from solar min to solar max
as given anove).

Past modeling studies (e.g.. Chang et al., 1979; Wuebbles,
1983) have indicated that nitrogen oxides produced from ar-
mospheric nuclear tests could have had significant effects on
stratospheric ozone during the early 1960s. 1n the calculations
presented here. all reported tests are included. with the timing

and vield of the various test devices based on Bauer (1979).-

The altitude for the bottom and top of the stabilized cloud are
taken from the empiricallv-based analvses of Peterson (1970).
Likewise, the distribution of NO, formed within the cloud is
based on Peterson (1970). There still remains uncertainty re-
garding the amount of NO produced per megaton of explosive
energy: we assumed 0.67 x 10 NO molecules/Mt based on
the discussion in Chang et al. {1979).

4. RESULTS AND DISCUSSION

Figure 1 shows the model-determined annua) and globally
averaged changes in the total ozone for the period 1958- 1986
relative to the total ozone amount calculated for 1960. Shown
are three cases corresponding to the eflects of trace gas emis-
sions only. trace gases plus solar cycle, and finally, with nuclear
test ~fects also included. These calculations indicate that
trace gas emissions could have decreased total ozone by about
one percent since 1960 (note that effects due to the Antarc-
tica ozone hole, which are not included here, would tend 1o
cause larger decreases). Prior calculations with the LLNL
1-D model suggest that the effects of temperature feedback,
including stratospheric coeling due to the past growth in the
CO, concentration, would tend to reduce the magnitude of the
trend over this period. Inclusion of solar flux variations result
in significant vear-to-yvear changes in the total uzone amount.
Although dependent on the particular cycle. the model esti-
mates changes in total ozone of about 1.8% from solar min-
imum to solar maximum. These calculated global variations
are consistent with available statistical analyses attempting to
determine the solar cvcle induced changes in total ozone from
Dubson and satellite data (Reinsel et al., 1987, 1988; Oehlert,
1986). Likewise. the global trend in total ozone determined
from trace gases is also consistent with published analyses of
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Fig. 1. Calrulated global and annual-averaged changes in 10
tal vzone from 1950 10 1986 relative 1o 1otal wsone for
1960 fur three cases: (1) trace gases onfv, o2y irace
gases plus solar cvcle variations: and (3) with atme.
spheric nuclear test effects also included.

Figure 2 shows the rndel calenlated distribution of 1eral
ozone for the vear 1985, A comparisan of this diagram with
Dobson and satellite data indicates good general agreement.
The model simulates the Jatitudinal contrast well. with max-
ima generallv occurring approximately during earlv spring at
high latitudes. The estimated high lalitude minima are also
in good agreement with observations. However. there is too
much ozone caiculated for the (ropirs.
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Fig. 2. Distribution of tmal ozone (in Dobson units) as a fune-
1ion of latitude and mouth calculated for nindel vear
1985.
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In agreement with past 1-D madel studies. a significant
decrease in total ozone (see Fig. 1) was calculated due to the
atmospheric nuclear tests in the earlv 1960s. The maximum
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effect of the nuclear tests on globally and annual averaged
ozuone vecurred in 1961, with a maximum change of 2.3%.
This is consistent with available analvses of Dobson data for
this period (Reinsel, 1981; Chang et al., 197y). A solar mini-
mum also oecurs during this same titne perind. The recovery
of vzune concentrations from the nuciear tests ocrurrad over
the next five vears. Including the effects of solar cycle varia-
tions. the calculated total ozone increase from 1963 to 1970 is
abour 3.8%.

Figure 3 shows the model calculated changes in total
ozane due 1o the nuclear tests for model vear 1962 relative 10
1960. Large ozone decreases are calcnlated in late 1962 ar high
northern latitudes, with a maximum decrease of 12.5% accur
ring poleward of 70°N in Nnvember 1962. This is consistent
and showed a high rorrelation with a recent analysis of data
from Northern Hemisphere Dohson stations (R. Bojkov, pri-
vale communication, 1988). The largest changes occur at this
titne because of a significant nuniber of high Jatitude (~75°N}
tests by the USSR (eleven tests -5 Mt) and several tests at
lower latitudes (2 17°N) by the US (two tests >5 Mt).

Effect of nuclear tests — 1962
Changs (n total azone
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Fig. 3. Changes in total ozone calculated due to the effects of
atmospheric nuclear tests for model year 1962.

Atmospheric nuclear testing was banned after 1962, al-
though, as indicated earlier, the maximum global effect on
total ozone occurred in 1963. Throughout the year, ozope at
high northern latitudes continues 1o recover from the initial
odd-nitrogen loading. Odd-nitrogen is also being transported

- to lower latitude and into the Southern Hemisphere, resulting
in & 2% decrease in S.H. 1otal ozone by late 1962. Later years
continue to show gradual recovery of ozone concentrations at
all latitudes.

The period from 1979 to 1986 is of particular interest be-
cause of the availability of satellite data. The trace gas emis-
sions seenario gives a 0.6% decrease in globally-averaged total
ozone for this time period. A much larger decrease in total
ozone, -2.6%, is determined when solar cycle effects are in-
cluded, reflecting the transition from solar maximum to solar

miniinum conditions. Analyses of SBUV data (Bowman. 1988;
Reinsel et al., 1988) for the 1979- {985 period give much larger
trends, bul these analvses do not adequately account for ap
parent instrumental degradation aver the period. The Reinsel
et al. {1988) analysis dees indicate a drifi of data from SBUV
relative 1o the Dobson data; when this drift is accounted for
they determine a change of - 0.35 = 0.28% per vear nr 2.5%
over this time peried. This is in excellent agreement with the
mudel determined trend, implyving that most of the vzone de
crease observed over this time period is related 1o solar cvele
effects. In turn, an increase in total ozone from solar cvele
effects would be expected aver the next tive vears, until solar
maximum is tcached in 1990,

Figure 4 shows the change in total ozone and in local
ozone (for January) calculated vver the 1973 1986 perind for
the trace gas onlv scenario. A similar set of diagrams ts shown
in Fig. 5 for the trace gas plus solar cvcle case. In each case.
the largest changes in tntal ozone are found at the high lat
itudes in early spring, and the smallest changes occur in the
tropics. However, these latitudinal and seasonal distributions
of the changes are related primarilv to the variations in trace
gas concentrations. Solar cvcle variations alone induce vers
litule gradient with season or latitude. This implies that global
tneasurements of total ozone showing such gradients are 1n
dicative of effects expected to be induced by frum CFCs and
other trace gases. and perhaps providing a “signature”™ fur
trace gas influence on ozone.

Percent changs In tatal ozone
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Fig. 4. Changes in total ozone (top diagram) from 1979 to
1986 for trace gases only, and changes in local ozone
vs. latitude and altitude (bottom diagram) in January
for trace gas only scenario.

Similarly, the largest percentage changes in ozone as a
function of latitude and altitude occur in the upper strato-
sphere, near 3 mb, and show a gradient with the largest
changes at higher latitudes and minimum changes in the trop-
ics. While the maximum solar effect also occurs near 3 mb,
the caleulated gradient with latitude is small. Therefore, mea-
sured latitudinal gradients in vzone change near 3 mb would
be primarily indicative of CFC and other trace gas effects.

These calculated changes in stratospheric ozone also com-
pare extremely well with available Umkehr data at mid-north-
ern latitudes for layer five through eight (J. DeLuisi. private
communicalion, 1988). There are indications, however, that
the model may underestimate decreases in ozone in the lower
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Fig. 5. Changes in total ozone (top diagram) from 1979 to.

1986 for trace gases only. and changes in local ozone
vs. latitude and altitude {bottom diagram) in Januarv
for trace gas only scenario for trace gases plus solar
cvele scenario.

stratosphere as implied by measuremeasurements near 20 km
from both Umkehr and ozonesonde data.
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