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ABSTRACT

Radiative processes strongly effect equilibrium trace gas
cuncentrations both directly, through photolysis reactions,
and indirectlv through temperature and transport pracesses.
\We have used the LLNL 2.D chemical radiative-transport
mudel to investigate the net sensitivity of equilibrium ozone
concentrations to several changes in radiative {orcing. Dou-
bling CO; from 360 ppmv to 600 ppmv resulted in a temper-
ature decrease of 5 K to 8 K in the middle stratosphere along
with an 8% to 16% increase in ozone in the same region. Re-
placing our usual shortwave scattering algorithms with a sim-
plified Rayleigh algorithm Jed 10 a 1% 10 2% increase in ozone
in the lower stratosphere. Finally, modifying our normal CO,
couling rates by corrections derived from line-by-line calrula-
tions resulted in several regions of heating and cooling. We
observed temperature changes on the order of 1 K to 1.5 K
with corresponding changes of 0.5% to 1.5% in O;. Our re-
sults for doubled CO; compare favorably with those by other
authors. Results for our two perturbation scenarios stress the
need for accurately modeling radiative processes while con-
firming the general validity of current models.

1. INTRODUCTION

The time and space dependent evolvement of trace gas
concentrations within a 2-D chemistry-transport mode! is
strongly affected by the effects atmospheric radiative processes
have on temperatures, transport, and photolysis reactions.
Changes to shortwave and infrared fluxes perturb model chem-
istry and transport calculations via a number of interconnect-
ing mechanisms. Shortwave flux densities control photolysis
rates, directly affecting trace gas concentrations. Changes to
either short wave or infrared fluxes perturb net heating rates,
changing the diabatic circulation and temperature profiles cal-
culated by the model. Transport changes directly change the
latitude-altitude distribution of space and time varying trace
gas concentrations, in turn feeding back upon radiative ab-
sorption. Temperature changes perturb chemical reactions
rates, also modifying trace gas concentrations and feeding
back upon radiative fluxes.

We have investigated the net sensitivity of equilibrium
ozone concentrations, estimated using the LLNL two-dirnen
sional chemical-radiative-transport model, for several changes
in radiative forcing. The radiative scenarios used were chosen
to be representative of phvsicallv motivated modeling con-
cerns from our continuing model development, rather than
sensitivity studies based on statistical treatment of individual
parameter uncertainties.
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2. DESCRIPTION OF LLNL TWO-DIMENSIONAL
MODEL

The LLNL zonallv averaged twa-dimensional chemical:
radiative-transport model currently determines the atmo
spheric distributions of 31 chemically active atmospheric trace
constituents in the troposphere and siratosphere. The madel
domain extends {rom pole to pole. and from the ground 1o
0.56 mb (approximately 0 1o 34 km). The sine of latitude
is used as the horizontal coordinate with uneven increments
corresponding to about 10 in latitude. The vertical cuordi-
nate corresponds to the natural logarithm of pressure with
resolution of approximately 3 km.

Approximately 95 chemical and photorhemical reactinns
are included in the model. Reaction rates, solar flux data. ab-
sorption crass-sections, and quantum vields are based on the
latest NASA panel recomunendations of Demore et al. (1957},
with the exception of the rate for NO, - O, which is based
on prior recomnmendations. Photodissociation rates. including
the effacts of mulliple scattering, are computed as a function
of time at each zone, with optical depths consistent with cai-
culated species distributions.

The diabatic circulation for the ambient atmosphere is
determined using net heating rates calculated in an internally
consistent way with the derived species distributions. The
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-
modvnamic equation, while the horizontal velocity is oster-
mined using the equation for mass continuity.

The net heating rates are determined using accurate so-
lar and infrared radiative models. The solar model includes
absorption and scattering effects for Cy. O, and NO, at ul
traviolet and visible wavelengths, and for H,2, {0,, and O,
in the near ‘nfrared. The solar model for visible and UV wave-
lengths uses the Sagan and Pollack {1967) two-stream model
to calculate reflection and transmission operators far scatter-
ing of diffuse incident radiation by a single laver. Scattering
from the solar beam is calculated for each laver using the dehta-
Eddington technique (Joseph et al,, 1976). Merging of indi-
vidual layers, including multiple-scattering, is accomplished
via a flux formulation of the adding technique (Harshvardhan
et al., 1987}. The longwave emission and absorption by 0.
CO,, and H;0 are included in the infrared submodel.

Temperatures for the ambient atmosphere vary continu-
ously, over the annual cycle, based on the reference model of
Barnett and Corney {(1983). The derived diabatic cirrulation
depends strongly on tiie temperature distribution: bv using
observed temperatures for the ambient atmosphere. a more
accurate representation of the diabatic circulation can be de-
rived. The model determined net radiative heating rates, and
resulting diabatic circulation. compare well with those derived



freom LIMS data (Kieh! and Solumon. 1986; Rosenfield et al..
198T; Soloman et al., [986)

Foe the perturbed attuesphere, a perturbation form of the
thermuodvnamic equation is solved for the changes in sirato
spheric temperatures resulting frorn chaages m the disiribu
tinns of ozone and vther radiatively active constituents Using
this approach, the diabatic circulation 15 assumed to be un
changed in the perturbed atmosphere from that calculated for
the ambient.

Turbulent eddy transport is parametenzed through ditfy
sion coefficients K,, and K,,. In the current version of the
model. a value of K,, of 2 < 10" em? s ¥ iy assumed at all
stratospheric altitudes and latitudes. and values of |« 1117 in
the troposphere, with a transition region at the tropupause
Values of K,, are 1 x 10* cm? s ' in the lower stratosphere, 1n
creasing slowly wiil altitude based on gravity wave modeling
studies.

The continuity equation for each individual speaes (s
solved using a variable time step. variable order. implicit tech
nique for solving stiff pumerical svstems with strict error
control. Advection terms are treated accurately using the
two-dimensional transport algorithm of Smolarkiewicz (1984).
The diurnal averaged concentrations for each species at each
rone are calculated at each timie step. Accurate diurnal <al
culations are used to derive time-varving factors for each
chemical and phutuchemical reaction included in the diurnal
averagad version of the model.

3. RADIATIVE PERTURBATION SCENARIOS

As a bascline for comparison. we have used a vear’s sea
sunal cvele for a chemicallv ambient atmosphere. A CO, mix
ing ratio of 300 ppmyv was chosen for this baseline. Although
this is lower than the ambient CO, mixing ratios in cuirent
general use. it was cnmpacible with available data for tine-hv-
line €O, cooling rates {Fels and Schwarzkopf, private commu-
nication. 1987). These couling rates were used in deriving une
of vur perturbation scenarios. For both the ambient and ra-
diatively perturhed runs described beiow. the 2-D model was
run for sufficient model vears that the ozone concentrations
had reached steadv-state, apart from a seasonal cvcle. All
scenarios were run for clear-skv conditions. with seasonally
varving, latitude dependent ground albedos.

As a first radiative perturbation scenario, the LLNL
mode] was run to radiative-transport eyuilibrium for doubled
0, {600 ppmv). while allowing onlv stratospheric tempera-
tures te respond to the radiative foreing. A second doubled
(0, scenario was then run in which full chemical-radiative-
transport equilibrium was allowed to occur. Since doubling
("0, is a relativelv standard radiative perturbation, these sce-
narios allowed comparison between the response of the LLNL
model and the responses of other 2-D models.

A third scenario was created by modifving the present
shortwave multiple-scattering submodel to simulate the sim-
pler Rayieigh multiple-scattering formulation of Luther (1980).
Luther’s model was, until recently, used in LLNL models to
calculate photolysis rates. Similar models are being used in
ather 2-0 models. In current LLNL models, we have switched
to the more rigorous scattering model, described above, which
is able to treat clouds and aerosols as well as being more ac-
curate at larger zenith angles. For this scenario, the radia-

tion scattered out of a layer was approximated as the total .

single-scattering extinction minus the correspondjng gaseous
absorption. Diffuse radiation was assumed to have an effective
zenith angle of approximatelv 53°, and scattered radiation was
partitioned equally in the forwards and backwards directions.
This scenario was run without temperature feedback, so the
changes in equilibrium ozone were forced entirely bv changes
in photolysis rates.

For the final scerar  thas scady, we added carrecinn,
to the heating rates calcufated by the longwave submostel in
ternal te the LLNL 2 1) tuodel  Chese corrections were haseda
an line by hine calewdanions, which are evpected to give a ore
arcurare representabion ol cocking rates than those obtanab.
frow any band model An earlier version of the longwase sub
muode] used hy the LLNL 2 1) madel was described in Harsh
vardhan et al. (1987). ['he current sersion has improvad 'reat
ments of absorption by €O, and dappler broadeninz of H,0
i the upper stratosphere t Harshvardhan, private conununsca
tion, 1987). Using this improved longwave subtnodel we cal
culated CO, cooling rates for four vertical profiles with corre
sponding line-by-line calculations of infrared coofing rates fir
300 ppmy COy. The two sets of couling rate profites were i
ferenced to ubtain cooling rate corrections for the MeClatchies
et al. 11972) audlatitude summer. nudlabitude winter, trop
ical and subarctic winter profiles  Afier averaging the tem
perature and cooling rate correction profiles to the LLNL 2 D
wodel verucal grid. simgular valie decomposition was used
with these data to develop a linear model that related vertical
profiles of coohing rate rorrections to model generated ten,
perature prufiles. Cooling rare corrections generated by the
linear model were then added 1o the couhing rates calculated
by the longwave submaodel in the LLNL 2.1 mmodel durng
muodel execution.  This scenario was forced by temperaiure
feedback to chemical radiative transport equilibryum.

4. RESULTS

Figure 1 shows the total colunut azone as a functwn ot
month and latitude as calculated bv the LLNL 2.0 maodel for
an ambient atmosphere with 300 ppmv CO,. This distribution
generallv compares well with observations, although it shuws
ton much total ozone in the tropics. The ozone distributions
for all the ather scenarios discussed, will be relative ta the
uzone for this atmosphere.

In Figure 2, we show the change in temperature for
July, resulting from doubling CO, to 600 ppruv and allowing
only the stratospheric temperatures to come into radiative-
transport equilibrium {(i.e. no chemistry feedback). No
changes were made to tropospheric or surface temperatures
the temperature changes shown are forced only by changes
in longwave cooling. The observed cooling increases with al-
titude with little latitudinal variation in the lower and mid-
dle stratosphere. In the upper stratosphere. there is slightlv
stronger (2 K) cooling at the winter pole and weaker cooling
in the tropics. These results are in general agreement with
those of Fels et al. {1980).

In Figure 3, we show (for July) the temperature change
and percent ozone change. resulting from doubling CO; with
full chemistry feedback. Allawing for somewhat different lower
boundary ronditions and a change in CO, of 300 ppmv ver
sus 350 ppmv, these results compare closelv with those of
Brasseur and Hitchman (1988). Our temperature changes for
doubled CO, with chemistry feedback alsn compare clusely
with those reported bv Haigh (1984). Relative to Figure 2.
Figure Ja shows less cooling (3 K) in the upper stratosphere,
except slightly greater cooling (1 K) at the winter pole. These
changes are explained by increased infrared cooling due to in-
creased ozone, overshadowed by increased shortwave heating
except at the winter pole. The changes in ozone in Figure 3
are, in general anticorrelated with the temperature changes.
In the lower stratosphere the ozone increase shows a much
greater latitudinal gradient, being smallest in the tropics and
largest at the summer pole. The ozone increase peaks around
45 km at 18 to 22 percent.

Figure 4 shows the percent change in ozone for July caused
by changing the 2-D model scattering algorithm to the simple
Rayleigh treatment described above. In summarv, an increase
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Fig. 1. Total ozone in Dobson units for an ambient atmo-
sphere with 300 ppmv CO,.
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Fig. 2. Temperature change for July in response to doubling
CO, without chemistry feedback.
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in ozone is observed, peaking in the lower stratosphere at 1.5
to 2.5 percent and becoming largest in the summer hemisphere
for small solar zenith angles. This increase is attributable to a
increase in the photolysis of O,. This case displays the impor-
tance of scattering algorithm choice, even under the simplest
clear-sky conditions. It differs from the other scenarios pre-
sented here, in that it is driven solely by change in photolysis
rates withoul accompanying temperature feedback.
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Fig. 3. (a) Temperature change for Julv in response to dou-
bling €O, with chemistry feedback (b) Ozone per-
cent change for Julv in response tv doubling CO, with
chermistrv feedback.

radiation package. As described above, these correction terms
were generated as a function of temperature profile from a
linear model based on 300 ppmv CO, line-by-line calculations.
The general features created by this correction include: slight
warming (1 K} just above the polar tropopause. a region uf
slight romling {1.0 10 1.5 K) between 20 km 10 35 km. warming
{ 0.5 K) beiween 35 km and 45 km, and couling (1 1 3 k)
above 45 km. A region of stronger cooling (greater than 3 K)
occurs above 45 km at the winter pole. The ozone response in
Figure 5 is anticorrelated with the temperature change. and
of the order of one percent for each degree.

5. CONCLUSIONS

The studies described here should not be construed as
being quantitatively predictive of errors which would be ob-
tained in estimating ozone changes for chemical perturbation
scenarios. For instance, the radiative perturbations of scenar-
ios three (Figure 4) and four (Figure 5) would be expected
to have a smaller effect on relative ozone than on absolute
ozone concentrations. Nor are these studies in any sense com-
prehensive. Rather, they form part of our ongoing process of
studying and evaluating the sensitivity of the LLNL 2-D model
to changes and unavoidable tradeoffs in its radiative param-
eterizations (e.g. the most accurate and physically correct
radiation models are far too slow for inclusion in chemical-
radiative-transport models). However, The good agreement
of our results for doubled CO, with those for other 2-D mod-
els suggests that the magnitude and form of the effects we saw
for small radiative changes is generally valid. The resporse of
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Fig. 4. Percent ozone change for Julv in response to replacing
the shoriwave scattering treatment with a simplified
Ravleigh scattering algorithm.
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Fig. 5. (a) Temperature change for July in response Lo adding

corrections to the normal CO, longwave cooling rates.’

These corrections were derived using line-by-line cal-
culations for 300 ppmv CO;. (b) Ozone percent
change for July in response to adding above correc-
tions.

azone and temperature changes to the small radiative pertur-
bations of scenarios three and four, relative to the responses
for doubled CO, with chemical feedback in scenario two. pro-

vide an incomplete yet valid benchmark af the magnitude of
error in ozone concentration predictions attributable to cur-

rent radiative transfer approximations. Our results stress the
importance of accurately modeling radiative processes when

arcurate distributions of trace gas concentrations are required
Thes also indirate, however, that model predictions for 101al
uzone are nat unduly susceptible to the reasonable approxima
tions required for computationally efficient radiation models
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