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ABSTRACT

In order to fully understand an atmospheric system, we must answ2r ques-
tions in radiative transfer (Paper I), dynamics (Paper II), and chemistry (Paper I).
The adequacy of the chemical models at reproducing the atmosphere depends on
the fundamental knowledge of rate constants and absorption cross sections, which
are determined in laboratory experiments (Paper III). All these issues are investi-
gated in the three independent papers of -this thesis. While seemingly unrelated,
they all attempt to explain observations of terrestrial atmospheres. Paper I focusses
on the chemical effects, in the Earth’s stratosphere, of a volcanic eruption. Paper
IT reports experimental results important for the understanding of nightglow emis-
sions on Earth. And finally, Paper III discusses barotropic instabilities as a possible

explanation for thermal waves on Mars.
PAPER 1

Impact of Volcanic Aerosols on Stratospheric Chemistry

We have studied the consequences of the eruption of the El Chichon volcano
on the Earth’s stratospheric chemistry. The volcanic aerosol cloud, formed after
the eruption, was very efficient at altering the radiation field. The results of a
one-dimensional radiative transfer model show that the total radiation increased
and decreased mainly within the aerosol layer longward and shortward of 3000 A,
respectively. The photolysis rates obtained from a one-dimensional photochemical
model vary consistently with the total radiation changes. O5, NOg and CINOj,
photodissociation rate constants increase by nearly 10%, while those for H,O, NO
and HCI decrease by as much as 15%. The effect of a temperature variation caused

by the radiation change was also added to the photochemical model, and contributed
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to the changes in concentrations. Ozone decreases by 7% at 24 km, which compares
well with the SBUV measurements of a 5-10% decrease. The hydrochloric acid
increases by 10% at 24 km, which is low with respect to the observations of 30-40%
increase. A direct injection of chlorine or hydrochloric acid into the stratosphere
produces only the measured increase for very large injections. The observations of
an increase in OH and a decrease in NO, and NO; led us to investigate the effect
of a water injection, which ended up violating the HCI observations. The possible
important heterogeneous reactions involving the aerosols were evaluated in order
to explain the NOy; measurements. It is impossible to reproduce all the existing
observations with any one reaction. These last investigations are of general interest

because of the possible involvement in the explanation of the Antarctic ozone hole.

PAPER 11

O2(!Zg*) and 0;('Ag) in the H 4 O, Reaction System

The generation of metastable O5(*Zg*) and O5(!Ag) in the H + Oy sys-
tem of reactions was studied by the flow discharge chemiluminescence detection
method. In addition to the O;(1Zg*) and O;(! Ag) emissions, strong OH (v = 2) —
OH (v =0), OH (v = 3) - OH (v = 1), HO3 (* Age0) — HO2 (*Afyo), HO2 (*4ho,)
— HO, (?A48y,), and HOz (24Y,,) — HO; (2AY,,) emissions were detected in the
H + O; system. The rate constants for the quenching of Oz(*Zg¢*) by H and H»
were determined to be (5.1 +1.4) x 107*® and (7.1 4+0.1) x 1073 cm® s71, re-
spectively. An upper limit for the branching ratio to produce Oy(!Xg*) by the
H+ HO, reaction was deduced from the experiments to be 2.1%. The contributions

from other reactions producing singlet oxygen were investigated.
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PAPER III

Barotropic Instability of Zonal Jets on Mars, Earth and Venus

We have used a linearized nondivergent barotropic vorticity model on a
sphere to intercompare the fastest growing, barotropically unstable wave modes
computed for zonal jets at high latitudes in the middle atmospheres of Venus, Earth,
and Mars. Such zonal jets have been observed in the wintertime stratosphere on
Earth and have been inferred from remotely sensed temperatures in the Venus mid-
dle atmosphere and in the wintertime Martian atmosphere. The comparison was
done by extending the results of Hartmann (1983) for his simple analytic profile of
a latitudinally varying terrestrial zonal wind to zonal wind profiles characterized by
the larger Rossby numbers Ro, appropriate to Mars and Venus. As Hartmann’s re-
sults suggested, the fastest growing barotropic waves continue to grow more quickly
as Ro increases. Eventually, the fastest growing mode shifts from a zonal wavenum-
ber k£ = 1 to a kK = 2 mode, both located on the poleward flank of the high-latitude
jet. However, for somewhat higher Rossby numbers, the £ = 2 mode on the equa-
torward side of the zonal jet becomes the fastest growing planetary—scale barotropic
mode, and this transition is marked by a discontinuous shift to longer wave peri-
ods. The Venus high-latitude zonal jet appears remarkably close to this transition
Ro. For each of the three planets, satellite-borne instruments have detected wave
patterns in the thermal radiance field in the vicinity of the high—latitude zonal jets.
As reported earlier for the terrestrial wintertime stratosphere by Hartmann and for
Venus by Elson (1982), these observed waves have characteristics similar to those
computed for the fastest growing barotropic modes. For Mars, we find that such
modes would have zonal wavenumbers 1 or 2, with e-folding times of 2-3 days and

periods of 0.75-2.5 days; the longer period, £ = 2 equatorward mode would dom-
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inate for the faster and narrower zonal jets. A poleward mode with & = 1 and
a period of 1.2 days is the barotropic mode most likely to be consistent with the
Mariner 9 IRIS observations of thermal waves above the 1 mb (~ 20 km) level in

the Martian atmosphere.
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ABSTRACT

We have studied the consequences of the eruption of the El Chichon volcano
on the Earth’s stratospheric chemistry. The volcanic aerosol cloud, forr;ed after
the eruption; was very efficient at altering the radiation field. The results of a
one—dimensional radiative transfer model show that the total radiation increased
and decreased mainly within the aerosol layer longward and shortward of 3000 A,
respectively. The photolysis rates obtained from a one-dimensional photochemical
model vary consistently with the total radiation changes. Os, NO5 and CINO;,
photodissociation rate constants increase by nearly 10%, while those for H,O, NO
and HCI decrease by as much as 15%. The effect of a temperature variation caused
by the radiation change was also added to the photochemical model, and contributed
to the changes.in concentrations. Ozone decreases by 7% at 24 km, which compares
well with the SBUV measurements of a 5-10% decrease. The hydrochloric acid
increases by 10% at 24 km, which is low with respect to the observations of 30-40%
increase. A direct injection of chlorine or hydrochloric acid into the stratosphere
produces only the measured increase for very large injections. The observations of
an increase in OH and a decrease in NO, and NO; led us to investigate the effect
of a water injection, which ended up violating the HCI observations. The possible
important heterogeneous reactions involving the aerosols were evaluated in order
to explain the NO, measurements. It is impossible to reproduce all the existing
observations with any one reaction. These last investigations are of general interest

because of the possible involvement in the explanation of the Antarctic ozone hole.
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1.1 Introduction

Interest in developing accurate stratospheric photochemical models emerged
when it was realized that anthropogenically produced halocarbons had an adverse
impact on the ozone layer (Molina and Rowland, 1974; Rowland and Molina, 1975;
Cicerone et al., 1983; Prather et al., 1984). The long-term effects of man-made
pollutants can-only be predicted with good models. Therefore, proving that a
model is a good representation of the real atmosphere is crucial for establishing its
predictability. Stratospheric photochemical modeling has undergone many stages of
refinement, and a critical evaluation of remaining problems was made by Watson et
al. (1985). Nevertheless, the models still do not adequately reproduce the ensemble
of ozone concentration measurements above 35 km (see for example Watson et al.,
1985).The newly discovered ozone hole over Antarctica, appearing in the spring,
was never predicted by any polar stratospheric simulations (Farman et al., 1985).

One of the best ways of testing the adequacy of our photochemical model at rep-
resenting the atmosphere is by studying its response to a known change. The time
scale for.the response has to be short enough so that we may observe the changes
in the atmosphere. For example, it is difficult to evaluate whether or not our mod-
els respond well to halocarbon, CO, or CH, injections, because the atmosphere
takes many years to show a measurable effect. Some examples of useful changes to
study are the diurnal and seasonal variations seen in concentration profiles, solar
eclipses, and volcanic eruptions. When the aerosol concentration increases suddenly,
because of an explosive volcanic eruption, we expect the atmosphere to respond.
There are measured variations in temperature, radiation field, general weather pat-
terns, planetary albedo, or chemical species concentrations. Based on the current

understanding of the scattering and chemical properties of volcanic aerosols, we can
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use our models to investigate their impact, and calculate, for example, the radiation
field and species concentrations. If the predictions of the model are in good agree-
ment with the observations of changes after the eruption, we can conclude that the
theoretical model responds well to this perturbation in the atmosphere.

In this work, we investigate the impact on the stratosphere of the March-April,
1982 eruptions of the El Chichon volcano (17.33° N, 93.2° W) (see for example
Pollack et al., 1983). There was an injection of more than 10'2 g of SO, into
the stratosphere at 30 km (Krueger, 1983). The SO, was oxidized to SO3, which
subsequently reacted with water to form H;SO,. After condensation, sulfuric acid
aerosols composed of 75% H;SOy4, 25% H2O were formed (Hofmann and Rosen,
1984). After three weeks, the volcanic cloud had circled the globe between 0 and
30°N. The altitude of the peak aerosol concentration had dropped to 27 km after -
eight weeks (Barth et al., 1983).

These first stages of the impact of the eruption on the stratosphere were investi-
gated by McKeen et al. (1984). They modeled the chemical effects of the formation
of H,SOy4, and compared their calculated SO, chemical lifetimes with observations.
In this way, they were able to put constraints on the HSO3-to—sulfate conversion.
Their calculations (with 5 x 102 g SO, at 20° N, 60 days after the eruption)
predicted a decrease in OH by more than an order of magnitude because of the
formation of HSOj3. This OH decrease diminished the rate of the reaction of OH.
with NOy to form HNOj, and therefore, NO, was found to increase by more than
a factor of two. Furthermore, they predicted an order—of-magnitude decrease in
ClO, and argued that an O3 increase should be expected. These predictions of OH
decrease and Oj increase were not confirmed by comparison with observations of
Burnett and Burnett (1984), Heath and Schlesinger (1984), or Chandra (1987).

The photochemical calculations of McKeen et al. (1984) reflected the chemical
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response of the atmosphere to the formation of HySO4 from the SO, injected during
the volcanic eruption. Thomas et al. (1983) found that the peak in the optical depth
of the aerosol cloud was reached 15 weeks after the eruption. After that date, the
decline was consistent with the gravitational settling time. Therefore, all important
chemical effects that were due to the process of formation of the sulfate particles, as
modeled by McKeen et al. (1984), were complete by July. McKeen et al. (1984) did
not consider that any radiative effects were due to increased scattering caused by the
aerosol cloud. The optical depth of the stratospheric aerosols was near 0.25 at 6000-
7000 A (DeLuisi et al., 1983) in June-July, 1982. This is a substantial increase in
the aerosol content of the stratosphere, because the background level of the aerosol
optical depth is only about 1073 (see, for example, Wang and McCormick, 1985).
This aerosol-cloud layer, spread out between 16 and 30 km (DeLuisi et al., 1983),
was still observable a year after the eruption (Hofmann and Rosen, 1983; Thomas et
al., 1983; Adriani et al., 1983; Spinhirne and King, 1985). Jager and Carnuth (1987)
tracked the aerosol layer until the end of 1985. Therefore, the impact of this cloud
on the stratosphere could be very significant. Pollack and Ackerman (1983) showed
theoretically that the volcanic cloud increased the planetary albedo, decreased the
temperature and solar radiation below the cloud, and increased the temperature
within the cloud. This last prediction matched the observations of Labitzke et al.
(1983) and Quiroz (1983). The corresponding cooling of the troposphere was not
observed (Angell and Korshover, 1983), and a possible explanation given was that
of a compensating El Nino effect.

The aerosols change the radiation field in the stratosphere and therefore have
a direct effect on photolysis rates, and on concentrations of species. The purpose
of this study is first to investigate and quantify the effect of the El Chichon vol-

canic -aerosols on the chemistry of the stratosphere through the radiation changes.
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To study the radiation field, we first use a one-dimensional radiative-transfer
model to calculate the total actinic flux (attenuated solar beam and scattered flux)
within the stratosphere. This is done for a standard “clear” model atmosphere, and
for an “aerosol-containing” one based on the observational data of optical depth
increase. A one-dimensional chemical kinetics model (Froidevaux et al., 1985) uses
the diffuse actinic flux values from the radiative transfer model. The changes in
photochemical rates and concentrations, because of the inclusion of- aerosols, aré
studied. A temperature perturbation based on a measured change, is also added to
the ”aerosol-containing” case.

All our calculations are compared to observations of changes in concentrations
of O3, HCl, NO, NO,;, HNOg and OH after the eruption of the volcano. In order
to explain the change in HCI, we investigate the effect of a direct injection of Cly
and/or HCI into the stratosphere.- To explain the NO, and OH variations, we
consider an injection of water from the volcano. We discuss the consequences of
these injections on all other species in the stratosphere.

Many ideas have flourished in an attempt to explain the Antarctic ozone hole.
In the “chemical” solutions, scientists have proposed that the polar stratospheric
clouds, present during that season, act as important catalysts of heterogeneous re-
actions involving N;O5, CINOj3, HCI, and H,O (Solomon et al., 1986; McElroy et
al., 1986). The verification of these theories remains difficult at this time, because
of the lack of adequate, reproducible experimental data. Nevertheless, we can place
certain constraints on the extent of their importance globally by studying the case
of similar heterogeneous reactions on the surface of the volcanic aerosols. Our con-
clusions are limited by the difference in the surface chemistry properties of sulfuric

acid aerosols and ice/HNOj crystals.
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1.2 Radiative Transfer

The radiative transfer model {for details see Michelangeli et al., 1988) treats the
attenuation of the solar beam using spherical geometry, while the multiple scattering
is evaluated for an inhomogeneous, plane parallel atmosphere. .In the model, the
direct solar beam is attenuated by Rayleigh scattering by Ny and O, -and absorption
by O3, O2 and NO3. The total actinic flux combines the direct flux and the diffuse
actinic flux (multiple scattering). The calculations are performed for solar zenith
angles between 0 and 89°, wavelengths from 1750 to 8000A, and altitudes from 0
to 50 km. A Lambert surface with an albedo of 0.25 is prescribed at the lower
boundary. The sulfuric acid aerosols are added to the model as multiple scatterers
of the radiation.

The optical properties of the aerosols were taken from the calculations- of Pol-
lack and Ackerman (1983), which compared well with the data of Knollenberg and
Huffman (1983) and Clarke et al. (1983). The average single scattering albedo
(0.99), and the asymmetry factor (¢=0.7) for the Henyey-~Greenstein phase func-
tion {Van de Hulst, 1980; Hansen and Travis, 1974), are independent of wavelength.
The particle extinction cross section ranges from 1.8 x 108 cm? at 8000 A to
1.4 x 1078 cm? for < 2560 A. From the total “dust” optical depth as a function
of wavelength recorded in June-July, at Mauna Loa in Hawaii (20°N) (Figure 3
of DeLuisi et al., 1983) and the backscattering ratio. obtained by lidar sounding
(Figure 1 of DeLuisi et al., 1983), we obtain the vertical distribution of the optical
depth change that is due to volcanic aerosol loading as a function of wavelength. The
aerosols are spread out from 16 to 30 km, and the largest optical depth increase was
between 27 and 29 km (40% of total optical depth change). In a “clear” atmosphere

(no aerosol scattering), there is little flux shortward of 3000 A and below 50 km.



El Chichon 10 Paper 1

This is mainly due to the extremely high absorption cross-section of O; (Hartley
bands from 2000 to 3000 A), and O3 (Schumann~Runge and Herzberg bands below
2000 A} (Liou, 1980). When the aerosols are included in the calculations, above the
cloud there is no change in the direct solar beam, but within and below the cloud,
the direct flux is attenuated by as much as 28% at longer wavelengths (Fig. 1a).
In regions of large absorption (O3 at 2500 A and O, below 2000 A) the direct and
diffuse fluxes are zero and do not change when the cloud is included (Figs. 1b, 2b).
At these wavelengths, the total radiation does not change, regardless of the altitude
(Fig. 3b). At other wavelengths below 3000 A, the aerosols increase the pathlength,
and therefore enhance the absorption, so that the direct. beam is more attenuated
than at longer wavelength, where the absorption is less important (Fig. 1b). This
effect is also present at 6000 A, where the ozone Chappuis bands have their peak.

The aerosols, being nearly white scatterers, increase the diffuse flux at all wave-
lengths, except where it is zero (below 2000 A and near 2500 A). (Fig. 2a, 2b). The
largest change (> 100%) was obtained within the aerosol layer. Since the scattering
cross section increases slightly at longer wavelengths, the largest enhancement in
the diffuse flux is found at 8000 A. Below 3000 A, the percent changes are large at
all altitudes because of the small values of flux (< 107° photons cm~%s7!) that
are due to the large absortion, but are of little consequence since the direct flux
dominates the total radiation. The diffuse flux varies as a function of solar zenith
angle in the way described by Luther and Gelinas (1976), and Froidevaux et al.
(1985) for both “clear” and “aerosol-containing” cases. There is a smooth decrease
in the flux with increasing angle. At 90° solar zenith angle, the curves converge to
near zero flux at the ground.

Above the aerosol layer, the total radiation increases by 2%, because of the

extra backscattering. The largest increase is within the layer (10%) at 8000 A (Fig.
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3a). Longward of 3000 A, the diffuse flux dominates the total radiation when the
aerosols are present, giving rise to large-increases (~ 100%) observed (Fig. 3b).
Below 2000 A and at 2500 A, no change in total radiation is obtained, since the
fluxes are zero (Fig. 3b). At 3000A and 6000 A, the direct flux is the largest
component of the total radiation and therefore, we observe a decrease in the total
radiation at 3000 A and lower values than expected at 6000 A (Fig. 3a) This effect
at 6000 A is caused by the O3 Chappuis bands and disappears on removal of the
O3 Chapuis absorption.

Below the aerosol layer we obtain a few percent increase. This result is counter—
intuitive, since we would expect the aerosols to decrease the total radiation at
the ground. This effect is described in detail by Michelangeli et al. (1988). The
calculations show that the presence of aerosols leads to a trapping of photons in the
atmosphere.

It is interesting to note that the presence of the aerosols increases the radiation
within the aerosol layer and is responsible for the temperature change computed by
Pollack and Ackerman (1983), and observed by Labitzke et al. (1983) and Quiroz
(1983). It is also important to consider these results in comparison with the obser-
vations of DeLuisi et al. (1983). They measured with open-band and broad-band
filters, a 5.6% decrease in the total radiation in the 0.3 to 3 um bands at noon with
a pyranometer at Mauna Loa. This measurement corresponds to the irradiance,
not to the actinic flux. At solar zenith angles of 0° and 45°, and 7000 A, we ob-
tain a 1.3% and a 3.8% irradiance decrease, respectively. These results agree well
with the observations. They also found that the direct flux alone had decreased by
21.3%, which compares very well with our 21.6% decrease at 0°-solar zenith angle
and 7000 A. Therefore, our calculations of radiative transfer are in good agreement

with observations.
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The chemical and radiation calculations were made self-consistent. After run-
ning the photochemical model, with the new radiation field after the aerosols were
added, we obtained different O3 and NO, concentrations, which we used in a second
radiative transfer calculation. Comparing the new results to the previous ones, we
found that there was less than a 1% difference in the radiation change above 3000 A.

We therefore conclude that this effect is minor.
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Figure 1a. The percent difference in the direct flux as a function of altitude (in km)
and wavelength from 3000 to 8000 A for a solar zenith angle of 45°. The percent

difference in X is defined as: [(Xaerosols — Xno aerosols) / Xno aerosols] X 100.
Figure 1b. Same as Figure la except from 1750 to 3000 A
Figure 2a. Same as Figure la except for the diffuse flux.
Figure 2b. Same as Figure 1b except for the diffuse flux.
Figure 3a. Same as Figure 1a except for the total radiation.

Figure 3b. Same as Figure 1b except for the total radiation.
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1.3 Photochemical Model

We wused the one-dimensional stratospheric chemistry model described
by Froidevaux et al. (1985), in which chemical production and loss is coupled to
transport, parameterized by the eddy diffusion coefficient. The rate constants used
in the calculations are similar to those adopted by Froidevaux et al. (1985). Tables
1(a) and 1(b) contain the reactions with updated rate constants as well as additional
reactions refered to in the text. The boundary conditions are identical to those in
Froidevaux et al. (1985). A change to the 1985 model is the extention to 1750 A of

the shortward wavelength cutoff for the inclusion of the diffuse radiation field.

The background model atmosphere used is that of the U.S. Standard Atmo-
sphere 1976. The latitude (20°N) and season (summer solstice) are chosen to corre-
spond to the position and date of the aerosol observations used in .our calculations
and certain species measurements. The water—vapor mixing ratio is fixed from 0 to
16 km. All calculations are performed from 0 to 80 km and 0 to 60 km for diurnally

averaged and diurnally varying radiation fields, respectively.

The calculations are run to a steady-state, even though the observations were
made three months after the injection of SO, into the stratosphere. We are able
to make this steady-state approximation, because, by comparing our results to
runs marched forward in time by three months, the differences are small (<2%).
This simplification enables us to perform the calculations using a diurnally varying
radiation field, while marching forward in time until convergence (<2% difference

in concentrations from day to day).

Five basic cases were studied, starting with a standard, “clear” steady-state
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atmosphere, to which we compare all other calculations. The second case considered
the radiative effects of the aerosols, while the third case investigated the combined
effects of the radiation change and the temperature variation. For all subsequent
cases, the calculation of the diurnally varying radiation field was not included,
since the hypotheses under investigation were more speculative. The calculations
that included injections of Cly, HCl or H,O were marched forward .in time for
three months, because at steady-state, all the effect of a one-time event would
dissappear. Finally, all calculations involving heterogeneous reactions also included
the radiation and the temperature variations, and were steady state, diurnal average

rumns.

An important issue in doing these calculations is the question of
whether or not a one-dimensional representation is valid. We have compared our
calculations to observations three months after the eruption. In this region of the
stratosphere, the mixing time scale is about 4-6 months (Rosenfield et al., 1987)
from equator to pole. Vertical transport, by eddy diffusion, has a time scale of 1.4
years at 26 km. This is longer than the time.scale of 1-3 months for [O] =]0]+[O3]
to reach equilibrium (Brasseur and Solomon, 1984). It is clear that transport is
not important and that local chemistry dominates and that therefore, our one-

dimensional model is valid between 25 and 50 km for the first three months.:
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TABLE 1(a): Partial List of Photochemical Reactions
Reaction Number* Reactions
3 O3 + hv 0, +0
4 O;5 + hv 0O, +0'D
6 H;042 + hv 20H
8 NO + hv N+O
9 NOs + hv NO + O
10 NOj3 + hv NOs + O
11 NO3 + hv NO + O,
12 N2Os5 + hv 2NO2 + O
23 CINOs + hv Cl+ NOj
24 HOCI + hv OH + Cl
25 ClO + hv Cl+0
26 HCl + hv H+ Cl

* All reaction numbers and cross section references correspond to those in Table IIb

in Froidevaux et al. (1985).
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TABLE 1(b): Partial List of Chemical Reactions
Reaction Number* Reactions

1 O+02+M O3 +M

29 OH + HO, H,0 + O, ++

32 O+ NO, NO + O,

33 05 + NO NO; + O,

34 HO, + NO NO, + OH

35 NO+O+ M NO, + M +4

38 NO; + NO 2NO, ++

40 NO3; + NOy + M N2Os + M ++

46 OH + HNO3 NOj; + H,O ++

47 HO, + NOy + M HO;NOy + M ++

54 Cl+ O3 ClO + Oq

95 O + ClO Cl+ 0O, ++

56 ClO + NO Cl+ NO,

57 ClO + OH Cl+ HO, - +

58 Cl+0,+M ClOO + M

60 OH + HCI Cl+ H,0 ++

61 Cl+ CH4 HCl + CHj

74 CH; + 0+ M CH30,+ M +-+

7 CH30 + O, H,CO + HO,4 ++

84 CH;00H + OH CH30, + H,O ++

38 OH + C,H, products ++

89 OH + C;Hg H20 + products ++
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* All reaction numbers correspond to those in Table Ila in Froidevaux et al. (1985).

*++ Reactions for which the rate constants have been updated using the values from
DeMore et al. (1985); all others were taken from Froidevaux et al: (1985).
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1.4 Results of Photochemical Calculations

1.4.1 Photodissociation Rates

The diffuse fluxes obtained from the detailed radiative transfer calculations
are entered into the photochemical model. This change in radiation field causes
the photodissociation coefficients (J values) to increase by as much as 10% or to
decrease by 15 % in some cases. All photodissociation rate constants that changed
by more than 1% are reported in Figures 4a, b, and c¢. Not all species respond to
the change in radiation field in the same way. The absorption cross section of NO,
peaks (7 x 107!° ¢cm?) near 4000 A, and that of CINO; is large (10722-10719 cm?)
between 3000 and 4500 A. NoOs absorbs strongly up to 3825 A. These species are
the most affected by any change in the radiation below 40004 (see Figures 4b and
4c). O3 (Chappuis bands), and NO3, whose peak cross section (4.9  x 10718 c¢m?)
occurs at 5900 A, are sensitive to a variation in the radiation field, between 4000
and 8000 A (see Figures 4a and 4b). The same is true for HOCI, whose absorption
extends out to 4200 A (Fig. 4c). ClO and H, O, dissociate below 3425 A and 3525 A,
respectively, and will be only slightly affected by the change in the flux in the visible
region of the spectrum (Figs. 4a, 4c). In Figures 4a, b and ¢ we can see clearly that
the highest increase in the photodissociation coefficients occurs for the species With

the highest absorption cross sections between 3000 and 8000 A.

The species whose photodissociation rate constants decrease (H,O, NO, HNO3,
HCI) have their peak absorption cross section below 3000 A, where the total radi-
ation decreases by up to 15% within the aerosol layer. More specifically, NO and

H,O have large absorption cross sections up to 2000 A, where the total radiation



El Chichon 26 Paper 1

decreases by 15% above 15 km. HCI absorbs shortward of 2300 A, where the total
radiation also decreases by 15%. In these three cases, the photodissociation rate
constants decrease by up to 15% from 15 to 3¢ km. For HNOj, the absorption
ranges from 1900 to 3275 A, covering a wide wavelength region of increasing and
decreasing total radiation. Therefore, the decrease in the photodissociation rate
constant is only 7%. Also the decrease is limited to the 20-30 km region, because

the peak in HNOj; concentration is above 20 km.

In contrast with our large change in O3 photodissociation rate constant, Adriani
et al. (1987) obtained a 1% increase at 20°N. This small change is due to the fact
that the aerosol data used were taken in December 1982, nine months after the
eruption, when the optical depth had decreased substantially because of coagulation
and fallout of the aerosols. It is therefore not surprising that they obtain very little

change in ozone concentration (<1%).
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Figure 4. The percent difference (as defined in Figure 1) in the photodissociation
rate constants as a function of altitude (km) for a local time of 2 p.m (solar
zenith angle of 45°) for a) HoO, H2042, and O3 — O + O!D, b) NO, NO,,
HNOgj, N3Os, and NO3 — NO+ NOg, and c) HCI, ClO, HOCI, and CINOj.
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1.4.2 Concentration Changes

Because of the changes in photodissociation rate constants, the abundances
of certain molecules changed. While changes in column abundances between 0
and 60 km were small, when we focus our attention on specific altitude levels,
in particular within the aerosol layer, larger variations can occur (Figs. 5-10). We
chose to report the cancentration results at 2 p.m., corresponding to the solar.zenith

angle (45°), chosen for the figures of radiation changes (Figs. 1, 2, and 3).

The ozone abundance is controlled by the four radical groups: O,, HO,, NO,,
and ClOy (Brasseur and Solomon, 1984). The relative importance of each depends
on the altitude. In the stratosphere, the ozone formation is via R1, while its loss
is through photodissociation (J; and Js). The [O]/[|O;3] ratio described by the

equation
[O] _ J3 + Jy
[03]  ky[O2][M]

increases by 3.5% at 26 km and 2 p.m, because J3 + J4 increases by 3.5% (Fig. 4a),
while k;, [Oz], and [M] remain unchanged when the aerosols are added, resulting

in an O3 decrease of 2.6%..

The atomic oxygen released from O3 dissociation reacts with NO4 as in reaction
R32,
O+NO; — NO+0O,; , (R32)

which is the rate—determining step for the NO, cycle (Johnston and Podolske,
1978). Thus, NO increases because of increased photodissociation of NO, (Fig. 4b)

and increased reaction of NO; with O (R32). The NO also contributes to the Oj
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.decrease between 16 and 30 km through R33.
05+ NO — NO,+0, . (R33)

The ratio
[NOQ] _ k33[03]
[NO] Jo + k32[0]

decreases by 10.7% at 24 km. This is due to the 10% increase of J, and [O] as well

as the lower [O3] (Fig. 5), while k33 and k35 are unchanged.

It is important to consider any effect thét the increase in the stratospheric
temperature observed after the eruption would have on the chemical reactions. For
this reason, we repeated the calculations of concentrations and photolysis rates as
described above, but also included a temperature variation within the aerosol layer,
as calculated by Pollack and Ackerman (1983). The change ranges from +0.9°C at
14 km, to +3.2° C at 24 km, and back down to —3.1° C at- 38 km, above which the
temperature did not change. The decrease above 30 km is probably an overestimate
of the change in temperature. Because of the lack of data in this region, we should
not put too much importance on the results above 30 km. The results (Figs. 5-10).
show that the temperature change has a significant effect. There are substantial
differences in the percent changes for the species whose concentrations are primarily
determined by non—photochemical processes, such as O3, HO,, NO, NO,, NOsj,
ClO, and CINOsj.

By simply adding the temperature perturbation to our model, we obtain a 5.8%

decrease in ozone at 26 km. The only reaction for the formation. of ozone is R1,
O0+0:+M — O3+M | (R1)

which has a negative, temperature-dependent rate constant. Therefore, increasing

the stratospheric temperature by a few degrees decreases the rate constant of R1
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by 3.5%, and therefore decreases the total O3 even more than with the radiation
change alone. (The [0]/[O;] ratio becomes larger with smaller k,.) This agrees
with the results of Adriani et al. (1987), who also conclude that a small temperature

perturbation will increase the ozone loss.

O!'D and HO, are directly affected by the decrease in ozone, while OH responds
to the NO increase. The NO, NO,, and NOj are mostly affected by photodissoci-
ation changes, while HNOj is controlled by the OH increase. The concentrations
are affected by temperature via the temperature-dependent rate constants in a

straightforward way.

For the chlorine species, the mechanism is somewhat simpler than for ozone. The
atomic chlorine partitions itself between the major reservoir species CINO3;, HOCI,
and HCl. The first has a weak CI-ONO bond (20 Kcal/mole), and dissociates easily
at long wavelengths (up to 4500 A). HOCI is also weakly bounded and dissociates
shortward of 4200 A. The aerosols have the effect of increasing the total radiation
by about 10% at these wavelengths. Therefore, the photodissociation rate constants
for CINO3 and HOCI increase by 8 and 7%, respectively, at 26 km (Fig. 4c). As a
consequence, the abundances of CINO3 and HOCI drop by 8 and 7%, respectively,
at 26 km, and the Cl liberated reacts with methane to form HCl (R61), which

increases by 6% at 26 km,
Cl+CHy — HCI+CHs . (R61)
The only other important reactions that might destroy Cl are
Cl+05+M — ClOg+ M (R58)
and

Cl+0; — ClO+0, . (R54)
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The ClO, is rapidly converted back to Cl by the reverse reaction of R58, and

therefore is unimportant, and the loss of ClO occurs via the fast reaction
CIO + NO — Cl+ NO,, (R56)
which regenerates the Cl, which then reacts with CH4 to form HCI (R61).

The total of [CINO3] + [HOCI| + [HC]] remains constant; therefore, the changes
are due strictly to a “reshuffling” of the chlorine between its reservoirs. The methane
does not show any change because its concentration is much larger than that of HCI.
Hydrochloric acid does not dissociate at wavelengths longer than 2300 A.. Below this
level there is a decrease in the radiation from 16 to 30 km. Its photodissociation rate
constant actually decreases, contributing to the HCI increase. This contribution is
not very large, since the photodissociation is not the major loss process of the HCI
at these altitudes. The ClO does not play an important role in this mechanism,

because its photodissociation rate constant does not change a great deal (Fig. 4c).

The temperature perturbation enhances the HCI change to 10%, because of
the positive temperature dependence of R61, increasing the production of HCI in
the cloud, where the temperature increases. The ClO increase, due to the positive

temperature dependence of R54, leads to an HOCI increase.

The concentrations of the freons in our model do not show any appreciable
change. On the other hand, the hydrocarbons (C;Hz, CoHg, C3Hg) decrease by
more than 50% above 16 km. This is due mainly to the increases in Cl and OH and

to the small abundances of the hydrocarbons.
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Figure 5. The percent difference in the concentrations of O, O(!D), O3 as a function
of altitude (km) for a local time of 2 p.m. (solar zenith angle of 45°) for species
noted. The curves identified by a * represent the results when the temperature

perturbation was added to the radiation change.
Figure 6. Same as Figure 5 except for OH, HO5, H505.
Figure 7. Same as Figure 5 except for NO, NO,, NO3.
Figure 8. Same as Figure 5 except for NyOs, HNO3, HO;NOs.
Figure 9. Same as Figure 5 except for Cl, ClO, ClO,.

Figure 10. Same as Figure 5 except for HCl, HOCl, CINO3.



Paper 1

36

El Chichon

GT

G aunblL4
NOLLVYLNHAONOD NI EONAJHAAIA %

G2 02

(7OI) TANLILTY

o€

Ge



Paper 1

37

El Chichon

g 8J4nbL4
NOLLVYLNHONOD NI IONIYHJAIA %

Ge 02 Gl 01
L) L4 1 L — L 1) L) C-Qi— L) L ¥ dl— L3 L] T \ -
. 7
: /
. Lon ! <HO
{
o ~
AT ~
WOH T g
] L 1 1 — Ll 1 L — 1 1 A L — L 4. L L —

o%H

1 I
Ge 114

(rol) IANLILTV

1
0€.

1413



Paper 1

38

El Chichon

ot

[ 34nbL4
NOLLVHAINEONOD NI HONIYIANIA %

ot

1
ce 02

(7o) FANLILTV

o€

Ge



ALTITUDE (KM)

35

30

25

20

DIFFERENCE IN CONCENTRATION
Figure 8

10

uopy 1o

6¢

T Iodeg



Paper 1

40

El Chichon

o€

6 24ndDL
NOILVALNIIONOD NI HONIHHAAIA %

01

g2 02 Gl
(rol) FIANLILTV

o€

Ge



Paper 1

41

El Chichon

0€

01 d4nbiy
NOLLVILNAINOD NI TONTYIAJLA %

-

G2 02
(rol) FANLLLTY

0e

Ge



El Chichon 42 Paper 1

1.5 Comparison with Observations

Our discussion.will now focus on the species for which we have relevant obser-
vations: Os, HCl, NO;, NO, and OH. We have specifically chosen measurements
taken near 20°N and 3-6 months after the eruption of the volcano. We also required
that the same instrument measure the abundance of the species before and after the
eruption. Therefore, even though there were many observations after April 1982,

we limit our comparisons to the measurements summarized in Table 2.

1.5.1 Ozone

Heath and Schlesinger (1984) reported a 6% and 13% decrease in O3 concen-
tration at 24 and 30 km, respectively, at 20°N in June-July, 1982. Chandra (1987),
also analyzing the SBUYV data, found a decrease of 4-6% at 20°N, 25 km, in June-
July 1982. Komhyr et al. (1985) reported an ozone deficiency near 25 km, in Hilo,
Hawaii. DeLuisi et al. (1985) obtained an ozone decrease after analyzing Umkher
data. Chandra (1987) also presented results of a 2-3% decrease at higher latitudes
(50°N), which he compared to Dobson measurements and theoretical calculations

by Adriani et al. (1987).

Unfortunately, the evidence for an ozone depletion after the eruption is not
completely convincing. There was no unusual variation noticed at low latitudes,
where the aerosol cloud was the thickest for the longest period of time. Both Heath
and Schlesinger (1984) and Chandra (1987), analyzing the SBUV data, had to
consider the uncertainty in evaluating the contribution of the aerosols to their signal.

A comparison of SME (Solar Mesospheric Explorer) and SBUV radiances led Clancy
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(1988) to suggest that ozone increased above 35 km, contrary to the assessment of
Chandra (1987). It is also crucial to determine the effect of the quasi-biennial
oscillation (QBO) (see for example, Mantis et al., 1986). Komhyr et al. believe
this to be the main cause for their observed ozone decrease. Angell et al. (1985)
show that the ozone reduction was greater than expected from QBO variations. On
the other hand, it seems clear from the correlation between aerosol maximum and
ozone depletion (Bais et al., 1985) that a volcanic effect is present. Therefore, a fevs;
percent decrease in ozone between 25 and 30 km, at 20°N, in June-July 1982 seems
to be a reasonable conclusion of the volcanic irnpact. Fortunately, this agrees well
with our estimates of the ozone concentration changes: at 26 km, a 3.5% decrease
with the new radiation field, and a 7.0% decrease with the temperature perturbation

(see Table 2).



TABLE 2: Observations of Species after the =
Eruption of the Volcano and Model Calculation Results 5
=
=
Observation Model §
+ Radiation
Species Altitude Change Reference Altitude + Radiation + Temperature
05 24-30 km  —6-10%  Heath (1984) 24km = -3.0% ~1%
25 km ~-4.6%  Chandra (1987)
DeLuisi (1985)
Komhyr (1985)
HCl1 21.6- +30-40% Gandrud and 24 km +8% +10%
27.4 kmn Lazrus (1983)
column +40% Mankin and column +2.7% +1.7%
above 12 Coffey (1984) above 12
km km N
~
NO 30 km -75% Roscoe et al. 30 km -2% -5%
(1986)
NO, 25-32 km -50% Roscoe et al. 25 km -3.5% -4%
(1986)
NO + NO, column -50% Mankin and column -0.03% -2.8%
above 12 Coffey (1986)  above 12
km km
HNO; column ~0% Mankin and column +0.5% -2.9%
above 12 Coffey {1986)  above 12
km km
OH column +35% Burnett and - column ~-0.1% -0.8% g
above 0 Burnett (1983)  above 0 t
km km o
jy
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1.5.2 HCI and chlorine injection

Mankin and Coffey (1984) reported a hydrogen chloride column increase of ap-
proximately 40% above 12 km, from 20° to 40°N latitude in September, 1982, which
they attributed to direct injection of chlorine from the volcano. Also, Gandrud and
Lazrus (1983) reported a 30-40% HCI increase from 21.6 to 27.4 km (32°52'N and
105°57'W) in August, 1982, from in situ measurements. Our maximum increase in
HCl is 10% at 24 km with the temperature perturbation; which is low compared
with the observations of Gandrud and Lazrus (1983) (Table 2). To compare our
results to those of Mankin and Coffey (1984), we evaluated our HCl column abun-
dance above 12 km and found a 2.0% increase, with the temperature effect. This is
not enough to match the observations (Table 2). Mankin and Coffey (1984) suggest
that there was a direct injection of chlorine from the volcano into the stratosphere.
This was substantiated by the fact that many volcanoes are known to eject gases
other than SO, such as Cl,, HCI, or H,O (Cadle, 1975, 1980). Woods et al., (1985)
discussed the implications of the difference in NaCl concentrations they observed
in the volcanic plume on April 15 and May 5, 1982. This argument was used to
explain the observations of Mankin and Coffey (1984), and Gandrud and Lazrus
(1983). We estimated the amount of Cl injected using the difference in halite con-
centrations in the volcanic plume measured by Woods et al. (1985). This implied
that 500 ng.m~3 of Cl were injected, resulting in a 0.2 ppb extra chlorine loading
between 18 and 21 km. The extra Cl for other altitudes was estimated relative to
the amount of aerosol at that level. The chlorine was first added to our model in
the form of Cl atoms corresponding to a maximum HCI increase of 40% at 28 km.
The calculations were performed as in the two previous cases, with aerosols as extra

scatterers, and the temperature perturbation, but for a diurnally averaged radiation
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field, and a three month time step instead of steady-state. This Cl amount makes
very little impact on the HCI concentration. We can also assume that the volcano
injected HCI directly into the stratosphere. In order to obtain a 40% increase in
HCI at 28 km three months after the eruption, we need to consider an HCI] column
increase of 60% (or an even greater amount of Cly). The HCI injected reacts with
OH (R60) to form Cl, which rapidly equilibrates with Cl1O (R54, R55). With normal
atmospheric NO; concentrations, the formation of CINOj3 is much faster than that
of HCI. Therefore, CINOg is preferentially formed when Cl or HCI is injected into
the stratosphere. Besides this “chemical” loss of HCI, there is also a loss because
of rainout in the troposphere. The large gradient in HCIl concentration after the
injection increases the downward flux of species. The rainout represents 70% of
the loss of HCl when we consider a 60% column injection. This large injection is
difficult to accept, since we have no basis for this conclusion. It is clear that we need

good measurements of gaseous species that were injected into the stratosphere.

1.5.3 NO, NO;, and HNOj3

Roscoe et al. (1986) measured large NO and NO; decreases above 30 km. They
saw a maximum of 70% NQO, decrease at 26 km, and of 75% in NO above 30 km
(see Table 2). Also, Mankin and Coffey (1986) obtained a 50% decrease in the total
NO + NO; column abundance above 12 km, but saw no change in HNOj3 (Table 2).
The radiation and temperature changes produce only a few percent NO, decrease,
a slight NO increase, and little HNO3 change. It might be possible, on the other
hand, to decrease the NO and NO, content of the atmosphere by a direct injection
of HyO from the volcano. Thomas et al. (1983) suggest