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Changes in Monthly-Averaged Global 
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X + O3 → XO + O2 
XO + O → X + O2_______________ 
Net: O3 + O → 2 O2 

Based on calculations by the NASA/Goddard 2D model, courtesy C.H. Jackman, as 
published in Brasseur and Solomon, Aeronomy of the Middle Atmosphere, 2005.
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Stratospheric Chlorine 
Chemistry:

Figure from Earth Under Siege: From Air Pollution to Global Change, by Richard Turco, 2002



• Most of the 
chlorine is in the 
forms HCl and 
ClONO2, which 
are inert 
“reservoirs” that 
don’t affect ozone.
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• Most of the 
chlorine is in the 
forms HCl and 
ClONO2, which 
are inert 
“reservoirs” that 
don’t affect ozone.

• In the lower 
stratosphere, only 
a small 
percentage (about 
1-5%) is in the 
form of ClO, which 
catalyzes ozone 
loss. 
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Aerosols and Stratospheric Ozone Depletion

Heterogeneous reactions on 
polar stratospheric clouds 
directly convert HCl and 

ClONO2 reservoirs into active 
forms in the polar winter. 

Heterogeneous Reactions

Figure from Earth Under Siege: From Air Pollution 
to Global Change, by Richard Turco, 2002

Reactions from Atmospheric Pollution: History, 
Science, and Regulation, by Mark Jacobson, 2002



Aerosols and Stratospheric Ozone Depletion

Heterogeneous reactions on 
polar stratospheric clouds 
directly convert HCl and 

ClONO2 reservoirs into active 
forms in the polar winter. 

Heterogeneous Reactions

Figure from Earth Under Siege: From Air Pollution 
to Global Change, by Richard Turco, 2002

Reactions from Atmospheric Pollution: History, 
Science, and Regulation, by Mark Jacobson, 2002

COLD POLAR

TEMPERATURES



Aerosols and Stratospheric Ozone Depletion

Heterogeneous reactions on 
polar stratospheric clouds 
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temperatures, lower latitudes
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NO3Lifetime ~ hours
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Lifetime ~ days
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Impact of NOx on other 
Ox-destroying families:

→ higher ClOx, BrOx, HOx

But this effect “saturates” at high aerosol levels, when N2O5 
formation becomes rate-limiting.
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Fig. 2. One-dimensional model calculations of the expected 
NO2 mixing ratios at various altitudes as a function of the 
assumed aerosol surface area, for mid-latitude conditions. 

loadings close to typical background aerosol levels of about 
0.5x10 -8 cm2/cm 3 [e.g., those shown in Holmann and 
Solomon, 1989] near 20 km, while at higher altitudes near 30 
km much larger aerosol amounts are required to achieve 
saturation. Thus, the vertical extent of aerosol perturbations 
(particularly, that above 25 km) may be more important to 
the total NO2 abundance than the absolute amount injected at 
lower altitudes (since saturation there makes additional large 
injections ineffective). The backscatter sonde observations 
by D. J. Hofmann and co-workers (personal communication, 
1992) suggest that the Pinatubo aerosols extended to higher 
altitudes at mid-latitudes of the southern hemisphere than in 
the north, implying that greater column NO2 perturbations 
are likely to be found in the southern hemisphere. 

We next further examine the expected NO2 column 
variation for the conditions of Pinatubo aerosol loading and 
compare these to the observations. Because conversion of 
lidar backscatter measurements to surface area units are 
complicated by the altitude dependence of the conversion 
factor [see J•iger and Hofmann, 1991], we assumed a vertical 
distribution of volcanic surface area with a shape given by 
that reported for the E1 Chich6n eruption [from Table 1 of 
Hofmann and Solomon, 1989]. The aerosol profile above 24 
km was uniformly scaled in order to examine the sensitivity 
to aerosol loading in this altitude region. Figure 3 shows the 
resulting calculated variation in NO2 column at sunrise at the 
end of February as a function of the model aerosol at 24-30 
kin, altitudes for which saturation is not expected until 
relatively large aerosol loading is achieved. Variations in 
calculated local NO2 amounts at 24 and 30 km as well as in 
column measurements are also indicated on the figure, For 
the purposes of this comparison, the measured lidar 
backscatter in the region from 25-30 km was converted to 
surface area units following the methodology described by 
J•iger and Hofmann [1991]. All NO2 amounts in the figure are 
normalized to the respective values corresponding to 0.3x10- 
8 cm2/cm 3 of aerosol surface area in the 25-30 km region. As 
can be seen in Figure 3,. these results indeed display an anti- 
correlation between the measured NO2 and aerosol contents. 
Note that relatively high and low NO2 measurements occur at 
various times in the measurement series (Figure 1), so the 
anti-correlation is not dominated by the well-known seasonal 
variation of NO2 column amount. We considered whether 
the anti-correlation between enhanced aerosol and NO2 may 

Fig. 3. Normalized one-dimensional model calculations and 
observations of the NO2 vertical column abundance as a 
function of average aerosol surface area between 25 and 30 
kin. (see text). All are normalized to values corresponding to 
3x 10 -9 cm2/cm 3 of aerosol between 25 and 30 kin. 

be partly due to the fact that both characteristics reflect a 
recent history of tropical air. However, observations [WMO, 
1985, p.541; Coffey et al., 1981] suggest that column NO2 in 
tropical regions in the winter season is at best 12% less than 
at mid-latitudes (much smaller than the observed variations), 
if not actually higher than at mid-latitudes [Chu and 
McCormick, 1986]. Large decreases in NO2 are expected for 
air parcels with polar origins, but these would not be 
expected to display elevated concentrations of Pinatubo 
aerosols. The observed anti-correlation of NO2 column and 
aerosol at 25 to 30 km (not seen for lower altitudes) and the 
observed saturation at roughly the aerosol abundances 
predicted by theory qualitatively support the view that the 
variations are largely driven by heterogeneous chemistry. 
There are uncertainties, perhaps as much as 50%, in the 
reaction probabilities for heterogeneous reactions and in the 
conversion factor from lidar backscatter to aerosol surface 
area. Our conclusions do not suggest a quantitative match 
between theory and observation that is better than these 
uncertainties. Our observations present no data for NO2 
columns corresponding to background levels of aerosols. 
However, given that background aerosols are nearly 
sufficient to saturate N205 loss below about 20 kin, the 30% 
decrease in observed NO2 column shown in Figure 3 is 
consistent with the measurements of Johnston eta!. [1992]. 
One can see the same proportional decrease in calculated 
local NO2 levels at 24 and 30 km as is observed in the total 
column NO2. The NO2 column from the model, however, 
shows a weaker response because a substantial part of the 
NO2 column is found near or above 35 km, where it remains 
unperturbed by aerosol. SAGE measurements [Chu and 
McCormick, 1986] show winter NO2 density peaking at 25 
km in mid-latitudes, in contrast to 32 km for the one- 
dimensional model with background aerosols. Figures 2 and 
3 suggest that were this maximum shifted down in 
accordance with SAGE observations, our modeled variation 
in column NO2 would better match the data. Models with 
more detailed formulations of transport (e.g., two- or three- 
dimensional) would be needed to better constrain the detailed 
vertical distribution of NO2. 

In summary, we have presented a series of spectroscopic 

Mills et al., GRL, 1992
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N2O5 Saturation by Sulfate Aerosols

Saturation level

Background aerosol SAD

Pinatubo aerosol SAD

Impacts on stratospheric chemistry are greatest for small 
aerosol increases, well below those due to Pinatubo.
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NOx loss decreases

HOx loss increases

ClOx + BrOx 
losses increase
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Figure 9. Annual mean water vapour in relation to annual mean
temperature, both at 90 hPa at the equator, i.e. close to the tropical
tropopause. The slope of this relationship is in good agreement with
the Clausius–Clapeyron equation of water vapour pressure over ice.

The increased meridional temperature gradient in the
stratosphere tends to intensify the polar vortex. The resulting
cooling of the polar region and the higher stratospheric H2O
concentrations enhance PSC formation (statistical significant
increase on the 95% confidence interval of up to 100%).
Therefore the O3 in the polar spring region is additionally
depleted due to enhanced ClOx and BrOx catalyzed ozone
destruction cycles (figures 7(a), (c) and 8(a), (c)).

5.2. Sensitivity of O3 loss to future halogen and CO2

concentrations and SSTs

In the future, halogen concentration will decrease and
therefore O3 destruction will be reduced. The sensitivity run
GEO5lowCFC has the same boundary conditions as GEO5
except for lower halogen concentrations (as in 1975). The
global total ozone column of GEO5lowCFC is 1.5% higher
than of GEO0, but compared to low halogen concentrations
without geoengineering (GEO0lowCFC) the global total ozone
column would still decrease by 2.6% (figures 6(c) and (d)). In
contrast to the finding of Tilmes et al (2009), that the tropical
total ozone layer will increase with geoengineering and lower
CFCs, we find that due to the strong warming of the lower
stratosphere (and the following moistening of the stratosphere)
the tropical total ozone column is predicted to decrease, even
with future low halogen concentrations.

To test the sensitivity of stratospheric changes due to
geoengineering to changes in SST we performed a run with
SST and SI climatology from 1900 to 1930 (GEO5lowSST).
With lower SSTs, the cold point temperature is lower and
therefore the stratosphere is dryer than in GEO5 (figure 9). As
a consequence, less O3 is destroyed by HOx destruction cycles
and the global total ozone column is higher than for GEO5.

In the future the CO2 concentration will increase.
GEO5highCO2 is a geoengineering scenario like GEO5
but with doubled CO2 concentrations. In our experiment
GEO5highCO2 has a higher temperature at the tropical
tropopause and leads to a wetter stratosphere. Therefore in

Figure 10. Change in zonal mean annual mean net SW flux at the
surface in W m−2 due to geoengineering for clear-sky conditions
with respect to the base run (GEO0). Listed values show change in
annual mean global mean SW flux.

Table 2. Change in global mean annual mean net SW flux at the
surface plus/minus standard deviation due to geoengineering in
comparison with GEO0. Calculated by SOCOL for clear-sky and
all-sky conditions.

Clear-sky SW All-sky SW

Scenario
Flux change
(W m−2)

Flux change
(W m−2)

GEO1 −0.78 ± 0.10 −0.37 ± 0.42
GEO2 −1.16 ± 0.11 −0.78 ± 0.38
GEO5 −1.81 ± 0.09 −1.06 ± 0.31
GEO10 −2.67 ± 0.11 −1.68 ± 0.42
GEO5p12 −2.00 ± 0.08 −1.29 ± 0.35
GEO5p2 −2.66 ± 0.08 −1.64 ± 0.23
Robock08a (2.5 Mt/a) −1.8
Robock08a (5 Mt/a) −3.6

a Additionally listed are SW downward flux changes due to
geoengineering as proposed by Robock et al (2008).

a doubled CO2 world the total O3 depletion would be larger
when geoengineering is applied (figure 6(d)).

6. Changes in surface radiation by geoengineering

Figure 10 shows changes in annual mean zonal mean
surface net clear-sky SW flux (with wavelength of 0.25–
4 µm) calculated by SOCOL for the different geoengineering
scenarios. The largest changes occur in the tropics, as the
largest part of the aerosol mass is located in this region.
The global mean clear-sky SW flux of GEO2 is 1.2 W m−2

lower than of GEO0 (table 2), which is in the same range
as today’s radiative forcing due to direct and indirect aerosol
effects (Forster et al 2007). GEO5 (GEO10) leads to a
change in global mean clear-sky SW flux of −1.8 W m−2

(−2.7 W m−2). In the presence of clouds the SW flux change
(all-sky) is smaller than for clear-sky condition. In figure 4(b)
the change in global annual mean SW flux as a function
of injected S is shown (see also table 2). Both the non-
linear loss by gravitational settling with increasing S loading
and the distribution of condensed mass on larger particles
cause the SW flux to grow non-linearly with S injections.
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Figure 9. Annual mean water vapour in relation to annual mean
temperature, both at 90 hPa at the equator, i.e. close to the tropical
tropopause. The slope of this relationship is in good agreement with
the Clausius–Clapeyron equation of water vapour pressure over ice.

The increased meridional temperature gradient in the
stratosphere tends to intensify the polar vortex. The resulting
cooling of the polar region and the higher stratospheric H2O
concentrations enhance PSC formation (statistical significant
increase on the 95% confidence interval of up to 100%).
Therefore the O3 in the polar spring region is additionally
depleted due to enhanced ClOx and BrOx catalyzed ozone
destruction cycles (figures 7(a), (c) and 8(a), (c)).

5.2. Sensitivity of O3 loss to future halogen and CO2
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therefore O3 destruction will be reduced. The sensitivity run
GEO5lowCFC has the same boundary conditions as GEO5
except for lower halogen concentrations (as in 1975). The
global total ozone column of GEO5lowCFC is 1.5% higher
than of GEO0, but compared to low halogen concentrations
without geoengineering (GEO0lowCFC) the global total ozone
column would still decrease by 2.6% (figures 6(c) and (d)). In
contrast to the finding of Tilmes et al (2009), that the tropical
total ozone layer will increase with geoengineering and lower
CFCs, we find that due to the strong warming of the lower
stratosphere (and the following moistening of the stratosphere)
the tropical total ozone column is predicted to decrease, even
with future low halogen concentrations.

To test the sensitivity of stratospheric changes due to
geoengineering to changes in SST we performed a run with
SST and SI climatology from 1900 to 1930 (GEO5lowSST).
With lower SSTs, the cold point temperature is lower and
therefore the stratosphere is dryer than in GEO5 (figure 9). As
a consequence, less O3 is destroyed by HOx destruction cycles
and the global total ozone column is higher than for GEO5.

In the future the CO2 concentration will increase.
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GEO5highCO2 has a higher temperature at the tropical
tropopause and leads to a wetter stratosphere. Therefore in

Figure 10. Change in zonal mean annual mean net SW flux at the
surface in W m−2 due to geoengineering for clear-sky conditions
with respect to the base run (GEO0). Listed values show change in
annual mean global mean SW flux.

Table 2. Change in global mean annual mean net SW flux at the
surface plus/minus standard deviation due to geoengineering in
comparison with GEO0. Calculated by SOCOL for clear-sky and
all-sky conditions.

Clear-sky SW All-sky SW

Scenario
Flux change
(W m−2)

Flux change
(W m−2)

GEO1 −0.78 ± 0.10 −0.37 ± 0.42
GEO2 −1.16 ± 0.11 −0.78 ± 0.38
GEO5 −1.81 ± 0.09 −1.06 ± 0.31
GEO10 −2.67 ± 0.11 −1.68 ± 0.42
GEO5p12 −2.00 ± 0.08 −1.29 ± 0.35
GEO5p2 −2.66 ± 0.08 −1.64 ± 0.23
Robock08a (2.5 Mt/a) −1.8
Robock08a (5 Mt/a) −3.6

a Additionally listed are SW downward flux changes due to
geoengineering as proposed by Robock et al (2008).

a doubled CO2 world the total O3 depletion would be larger
when geoengineering is applied (figure 6(d)).

6. Changes in surface radiation by geoengineering

Figure 10 shows changes in annual mean zonal mean
surface net clear-sky SW flux (with wavelength of 0.25–
4 µm) calculated by SOCOL for the different geoengineering
scenarios. The largest changes occur in the tropics, as the
largest part of the aerosol mass is located in this region.
The global mean clear-sky SW flux of GEO2 is 1.2 W m−2

lower than of GEO0 (table 2), which is in the same range
as today’s radiative forcing due to direct and indirect aerosol
effects (Forster et al 2007). GEO5 (GEO10) leads to a
change in global mean clear-sky SW flux of −1.8 W m−2

(−2.7 W m−2). In the presence of clouds the SW flux change
(all-sky) is smaller than for clear-sky condition. In figure 4(b)
the change in global annual mean SW flux as a function
of injected S is shown (see also table 2). Both the non-
linear loss by gravitational settling with increasing S loading
and the distribution of condensed mass on larger particles
cause the SW flux to grow non-linearly with S injections.

10

Figure 9. Annual mean water vapour in relation to annual mean temperature, both at 90 hPa at the 
equator, i.e. close to the tropical tropopause. The slope of this relationship is in good agreement with 
the Clausius–Clapeyron equation of water vapour pressure over ice.

Impacts on stratospheric H2O?

Heckendorn et al., ERL, 2009

Inc
rea

sin
g g

eo
eng

ine
eri

ng

Will sulfates heat the 
tropopause, increasing 

stratospheric H2O?



Environ. Res. Lett. 4 (2009) 045108 P Heckendorn et al

Figure 9. Annual mean water vapour in relation to annual mean
temperature, both at 90 hPa at the equator, i.e. close to the tropical
tropopause. The slope of this relationship is in good agreement with
the Clausius–Clapeyron equation of water vapour pressure over ice.

The increased meridional temperature gradient in the
stratosphere tends to intensify the polar vortex. The resulting
cooling of the polar region and the higher stratospheric H2O
concentrations enhance PSC formation (statistical significant
increase on the 95% confidence interval of up to 100%).
Therefore the O3 in the polar spring region is additionally
depleted due to enhanced ClOx and BrOx catalyzed ozone
destruction cycles (figures 7(a), (c) and 8(a), (c)).
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therefore O3 destruction will be reduced. The sensitivity run
GEO5lowCFC has the same boundary conditions as GEO5
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CFCs, we find that due to the strong warming of the lower
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Figure 9. Annual mean water vapour in relation to annual mean temperature, both at 90 hPa at the 
equator, i.e. close to the tropical tropopause. The slope of this relationship is in good agreement with 
the Clausius–Clapeyron equation of water vapour pressure over ice.

Impacts on stratospheric H2O?

Heckendorn et al., ERL, 2009

Inc
rea

sin
g g

eo
eng

ine
eri

ng

Will sulfates heat the 
tropopause, increasing 

stratospheric H2O?

No H2O increase 
observed following 

Pinatubo



Summary
• Stratospheric aerosol impacts ozone chemistry 

differently with latitude:
• Polar regions: directly activates ClOx & BrOx

• Mid-latitudes: reduces NOx, which releases 
active ClOx, BrOx, & HOx

• Saturation: impact greatest for increases at 
low aerosol levels

• Present-day conditions: ClOx, BrOx, & HOx 
increases more than offset NOx decreases, 
producing a net O3 loss

• Future low halogen conditions: O3 may increase 
due to reduces NOx loss

• Impacts on stratospheric water vapor uncertain
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Figure 6. Predicted geoengineering-induced changes in annual mean zonal mean total ozone column. Listed values show annual global mean
values. (a) Standard scenarios (solid curves) and pulsed scenarios (dotted: monthly; dashed: semiannually) relative to GEO0. (b) Scenarios
with no surface enhancement (nC) and no radiative enhancement (nR) relative to GEO0. (c) Special scenarios with low CFC, high CO2 or low
SST relative to GEO0. (d) Same as in (c), but relative to special scenarios without geoengineering. The orange GEO5–GEO0 curve is shown
in all panels for clarity.

further activated due to the heterogeneous reaction:

ClONO2(g) + HCl(s)
HET−→ Cl2(g) + HNO3(s). (2)

These processes enhance ClOx -induced ozone destruction.
Ozone destruction by bromine is enhanced through similar
mechanisms, but to a much smaller extent.

Figure 7 shows the vertical profiles of the zonal mean O3

changes due to geoengineering for the south polar region (a),
for the tropics (b) and for the north polar region (c). Figure 8
shows the change in O3 destruction rates (in percentage) due
to the injection of 5 Mt/a S (GEO5–GEO0) for different
destruction cycles. In the middle stratosphere the most
dominant O3 destruction cycle is catalyzed by NOx . The
slowing of this cycle due to geoengineering leads to less
O3 destruction, hence an increase in the tropical mean O3

concentration between 30 and 35 km (figures 7(b) and 8(b)).
In the lowermost stratosphere the halogen and HOx catalyzed
destruction cycles are more important, hence the increased
ClOx and BrOx concentrations lead to O3 destruction in
this region. In the polar spring region the O3 depletion
is enhanced especially in the lowermost stratosphere (200–
80 hPa) (figures 7(a) and (c)). This corresponds about to the
observed O3 loss in the polar spring regions after Mt Pinatubo

eruption (e.g. Deshler et al 1994, 1992, Hofmann and Oltmans
1993).

5.1. Heating of the lower stratosphere and increase of
stratospheric water vapour

Another feedback on stratospheric O3, which has not been
discussed previously, is caused by the heating of the tropical
tropopause region and the subsequent increase of stratospheric
water vapour (H2O). All AER scenarios show an increased
level of stratospheric aerosols near the tropical tropopause
due to injection of SO2 at 20 km. This results in heating
of the tropical tropopause region, mainly due to absorption
of longwave (LW) radiation. The more sulfate aerosol is
present in the tropical tropopause region, the larger is the
resulting heating; this relationship is shown in figure 9. The
temperature at 90 hPa at the equator is 2.8 K higher in GEO10
than in the base run (GEO0). In GEO5 the temperature near
the tropopause rises by 1.3 K. With the same optical aerosol
properties, but SADs equal to background concentrations
(GEO5nC), the temperature increase would be 0.4 K larger
than for GEO5, because in scenario GEO5 the O3 decrease,
due to enhanced heterogeneous reactions, cools the tropical
tropopause. Therefore the cold point temperature for GEO5nR
is 0.3 K lower than for the base run. As the stratospheric
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Figure 6. Predicted geoengineering-induced changes in annual mean zonal mean total ozone column. Listed values show annual global mean values. 
(a) Standard scenarios (solid curves) and pulsed scenarios (dotted: monthly; dashed: semiannually) relative to GEO0. (b) Scenarios with no surface 
enhancement (nC) and no radiative enhancement (nR) relative to GEO0. (c) Special scenarios with low CFC, high CO2 or low SST relative to GEO0. 
(d) Same as in (c), but relative to special scenarios without geoengineering. The orange GEO5–GEO0 curve is shown in all panels for clarity.



Cheap Sulfate Geoengineering with OCS
(Richard Turco, Earth Under Siege, 1997) 


